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Structure of excitation and fluorescence spectra recorded at the10u
¿
„5 1P1…– X 10g

¿

transition of Cd2
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Excitation and fluorescence ultraviolet spectra of Cd2 recorded at the10u
1(5 1P1) –X 10g

1 transition are
reported. The Cd2 molecules~seeded in Ar! produced in a continuous free-jet supersonic beam were excited in
a vacuum chamber with a pulsed dye-laser beam. A well-resolved vibrational structure of the10u

1←X 10g
1

excitation spectrum as well as the isotopic structure of the vibrational components were recorded. Analysis of
the spectrum yielded vibrational constants for the10u

1 state: ve85100.5060.25 cm21, ve8xe850.325
60.003 cm21, D0858638615 cm21, De858688615 cm21, andDRe5Re92Re851.0460.01 Å derived for the
226Cd2 isotopomer. The10u

1 state potential-energy~PE! curve was obtained numerically using an inverse
perturbation approach~IPA! procedure. Condon internal diffraction~CID! patterns in the10u

1→X 10g
1 fluo-

rescence band, emitted upon the selective excitation of thev8538 andv8539 vibrational components of the
226Cd2 isotopomer, were observed and improved thev8 assignments derived from the analysis of the isotopic
structure. Analysis of the fluorescence spectrum yielded information on the repulsive part of the ground-state
interatomic potential. The result confirms a relatively soft repulsion between two Cd atoms in the short-range
~2.53–4.05 Å! region and makes allowance for a covalent admixture to the ground-state van der Waals
bonding. Quasirelativistic valenceab initio calculations on the PE curves for the investigated states have been
performed at the complete-active-space multiconfiguration self-consistent-field~CASSCF/CAS! multireference
second-order perturbation theory~CASPT2! level with the total of 40 correlated electrons. In the calculations,
the Cd atom is considered as a 20-valence electron system whereas the Cd201 core is replaced by an energy-
consistent pseudopotential which also accounts for scalar-relativistic effects and spin-orbit interaction within
the valence shell. A comparison with results obtained from other experiments andab initio calculations is
presented.

DOI: 10.1103/PhysRevA.68.042508 PACS number~s!: 33.20.Lg, 33.20.Tp, 33.15.Fm, 33.15.Mt
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I. INTRODUCTION

Early investigations of absorption and fluorescence
cadmium vapors were performed at the beginning of
twentieth century@1#. Soon after, the molecular absorptio
and the fluorescence spectra of Cd2 were recorded by Kapus´-
ciński @2#, Mohler and Moore@3#, Jabłoński @4#, Mrozowski
@5#, Hamada@6#, and Cram@7#. The studies concluded with
information on the location of the detected spectra and t
origin. Approximate depths and equilibrium internuclear d
tances for the ground- and several excited-state potentia
ergy ~PE! curves were also given@7#. Ultraviolet absorption
spectra of Cd2 in solid Ar and Kr were reported in a series
experiments by Andrews and co-workers@8,9#. The absorp-
tion profile of the 51P1– 5 1S0 Cd resonance line broadene
by pressure effects of Cd was measured by Bousquet@10#,
providing molecular constants for theX 10g

1 , as well as
10u

1(5 1P1) and 11u(5 1P1) excited electronic energy state
@Hund’s case~c! notation, spin-orbit coupling included#.

The laser excitation spectrum of the30u
1(5 3P1)

←X 10g
1 transition in Cd2 produced in a supersonic bea

was reported by Kowalskiet al. @11#. The same transition
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was further investigated by Czajkowskiet al. @12# using a
similar experimental approach. Both reports assumed Mo
representations for the ground- and excited-state interato
potentialsbelow their dissociation limits. However, in the
more advanced approach@12# the ground-state characteriza
tion wasindirect and the equilibrium internuclear separatio
Re8(

30u
1) and Re9 were estimated from the differenceDRe

5Re82Re9 , obtained in a simulation of the Franck-Condo
factors ~F-CF! intensity distribution. References@11# and
@12# are the only experimental studies of Cd2 produced in
supersonic beams that had been carried out before the w
of Czajkowski and Koperski@13# and Koperskiet al. @14#.
The former presents a corrected characterization of
ground-state potential well based on ‘‘hot’’ bands detected
excitation at the30u

1←X 10g
1 transition ~the ground-state

Morse representation was determined up to 40 cm21 from
the bottom of the potential well!, while the latter reports on a
characterization of the31u(5 3P2) state. Among other reli-
able results related to the laser spectroscopy of Cd2 are those
of Eden and co-workers@15,16#. Two, B 1Su

1(5 1P1) and
a 3Pg(5 3P1) excited states, and the repulsive part of t
X 1Sg

1 ground state in Cd2 @Hund’s case~a! notation, with-
out spin-orbit coupling# were investigated in Cd vapors@16#.
A more detailed study of Cd2 bound-free emission in
B 1Su

1→X 1Sg
1 transition were also reported@15#. The main

conclusion drawn from the investigation was that t
©2003 The American Physical Society08-1



n

e
n
ib

re

d

of
h
-

ul

s,
ric
o
t

r
n

e
e
b
op
t t
en

io
th

th

o
te
m
n

e
a
u
lly
-

to
ng
o

e
r
g
t
fi
e

tio

mit
the

, the

os-
the
ial
y
te

d
and

me
-
e-
e of

er-
he
is
in
are

ond-

nc-

ŁUKOMSKI et al. PHYSICAL REVIEW A 68, 042508 ~2003!
ground-state repulsive part is represented by a Morse fu
tion. The electron beam excitation of Cd2 was studied by
Xing et al. @17#, particularly the bound-free emission in th
3Su

1(n 3P)→X 1Sg
1 transition. Those studies were drive

by a search for an effective energy reservoir in a poss
tunable laser medium~excimer!. Results of anab initio cal-
culation of the Cd2 PE curves available in the literature a
those of Benderet al. @18# and Czuchajet al. @19#, Schautz
et al. @20#, Yu and Dolg @21#, and Garcia de la Vega an
Miguel @22#. Bender et al. performed full configuration-
interaction~CI! calculations for the four valence electrons
the Cd2 species working in a Gaussian basis set. Czuc
et al. derived the Cd2 PE curves and dipole transition mo
mentMz(R) for a number of electronic states using the m
tireference configuration-interaction~MRCI! @single and
double excitation~SD!# procedure for the valence electron
while the core electrons were represented by semiempi
l-dependent pseudopotentials. The effect of spin-orbit c
pling was not investigated. Pure diffusion quantum Mon
Carlo ~PDCM! techniques were applied by Schautzet al. to-
gether with relativistic large-core pseudopotentials and co
polarization potentials to yield accurate molecular consta
for 12-group homonuclear metal (M ) dimmers (Zn2 , Cd2
and Hg2). They also investigated the transition from van d
Waals ~vdW! to covalent and finally metallic bonding. Th
covalent contribution to the vdW bonding was calculated
Yu and Dolg using atom-base local occupation number
erators and associated interatomic charge fluctuations a
complete-active-space multiconfiguration self-consist
field ~CASSCF!.

