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Dispersive photoelectron spectra and constant-initial-~ionic-! state spectra are presented for the known band
systems of jet-cooled Xe2 that dissociate to Xe~1S0!1Xe*(6p,5d) between approximately 74 627 and 80 849
cm21. In many instances, the dominant molecular ion-core assignment for each gerade Rydberg state deduced
from the photoelectron data agrees well with predictions made from angular momentum arguments. Differ-
ences are attributed to either local excited-state homogeneous perturbations or strong predissociation.
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I. INTRODUCTION

One of the simplest descriptions of a diatomic Rydberg
state is that of a molecular ion core plus a nonbonding elec-
tron. Consequently, the excited-state potential-energy curve
of a given neutral Rydberg level and its associated vibra-
tional and rotational constants are expected to resemble those
of the ion core on which the state is built@1#.

This concept is a particularly useful starting point for un-
derstanding the electronic spectra of the homonuclear rare-
gas excimer Xe2. Its ground state can be adequately repre-
sented by the single-configuration closed-shell molecular
orbital ...(sg5p)

2(pu5p)
4(pg* 5p)

4(su* 5p)
2 @2#. Since the

number of bonding and antibonding electrons in the configu-
ration above are equal, the ground state is expected and
found to be repulsive except for a shallow van der Waals
minimum ~De95196.2 cm21! at long bond lengths~r e9
54.362 Å! @3#.

In the absence of spin-orbit interactions, each Rydberg
state of Xe2 can be built on one of four possible Xe2

1 elec-
tronic cores A 2S 1/2u

1 , B 2Pg , C 2Pu , and D 2S 1/2g
1 ,

formed by removing asu* 5p, pg* 5p, pu5p, andsg5p elec-
tron, respectively. Here the state labels are those proposed by
Mulliken @4#. Six ion states in total arise when spin-orbit
effects are taken into account because each2P state splits
into 2P3/2 and 2P1/2 components. Although traditionally,
Hund’s case~a! term symbols have been used for the ion
levels, it is anticipated that a Hund’s case~c! formalism
where the states are labeled byV, the component of total
angular momentum along the bond axis, is better@5#.

At short internuclear separations, the ionic levels, in order
of increasing energy, areA 2S 1/2u

1 , B 2P3/2g, B 2P1/2g,
C 2P3/2u, C

2P1/2u, andD
2S 1/2g

1 . However, the potential-
energy curves ofB 2P1/2g and C 2P3/2u are predicted to
cross each other nearr'3.3 Å, thereby reversing the energy
ordering of those two states at longer bond lengths@6–8#.
The relative magnitudes of the dissociation energies of the
ionic states,D e

i , based on their molecular-orbital descrip-

tions, are expected to beD e
i (A)@D e

i (B).D e
i (C).D e

i (D).
Departures from this picture arise because of the spin-orbit
interaction that mixesC 2P1/2u with A 2S 1/2u

1 giving the
former more bound character than expected, andB 2P1/2g
with D 2S 1/2g

1 , making thatB state quite repulsive.
Correlating each neutral Xe2 Rydberg state with a specific

ion core can be done by first considering the electronic struc-
ture of Xe2

1 in the separated atom-ion limit. Each molecular
ion state is derived from a ground-state Xe-atom–Xe1-ion
combination. The Xe1 2Po ground state is split by the spin-
orbit interaction into2P 3/2

o , and2P 1/2
o components separated

by 10 537.0 cm21 @9#. The A 2S 1/2u
1 , B 2P3/2g, B

2P1/2g,
and C 2P3/2u ion states result from Xe~1S0!1Xe1~2P 3/2

o !,
while C 2P1/2u and D 2S 1/2g

1 are formed from
Xe~1S0!1Xe1~2P 1/2

o !.
In this paper, transitions involving Xe2 gerade Rydberg

states that yield Xe~1S0!1Xe*(6p,6d) at dissociation will be
discussed. Since each excited asymptotic atomic term under
consideration is built upon Xe1~2P 3/2

o ! @9#, only the
A 2S 1/2u

1 , B 2P3/2g, B
2P1/2g, andC

2P3/2u molecular ion
cores need to be considered. These can be further distin-
guished because the parity of the orbital angular momentum
l is odd and even for ap and d Rydberg electron, respec-
tively. Thus the gerade Rydberg states dissociating to
Xe~1S0!1Xe*(6p) will be built on the A 2S 1/2u

1 and
C 2P3/2u cores, while those dissociating to
Xe~1S0!1Xe*(5d) will be derived from B 2P3/2g and
B 2P1/2g.

The most straightforward means of determining the elec-
tronic structure of any molecule is through the interpretation
of electronic spectra. The lowest-lying Rydberg states disso-
ciating to Xe~1S0!1Xe*(6p,5d) are now well characterized
from the experiments of Lipson and co-workers, who used
~211! resonantly enhanced multiphoton ionization~REMPI!
in conjunction with time-of-flight~TOF! mass detection and
polarization measurements to derive excited-state electronic
symmetries and vibrational constants@10–12#. It was found
that the experimentally determined dissociation energiesDe8
and vibrational frequenciesve8 could be rationalized through
comparisons of like parameters for the ion corespredictedto
be associated with each state in question@12#.

