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A resonance enhanced multiphoton ionization study of the gerade excited
states of Xe 2 with a Xe 1S01Xe* 6s [3/2] 1 dissociation limit

S. M. Koeckhoven, W. J. Buma, and C. A. de Lange
Laboratory for Physical Chemistry, University of Amsterdam, Nieuwe Achtergracht 127, 1018 WS
Amsterdam, The Netherlands

~Received 3 October 1994; accepted 30 November 1994!

Low-lying gerade electronically excited states of the Xe dimer, viz., 1g and 0g
1, with a

Xe 1S01Xe* 6s[3/2]1 dissociation limit have been investigated using two-photon resonance
enhanced multiphoton ionization techniques. High resolution is achieved by using this method in
combination with a supersonic expansion. Moreover, the mass-resolved ion detection used in the
present experiments has led to the observation of both vibrationally well-resolved spectra and
continuous features, allowing the bound and dissociative parts of the excited states to be
investigated separately. All spectra have been measured under both linearly and circularly polarized
excitation conditions, enabling an unambiguous assignment of the signals. On the basis of Franck–
Condon calculations information on the potential energy curves of the bound and dissociative parts
of the excited states has been obtained. ©1995 American Institute of Physics.
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I. INTRODUCTION

The study of weakly bound complexes involving rar
gas atoms is interesting for both fundamental and practic
reasons. First, transition states which play a key role
chemical reactions often show bonding characteristics sim
lar to those found in such complexes.1 Secondly, detailed
knowledge about excited states of van der Waals complex
containing rare gas atoms is helpful in understanding t
chemical mechanisms occurring in a large variety of excim
lasers.2,3

A prototype example of a van der Waals complex is th
Xe dimer. In the ground state of the dimer all valence orbi
als deriving from 5p atomic orbitals are occupied. The po
tential energy curve is mainly dissociative with a shallow
minimum at large internuclear distances. Excitation of a v
lence electron leads to states which may have bonding ch
acteristics very different from that of the ground state. I
fact, both bound and fully dissociative states can be a
dressed in this fashion.4–16

The study of excited states of van der Waals complex
is no trivial matter. Due to experimental difficulties in pro
ducing these complexes under isolated conditions, and
view of the generally rather poor Franck–Condon overla
between the weakly bound ground state and the excit
states, detailed information about potential energy curves
these species has mostly become available during the
decade. A useful way of accessing excited states of van
Waals complexes is through one-photon absorption from t
ground state. In view of the gerade character of the X2

ground state such studies have produced ample informat
about itsungeradeexcited states.4,6,9,12,14,16Gerade excited
states, which can only be reached in a two-photo
process5,7,8,10,11,13,15involving high-intensity lasers, have re-
ceived considerably less attention.

Studies ofgeradeexcited states of Xe2 have been mainly
restricted to Rydberg states with Xe1S01Xe*(5d←←5p)
and Xe1S01Xe* (6p←←5p) dissociation limits.5,10,11,13,15

For many of these states potential energy curves have b
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studied in some detail. In contrast, information ongerade
excited states with a Xe1S01Xe* (6s←←5p) dissociation
limit is still scanty.7,8

The two geradeexcited states occurring in the energy
region near the Xe1S01Xe* 6s[3/2]1 dissociation limit,
viz., 1g and 0g

1, have been addressed in previous experimen
tal studies.7,8 These experiments have been carried out in a
gas cell at ambient temperature with fluorescence detectio
As a result, broad rotational structures and hot bands cou
not be avoided, leading to unresolved features in the excita
tion spectra for both electronic states. This difficulty was
augmented by the use of fluorescence as a detection tec
nique, because the fluorescence signal does not only depe
on the excitation process, but also on the relaxation mecha
nisms. Since gerade states cannot fluoresce directly to th
geradeground state, the excitation spectra are expected to b
strongly influenced by these relaxation processes. No info
mation on the potential energy curves could be derived from
these experiments.