In a very weakly bound ground state of the 12-groupM2
dimers, the long-range interaction is dominated by dispers
forces as expected from the simple consideration of
closed-shell atomic configurations@23#. Recentab initio cal-
culations of the components of the interaction energy in
ground state of mercury dimer@24# show that short-range
induction effects play a significant role in the stabilization
Hg2 . Therefore, the Hg2 may be regarded as an intermedia
case between a weakly bound vdW molecule and a che
cally bound species~e.g.,@25#!. The same behavior has bee
inferred fromab initio calculations of Zn2 and Cd2 @21,26#.
The studies@20,21,26# resulted in a clear conclusion that th
12-group homonuclear dimers, although a vdW-type inter
tion, exhibit the presence of significant covalent contrib
tions to the binding. Moreover, it was found experimenta
@27# that the repulsive part of the Hg2 ground state is unusu
ally soft ~as compared, for example, with theMRG or RG2
ground-state repulsive walls, where RG is a rare gas a
@23#!. A covalent binding contributes to the net forces acti
between two Hg atoms also in the intermediate region
internuclear separations~near theRe9) @20,28#. To account for
this behavior, in an interpretation of a collision-induced d
polarized Raman scattering from dense mercury vapo
Ref. @28#, a special damping term was included into the H2
interatomic potential for suppression of the dispersion par
close range. It is expected that similar experimental con
mation of the theoretical predictions will be found for th
remaining 12-group dimers.

This work was aimed among others at the determina
04250
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of a degree of the Cd-Cd repulsion in the short-range li
from a modeling of the fluorescence profiles recorded at
10u

1(5 1P1)→X 10g
1 transition in Cd2 ~natural abundance!

produced in supersonic expansion beams. Furthermore
detected excitation spectrum at the10u

1←X 10g
1 transition

with a resolved isotopic structure was analyzed, making p
sible characterization and analytical representation of
excited-state PE curve. A simplified interatomic potent
scheme for Cd2 is shown in Fig. 1. Three electronic energ
states~ungerade! directly accessible from the ground sta
~gerade! were depicted only. Two of them,30u

1(5 3P1)
@11,12# and 31u(5 3P2) @14#, were already characterize
spectroscopically in experiments of crossed molecular
laser beams. The remaining one,10u

1(5 1P1), is a subject of
this study. Our experimental studies stimulated in turn so
improvements of theab initio calculations of earlier theoret
ical work @19# leading to a better experiment-to-theory agre
ment and, hence, to a better understanding of the natur
Cd2 bond.

This paper is organized as follows.Ab initio calculations
of the ground-state and few low-lying excited-state int
atomic potentials as well as of the dipole moment for t
10u

1 –X 10g
1 transition are presented in Sec. II. Section III

devoted to the description of experimental details while
Secs. IV and V the excitation and fluorescence spectra
discussed, respectively. Section VI concludes the paper.

FIG. 1. Simplified interatomic potential scheme for Cd2 . Three
electronic energy states, 30u

1(5 3P1), 31u(5 3P2), and
10u

1(5 1P1), directly accessible from theX 10g
1(5 1S0) ground

state, are depicted along with wavelengths at which the corresp
ing excitation spectra are centered. A range of vibrational levelsv8
in the 10u

1 state~dashed horizontal lines! reachable in the excitation
from thev950, as well as florescence~wide block arrow! emitted
upon a selective excitation of the particularv8 are shown. For the
sake of simplicity, all PE curves are represented by Morse fu
tions. Ab initio calculated points of this work~full circles! for the
excited states are also shown.
8-2
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II. AB INITIO CALCULATIONS

A. Method

In the Born-Oppenheimer approximation the adiabatic
ergies of a molecular system are obtained as a result of s
ing the Schro¨dinger equation with the total Hamiltonian

H5T1V, ~1!

whereT stands for the kinetic energy operator of the valen
electrons andV represents the interaction operator. In t
present approach the 4s4p4d5s electrons of the Cd atom ar
treated explicitly. That means that the Cd2 dimer is consid-
ered as a 40-valence electron species. On the other hand
Cd201 core as well as valence-shell scalar-relativistic effe
and spin-orbit~SO! interaction are represented byab initio
lj -dependent quasirelativistic energy-consistent pseudopo
tials. The interaction operator in Eq.~1! in atomic units is set
as

V5Vav1VSO1 (
j . i 51

N
1

r i j
1

Q1Q2

r 12
, ~2!

where i, j denote valence electrons andQ1 , Q2 represent
core charges. The SO-averaged pseudopotentialVav , which
accounts for scalar-relativistic effects, has the followi
semilocal form:

Vav52(
l,i

Ql

r l i
1(

l,i
(
l ,k

Al lk exp~2al lkr l i
2 !Pl l , ~3!

where Pl l is the projection operator onto the Hilbert su
space of angular symmetryl with respect to corel (l
51,2)

Pl l5 (
m52 l

l

ul lm&^l lmu. ~4!

In turn, the pseudopotential representing the SO oper
takes the form

VSO5(
l,i

(
l

2DVi ,l l

2l 11
Pl l l isi Pl l . ~5!

The difference DVi ,l l of the radial parts of the two
component quasirelativistic pseudopotentialsVl l ,l 11/2 and
Vl l ,l 21/2 is written similarly to the radial part of the spin
orbit averaged pseudopotentialVav in terms of Gaussian
functions

DVi ,l l5(
k

DAl lk exp~2al lkr l i
2 !. ~6!

In the case of small-core pseudopotentials~as in the presen
case! the polarization potential that describes, among oth
core-valence correlation effects is usually disregarded,
cause the dipole polarizabilities of the cores are too sm
The last term in Eq.~2! represents the core-core interactio
04250
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Since the two Cd201 cores are assumed to be well separat
we choose a simple point-charge Coulomb interaction in
case.

B. Details of calculations

High-level valenceab initio calculations have been ca
ried out for the ground state and the excited states of the2
species correlating with the (5p)3P11S and (5p)1P11S,
asymptotes. The present calculations on Cd2 are superior to
the earlier studies@19# where the Cd atom was treated as
two-valence electron system and SO coupling was neglec
The free parameters in the radial parts of the pseudopo
tials, as defined by Eqs.~3!, ~5!, and~6!, are taken from@29#.
The SCF-energy-optimized uncontracted (8s7p6d) Gauss-
ian basis set for Cd from@29# was augmented by one diffus
function for s, p, and d symmetries~exponents 0.006 282
0.012 638, 0.025 128, respectively!. In addition, a set of four
polarization f functions ~exponents 4.5, 1.5, 0.5, 0.17! and
two sets ofg functions ~exponents 1.5, 0.5! were added to
the basis as described in Ref.@30#. Finally, in the calculations
we used the contracted (9s8p7d4 f 2g)/@8s7p6d4 f 2g# ba-
sis set. The quality of the present 20-valence electron mo
including SO coupling, was verified in atomic CI calcul
tions for the ground and several excited states of the Cd a
@30#.