In principle, photoelectron spectroscopy~PES! can pro-
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vide direct unambiguousproof of the identity of the ion core
associated with a particular Rydberg level. Xe2

1 has been
studied by a number of different photoelectron techniques
including dispersive PES using He~I! light sources@13,14#,
laser REMPI-PES@15#, and threshold PES@16–19#. In fact,
the A 2S 1/2u

1 , B 2P3/2g, C
2P3/2u, C

2P1/2u, andD
2S 1/2g

1

ion states are now known to vibrational precision due to the
latter experiments.

Despite the impressive high-frequency resolution possible
with threshold PES, dispersive PES provides useful informa-
tion that offsets its lower resolution when used in combina-
tion with REMPI. If the interaction between the ion core
associated with the intermediate excited state and the Ryd-
berg electron is weak, ionization will usually preserve the
ion-core electronic state@20#.

In addition, the photoelectron~PE! spectrum of a per-
turbed level reflects the character of all neutral states in-
volved in the interaction@21#. This is particularly important
here since interstate couplings are expected between Xe2 lev-
els of the same symmetry@22#. In this paper, dispersive PES
has been used to provide dominant ion-core identities for the
Rydberg states of Xe2 dissociating to Xe~

1S0!1Xe*(6p,5d).
In most instances and where possible, the results compare
favorably with the literature@15# and with predictions made
previously from angular momentum arguments@12#.

II. EXPERIMENT

Detailed descriptions of the REMPI-TOF mass spectrom-
eter have been provided elsewhere@10,23#. The ultraviolet
~uv! fundamental wavelengths required to excite two-photon
transitions from the ground state of Xe2 to the excited Ryd-
berg states of interest between approximately 76 900 and
80 100 cm21 were generated in this experiment by frequency
doubling the output a Nd:YAG-pumped dye laser~where
YAG denotes yttrium aluminum garnet! operating on a Cou-
marin 500/methanol solution in ab-barium-borate~BBO!
crystal ~Inrad Autotraker II!.

Xe2 excimers were produced by expanding an approxi-
mately 20% Xe in He mixture@stagnation pressure approxi-
mately equal to 115 psi~absolute!# in a pulsed~approxi-
mately 130msec! supersonic jet at a repetition rate of 10 Hz.
The pressure inside the vacuum chamber rose from the base
level of less than or equal to 1026 Torr to approximately
831025 Torr when the valve was operating. The uv light
was focused with af584 cm quartz lens approximately 20
mm below the 1.0-mm-diam pinhole of the valve located
between the grids of the linear TOF mass spectrometer
~Comstock TOF-101!.

Photoelectron kinetic energies were measured using a
double focusing electrostatic energy analyzer~36.5 mm
mean radius, Comstock, Model AC-901! whose entrance was
located 180° to the axis of the flight tube of the TOF mass
spectrometer and horizontally approximately 5 mm from the
focus of uv laser beam in the jet. The device was placed
inside a magnetic shield box made ofm metal and held rig-
idly in place with an insulated aluminum bracket mounted to
the flight tube. The inside of the spectrometer was sprayed
with a colloidal graphite suspension to minimize patch con-
tact potentials. Since the back repeller plate of the TOF mass
spectrometer is made of mesh, it was not removed for these

measurements. However, the grids and flight tube were
grounded to eliminate stray electric fields that could have
developed through charging.

Photoelectrons produced by the~211! REMPI process
and moving within the acceptance angle of the spectrometer
~0.002 sr! were focused into its 2-mm-diam entrance hole
with a custom-made three-plate Einzel lens~Comstock!
whose third element was the analyzer entrance plate itself.
An 18-mm-diam dual microchannel plate mounted at the exit
of the spectrometer~Comstock Model MCP-602B! was used
for detection.

All voltages required to bias the photoelectron spectrom-
eter were obtained from a power supply accompanying the
device ~Comstock, Model ES-101!. The ramping voltage
from the power supply, used to smoothly change the trans-
mission energy of the spectrometer, was controlled exter-
nally with a multichannel scaling and control card~Com-
stock, Model MCS-702!. Typically, the voltage was
continuously ramped 5 V in approximately 3.4 min, corre-
sponding to a rate of 0.0244 V/sec. The microchannel plate
detector output was preamplified and~30 point! averaged in
a gated integrator-boxcar averager~SRS, Model SR250! and
both the photoelectron signals and ramping voltage were
digitized at the same time~SRS interface, model SR245! and
stored in a XT computer for later analysis.

The experimentally determined kinetic-energy full width
at half maximumDE5172 meV of an isolated atomic pho-
toelectron peak at 5 eV pass energy is in reasonable agree-
ment with the theoretical estimate of 137 meV. While, in
principle, the resolving power of the spectrometer could have
been increased by at least a factor of 2 using a smaller aper-
ture, the photoelectron signals were found to be too weak to
be measured under those experimental conditions. Tests
showed that the energy resolution in the photoelectron spec-
tra under our experimental conditions was not affected by
space-charge formation, the magnetic field of the pulsed
valve, or the background gas pressure in the vacuum cham-
ber.