In the present work the same 1g and 0g
1 excited states

with a Xe1S01Xe* 6s[3/2]1 dissociation limit are studied
employing different experimental techniques by which the
above problems could be circumvented. The measuremen
in the present study are performed under ideal conditions o
complex isolation and low temperature which prevail in a
pulsed supersonic expansion. High spectral resolution is ob
tained by combining this molecular beam method with two-
photon resonance enhanced multiphoton ionization
~REMPI!. The dependence of the signal intensities on the
polarization of the excitation light is used for unambiguous
assignments of the spectra. In addition, the use of mas
resolved ion detection allows for the separate investigatio
of the bound and repulsive parts of the 1g and 0g

1 potential
energy curves, leading to new information about these poten
tials.

II. EXPERIMENT

The experimental setup is similar to the one used in pre
vious multiphoton ionization studies,17 and therefore only a
5/102(10)/4020/7/$6.00 © 1995 American Institute of Physics¬to¬AIP¬license¬or¬copyright,¬see¬http://jcp.aip.org/jcp/copyright.jsp
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4021Koeckhoven, Buma, and de Lange: Gerade excited states of Xe2
summary will be given. The laser system consists of an e
cimer pumped dye laser~bandwidth 0.08 cm21! which oper-
ated on the dye rhodamine 6G. The output of the dye lase
frequency-doubled in an autotracking unit equipped with
KDP crystal. The polarization of the frequency-double
light, which is initially linear with a purity of 1000:1, can be
modified continuously with a Pockels cell. Circularly polar
ized light can in this way be generated with a purity of 300:1

For the alignment and adjustment of the Pockels cell t
8s8[1/2]1 autoionizing resonance of atomic Xe was use
which can be reached by a three-photon absorption from
ground state.18 The one-photon energy for this transition is
close to the one-photon energies used in the present st
and its signal intensity strongly depends on the polarizati
of the excitation light. For absolute wavelength calibratio
the well-known optogalvanic spectrum of Ne,19 excited in a
hollow-cathode lamp, was used. In this way the fundamen
wavelength could be determined with an accuracy of 0
cm21.

The laser beam is focused into a supersonic expans
generated by a General Valve Iota One System. Ions p
duced in the multiphoton ionization process are focused in
the entrance of a quadrupole mass spectrometer, whose m
resolution can be adjusted. Adjustment of the resolutio
however, also influences the ion transmission of the filte
Since the ion signals in the present study were very sma
the filter was optimized for the transmission, which cons
quently resulted in a lower mass resolution. The differe
isotopes of Xe and Xe2 were therefore not resolved. Atomic
and dimer ions, however, were easily separated. Ions of Xn

with n>3 could not be detected, since their masses are o
side the mass range of the quadrupole filter.

The excitation spectra appear to be strongly depend
on the expansion conditions. Changing these conditions
sulted in either large background signals, which are attri
uted to larger clusters, or in a strong decrease of the dim
signal. The experimental parameters such as size of the p
hole, distance between the point of ionization and the nozz
backing pressure, gas pulse duration, and timing of the la
pulse were carefully optimized in order to create an expa
sion with maximum dimer concentration and few larger clu
ters. Spectra shown in the present study are measured wi
pinhole of 100mm. Backing pressures of 0.5 bar for a pur
Xe expansion or of 3 bar for an expansion of 5% Xe seed
in He were used. Ionization was performed at a distance
more than 10 mm from the nozzle. The results to be d
scribed below indicate that under such expansion conditio
a rotational cooling down to 3 K is achieved.

III. RESULTS

In Fig. 1 the~211! REMPI spectrum of the 1g electronic
state of Xe2 with a Xe

1S01Xe* 6s[3/2]1 dissociation limit
is presented. The spectrum, obtained by detecting dimer io
shows a progression of about 25 discrete vibrational res
nances. The progression starts at the low-energy side w
small well-resolved transitions, which are slightly degrade
to the red. Using an expansion of either pure Xe or a mixtu
of 5% Xe seeded in He resulted in slightly different line
shapes of the resonances. The signal intensities of the re
J. Chem. Phys., Vol. 102,Downloaded¬30¬Nov¬2004¬to¬145.18.135.91.¬Redistribution¬subject¬
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nances increase monotonically with vibrational quantum
number, reaching a maximum, and then decrease again. T
spacing between the resonances decreases with vibratio
quantum number, leading to overlapping resonances and
nally to a nonresolved structure. At the high energy side
the spectrum the signal drops sharply and vanishes co
pletely at a one-photon energy of 34 114.8 cm21.