The PE curves have been first evaluated at the comp
active-space multiconfiguration self-consistent-fie
~CASSCF!/CAS multireference second-order perturbati
theory~CASPT2! level with an open-shell correction term t
the one-electron Fock operator as proposed by Werner@31#.
The active space was spanned by the molecular counter
of the Cd 5s5p and 6s6p orbitals in theD2h point group. It
turns out that including the 6p orbitals substantially im-
proves agreement of the calculated Cd (5s5p) 3P and 1P
atomic energies with experimental values. The molecular
bitals were determined in a state-averaged CASSCF with
same weight for the ground and excited states. The next
in the calculations involves the inclusion of SO couplin
The SO eigenstates were obtained by diagonalizing theHel
1Hso matrix in a basis formed of selected spatial config
rations multiplied with appropriate spin eigenfunctions. T
resulting products are grouped together according to sym
try to form an appropriate matrix for each representation
the D2h double group. In the present calculations the o
diagonal elements of the SO operator are computed emp
ing the truncated version of the CI space restricted to
CASSCF wave functions. However, to account for corre
tion effects at a higher level of theory, the diagonal eleme
of the SO matrix before diagonalization were replaced by
precomputed CASPT2 eigenenergies. Finally, the calcula
potential curves have been corrected for the basis set su
position error ~BSSE! using the standard counterpois
method of Boys and Bernardi@32#. The calculations have
been performed by means of theMOLPRO program code by
Werner and Knowles@33–36#.

C. Results and discussion of calculations

The molecular calculations have been performed for
Cd-Cd internuclear separations ranging from 4.0 to 40a0
8-3
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~wherea050.529 177 Å is a Bohr radius! with different step
sizes. The calculations involve molecular states correla
with the Cd atomic states from the (5s2) 1S ground to the
(5s5p) 1P excited state. The PE were calculated with
spect to the energy of the separated atoms atR5100a0 .
Numerical values of the potential curves are available fr
the authors~E.C.! upon request. The potential-well depth
De and equilibrium internuclear separationsRe were derived
using a cubic spline approximation to the calculated poten
energies around their equilibrium separations. In turn,
fundamental frequenciesve were calculated by numerica
solving the radial Schro¨dinger equation for nuclear motio
with the corresponding potential. For this purpose
Numerov-Cooley method was applied.

1. Ground state

The X 1Sg
1 (V50) ground state of Cd2 arises from two

(5s2)1SCd atoms and is represented primarily by the sin
configuration wave function~core! 10sg

210su
2, where~core!

represents the electronic configuration of the inner shell e
trons. For the ground state, the only possible long-range
tractive force between the two atoms is due to the disper
interaction caused by correlation between the fluctua
multipolar charge distributions of the atoms. Covalent bo
ing contributessignificantly to the interaction energy in th
region of intermediate internuclear separations where
molecule is formed. The CASSCF/CASPT2 ground-state
tential curve for diatomics is thought not to be as accurate
that resulting from other more sophisticated calculatio
Therefore, to yield a more reliable ground-state poten
curve for Cd2 we have applied the single-reference couple
cluster approach with single and double excitations, incl
ing a perturbative estimate of triple excitations@CCSD~T!#
method for 40 correlated electrons. The CCSD~T! scheme is
currently considered as one of the most accurate sin
reference methods and is feasible with theMOLPROcode. The
calculated CCSD~T! ground-state potential curve for Cd2
~points! is compared with the experimental result below~see
Sec. V and Table IV!. The minimum of the potential curve
corrected for BSSE is characterized byDe95287.3 cm21,
Re957.53 a0 ~3.98 Å!, and ve9519.2 cm21. It has to be
noted that the obtainedRe9 is shorter than that of Ref.@13#
(Re954.07 Å) estimated assuming a pure long-range v
interaction between two ground-state Cd atoms@37,38#. Ac-
cording to the conclusions fromab initio calculations of this
work and those of Ref.@20#, this may confirm a covalen
contribution to the ground-state bonding.

2. Excited states

The long-range part of the interaction of two like atom
being in different energy states is dominated by the elec
static dipole-dipole resonance energy. The leading term
the first-order dipole-dipole resonance energy is proportio
to the Mz

2R23 term, whereMz
2 is the square of the dipole

transition moment between the ground and the excited s
of the atom. Investigated in this work the1Su

1 @in Hund’s
case~a!# excited state strongly couples with the ground st
as a result of electric dipole transition. Asymptotically, t
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1 state is ascribed to the1P11S atomic limit and is

represented by the 10sg
210su13sg and 10sg10su

213su con-
figurations. The long-range part of its interaction energy
dominated by the22Mz

2R23 term. Due to a large energ
gap ~31246 cm21! between the triplet state and the grou
state of the Cd atom, the influence of SO interaction on
ground state is negligible. However, SO coupling mixes
3Pu and 3Su states to yield the appropriateV states. Also,
the contribution to the triplet state arising from SO intera
tion with the upper singlet (5s5p) 1P state proves to be o
minor importance. In consequence, both the ground state
the two 1Su

1 singlet states of Cd2 remain almost unchange
due to SO interaction, whereas the appropriateV-potential
curves correlating with the fine-structure components of
Cd atom differ considerably from the3Pu and 3Su curves.
The points ofV-potential curves@in Hund’s case~c!# result-
ing from diagonalization of theHel1HSO matrix for the pre-
viously experimentally investigated states@11,12,14# are
shown in Fig. 1. The molecular states that correlate with
Cd 3P111S and 3P211S asymptotes are labeled30u

1 and
31u , respectively. Simultaneously with the potential curve
the dipole transition momentMz between the ground stat
and the excited singlet (5p)1Su

1 state~without and with, i.e.,
V50, spin-orbit coupling! has been evaluated at th
CASSCF level. The result is shown in one of the insets
Fig. 7. As seen, the calculated transition moment exhibit
rather strong dependence onR in the range of short internu
clear separations. Surely, these results can prove to b
importance for study of the spectra arising from the C2
dimer.