III. RESULTS AND ANALYSIS

Dispersive PES experiments were carried out for the six
regions of Xe2 described previously@10,11#. Overview
~211! REMPI-TOF spectra obtained using linearly and cir-
cularly polarized uv fundamentals, respectively, can be in-
spected in Fig. 1 of Ref.@11#. Repeated here for the benefit
of the discussion below is a diagram~Fig. 1! correlating the
states formed by the addition of a 6ps and 6pp Rydberg
electron to theA andC cores of Xe2

1 to those obtained in
the separated atom limit@12#. Similarly, Fig. 2 was con-
structed by considering the addition of a 5ds, 5dp, and 5dd
Rydberg electron to the two molecular ionB cores@12#. The
V symmetries on the left-hand side of each correlation dia-
gram were deduced by adding together the appropriate com-
ponents of the total angular momenta of the Rydberg elec-
tron vj and the ion coreVcore @5#. The drawings were made
by assuming that theVcore energy splittings are smaller than
the vj intervals. The value of Figs. 1 and 2 is that they
predict the ion core of eachV electronic state associated with
a particular asymptotic limit provided that interstate pertur-
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bations can be ignored. As mentioned above, however, both
ab initio calculations@24,25# and some of the results below
indicate that this assumption may not always be a good one.

Two different types of photoelectron spectra were re-
corded in each spectral region for this study. In the first and
more common presentation, the photoemitted electrons were
measured as a function of kinetic energy for a single-laser
REMPI transition. This will be referred to simply as a PE
spectrum, and a summary of our results derived from such
data by spectral region is given in Table I. The second ap-
proach involved fixing the photoelectron spectrometer pass
energy and scanning the laser frequency to obtain a
‘‘constant-initial-state’’ @26# or ‘‘constant-ionic-state’’
@27,28# ~CIS! spectrum.

A. Region I

Region I of the~211! REMPI-TOF spectrum of Xe2 is
dominated by a single 0g

1←0 g
1 transition whose excited

state dissociates to Xe~1S0!1Xe*6p@1/2#0. The following
procedure was followed here for data acquisition~and for the
other sections below!: First, one set of five PE spectra for the
closest atomic Xe transition was measured for calibration
purposes, followed by one or two sets of five scans for the
molecular system of interest. This sequence was then re-
peated. The experiment concluded with a final set of five
atomic PE spectra.

A typical PE spectrum for the Xe* 6p@1/2#0←Xe~1S0!
transition in region I at 80 119.474 cm21 @9# is presented in
Fig. 3. Although the excited atomic term was expected to
produce only a Xe1~2P 3/2

o ! photoelectron peak, the higher-
energy Xe1~2P 1/2

o ! spin-orbit component is also present. A
similar observation was noted in published studies of the
~312! multiphoton ionization of Xe via the 6s[3/2] 1

o excited
state, which is also built on Xe1~2P 3/2

o ! @29,30#. There it was
found that the core admixture is introduced at the four-
photon energy by states of the 6p8 manifold. However, the
angular distribution of the 6s[3/2] 1

o photoelectrons is also

FIG. 1. Correlation diagram for the gerade
excited states of Xe2 dissociating to
Xe~1S0!1Xe*(6p). All neutral excimer excited
states are labeled in Hund’s case~c! nomencla-
ture. The vertical axes on the left- and right-hand
sides of the figure are not to scale or equal to one
another. The case~c! state splittings on the left-
hand side~ion core plus Rydberg electron! com-
binations are there for visual clarity only. The
figure was drawn by assuming that the ion-core
state splittings are less than the separations be-
tween thevj components of the Rydberg elec-
tron.

FIG. 2. Correlation diagram for the gerade ex-
cited states of Xe2 dissociating to
Xe~1S0!1Xe*(5d). The description given in the
caption for Fig. 1 pertains to this drawing as well.
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sensitive to the degree of 6s-5d mixing @31,32#. By analogy,
the ‘‘purity’’ of the Xe* 6p@1/2#0 atomic state being consid-
ered in this work could also be degraded through interactions
with atomic levels having the2P 1/2

o core. Although 6s8 and
6p8 J50 states are closest energywise, a complete under-
standing of the spectrum will invariably require multichannel
quantum-defect theory@33#.

The average measured ground-state spin-orbit splitting of
approximately 10 579~100! cm21 from the atomic ion spectra
obtained with our system is in excellent agreement with the
literature value of 10 537 cm21 @9#. Sometimes, however, the
absolute electron kinetic energies measured for each spin-
orbit peak were found to drift slightly due to changing con-
tact potentials within the spectrometer~<331024 eV/min!.
Then the time was noted when each set of atomic and mo-
lecular PE spectra was recorded. The atomic photoelectron
kinetic-energy drift for the Xe1~2P 3/2

o ! spin-orbit component
relative to the expected~calculated! theoretical value was
subsequently plotted as a function of time, and the best linear

fit of these data was used to correct the peak molecular pho-
toelectron energies by interpolation.

The molecular PE spectrum in region I is shown in Fig.
4~a!. The uv laser was tuned to excite the (v8,v9)5~0,0!
two-photon transition of the band system at approximately
80 046 cm21 @10#. Two photoelectron peaks are evident at
1.52 and 2.83 eV, respectively.

Consider the higher-energy feature first. Photoelectrons
are believed to be produced by direct ionization since three

FIG. 3. Photoelectron spectrum for the Xe 6p@1/2#0←Xe~1S0!
two-photon transition at 80 119.474 cm21.