In Fig. 2~a! an excitation spectrum is presented which i
obtained by detecting atomic ions. The atomic ions can b
created via different mechanisms, the most likely of whic
will be discussed. First, atomic ions can be created by no
resonant three-photon ionization of nonclustered Xe atom
which are abundantly present in the supersonic expansio
Secondly, they can arise from dissociation processes in t
Xe dimer ion. For such a process to occur the Xe dimer h
to be excited at least above the lowest dissociation limit o
the dimer ion, which under the present experimental cond
tions can be achieved by the absorption of only three ph
tons. Finally, they can be created in a direct photodissoci
tion process. In such a process the dimer is excited by
two-photon absorption to a dissociative part of an electron
cally excited state and dissociates into a Xe atom in i
ground state and a Xe atom in an excited state. The electro
cally excited fragment is subsequently ionized by the absor
tion of an additional photon, thus creating the Xe1 ions.

The two-photon energy in Fig. 2~a! is scanned from
about 200 cm21 below to about 1000 cm21 above the
Xe 1S01Xe* 6s[3/2]1 dissociation limit of the Xe dimer.
The spectrum shows two broad features superimposed o
small background continuum. The two broad features a
attributed to the 1g and 0g

1 electronic states of Xe2 with a
Xe 1S01Xe* 6s[3/2]1 dissociation limit, while the con-
tinuum is attributed to nonresonant ionization of Xe atoms

The broad feature assigned to the 1g electronic state has
intensity below as well as above the Xe1S01Xe* 6s[3/2]1
dissociation limit. The structure below the limit shows much
resemblance to the~211! REMPI spectrum of Xe2 given in
Fig. 1~b!. These atomic signals therefore originate via

FIG. 1. High resolution~211! REMPI spectrum of Xe2 in the energy region
near the Xe1S01Xe* 6s[3/2]1 dissociation limit.~a! Simulated spectrum
based on a Morse potential energy curve derived from the experimen
spectrum using av855 assignment for the first observed vibrational leve
~marked with an asterisk!. ~b! Experimental spectrum.
No. 10, 8 March 1995to¬AIP¬license¬or¬copyright,¬see¬http://jcp.aip.org/jcp/copyright.jsp
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4022 Koeckhoven, Buma, and de Lange: Gerade excited states of Xe2
mechanism which starts with a two-photon transition in th
dimer to bound vibrational levels associated with the 1g elec-
tronic state. Atomic ions are subsequently formed by diss
ciation of the dimer ion. The signal above the dissociatio
limit is structureless and has an almost Gaussian line sha
@FWHM ~one-photon energy!5112 cm21#. These Xe1 sig-
nals may arise from excitation of the dimer to dissociativ
parts of the 1g electronic state and subsequent ionization
excited atomic fragments.

The second broad structureless feature, attributed to
0g

1 electronic state, has also an almost Gaussian line sh
@FWHM ~one-photon energy!599 cm21#. This atomic signal
similarly arises via excitation to the dissociative part of th
electronically excited state followed by dissociation and ion
ization processes. Our experimental results show no e
dence for any bound character of this 0g

1 electronic state.
Superimposed on the 0g

1 structureless feature three nar
row resonances are observed. These atomic signals have
been identified, but they probably arise from electronical
excited atoms formed in dissociation processes. Since th
signals are not thought to be associated with the 1g and 0g

1

electronic states of the Xe dimer, no further attention will b
given to them.