III. EXPERIMENTAL DETAILS

The experimental procedure was described elsewh
@39–41#. The experiments were carried out independently
two laboratories, in Krako´w and Windsor, and details of bot
experimental setups are discussed thoroughly in Ref.@23#.
Here, we describe only the most important and most relev
modifications which were employed in the studies repor
below. Laser-induced fluorescence~LIF! was observed in an
evacuated expansion chamber into which the Cd ato
~natural abundance! seeded in Ar were injected through
nozzle~150mm in diam,D! constituting part of the molecu
lar beam source. The Cd2 molecules in the beam were irra
diated with a third harmonic output of a Nd1:YAG ~yttrium
aluminum garnet! laser-pumped dye laser~dyes: Coumarine
500 and 540 A!. A BBO-C frequency doubling crystal use
in conjunction with the dye laser was scanned by a comp
program simultaneously with the dye-laser dispersion e
ment over the range 2500–2700 Å. The frequency calib
tion of the dye laser was verified with 1.5 cm21 and 0.03
cm21 accuracy against a WA 4500 pulsed wave meter~Bur-
leigh!, and optogalvanic cells with Ne and Ar~Sirah!, respec-
tively. The spectral linewidth of the dye-laser fundamen
output was estimated with the help of a monitor etalon~free
spectral range of 0.33 cm21! and was found to be approxi
mately 0.25 cm21.

The resulting excitation spectra were monitored with
8-4
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FIG. 2. The 10u
1 ,v8←X 10g

1 ,v950 transition in an excitation spectrum of Cd2 ~the left part shows detail for thev8538– 40). ~a!
Experimental trace showingv8 assignments; effective distance from the nozzleXeff56 mm, pressure of the carrier gaspAr512 atm,
temperature of the source ovenT05870 K, n0 density number of Cd atoms in the source ovenn0'631017 cm23, and the density numbe
in the region of excitationn(Xeff56 mm)'1013 cm23; laser dye: Coumarine 500~the long-wavelength part of the spectrum was record
in a separate experiment with Coumarine 540 A!. ~b! Computer-simulated@49# spectrum showing the ‘‘best fit’’ to thev8←v950
progression obtained forDRe51.0460.01 Å; the simulation includes the isotopic composition of each vibrational component assu
turning-point pairs from the IPA procedure and Morse representations for the excited and ground states, respectively; the relative
of the isotopic peaks were calculated using Eq.~7!, and their amplitudes were weighted relative to the total relative abundances of part
isotopes in natural cadmium~see Table I; for more details of the simulation see the text!. Here, the individual (A11A2) isotopic peaks were
represented by a Lorentzian curve with full width at half maximum~FWHM! of 2.3 cm21. The rotational structure of the isotopi
components was not simulated.~c! Amplitudes of (A11A2) isotopic components drawn in order to show their overlap for neighboringv8.
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photomultiplier ~PM! tube ~Schlumberger EMR-541-N
03-14 in Windsor or Electron Tubes 9893QB/350 in Kr
ków! at right angles to the plane containing the crossed m
lecular and laser beams. The fluorescence spectra
recorded with the laser wavelength set on a particular is
pic component of vibronic transition. Fluorescence from
interaction region in the beam was focused on the entra
slit of an HR-640 Czerny-Turner~Jobin-Yvon! with 2400
grooves/mm grating~in Windsor! or an Ebert-500~Jarrel
Ash! with 1800 grooves/mm grating~in Kraków! monochro-
mator ~MON! that was fitted with the respective PM. Th
PM signal was recorded with a transient digitizer and sto
in a computer. The PM-MON system was waveleng
calibrated using Hg and Hg1Cd spectral lamps. With the
help of a deuterium calibration lamp, the systems w
intensity-calibrated and spectral response characteristics
both systems were found to be virtually flat in the wav
length region of interest.

IV. THE EXCITATION SPECTRUM

A search for the10u
1←X 10g

1 transition in excitation be-
gan with a simulation of the F-CF intensity distribution usi
ab initio calculated points~see Fig. 1! and Morse represen
tation @13# of interatomic potentials for the excited an
ground states, respectively. It was found that the inten
distribution should expand in the region 2530–2630 Å with
maximum around 2580 Å. Figure 2~a! presents the recorde
excitation spectrum. The spectrum consists of 36 structu
vibrational components~from v8519 to v8554) belonging
to thev8←v950 progression. Figure 2~b! shows a simula-
tion of the spectrum, which will be described in details b
low. As shown in the inset of Fig. 2 and in Fig. 3, each of t
vibrational components consists of eighteen peaks co
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sponding to the different (A11A2) combinations (A1 andA2

are the Cd mass numbers in the Cd2 molecule! of the eight
stable Cd isotopes$ ACd (p5abundance in %!: 106Cd (p
51.22), 108Cd ~0.88!, 110Cd ~12.39!, 111Cd ~12.75!, 112Cd
~24.07!, 113Cd ~12.26!, 114Cd ~28.86!, and 116Cd ~7.58!%
present in natural cadmium@42# ~for details see Table I!. A
Birge-Sponer~BS! plot drawn for isotopic peaks that be
longed to the226Cd2 isotopomer (226Cd2 originates from the
110Cd116Cd, 112Cd114Cd, and 113Cd113Cd combinations! is
shown in Fig. 4~see also Table II!. In the range of recorded
vibrational components, the BS plot is linear and, therefo
was used for the determination of the fundamental vib
tional frequencyv08 and anharmonicityv08x08 ~a slope! of the
isotopomer@43#. As a result, in anharmonic oscillator ap
proximation, theve85100.5060.25 cm21 (ve8'v081v08x08)
and ve8xe850.32560.003 cm21 (ve8xe8'v08x08) were ob-
tained. The approximation@Di8'(v8) i

2/4v i8xi8, where i 50
or i 5e @43# # yields also the dissociation energy and w
depth, D0857723615 cm21 and De857773615 cm21, re-
spectively, the values which will be compared with oth
estimates below.

The v8←v950 and v8←v951 progressions from the
metastablea 3Pg state to lower-lying (v850 – 31) vibra-
tional levels of the1Su

1(V50) state were reported by Tra
and Eden@16# as a result of the pump-and-probe experime
in Cd vapors~natural abundance!. Consequently, they ob
tained somewhat different values forve8 and ve8xe8 , which
are compared in Table III with the results of the prese
study.

The v8 assignments of the vibrational components in t
excitation spectrum were carried out by analyzing their i
topic shift Dn i j which, for v8←v950 vibronic transitions,
may be represented by@43#
8-5



d

ere

227,
ted

ic

-

d

so
f

th
le
o

th

ŁUKOMSKI et al. PHYSICAL REVIEW A 68, 042508 ~2003!
Dn i j ~v8,v950!

5ve8~12r!S v81
1

2D2ve8xe8~12r2!S v81
1

2D 2

2
ve9~12r!

2
1

ve9xe9~12r2!