FIG. 4. ~a! PE spectrum for the Xe2 0 g
1(v850)←0 g

1(v850)
two-photon transition at approximately 80 046 cm21 in region I.~b!
Constant-initial~ionic! -state spectrum obtained by setting the pass
energy of the photoelectron spectrometer to 2.83 eV and frequency
scanning the uv laser. Vibrational assignments for the Xe2 0 g

1←0 g
1

two-photon transitions are those reported in Ref.@10#.

TABLE I. Transitions, photoelectron kinetic energies~PKE!, and dominant core assignments for the
Rydberg states of Xe2 dissociating to Xe~1S0!1Xe*(6p,5d).

Region Transition Wave number~cm21! KE ~eV! Dominant core assignment

I 0 g
1(v850)←0 g

1(v950) 80 046 2.83 Xe2
1(C 2P3/2u)

a

1.52
II 0 g

1(v850)←0 g
1(v950) 79 611 2.77 Xe2

1(C 2P3/2u)
a

1.50
1g(v859)←0 g

1(v950) 79 488 2.62 Xe1~2P 3/2
o !b

1g(v857)←0 g
1(v950) 77 378 2.48 Xe1~2P 3/2

o !c

III 2 g(v854)←0 g
1(v950) 78 978 2.71 Xe2

1(C 2P3/2u)
2.53 Xe2

1(B 2P3/2g)
d

1g(v8526)←0 g
1(v950) 78 868 2.47 Xe1~2P 3/2

o !e

IV 2 g(v850)←0 g
1(v950) 78 016 2.47 Xe2

1(C 2P3/2u)
a

V 0 g
1(v8532)←0 g

1(v950) 77 587 3.12 Xe2
1(A 2S 1/2u

1 )
VI 1 g(v8543)←0 g

1(v950) 77 017 3.10 Xe2
1(A 2S 1/2u

1 )a

aPerturbed.
bPredissociation to produce Xe*6p@3/2#2.
cPredissociation to produce Xe*6p@5/2#2.
dPerturber photoelectron peak.
ePredissociation to produce Xe*6p@5/2#3.
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photons of the uv fundamental beam~l'249.86 nm!, having
a total energy of approximately 120 069 cm21, exceeds the
Xe1Xe1~2P 1/2

0 ! production threshold at 108 371.4 cm21 @9#.
Given that the~211! REMPI process can be viewed as a
single-step ionic transition originating from a specific vibra-
tional levelv8 of the 0g

1 Rydberg state, the probabilityP of
accessing a particular vibronic statev1 of Xe2

1 should be
well approximated by

Pa^ce
1umuce8& z^cv1ucv8& z2, ~1!

where^ce
1umuce8& is the electric-dipole matrix element con-

necting the Rydberg and molecular ion electronic states and
z^cv1ucv8& z2 is the vibrational Franck-Condon factor@34#.
As in conventional optical spectroscopy, the latter quantity
governs the relative intensities of the resultant vibronic tran-
sitions.

The kinetic energies of the photoelectronsPKE , generated
by the ~211! REMPI process using a fundamental laser
beam of frequencyn, is given by

PKE'3hn2@AIP1G~v1!#, ~2!

whereAIP is the adiabatic ionization potential of a particular
Xe2

1 electronic state andG(v1) is the vibrational term
value of the excited ion core in a levelv1 corresponding to
the largest Franck-Condon factor for the transition originat-
ing from v8 of the neutral Rydberg state. Together,
@AIP1G(v1)# represents the vertical ionization potential.

As noted before, the 0g
1 state in region I can be built only

on Xe2
1 A 2S1/2

1 orC 2P3/2u. Therefore, Franck-Condon cal-
culations using Morse-Rydberg-Klein-Rees potential-energy
curves @35# for the Rydberg state and each ion core were
carried out separately in the same manner as that described
elsewhere@36# to establish the Xe2

1 state assignment for the
observed photoelectron peak.

The vibrational frequencyve8 , anharmonicityvexe8 , and
equilibrium bond lengthr e8 of the 0g

1 Rydberg state for the
most abundant isotopomer129Xe132Xe were determined from
~211! REMPI-TOF mass spectrometry and Franck-Condon
calculations to be 18.66~31! cm21, 0.273~81! cm21, and 4.59
Å, respectively@10,11#. The vibrational constants for the mo-
lecular ion A state, v e

15123.4 cm21 and vex e
150.484

cm21, are those reported in a synchrotron threshold PES
study @19#. That work also providedAIP590 139.7 cm21.
TheA-state equilibrium bond length used was the theoretical
value ofr e

153.17 Å calculated by Daskalopoulou, Bo¨hmer,
and Peyerimhoff @8#. The Xe2

1 C 2P3/2u constants
v e

1523.1 cm21, vex e
150.55 cm21, AIP597 576~2! cm21,

andr e
154.27 Å were obtained by Tonkyn and White from a

single-photon threshold PES study using coherent, mono-
chromatic vacuum ultraviolet radiation generated by fre-
quency tripling in argon gas@16#.