The spectrum shown in Fig. 2~a! was measured under

FIG. 2. Low resolution REMPI spectra of Xe2 in the energy region near the
Xe 1S01Xe* 6s[3/2]1 dissociation limit. The dashed line shown in the fig-
ure gives the energy position of this limit.~a! Two-photon excitation spec-
trum of Xe2 by detecting atomic Xe1 ions, using circularly polarized exci-
tation light. ~b! Two-photon excitation spectrum of Xe2 by detecting atomic
Xe1 ions, using linearly polarized excitation light.~c! Two-photon excita-
tion spectrum of Xe2 by detecting molecular Xe2

1 ions, using linearly polar-
ized excitation light.
J. Chem. Phys., Vol. 102,Downloaded¬30¬Nov¬2004¬to¬145.18.135.91.¬Redistribution¬subject¬
e

o-
n
pe

e
f

he
pe

e
-
vi-

not
y
se

e

circularly polarized excitation conditions. By changing the
polarization of the excitation light to linear, the spectrum
depicted in Fig. 2~b! is observed. The shapes of the two
broad features are identical under both polarization condi
tions. The intensities, however, depend on the polarization o
the light. The signal attributed to the 1g electronic state de-
creases as the polarization is changed from circular to linear
Scir/Slin (1g)51.51(0.2).HereScir andSlin are defined as
the signal intensity measured with circularly and linearly po-
larized excitation light, respectively. The 0g

1 state shows a
different dependency on the polarization@Scir/Slin
(0g

1)50.62(0.1)#. The observation that the two broad fea-
tures exhibit a different polarization dependence unambigu
ously shows that they derive from excitation of two different
electronic states.

In Fig. 2~c! the ~211! REMPI spectrum of the 1g elec-
tronic state of Xe2 is presented in the same energy range as
Figs. 2~a! and 2~b!. Note that this spectrum was obtained by
detecting dimer ions, whereas in the spectra shown in Figs
2~a! and 2~b! atomic ions were detected. By detecting atomic
ions signal is observed below as well as above the
Xe 1S01Xe* 6s[3/2]1 dissociation limit. In contrast, when
dimer ions are monitored, signal is only observed below the
dissociation limit. The spectrum in Fig. 2~c! shows that ex-
citation to dissociative parts of the 1g and 0g

1 electronic
states is not followed to a significant extent by ionization of
the dimer. Apparently, under the present experimental condi
tions, the dissociation process is much faster than the ioniza
tion process.

IV. DISCUSSION

A. 1 g electronic state: Discrete spectrum

The experimental spectrum of the 1g electronic state pre-
sented in Fig. 1 shows a long vibrational progression. This
generally indicates that the potential energy curve of the ex
cited state has an equilibrium distance markedly different
from that of the ground state. Since the intensities of the
resonances decrease smoothly and finally vanish complete
in going to lower vibrational levels, the first observed reso-
nance cannot automatically be assigned tov850. Isotope
splittings in such cases can be a useful tool for the determi
nation of an absolute quantum numbering.15 Since isotope
splittings are not resolved in the present experiments an a
ternative approach based on energy positions and intensitie
of the resonances was adopted.

For the description of the potential energy curve of the
1g excited state a simple Morse curve was assumed. Th
shape of this potential is defined by the constantsve and
vexe , while its position is determined byTe andRe .

20 The
anharmonicity constantvexe of the excited state potential
can be obtained from our experimental results using a Birge–
Sponer plot,20 since for such an analysis an absolute vibra-
tional quantum numbering is not necessary. For any chose
absolute vibrational numbering the constantsve andTe can
be derived from the energy positions of the vibrational com-
ponents. This choice therefore completely determines th
shapeof the Morse potential. The remaining parameter re-
No. 10, 8 March 1995to¬AIP¬license¬or¬copyright,¬see¬http://jcp.aip.org/jcp/copyright.jsp



4023Koeckhoven, Buma, and de Lange: Gerade excited states of Xe2
TABLE I. Molecular constants for the 1g state with a Xe1S01Xe* 6s[3/2]1 dissociation limit using Morse
potentials obtained by least-square fits to both energy positions and intensities of the vibrational resonances of
the discrete spectrum.

Assignment to lowest
observed resonance

Resonances used in
spectral analysis

Te
~cm21!

ve

~cm21!
vexe

~cm21!
Re

~bohr!

v855 all 68 073.8~3! 9.21~0.4! 0.134~0.01! 10.19~0.08!
v854 first 12 68 082.0~1.5! 9.10~0.3! 0.140~0.01! 10.12~0.08!
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quired to fix thepositionof the Morse curve is the location
of its minimum at internuclear distanceRe .