4
, ~7!

where r5Am̄ i /m̄ j , m̄ i and m̄ j are the averaged reduce
masses ofi and j isotopomers of Cd2 with different (A1

1A2) combinations, andve8 andve8xe8 were taken from the
above BS analysis, whereasve9 and ve9xe9 are vibrational
frequency and anharmonicity of theX 10g

1 state @13#. As

FIG. 3. The isotopic structure of thev8540 vibrational compo-
nent of the spectrum from Fig. 2.~a! Experimental trace; (A1

1A2) for isotopic components are depicted.~b! Amplitudes of all
elementary components with different (m11m2) mass combina-
tions within each of the (A11A2) isotopic peak showing complex
ity of one vibrational component~see also Table I!. ~c! Simulation
of the rotational structure of each of the (m11m2) elementary com-
ponents~P and R branches; theQ branch is not present!; Bv8540

50.0208 cm21 andBv95050.0136 cm21 rotational constants were
calculated using the formula @43# Bv'h/8p2cmRe @1
2vexe/ve(v11/2)#, whereh and c are the Planck constant an
the speed of light, respectively;Re , ve , andvexe are taken from
Tables III and IV; dependenciesBe

isot5r2Be and ae
isot5r3ae ,

where the superscript ‘‘isot’’ denotes the constant for different i
topomers. The missing of every alternate line in the branches
eachA-like isotopomer and intensity alteration that depends on
statistics of the nuclei@43# were not taken into account as negligib
in this approximation. To clarify the picture each rotational comp
nent is represented by a short vertical line.~d! Final simulation
obtained by representing each of the rotational components in~c!
with a Lorentzian curve with FWHM of 0.3 cm21.
04250
shown in Fig. 5, the averaged measured isotopic shifts w
found to be in the range 3.9–8.1 cm21. The averages were
taken between peaks corresponding to (A11A2)5222 and
223, 223 and 224, 224 and 225, 225 and 226, 226 and
and 227 and 228. We have also plotted the shifts calcula
from Eq. ~7! for v8 ~our assignment! as well as forv813
andv823. We found that the plot of the measured isotop
shifts against thev8 given by the analysis lies within the
limits of the shifts calculated forv863, indicating that at this

-
or
e

-

TABLE I. Eight stable isotopes of Cd with mass numbers~A!
and atomic masses (mA in amu!: m1065105.906,m1085107.904,
m1105109.903, m1115110.904, m1125111.902, m1135112.904,
m1145113.903,m1165115.905, as well as their combinations wi
reduced masses~m in amu!, and 18 different mass-number (A1

1A2) and averaged-reduced-mass (m̄ in amu! combinations with
relative total abundances~in %!.

A1 A2 m A11A2 m̄

Relative
total

abundance

106 106 52.953 212 52.953 0.024
106 108 53.448 214 53.448 0.018
106 110 53.934

216 53.943 0.260
108 108 53.952
106 111 54.174 217 54.174 0.255
106 112 54.411

218 54.429 0.659
108 110 54.447
106 113 54.647

219 54.670 0.664
108 111 54.692
106 114 54.880

220 54.922 3.150108 112 54.933
110 110 54.952
108 113 55.174

221 55.188 2.760
110 111 55.201
106 116 55.340

222 55.413 8.104
108 114 55.411
110 112 55.447
111 111 55.452
110 113 55.692

223 55.696 9.898
111 112 55.700
108 116 55.881

224 55.929 17.991
110 114 55.934
111 113 55.948
112 112 55.951
111 114 56.192

225 56.196 10.846
112 113 56.200
110 116 56.412

226 56.437 15.357112 114 56.447
113 113 56.452
111 116 56.675

227 56.688 7.368
113 114 56.701
112 116 56.934

228 56.943 16.608
114 114 56.952
113 116 57.192 229 57.192 1.520
114 116 57.448 230 57.448 3.578
116 116 57.953 232 57.953 0.940
8-6
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FIG. 4. A Birge-Sponer plot
drawn for isotopic peaks belonge
to the 226Cd2 isotopomer in the
v8←v950 progression of the
10u

1←X 10g
1 excitation spectrum.

The dashed line represents
‘‘short’’ extrapolation which en-
abled us to determine thev08 ~an
intercept with a vertical axis!. The
upper and lower insets show
ve8xe8(r

2) and ve8(r) dependen-
cies, respectively, drawn for al
different @(A11A2) from 212 to
232# isotopic combinations.
n
b

-
re-
the
stage of the analysis ourv8 assignments are correct withi
the mentioned error margin. It has to be noted here that
cause the BS plot analysis involved only the226Cd2 isoto-
pomer, theve8 andve8xe8 vibrational constants for the remain
04250
e-
ing isotopomers differ from these for the226Cd2 one
according to (ve8)

isot5rve8 and (ve8xe8)
isot5r2ve8xe8 @43#,

where the superscript ‘‘isot’’ denotes the constant for the
maining isotopomer. Considering differences between
n
TABLE II. Experimental (nexpt60.2 cm21) and calculated (ncalc) results using the inverse perturbatio
approach procedure frequencies for the226Cd2 isotopomer of thev8←v950 vibronic progression of the
10u

1←X 10g
1 transition in Cd2 . nexpt2ncalc is also shown.

v8 nexpt ncalc nexpt2ncalc v8 nexpt ncalc nexpt2vcalc

0 35368.8
1 35468.6 28 37926.4 37925.5 10.9
2 35567.8 29 38008.5 38007.3 11.2
3 35666.4 30 38090.5 38088.7 11.8
4 35764.3 31 38169.7 38168.8 10.9
5 35861.5 32 38248.9 38248.5 10.4
6 35958.1 33 38329.1 38327.5 11.6
7 36054.1 34 38406.8 38405.8 11.0
8 36149.4 35 38484.2 38483.4 10.8
9 36244.0 36 38561.4 38560.4 11.0
10 36338.0 37 38638.4 38636.7 11.7
11 36431.4 38 38712.4 38712.3 10.1
12 36524.1 39 38785.5 38787.2 21.7
13 36616.1 40 38861.0 38861.5 20.5
14 36707.5 41 38935.5 38935.1 10.4
15 36798.7 42 39007.6 39008.1 20.5
16 36889.6 43 39079.3 39080.5 21.2
17 36979.7 44 39152.5 39152.2 10.3
18 37069.1 45 39222.6 39223.3 20.7
19 37159.6 37157.9 11.7 46 39293.9 39293.7 10.2
20 37246.6 37246.0 10.6 47 39362.8 39363.6 20.8
21 37332.2 37333.3 21.1 48 39433.4 39432.8 10.6
22 37419.7 37420.0 20.3 49 39501.9 39501.5 10.4
23 37504.6 37506.0 21.4 50 39569.0 39569.5 20.5
24 37590.1 37591.3 21.2 51 39636.0 39637.0 21.0
25 37674.2 37675.9 21.7 52 39704.3 39703.9 10.4
26 37758.9 37759.8 20.9 53 39769.6 39770.2 20.6
27 37843.7 37843.0 10.7 54 39836.6 39836.0 10.6
8-7
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heaviest (232Cd2) and the lightest (212Cd2) isotopomers, one
can find that theve8 andve8xe8 for all isotopomers differ by
approximately 4.5% and 9%, respectively~see the insets in
Fig. 4!.