The largest Franck-Condon factors for the Xe2
1

A 2S 1/2u
1 (v1)←Xe2* 0 g

1(v850) and Xe2
1

C 2P3/2u←Xe2
1 0 g

1(v850) transitions were found for
v1562 and 0, respectively, corresponding to
GA(v

1562)55821.9 cm21 and Gc(v
151)533.4 cm21.

Substituting these numbers and the data above into Eq.~2!
yields calculated photoelectron kinetic energies of 2.99 eV
for the A 2S 1/2u

1 ←0 g
1 transition and 2.78 eV for

C 2P3/2u←0 g
1. The former result differs from the experi-

mentally determined value by 0.14 eV, while the latter lies
within 0.07 eV. Given that the experimental measurement
error is on the order of approximately 0.03 eV and that the
level is perturbed by a lower-lying 0g

1 state that dissociates
to Xe~1S0!1Xe* 5d[1/2] 1

o and is built on theB 2P1/2g core,
it can be concluded that the 0g

1 Rydberg state in region I is
built on theC 2P3/2u ion core, in agreement with the corre-
lation diagram in Fig. 1.

Figure 4~b! is the CIS spectrum obtained by fixing the
photoelectron spectrometer pass energy to the peak kinetic
energy of the strongest feature in Fig. 4~a!. The appearance
of the resultant mass-unresolved excitation spectrum of Xe2
is in good agreement with previous studies@10,11#.

The lower-kinetic-energy feature in Fig. 4~a! at 1.52 eV
corresponds well to the formation of Xe2

1 in theD 2S 1/2g
1

excited state. However, the peak is also problematic in that
there are two possible explanations for its origin. The first is
that the neutral Xe2 excited state in question interacts with
another molecular level having theD ion core or that the
mixed nature of the Xe* 6p@1/2#0 atomic term is carried over
into the molecular photoelectron spectrum. Since the relative
intensities of the two photoelectron peaks in Figs. 3 and 4~a!
are similar, we favor the second scenario. Still, more work
on this issue is required.

B. Region II

There are two band systems in region II involving 0g
1 and

1g excited states that dissociate to Xe~1S0!1Xe* 5d[1/2] 1
o

@10–12#.

1. The 0g
1 Rydberg state

When the 0g
1(v850)←0 g

1(v950) two-photon transi-
tion at approximately 79 611 cm21 was excited two features

FIG. 5. ~a! PE spectrum for the Xe2 0 g
1(v850)←0 g

1(v850)
two-photon transition at approximately 79 611 cm21 in region II.
~b! CIS spectrum obtained by setting the pass energy of the photo-
electron spectrometer to 2.77 eV and frequency scanning the uv
laser. Vibrational assignments for the Xe2 0 g

1←0 g
1 two-photon

transitions are those reported in Ref.@10#.
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at 1.50 and 2.77 eV were measured from the resultant PE
spectrum@Fig. 5~a!#. The molecular kinetic energies were
calibrated against PE spectra for the Xe* 6p@1/2#0←Xe~1S0!
two-photon transition.

By symmetry, the Xe2 Rydberg state can be built on either
the Xe2

1 B 2P3/2g or B 2P1/2g ion cores. Franck-Condon
calculations were carried out using theB 2P3/2g molecular
constants determined by Hallet al.: AIP596 229.12 cm21,
v e

1558.39 cm21, andvex e
150.484 cm21 @19#. The calcu-

lated bond length ofr e
153.91 Å was used for the ionic equi-

librium internuclear separation@8#. Since theB 2P1/2g ion
core is predicted to be essentially repulsive, a lower limit for
its vertical ionization potentialI P was taken to be the energy
of the Xe~1S0!1Xe1~2P 3/2

o ! asymptote at 97 834.4 cm21 @9#.
The largest Franck-Condon factor for the Xe2

1

B 2P3/2g(v
1)←Xe2* 0 g

1(v850) transition occurs for
v153. The resultant photoelectron kinetic energy is there-
fore calculated to be 2.85 eV. Similarly, the calculated pho-
toelectron energy for the Xe2

1 B 2P1/2g←Xe2* 0 g
1(v850)

transition is found to be less than or equal to 2.68 eV. It can
be seen that the measured value of 2.77 eV lies almost half-
way between the two predictions. Although the Rydberg
state is expected to have the repulsiveB 2P1/2g ion core
~Fig. 2!, we had previously postulated that its binding energy
~De85579.4 cm21! was a result of a homogeneous interaction
with the 0g

1 state in region I built on theC core@12#. When
a subsequent Franck-Condon factor calculation was carried
out using theC 2P3/2u ion-state potential-energy curve, the
photoelectron energy was predicted to bePKE52.71 eV.
This lies closer to our observation and suggests thatC 2P3/2u
is the dominant core of the 0g

1 state in this region due to
perturbations.