For any given vibrational numbering the value ofRe can
be optimized by considering the Franck–Condon factors b
tween the lowest vibrational level associated with the grou
state of the dimer and the vibrational levels of the 1g excited
state. Thev950 vibrational wave function of the ground
state is calculated analytically using known Mors
parameters.21,22 The vibrational wave functions associate
with the 1g state can be calculated if a value ofRe is as-
sumed. The relevant Franck–Condon factors can now
computed numerically, and by introducing Gaussian and/
Lorentzian line shapes the experimental spectrum can
simulated. The value ofRe is adjusted until the best least-
squares agreement between experimental and calcula
spectra is achieved.

Two calculations have been performed. In the first ca
culation all observed resonances are employed in the lea
squares fit, leading to an assignment of the first vibration
feature~marked with an asterisk in Fig. 1! asv855 and the
Morse potential parameters given in Table I. The calculat
spectrum using this Morse potential energy curve is shown
Fig. 1~a!. In the second calculation, on the other hand, on
the first 12 observed resonances are fitted. Excellent agr
ment between experimental and theoretical Franck–Cond
factors is now obtained when the first vibrational compone
is assigned tov854. The Morse curve and its associate
parameters are given in Fig. 3 and Table I, respectively.

The results of these two calculations indicate that th
description of the 1g potential with a Morse curve is reason
ably good for intermediate distances, but shows some ina
equacies at both small and large internuclear distances. In
first calculation, in which effectively the complete range o
accessible internuclear distances is of importance, these
adequacies lead to a nonrandom distribution of the residu
of the energy levels, a faster drop of the intensity at th
high-energy side of the calculated spectrum than in the e
perimental spectrum, and a significant difference between
dissociation limit of the Morse potential~68 221.8 cm21!
~Ref. 21! and the limit determined from the experimenta
spectrum~68 229.6 cm21!. The fact that a simple Morse po-
tential does not exactly describe the potential curve of theg

electronic state manifests itself in the second calculatio
where only intermediate internuclear distances are probed
the simulation of the complete spectrum using the para
eters determined from this fit. Here, the simulated Franck
Condon factors of higher vibrational levels are underes
mated indicating that the repulsive part of the real potent
at small internuclear distances is steeper than that descri
J. Chem. Phys., Vol. 102Downloaded¬30¬Nov¬2004¬to¬145.18.135.91.¬Redistribution¬subject
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by the Morse curve. Despite the fact that the true potential
not known in every detail, av85462 assignment of the
lowest observed vibrational component would appear re
sonable.

In the analysis of the experimental spectrum the positi
and integrated intensities of the vibrational resonances ha
been used. The widths and line shapes of these resonan
contain, however, also information on the excited stat
Analysis of the experimental spectrum shows that the widt
are almost identical for all observed vibrational componen
and that the resonances are slightly degraded to the red
principle the widths and line shapes depend on both isoto

FIG. 3. Potential energy curves of the ground state~Ref. 21! and the 1g and
0g

1 excited states with a Xe1S01Xe* 6s[3/2]1 dissociation limit obtained
in the present study. For the 1g state the Morse potential energy curve
derived from the discrete spectrum using av854 assignment for the lowest
observed resonance is shown. The parameters for this curve are give
Table I. In addition, a curve which describes the potential of the 1g state at
small internuclear distances above the dissociation limit is given. This cu
is derived from the continuous spectrum of the 1g state. For the 0g

1 state a
fully dissociative potential energy curve is shown. The energy scale on
y-axis is relative to the dissociation limits of the electronic states.
, No. 10, 8 March 1995¬to¬AIP¬license¬or¬copyright,¬see¬http://jcp.aip.org/jcp/copyright.jsp
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4024 Koeckhoven, Buma, and de Lange: Gerade excited states of Xe2
effects and rotational structures. The calculated broaden
due to unresolved isotope structure~<0.5 cm21! is consider-
ably smaller than the experimentally observed wid
~FWHM51.5 cm21!, indicating that the resonances are pr
dominantly affected by rotational structure. This is also co
firmed by the fact that the shapes and widths were found
be dependent on the expansion conditions, which in eff
determine the rotational temperature. Moreover, the obser
red-degraded line shapes can be simulated quite well ass
ing a ~1P←←1S1! transition~vide infra! and using the rota-
tional constant estimated from the potential energy cu
based on thev854 assignment. The rotational structure
therefore confirm the earlier notion that the equilibrium di
tance of the molecule in the excited state is larger than tha
the ground state.