The D08 and De8 of the 10u
1 state can also be obtaine

from the following relationships:

D085nat2n001D09 , ~8!

De85D081
ve8

2
2

ve8xe8

4
, ~9!

wherenat543692.5 cm21 is the energy of the 51P1– 5 1S0

atomic transition@44#, ground-state dissociation energyD09
5319.1 cm21 is taken from Ref. @13#, and n00

535368.8 cm21 is the energy of the 10u
1 ,v850

←X 10g
1 ,v950 transition obtained from the extrapolatio

using the experimental value for the frequency of thev8
519←v950 transition~in the 226Cd2 isotopomer!, andve8
andve8xe8 from BS analysis. Relationships~8! and~9! yielded
D0858643615 cm21 and De858693615 cm21, respec-
tively, which significantly exceed the values obtained with
anharmonic oscillator approximation. This suggests that
D08 andDe8 determined with the help of the BS plot from Fig

TABLE III. Main spectroscopic constants for the10u
1(n 1P1)

excited states of Zn2 (n54), Cd2 (n55), and Hg2 (n56). All in
cm21 unless stated otherwise. Note:DRe5Re92Re8 .

Zn2 Cd2 Hg2

v08 100.2060.25a,b

ve8 122610c 100.5060.25a,b

101.2d

105.361.0e

79.061.0f

ve8xe8 0.4060.04c 0.32560.003a,b

0.4460.03e
0.295566231025f

D08 8643615a,g 8236615h

De8 90106200c 8693615a,i

9153d

82506200c

8280615h

DRe ~Å! 1.0460.01a

0.9560.02c,e
0.8460.01h

Re8 ~Å! 3.0360.01a,j

2.86d
2.8506f

n00 35368.860.2a,b 46201.7h

Be8 0.0246a,k 0.0205426131026f

aThis work, derived for the226Cd2 isotopomer.
bThis work, Birge-Sponer plot.
cReference@15#.
dThis work,ab initio calculation.
eReference@16#.
fReference@60#, derived for the (202Hg)2 isotopomer.
gThis work, Eq.~8!.
hReference@27#, derived for the401Hg2 isotopomer.
iThis work, Eq.~9!.
jThis work, simulation of the10u

1←X 10g
1 excitation spectrum.

kThis work, calculated as described in the caption of Fig. 3.
04250
e

4 are underestimated and Morse function cannot be used
representation of the10u

1-state PE curve in a wide range o
internuclear separations below the dissociation limit. T
Morse representation is valid only in the region ofv8 probed
in the experiment~which is based on the linearity of the B
plot! and can be expanded down to the vicinity of the botto
of the potential well.

In this region, the excited-state PE curve was also rep
sented by turning-point pairs obtained quantum mechanic
from an inverse perturbation approach~IPA! procedure
@45,46# which was previously applied in this laboratory fo
modeling of theB 31(5 3P1) double-well excited-state po
tential in CdKr@47#. A computer program written by Pasho
et al. @48# was employed for the calculation~for all details of
the calculation method the reader is referred there!. The basic
idea of the IPA method is to start from a certain initial
approximated potentialU0(R) and to find a correction
dU(R), providing that the set of eigenvalues obtained
solving the Schro¨dinger equation withU0(R)1dU(R)
would agree with the set of experimental energies in
least-squares-approximation sense. The potentialU0(R)
1dU(R) is treated then as a better approximation of the r
PE curve and the whole procedure is repeated until cer
convergence criterion is met. In our case, theU0(R) is that
represented by the Morse function along with a set of exp
mental energies obtained directly from the excitation sp
trum ~see Table II!. The points obtained from the calculatio
are shown in Fig. 6~empty circles! while energies of the
vibrational v8←v950 transitions are listed in Table II. An
agreement~within 0.1–1.8 cm21! between experimental en
ergies and those obtained in the calculation was obtain
Figure 6 shows also the10u

1-state PE curve, which is repre
sented by a Morse function with constants obtained in t
work ~see Table III! and is plotted only in the range 2.23
4.60 Å where the Morse representation is reliable. The I
method applied here led to an improvement in representa
of the excited-state potential. Figure 6 shows also a comp
son between the result obtained from the experiment

FIG. 5. The measured~full circles with error bars! and calcu-
lated for v8 ~our assignment, solid line!, andv863 ~dotted lines!
isotopic shiftsDn i j @Eq. ~7!# between different isotopic componen
in the 10u

1←X 10g
1 excitation spectrum of Cd2 shown in Fig. 2~a!.

For details see text.
8-8
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points ~full circles! that wereab initio calculated~see Sec.
II !. The comparison shows thatab initio calculation produces
the excited-state interatomic potential which has a somew
deeper ~approximately 5.3%! and shorter~approximately
3.9%! well depth and equilibrium internuclear separatio
respectively.

Using data from the above analysis, we simulated the
citation spectrum recorded at the10u

1←X 10g
1 transition,

employing aLEVEL 7.5 code of LeRoy@49#. This program
solves the radial Schro¨dinger equation for bound levels an
calculates the F-CF for transitions between rovibrational l
els in the ground and excited states. The PE curve of
excited state was represented by turning-point pairs obta
from the IPA method. The wave function of thev9 level was
generated using a Morse representation for the ground
@13# ~for a more detailed description of the ground-state r
resentation see Sec. V and Table IV!. The result of the simu-
lation ~the ‘‘best fit’’! is shown in Fig. 2~b!. The fit to the
v8←v950 progression includes also the isotopic compo
tion of each vibrational component. The fit was obtained
DRe51.0460.01 Å, which for Re954.07 Å @13# yields
Re8(

10u
1)53.0360.01 Å.