Interestingly, the same conclusion was reached by Deh-
mer, Pratt, and Dehmer, who also used dispersive PES to
study the same vibronic transition@15#. However, more
structure is resolved in their spectrum. They assigned the
strongest feature atPKE'2.7 eV toC 2P3/2u ion core and a
slightly weaker peak in their spectrum atPKE'2.8 eV to
B 2P3/2g. The latter energy agrees with our Franck-Condon
analysis above, but its origin is uncertain. One possible ex-
planation is that the 0g

1 state in region II also interacts with
a second Rydberg state having theB 2P3/2g core. From Fig.
2, the only 0g

1 state that is likely to be involved energywise
dissociates to Xe~1S0!1Xe* 5d[7/2] 3

o at 80 970.93 cm21 @9#.
The CIS scan in Fig. 5~b!, obtained by setting the pass

energy of the spectrometer to 2.77 eV, reproduces the well-
known ~211! REMPI spectrum@10#. As is the case in region
I, the weaker photoelectron band at 1.50 eV in Fig. 5~a! is
difficult to explain, even though it was observed before by
Dehmer, Pratt, and Dehmer@15#. Since the Xe*
5d[1/2] 1

o←Xe~1S0! transition is two-photon electric-dipole
forbidden, the core nature of the atomic excited state and its
relationship to the molecular spectrum must remain an open
question.

2. The 1g Rydberg state

The PE spectrum obtained by exciting the~9,0! band of
the Xe2 1g←0 g

1 two-photon transition near 79 488 cm21 is
shown in Fig. 6~a!. The single photoelectron peak comes at
2.62 eV. This result is in poor agreement withPKE52.83 eV
obtained from Franck-Condon factor calculations made by

assuming that the 1g Rydberg state is built upon theB
2P3/2g

ion core, as predicted by the correlation diagram in Fig. 2.
An alternate interpretation can be made by noting that a

reasonably strong~211! REMPI spectrum could only be at-
tained for the 1g←0 g

1 transition in region II by monitoring
atomic Xe1 in TOF detection. This is indicative of a strongly
predissociated excited state. Consequently, the photoelec-
trons most likely originate from an excited Xe term that is
produced by rapid predissociation, that is,
Xe212hn→Xe2*1Xe*1Xe1hn→Xe11e21Xe. The elec-
tron energies possible from the process above can be calcu-
lated from

PKE5n~Xe* !1hn2I P~Xe1 2P3/2
o !, ~3!

where n~Xe* ! the energy of a specific excited atomic Xe
term andhn is the fundamental single-photon laser energy
used to excite the molecular two-photon transition. Excellent

FIG. 6. ~a! PE spectrum for the Xe2 1g(v859)←0 g
1(v850)

two-photon transition at approximately 79 488 cm21 in region II.
~b! CIS spectrum obtained by setting the pass energy of the photo-
electron spectrometer to 2.62 eV and frequency scanning the uv
laser. Vibrational assignments for the Xe2 1g←0 g

1 two-photon
transitions are those reported in Ref.@12#. The intense feature near
79 213 cm21 is the atomic Xe* 6p@3/2#2←Xe~1S0! two-photon
transition, while the strong features on the left-hand side are the
molecular bands shown in Fig. 5~b!. ~c! CIS spectrum obtained by
setting the pass energy of the photoelectron spectrometer to 2.48 eV
and frequency scanning the uv laser. In addition to finding more
~low v8,0! transitions of the Xe2 1g←0 g

1 two-photon transition
noted in ~b!, a broad unresolved feature to the blue of the Xe*
6p@3/2#2←Xe~1S0! transition is evident, which has been tentatively
assigned to a Xe2 0 g

1←0 g
1 transition whose excited state dissoci-

ates to Xe* 6p@3/2#21Xe~1S0!.
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agreement is obtained between the experimental measure-
ment and Eq.~3! if the predissociation product is Xe*
6p@3/2#2 at 79 212.970 cm21 @9#.

The CIS spectrum, obtained with a constant pass energy
of 2.62 eV and displayed in Fig. 6~b!, exhibits the strongest
bands of the 1g←0 g

1 transition, as expected@12#. Interest-
ingly, when the~7,0! band of the same system was excited
near 77 377.5 cm21 the resultant photoelectron kinetic en-
ergy was found to be 2.48 eV. The CIS spectrum obtained
with this substantially lower pass energy@Fig. 6~c!# shows
that the bands of the 1g←0 g

1 transition withv8,7 are stron-
ger, as well as a previously unassigned broad unresolved
envelope just to the blue of the Xe* 6p@3/2#2 resonance line.
A careful reexamination of our~211! REMPI-TOF spectra
recorded with circularly polarized light@12# supports a 0g

1

symmetry assignment for the latter feature.
The only 0g

1 state in the immediate vicinity that has not
been accounted for dissociates to Xe~1S0!1Xe* 6p@3/2#2.
Once again the photoelectrons are also thought to originate
from an excited Xe term produced by strong predissociation.
Excellent agreement is found between the experimental mea-
surement and Eq.~3! using n~Xe* 6p@5/2#2!578 120.303
cm21 @9#. Since different kinetic energies are required to
produce Figs. 6~b! and 6~c! it can be inferred that more than
onev8-dependent channel of predissociation exists for the 1g
state in region II.

The only problem with our interpretation is that the cor-
relation diagram in Fig. 1 predicts that both 0g

1 states disso-
ciating to Xe~1S0!1Xe* 6p@3/2#2 and Xe~1S0!1Xe*
6p@5/2#2, respectively, are built on the deeply boundA core.
It may be that the potential-energy curve of the 0g

1 state
involved in Fig. 6~c! has a hump that supports levels above
its dissociation limit.Ab initio calculations in this regard
would be invaluable.