B. 1 g and 0 g
1 electronic states: Continuous spectra

The spectra in which atomic ions are detected@Figs. 2~a!
and 2~b!# derive from the dissociative parts of the dime
potential energy curves. These curves of the 1g and 0g

1 elec-
tronic states above the Xe1S01Xe* 6s[3/2]1 dissociation
limit are determined using Franck–Condon analyses.
these analyses the Franck–Condon factors between
ground statev950 vibrational wave function and the con
tinuum vibrational wave functions of the excited states a
calculated. The vibrational wave functions of the excit
states are obtained at energies starting just above the d
ciation limit to a thousand wave numbers above it. T
ground state wave functions are again analytically calcula
using known Morse parameters,21,22 the continuum vibra-
tional wave functions of the excited states are calculated
ing a numerical integration scheme based on the Nume
method.23 In the analyses of the excitation spectra it is a
sumed that the atomic signal is proportional to the Franc
Condon factors between the ground and excited state vib
tional wave functions of the dimer.

Using the Morse potential curve for the 1g electronic
state determined from the discrete part of the spectrum
simulate the continuum part a rather large disagreement w
the experimental spectrum is found. This disagreemen
expected since, as has already been concluded from the
crete spectrum, the repulsive part of the Morse potentia
small internuclear distances is not steep enough. Therefor
simple Ar212–B potential, in which the parametersA andB
serve to mimic the repulsive part of the real potential,
used. Excellent agreement is found forA52.7231013

cm21 Bohr12 and B5195 cm21, as can be seen in Fig. 4
The curve, which is shown in Fig. 3, gives an indication
the position and steepness of the real potential energy cu
just above the dissociation limit.

For the 0g
1 electronic state with a

Xe 1S01Xe* 6s[3/2]1 dissociation limit no evidence of
bound character is found. The spectrum, therefore, is a
lyzed using a very simple analytical function which is com
pletely dissociative~Ar2n! and which for large internuclear
distances approaches the correct dissociation limit. V
good agreement between simulated and experimental spe
is found for n56 and A51.633108 cm21 Bohr6 as is
shown in Fig. 4.
J. Chem. Phys., Vol. 10Downloaded¬30¬Nov¬2004¬to¬145.18.135.91.¬Redistribution¬subjec
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In summary, the potential energy curves above the dis
sociation limit of the 1g and 0g

1 electronic states can be
described quite well by simple analytical functions. It has to
be kept in mind, however, that these potentials are estab
lished for internuclear distances at which there is Franck–
Condon overlap with thev950 ground state wave function.
The real potentials outside this Franck–Condon region may
well show deviations from this behavior.

C. Assignments

In a simple one-electron picture excited states of the Xe
dimer can be described by an ionic core with a Rydberg
electron. States with Xe1S01Xe* (6s,6s8) dissociation lim-
its, which are of interest in the present study, form the lowes
members of Rydberg series converging to the six lowes
ionic states with Xe1S01Xe1 (2P3/2,

2P1/2) dissociation
limits. The Rydberg electron of these molecular excited
states is of 6ssg symmetry.

24,25 In Fig. 5 a diagram is pre-
sented in which molecular states derived from dimer elec-
tronic configurations are correlated to molecular states de
rived from the appropriate dissociation limits. The electron
configurations considered in the diagram involve excitation
of a 5psu , 5ppg , 5ppu , or 5psg valence electron to the
lowest unoccupied molecular 6ssg orbital. Dissociation lim-
its with one atom in the ground state and one atom with a 5p
electron excited to the lowest unoccupied atomic orbital (6s)
are included.