V. THE FLUORESCENCE SPECTRUM

As mentioned in the Introduction, Rodriguez and Ed
@15# and Tran and Eden@16# had previously reported on
Condon internal diffraction~CID! patterns in Cd2 fluores-
cence spectra. The spectra were interpreted as due to
bound-free radiative decays to theX 10g

1 state from the non-
selectively (v8520– 24 andv8557– 59) @15# and selec-
tively (v852, 3 andv857, 8) @16# excited vibrational levels
in the 10u

1 excited state.
The v8 assignments in the10u

1 ,v8←X 10g
1 ,v950 exci-

tation spectrum reported here were additionally confirmed

FIG. 6. PE curve for the10u
1(5 1P1) state plotted using a Mors

representation~thick solid line! with constants obtained in this wor
~see Table III!. Results of the IPA procedure@open circles, theE(R)
values are available from the authors~J.K.! upon request# and ab
initio calculations~full circles! are also shown. A range ofv8 levels
accessible in the excitation from thev950 ground-state level is
indicated. The results are compared with a Morse representa
~thin solid line! obtained by Rodriguez and Eden@15#.
04250
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the basis of recorded fluorescence bands. The226Cd2 isoto-
pomer in thev8539 andv8538 vibrational components wa
selectively excited and decayed to the repulsive part of
ground state, giving rise to the10u

1 ,v8539→X 10g
1 and

10u
1 ,v8538→X 10g

1 bands, respectively. Figure 7~a! shows
the gross structure of the resulting CID pattern. The ba
was recorded at relatively low resolution using a 40 cm21

MON slit width. The intense peak at the short-waveleng
end of the band is interpreted as being due mainly to un
solved v8538→v9 bound-bound transitions to the close
spaced vibrational levels of the shallow ground-state w
The broad maximum at the long-wavelength end correspo
to the inner turning point in the potential of the emittingv8
level. Figure 7~b! represents a simulation of the bound-fr
part of the band, which will be described in detail below.

A. Bound-free transitions

To construct the repulsive part of the ground-state
curve from the 10u

1 ,v8539→X 10g
1 and 10u

1 ,v8538
→X 10g

1 @Fig. 7~a!# bound-free bands, we adopted the sem
classical RKR-like inversion method of LeRoy@50# and
Child et al. @51#. This approach, which is complementary
the ‘‘exact’’ computational and fitting procedures, offers o
advantage—it distinguishes between the ‘‘phase’’ and ‘‘a
plitude’’ information in the experimental spectrum and sho
how the positions of the intensity extrema are determined
the shape of the repulsive potential while the peak heig
depend on the transition dipole momentMz(R). The experi-
mental input data in this case were the energy values of
intensity extrema~maxima and minima! in the recorded fluo-
rescence band. A polynomial fit was used to represent
positions of the experimental intensity extrema, while t
inner and outer turning-point pairs for the10u

1-state potential
were taken from an analysis of the excitation spectrum~for a
result of the IPA method, see above!. The resulting points
representing the repulsive part of theX 10g

1 potential are
shown in Fig. 8~empty squares!. To represent the part of th
potential with an analytical function we chose a repuls
part of so-called Buckingham potential@52# which is repre-
sented by a short-range Born-MayerAe2bR function @53#.
The unique valuesA56.1783107 cm21 and b53.63 Å21

were found by overlapping the function with the points o
tained by the inversion method~see Fig. 8, solid line!. It has
to be noted here that an attempt to represent the repu
part by a Lennard-Jones~LJ! (n-6) function @23# ~that was
used in Hg2 ground-potential representation@27#! basically
failed; however, it allowed us to estimate a considerably l
degree of the short-range Cd-Cd repulsion (n54.45) as
compared to the Hg2 case (n56.21, see Table IV!. Next, the
profile of the bound-free band was simulated using the Bo
Mayer potential. We used a BCONT 2.1 code@54,55#, in
which the PE curve of the10u

1 state was, as before, repre
sented by the turning-point pairs from the IPA procedu
The program made provision for the variation of the ele
tronic dipole transition momentMz with R. Theoretical val-
ues ofMz

2(R) obtained inab initio calculations@see Sec. II
and curve ~h! in the inset of Fig. 7, showing

on
8-9
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TABLE IV. Main spectroscopic constants for theX 10g
1(n 1S0) ground states of Zn2 (n54), Cd2 (n

55), and Hg2 (n56). All in cm21 unless stated otherwise.

Zn2 Cd2 Hg2

ve9 25.960.2a 23.0a

20.0l, 19.2b
19.660.3c

ve9xe9 0.6060.05a 0.4060.01a 0.2660.05c

De9 279.1a 330.5a

290.0,d 287.3b
380615c

Re9 ~Å! 4.19a

3.88,e 4.12f
4.07a

3.96,d 3.98b
3.6960.01c

3.6360.04g

3.73h, 3.94i

n 7.36j

4.4560.02l,m
6.53c,k

6.2160.03c,n

A
b ~Å21!

C

(61.7862.76)3106 l,o

3.6360.01l,o

2362.9166.04l,o

C69/106 ~cm21 Å6! 1.6624p 1.99q, 2.25r

2.4529e
1.4001p

Be9 0.0137l,s 0.012360.0001t

aReference@13#.
bThis work,ab initio calculation.
cReference@27#, derived for the401Hg2 isotopomer.
dReference@21#.
eReference@20#.
fReference@64#.
gReference@63#.
hReference@66#.
iReference@65#.
jThis work, calculated.
kReference@27#, calculated.
lThis work, derived for the226Cd2 isotopomer.
mThis work, simulation of the10u

1 , v8→X 10g
1 fluorescence spectrum, wherev8538 or 39.

nReference@27#, simulation of theG 10u
1 , v8539→X 10g

1 fluorescence spectrum.
oThis work, simulation of the10u

1 , v8→X 10g
1 fluorescence spectrum, wherev8538 or 39.

pSlater-Kirkwood formula@37# with correction of Ref.@38#.
qReference@61#.
rReference@62#.
sThis work, calculated as described in caption of Fig. 3.
tReference@60#, derived for the (202Hg)2 isotopomer.
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1uMz(R)uX 10g

1&] were employed making possible th
verification of experimental peak heights in the simulatio
The calculations were performed for the226Cd2 isotopomer
and rotationless structure in the upper and lower states@56#.
The procedure used in the program also assumed an3 depen-
dence of the rate of photon emission~which is equivalent to
the PM current! @43,59#. Since MON normally has a pas
band with constantDl, it might be appropriate to multiply
the F-CFs byn5 rather thann3. This changes the relativ
intensities and shapes of the peaks in the structured cont
but does not change the positions of the maxima and min
which constituted the criterion for the ‘‘best fit.’’ The resu
of the simulation is shown in Figs. 7~b! and 7~f!. The repul-
sive part representation of the ground-state potentia
shown in Fig. 8 together with the potential represented b
Morse function@13# ~dotted line! showing the inadequacy o
the latter in a representation of the short-range part of
04250
.

ua,
a

is
a

e

potential. A comparison is also made with our result ofab
initio calculations~full circles! and that of Yu and Dolg@21#
~empty circles! showing a reasonable agreement.