C. Region III

Two interleaved 2g←0 g
1 and 1g←0 g

1 transitions are
found in region III and both excited states are thought to
dissociate to Xe~1S0!1Xe* 6p@3/2#2 @11,37#. All molecular
photoelectron kinetic energies were calibrated against PE
spectra recorded for the Xe* 6p@3/2#2←Xe~1S0! transition at
79 212.970 cm21.

1. The 2g Rydberg state

The excited 2g state in region III is relatively shallow
~De5596.2 cm21! and is strongly predissociated forv8 lev-
els greater than 5. The PE spectrum shown in Fig. 7, ob-
tained by exciting the~4,0! band at 78 977.8 cm21, is a
closely spaced doublet with maxima corresponding to
PKE52.53 and 2.71 eV, respectively. Using the known 2g
molecular parameters@10#, the largest Franck-Condon fac-
tors were predicted for transitions fromv854 tov150 of the
C 2P3/2u ion state and tov

1547 of A 2S 1/2u
1 . This leads to

calculated photoelectron energies of 2.59 and 2.90 eV, re-
spectively, and leaves little doubt that the measured photo-
electron peak at 2.53 eV arises from an ionization process
that leaves Xe2

1 in theC-state. This conclusion can also be
reached with the correlation diagram in Fig. 1.

While the higher-energy component at 2.71 eV is too low
to involve the A state, the measurement agrees well
PKE52.74 eV, derived by assuming that the ion core in-
volved is B 2P3/2g. We believe, therefore, that the experi-
mentally observed doublet is a result of a perturbation that
gives the 2g Rydberg state mixed core character. The sym-
metry of the second ion core suggests that the 2g perturber
must dissociate to Xe~1S0!1Xe*(5d). The most probable
candidates are deduced from Fig. 2 as the 2g state that dis-
sociates to either Xe~1S0!1Xe* 5d@7/2#4

0 at 80 197.16 cm21

or Xe~1S0!1Xe* 5d@3/2#2
0 at 80 323.28 cm21 @9#.

Dehmer, Pratt, and Dehmer reported a PE spectrum for
the~2,0! band of this electronic transition and make the same
molecular ion-core assignments@15#. In addition, they ob-
served a third peak atPKE'2.45 eV. That they attributed to
ionization from atomic Xe* 6p@5/2#2, which seems reason-
able given that the 2g Rydberg state has been found to be
partially predissociated@10#.

2. The 1g Rydberg state

Spectral analyses of the 1g←0 g
1 transition in region III

showed that the excited Rydberg state has a dissociation en-
ergy reminiscent of theA ion core ~De8'2616 cm21 @37#!.
However, the correlation diagram predicts 1g to be built
upon Xe2

1 C P3/2u like the 2g state in this vicinity. Since the
excited state is strongly predissociated, the measured kinetic
energy ofPKE52.47 eV from the PE spectrum obtained by
exciting the 1g(v8526)←0 g

1(v950) transition at 78 867.7
cm21 @Fig. 8~a!# does not agree with those determined from
Franck-Condon factor calculations using theC core
(PKE52.57 eV! or theA core~rKE52.90 eV!. However, the
measurement does agree with that expected if the photoelec-
trons originate from Xe* 6p@5/2#3 at 78 403.562 cm21 @9#.
While it is possible that the REMPI transition actually in-
volves the uncharacterized 1g state, which dissociates to
Xe~1S0!1Xe* 6p@3/2#1 at 78956.538 cm21 @9#, and is pre-
dicted to be built onA 2S 1/2u

1 , more likely, the entire mani-
fold of 1g states will have to be considered together to un-
derstand the spectroscopy completely@25#.

The CIS spectrum in Fig. 8~b! recorded by setting the
pass energy of the spectrometer to 2.47 eV shows both the
1g← g

1 and 2g←0 g
1 transitions, while that obtained using

PKE52.53 eV@Fig. 8~c!# shows only the 2g←0 g
1 transition

cleanly. This demonstrates the promise that the CIS tech-

FIG. 7. PE spectrum for the Xe2 2g(v854)←0 g
1(v850) two-

photon transition at 78 977.8 cm21 in region III.
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nique holds for doing core-and frequency-resolved spectros-
copy.

D. Region IV

The strongest feature in region IV is a~0,0! band at
78 016 cm21 that has been assigned to a 2g←0 g

1 transition
@10#. The shallow excited state~De85300.2 cm21! dissociates
to Xe~1S0!1Xe* 6p@5/2#2. The resultant photoelectron spec-

trum shows a single peak atPKE52.47 eV. Here energy
calibration was based on PE spectra involving the Xe*
6p@5/2#2←Xe~1S0! two-photon resonance.

Ionizing 2g(v850) is calculated to leave Xe2
1 in either

A 2S 1/2u
1 (v1551) orC 2P3/2u(v

150). The corresponding
electron energies were derived using Eq.~2! to be 2.70 and
2.41 eV, respectively. This strongly supports aC 2P3/2u ion-
core assignment for the 2g Rydberg state, as predicted by
Fig. 1.

The same core assignment was put forth by Dehmer,
Pratt, and Dehmer based on a photoelectron feature at
PKE'2.4 eV @15#. In their spectrum, however, a second
weaker higher-energy peak (PKE'2.5 eV! was resolved,
which they assigned toB 2P3/2g. This unexpected result is
again attributed to homogeneous interactions. We propose on
the basis of energetics that the perturber is the 2g state that
dissociates to Xe~1S0!1Xe* 5d[7/2] 4

o.