On the left-hand side in the diagram molecular states are
given using Hund’s case~a! notation [2S11L(Vg/u)]. The
ordering of these excited states as well as that of the ionic
states has been drawn schematically for an internuclear dis
tance which is equal to the equilibrium distance of the
ground state and has been obtained from the study of Ermle
et al.25 On the right-hand side the molecular states are con

FIG. 4. Two-photon excitation spectrum of Xe2 by detecting atomic Xe1

ions above the Xe1S01Xe* 6s[3/2]1 dissociation limit. The experimental
continuous spectrum~•••! is given together with the simulated continuous
spectra~—! of both the 1g and 0g

1 states. The energy scale on thex axis is
relative to the dissociation limit.
2, No. 10, 8 March 1995t¬to¬AIP¬license¬or¬copyright,¬see¬http://jcp.aip.org/jcp/copyright.jsp
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FIG. 5. Correlation diagram between molecular dimer states at a distance corresponding to the equilibrium distance in the ground state and in the s
atom approximation~see text for explanation!.
f

d

h

sidered in the separated atom limit. Here, the atomic sta
are given using both LS coupling (2S11LJ) and j cl coupling
@nl8( j core1lRydberg electron!J# notation.

26

In the Xe dimer onlyV, the projection of the total elec-
tronic angular momentum on the internuclear axis, rath
than L and S separately, is a well-defined quantum
number.24,25,27In the diagram electronic states derived from
electron configurations and dissociation limits are therefo
adiabatically correlated using onlyVg/u . The diagram might
seem to suggest that the excited states of the Xe dimer can
described by a single electron configuration. Such a descr
tion will in general not be valid since states with identica
values ofVg/u can mix. Moreover, it should be stressed tha
in the correlation diagram only electron configurations with
6ssg Rydberg electrons are considered. This description
appropriate at large internuclear distances, but at smaller
ternuclear distances electron configurations with other Ry
berg electrons will also become important.24

For the assignments of the signals observed in t
present study selection rules, polarization dependence of
signal intensities, and dissociation limit considerations w
be used. According to two-photon absorption selection rul
in Hund’s case~c!, only states withVg/u52g , 1g , and 0g

1

can be excited from the 0g
1 ground state.28 Since the ground

state of the Xe dimer is mainly described by the1S1(0g
1)

wave function, the transition to the 2g state, which has only
spin triplet character,7 is spin-forbidden. The signals ob-
served in the present study must consequently arise fromg

and/or 0g
1 electronic states.

The intensities of the signals were measured as a fun
tion of the polarization of the excitation light. For the boun
state a ratioScir/Slin51.51~0.2! was obtained, while for the
completely dissociative state this ratio was found to b
J. Chem. Phys., Vol. 10Downloaded¬30¬Nov¬2004¬to¬145.18.135.91.¬Redistribution¬subjec
tes

er
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0.62~0.1!. The observation of different polarization depen-
dencies directly indicates that two different kinds of transi-
tions are involved. The transitions to the 1g and 0g

1 states
obtain their intensities from their1P(1g) and

1S1(0g
1) spin

singlet characters, respectively.7 Theoretically, the polariza-
tion dependencies of these transitions are predicted as29

Scir/Slin ~1P←←1S!51.5 andScir/Slin ~1S←←1S!<1.5. The
dissociative state can therefore be assigned as a 0g

1 state.
Consequently, the bound state has to be a 1g state.

We thus have now established the quantum numbers o
the excited states;Vg~bound state!51g andVg~dissociative
state!50g

1. It now remains to choose the correct dissociation
limits. For the bound state the dissociation limit determined
from the experimental spectrum is 68 229.6 cm21. This value
agrees perfectly with the limit determined from the dissocia-
tion energyD09 of the dimer ground state

21 and the excitation
energy of the 6s[3/2]1 atomic excited state26 ~68 231.7
cm21!. It can therefore be concluded that the bound 1g ex-
cited state has a Xe1S01Xe* 6s[3/2]1 dissociation limit.
For the completely dissociative state a continuous spectrum
is observed for two-photon energies between 68 500 an
69 000 cm21. Since the dissociation limit of this electronic
state must be lower in energy, its limit is either
Xe 1S01Xe* 6s[3/2]1 or Xe