B. Bound-bound transitions

To fully confirm the vibrationalv8 level from which the
fluorescence was emitted, we recorded various parts of
fluorescence band at a higher resolution. The inset in Fi
shows three traces of the band recorded at slit widths of~c!
30 cm21, ~d! 20 cm21, and ~e! 15 cm21, and results of a
computer simulation are shown in trace~g!. The simulation
@49# of the bound-bound part of the fluorescence band cl
to the region of the excitation wavelength~2582.43 Å!,
shown in Fig. 7~g! employed the result obtained from th
analysis of the excitation spectrum and bound-free part of
fluorescence spectrum. Because the ground-state Morse
8-10
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FIG. 7. ~a! The total 10u
1 , v8538→X 10g

1 fluorescence band recorded with a 40 cm21 MON slit width; Xeff54 mm, pAr514 atm,
T05890 K. The sharp peak at the short-wavelength end of the band is due to thev8538→v9 bound-bound transitions.~b! A computer
simulation@54,55# of the bound-free part of the band showing the ‘‘best fit’’ obtained using a short-rangeAe2bR1C Born-Mayer potential
with A56.1783107 cm21, b53.63 Å21, and C52362.91 cm21 representing theX 10g

1 potential. The left inset shows the follow
ing: ~c!, ~d!, and~e! the short-wavelength part of the fluorescence band recorded with slit widths of 30, 20, and 15 cm21, respectively,~f!
part of the simulation of the bound-free profile as in~b!, ~g! the simulation@49# of the bound-bound transitions~the individual F-CF
corresponding to vibrational transitions—vertical bars—are represented by a Gauss convolution function representing the MON th
with FWHM of 2 Å, i.e., approximately 30 cm21!. The right inset~h! showsab initio points calculated for the elements of the transiti
dipole moment̂ 10u

1uMz(R)uX 10g
1&, and a region ofR corresponding to the detected fluorescence spectrum is depicted.
f

W
l u
o

he
um,
t

resentation from Ref.@13# is reliable only from the bottom o
the potential well up to the energy of thev953 ~see the inset
of Fig. 8!, we therefore constructed a hybrid Morse-vd
potential to represent the total ground-state potential wel
to the dissociation limit. In the repulsive part, it consisted
04250
p
f

the Born-Mayer function with parameters obtained in t
analysis of the bound-free part of the fluorescence spectr
while in the vicinity of theRe9 and in the long-range region i
was represented with the Morse function~with ve9 andve9xe9
from Ref. @13#! combined with theC69/R

6 dispersion func-
e

potential
FIG. 8. PE curves for theX 10g
1(5 1S0) state plotted using the Morse representation@13# ~dotted line! as well as theAe2bR1C

Born-Mayer potential withA56.1783107 cm21, b53.63 Å21, and C52362.91 cm21 ~solid line!; the repulsive part produced by th
inversion procedure@53# ~empty squares!; points of ourab initio calculation~full circles!; and theab initio result of Yu and Dolg@21# ~empty
circles!. The inset shows details of the bound part of the potential: all representations are as in the main figure, except a hybrid

~solid line!, i.e., the Born-Mayer combined with the Morse-vdW@De9(12e2b(R2Re))22(12e2(R/Rc)12
)C69/R

6# potential plotted withDe9
5330.5 cm21 @13#, Re954.07 Å @13#, C6952.463106 cm21 Å 6 @23#, andRc59.2 Å determined in this work. The position of thev953
vibrational level@13# is shown.
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tion ~with C69 obtained using the Slater-Kirkwood formu
@37# with a correction of Cambiet al. @23,38#, see Table IV!.
The two functions were smoothly joined in the so-call
Morse-vdW potential@23# using an (12e2(R/Rc)12

) term
with Rc59.2 Å. From the simulation@Fig. 7~g!# it became
clear that the first six peaks and part of the seventh pea
the short-wavelength end of the fluorescence band were
to unresolved bound-bound transitions, while the remain
peaks were due to bound-free transitions. All the 39 max
present in the CID pattern were identified in the traces in F
7, confirming thev8 assignments obtained from the analy
of the isotopic structure in the excitation spectrum. Mo
over, theDv8563 error margin that was concluded fro
the isotopic-shift analysis~see Sec. IV! was eliminated. The
simulation of both 10u

1 ,v8539→X 10g
1 and 10u

1 ,v8538
→X 10g

1 ~Fig. 7! bands indicates that thev8 assignments
were determined from fluorescence spectra accurately, w
out any uncertainty. The ground-state spectral characteri
of Cd2 are collected in Table IV and compared with resu
of other experiments andab initio calculations.

VI. CONCLUSIONS

The 10u
1(5 1P1)-X 10g

1 excitation and fluorescence spe
tra of Cd2 molecules were studied in a continuous free-
supersonic expansion beam crossed with a pulsed dye-
beam. A well-resolved vibrational structure in the10u

1 ,v8
←X 10g

1 ,v950 excitation spectrum was recorded, as w
as the isotopic structures of the individual vibrational co
ponents. An isotope shift analysis producedv8 assignments.
Vibrational characteristicsve85100.5060.25 cm21 and
ve8xe850.32560.003 cm21, as well as dissociation energ
D0858643615 cm21, well depthDe858693615 cm21, and
the difference between equilibrium internuclear separati
DRe51.0460.01 Å for the 226Cd2 isotopomer were deter
mined by modeling the excitation spectrum. The10u

1 state
potential-energy curve was obtained numerically using
inverse perturbation approach~IPA! procedure. The analysi
.

A

04250
at
ue
g
a
.

-

h-
ics

t
ser

l
-

s

n

of the Condon internal diffraction patterns in the10u
1 ,v8

538→X 10g
1 and 10u

1 ,v8539→X 10g
1 fluorescence bands

emitted upon selective excitation of thev8538 andv8539
vibrational components, respectively, improved thev8 as-
signments of the peaks in the excitation spectrum. Simu
tion of the excitation spectrum yielded Morse or numeric
representation of the10u

1-state PE curve in the 2.5–4.5 Å
region of internuclear separations. Simulation of the bou
free part of the fluorescence band showed that a short-ra
Ae2bR Born-Mayer function of the Buckingham-type pote
tial with A56.1783107 cm21 and b53.63 Å21 is a good
representation of the ground state potential above the di
ciation limit. Below the dissociation limit the ground-sta
potential could be represented by a hybrid potential consis
of the Born-Mayer and Morse-vdW combined functions. A
analysis of the excitation spectrum yielded molecular c
stants that are compared in Tables III and IV with tho
obtained from other experiments@15,16# andab initio calcu-
lations. Quasirelativistic valenceab initio calculations on the
potential-energy curves for the investigated states were
formed with the total 40 correlated electrons. In the calcu
tions, the Cd atom was considered as a 20-valence elec
system whereas the Cd201 core was replaced by an energ
consistent pseudopotential. The results of the simulation
the bound-free part of the fluorescence spectrum as we
ab initio calculations and their comparison, especially w
the recent result of Yu and Dolg@21#, suggest that a covalen
admixture is present in the cadmium dimer ground-state v
bonding. However, the conclusion needs future experime
confirmation.
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