E. Regions V and VI

Molecular PE spectra in these regions were calibrated
against atomic photoelectron data recorded for the Xe*
6p@5/2#2←Xe~1S0! two-photon transition. The 0g

1 state in
region V, which dissociates to Xe~1S0!1Xe* 6p@5/2#2, and
the 1g state in region VI, which dissociates to Xe~1S0!1Xe*
6p@1/2#1, are both deep~De853470.4 and 4701 cm21, re-
spectively@10#!. This is not unexpected since both levels are
predicted to be built on Xe2

1 A 2S 1/2u
1 ~Fig. 1!. These

ground-state ion-core assignments are now unambiguously
confirmed in this work because when the
0 g

1(v8532)←0 g
1(v950) transition at 77 586.7 cm21 and

the 1g(v8543)←0 g
1(v950) transition at 77 017.4 cm21

were excited, the large resultant electron kinetic energies
(PKE53.12 and 3.10 eV, respectively! immediately show
that Xe2

1 was produced in an electronic level that lies much
lower than the adiabatic IP of any excited state@19#. The CIS
spectrum that reproduces the band systems in these spectral
regions is presented in Fig. 9.

Based on Franck-Condon considerations, however, Xe2
1

should be formed in high vibrational levels ofA 2S 1/2u
1

~v1552 for region V andv1543 for region VI!, leading to
photoelectrons withPKE'2.6 eV. The differences between
these predictions and the experimental measurements are
substantial. It should be appreciated, however, that Franck-
Condon intensity is distributed over a wide range ofv1 lev-

FIG. 8. ~a! PE spectrum for the Xe2 1g(v8526)←0 g
1(v850)

two-photon transition at 78 867.7 cm21 in region III. ~b! CIS spec-
trum obtained by setting the pass energy of the photoelectron spec-
trometer to 2.47 eV and frequency scanning the uv laser. Vibra-
tional assignments for the Xe2 1g←0 g

1 two-photon transitions are
those reported in Ref.@37#. ~c! CIS spectrum obtained by setting the
pass energy of the photoelectron spectrometer to 2.53 eV and fre-
quency scanning the uv laser. Vibrational assignments for the Xe2
2g←0 g

1 two-photon transitions are those reported in Ref.@10#.

FIG. 9. CIS spectrum obtained by setting the
pass energy of the photoelectron spectrometer to
3.1 eV and frequency scanning the uv laser in
regions V and VI. Vibrational assignments for the
Xe2 0 g

1←0 g
1 two-photon transition in region V

are those reported in Ref.@10#.
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els in a complex way, which is not too surprising given the
highly oscillatory nature of the Rydberg wave functions ex-
cited in the~211! REMPI process. This is illustrated in Fig.
10~a! for the transition in region V. Furthermore, small
changes in the relative position of the ion ground-state
potential-energy curve with respect to the Rydberg state can
lead to large changes in the Frank-Condon factor intensity
distribution @Fig. 10~b!#. Therefore, the uncertainty in the
Rydberg and ion-state equilibrium bond lengths, both of
which are not known from rotationally resolved spectra,
could account, in small part, for the disagreements.

In addition and/or alternatively, the observations may be
indicative of non-Franck-Condon behavior. While this phe-
nomenon is not unprecedented it is also not well understood
@38,39#. Possible causes for a Franck-Condon breakdown in-
clude kinetic-energy- and bond-length dependent excited-
state dipole matrix elements,v1-dependent electron angular
distributions, perturbations, and autoionization. At this time,
however, the relative importance of each probable cause can
only be speculated. Vibronically resolved PE spectra will be
required to investigate this matter further.

IV. CONCLUSIONS

The goal of this paper was to use photoelectron spectros-
copy to establish the dominant molecular ion-core identities
of the gerade Rydberg states of Xe2 that dissociate to
Xe~1S0!1Xe*(6p,5d). Where comparisons could be made,
our conclusions were found to agree with those in the litera-
ture, but the scope of our work is more comprehensive.

In most instances, the ion-core assignments also agree
with those predicted using correlation diagrams constructed
from angular momentum arguments. At best, however, the
photoelectron spectrum of a strongly predissociated molecu-
lar state can only yield the identity of the resultant excited
atomic product. Furthermore, it is clear that excited-state in-
teractions for Xe2 are very important and must be considered
for a complete understanding of the~211! REMPI spectra
and associated photoelectron data.

As demonstrated by Dehmer, Pratt, and Dehmer@15#,
more information can be derived from PE spectra having
better energy resolution. As noted above, by employing a
smaller diameter aperture, the resolving power of our photo-
electron spectrometer could be improved by a factor greater
than 2. To achieve this improvement more effort will have to
be made to optimize the dimer composition in the jet. The
photoelectron techniques described here will help in the in-
terpretation of new~211! REMPI-TOF spectra recently ob-
tained for the higher-lying Xe2 excited states dissociating to
Xe~1S0!1Xe*(5d) and other asymptotic limits near the ion-
ization limits of the molecule. That work will be the subject
of future work @40#.
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