1S01Xe* 6s[3/2]2 . The com-
bination of Xe1S01Xe* 6s[3/2]2 does not result in a 0g

1

state. Consequently, the dissociation limit of the completely
dissociative 0g

1 state has to be Xe1S01Xe* 6s[3/2]1 .
One might be tempted to try to assign the bound 1g and

dissociative 0g
1 states as Rydberg states with one particular

ionic core, i.e., use a single-electron configuration to de-
scribe these states. As mentioned above, the validity of suc
a description will be determined to a large extent by the
2, No. 10, 8 March 1995t¬to¬AIP¬license¬or¬copyright,¬see¬http://jcp.aip.org/jcp/copyright.jsp
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mixing of states with the same values ofVg/u . Nevertheless,
in first approximation, in which such mixing is assumed t
be small, the diagram in Fig. 5 suggests that the boundg

state has predominantly1P(1g) character, while the disso-
ciative 0g

1 state is correlated with the3P(0g
1) state. Within

the single-electron configuration picture both states wou
consequently have a2P(1/2g) ionic core. The potential en-
ergy curve of this ionic state has recently been calculated27

The predicted potential is mainly dissociative apart from
shallow well with a depth of 78 cm21 at an internuclear
distanceRe512 bohr. The potentials of the 1g and 0g

1 states
determined in the present study are different from this pote
tial.

When we assume less stringent conditions on the d
scription of the 1g and 0g

1 states by allowing for configura-
tion mixing within the 6ssg complex, the diagram shows
that also configurations with a2S(1/2g) ionic core can be of
importance. For this state calculations predict a potent
with a dissociation energy of 242 cm21 and an equilibrium
distance of 10.0 bohr.27 As far as the bound 1g state is con-
cerned, these numbers would seem to suggest a better ag
ment with a description in terms of a2S(1/2g) ionic core.
More information about the description of the two state
might be obtained with photoelectron spectroscopy.

The potential energy curves of the 1g and 0g
1 states have

been investigated in a few theoretical studies.24,25 At large
internuclear distances the results from those studies were
qualitative agreement. For the 1g state some bound characte
was predicted with a minimum in the potential at about
bohr, whereas for the 0g

1 state a fully dissociative potential
was obtained as long as the state is described as an ion c
with a 6ssg Rydberg electron. The results of these calcula
tions agree reasonably well with those of the present study
more detailed comparison, however, reveals that the bou
region of the 1g potential is not described completely cor
rectly by theory and that the theoretical potentials are shift
to slightly smaller internuclear distances.

V. CONCLUSIONS

The present study shows that electronically excite
states of weakly bound species can be studied in detail us
REMPI combined with mass-resolved ion detection. Hig
resolution was achieved by using narrow band laser light a
ideal experimental conditions created in a supersonic exp
sion enabling the observation of vibrationally well-resolve
excitation spectra of the Xe dimer.

In the present study two gerade electronically excite
states, viz., 1g and 0g

1, with a Xe1S01Xe* 6s[3/2]1 disso-
ciation limit have been studied. The excitation spectra ha
been measured under both linearly and circularly polariz
excitation conditions. Using the dependence of the sign
intensities on the polarization of the light, an unambiguou
assignment of the signals observed in the present experim
J. Chem. Phys., Vol. 102Downloaded¬30¬Nov¬2004¬to¬145.18.135.91.¬Redistribution¬subject
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could be given. By using mass-resolved ion detection the
bound and dissociative parts of the potential energy curve
could be investigated separately. Vibrational structure was
only observed for the 1g state. Transitions from the ground
state to dissociative parts of the potential energy curves wer
detected for both electronic states. On the basis of Franck
Condon calculations information on both the bound (1g) and
dissociative (1g ,0g

1) parts of the potential energy curves
have been obtained. From our experiments we conclude tha
the 1g electronic state is a bound state, whereas our spectr
show no evidence for any bound character for the 0g

1 state.
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