Photoelectron Spectroscopy in a New Light: Zero Kinetic Energy (ZEKE)
Photoelectron Spectroscopy with Coherent Vacuum Ultraviolet Light

John W. Hepburn

Centre for Molecular Beams and Laser Chemistry, Department of Chemistry, University of Waterloo,

Waterloo, Ontario N2L 3G1, Canada

1 Introduction

A great deal of what we know about the electronic structure of mole-
cules and solids has resulted from the study of photoemission.
Although studies of the photoelectric effect began in the 19th century,
the modern study of photoelectron spectroscopy began with the
development of suitable short wavelength light sources in the 1950s
and 60s. For gas-phase high-resolution photoelectron spectroscopy
(PES), the differentially pumped He discharge lamp was the necessary
prerequisite.! This light source, along with other rare-gas discharge
sources, provides high intensity, reasonably monochromatic light at
fixed wavelength inthe vacuum ultraviolet (VUV). Not very long after
the development of high resolution PES, a different form of photo-
electron spectroscopy based on monochromatized continuum or
pseudo-continuum radiation evolved out of the field of photoioniza-
tion mass spectrometry.? This method, called threshold photoelectron
spectroscopy (TPES), is based on scanning the photon energy of the
ionizing light while detecting only those photoelectrons that have
essentially zero kinetic energy. In this way the signal is detected only
when the photon energy matches an ionization threshold. The result-
ing spectrum provides the same information as a conventional photo-
electron spectrum, although there are important differences between
these two types of spectroscopy. In Fig. 1, both types of photoelectron
spectroscopy are illustrated schematically. TPES is ideally suited to
synchrotron light sources, which are excellent sources of continuously
tunable short-wavelength light. Most of the work in TPES has been
done with synchrotrons. The advent of third generation synchrotron
sources, such as the Advanced Light Source in Berkeley, California,
improves both the resolution and light flux dramatically, compared
with previous synchrotrons. Currently, the state of the art for energy
resolution in gas-phase photoelectron spectroscopy with rare gas
lamps is about 2—4 meV, while TPES can do slightly better. Since the
resolution for both techniques is limited largely by the light source, one
should be able to gain another factor of five by doing TPES with ahigh-
resolution monochromator with a third generation synchrotron.
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Figure 1 Schematic diagram of conventional PES and threshold PES. Note
that since hv—E, = hv, both measure ionization energies.

In parallel with the development of TPES using synchrotron
radiation, the application of coherent light sources to the study of
valence-shell photoionization has created a revolution in photoelec-
tron spectroscopy over the past decade and a half. The beginnings
of this leap forward came with the development of resonance-
enhanced multiphoton ionization (REMPI) by Johnson in the
1970s.3 This technique, based on sequential absorption of visible or
ultraviolet photons, allows one to excite to the ionization threshold
in molecules with coherent light. Although originally developed as
a sensitive method for excitation spectroscopy, REMPI has also
been used in elegant and detailed studies of photoionization dynam-
ics # There are several advantages for photoionization with coherent
light. The first, and most important, is energy resolution, as even
conventional pulsed laser systems have a resolving power of 200
000, and that can be improved to 4 X 10¢ with single mode pulsed
lasers. The current state of the art in scanning VUV mono-
chromators is less than 150 000 resolving power. Because of the
intensity of lasers, very dilute targets such as skimmed supersonic
beams of free radicals and clusters can be easily studied. The use of
multiple resonance techniques provides a means to photoionize a
state-selected, aligned target. Because the excitation is pulsed, sen-
sitive and of high resolution, time of flight techniques can be used
for photoelectron spectroscopy following REMP1.5

A very important new technique for extremely high-resolution
photoelectron spectroscopy, which combines REMPI and thresh-
old photoelectron spectroscopy, was developed about a decade ago
by Schlag and Miiller-Dethlefs.® The technique has come to be
known by the acronym PFI-ZEKE (for pulsed-field ionization zero
kinetic energy) photoelectron spectroscopy, or the simpler, and
more euphonius, ZEKE (/zi:ki:/) spectroscopy.” The ZEKE method
takes advantage of both the high photon energy resolution and the
pulsed excitation provided by tunable pulsed-dye lasers. As with
conventional TPES, the photon energy is scanned through the
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various ronization thresholds, and the signal 1s detected only from
threshold 1omzation The key to the high photoelectron energy
resolution 1s the technique used for threshold detection, which 1s
delayed pulsed field 1onization Although 1t was not realized until
a few years after the mitial development of ZEKE, the detection of
1onization thresholds 1s based on the excitation and subsequent
field 1omization of high principal quantum number Rydberg states
lying just below the 10nization thresholds Since there are Rydberg
series converging to every quantum state of every ion, the ZEKE
method 1s quite universal The use of optimized ionizing pulse
sequences has led to ‘photoelectron’ energy resolutions of 0 1
cm !',orca 001 meV This spectacular energy resolution is suffi
cient to fully resolve rotational structure in small and medium sized
molecules, and can easily resolve very low frequency vibrational
structure 1n larger systems Furthermore, because the threshold
detection 1s based on pulsed field 1onization, one can monitor erther
the field 1onized electrons, as in ZEKE spectroscopy, or the corre-
sponding positive 1ons This latter type of threshold spectroscopy,
first developed by Phil Johnson,® has come to be known as MATI
(/meet1 /, for mass-analysed threshold ronization) spectroscopy
The spectroscopic information 1s the same for ZEKE and MATI,
although MATT 1s typically of somewhat lower resolution MATI
has the enormous advantage that, because one can mass-analyse
the product 1ons, the carrier of the photoelectron spectrum 1s
unambiguously identified For studies of unstable species, such as
molecular clusters, this 1s a major advance, since 1t 1s impossible to
make pure clusters of one type for spectroscopic study, and 1t can
be quite difficult to tell them apart spectroscopically

Most of the work in ZEKE and MATI spectroscopy up until now
has been done using multiple resonance with pulsed ultraviolet
lasers While there are many significant advantages to this
approach, not the least of which 1s large signals, one must have an
intermediate resonant state to step from to get to the 1onization
thresholds In systems where the neutral spectroscopy 1s unknown,
or where potential intermediate states are dissociative, there 1s some
advantage 1n exciting to the 1onization threshold in one step, using
short wavelength coherent light The combination of coherent VUV
with the ZEKE or MATI detection creates a universally applicable
method for doing ultrahigh-resolution threshold photoelectron
spectroscopy at 1onization energies up to 19 eV This review will
discuss the use of coherent VUV in ZEKE photoelectron spec-
troscopy, focusing on a few unique features of this type of photo-
electron spectroscopy The next four sections will describe the
generation of coherent VUV, the principles of ZEKE spectroscopy,
and two examples of unusual features of ZEKE spectroscopy with
coherent VUV

2 Generation of Coherent VUV

Since there are currently no suitable broadband gain media for
amplifying light at wavelengths shorter than 190 nm, coherent VUV
must be generated by frequency-mixing longer-wavelength coher-
ent light This 1s routinely done to generate coherent light n the
ultraviolet region of the spectrum, using birefringent crystals to mix
light from visible dye lasers The current tuning limit for commer

cially available crystals 1s the 189 nm limit of B-barium borate
(BBO), meaning that photon energies up to 6 5 eV can be reached
with current tunable pulsed-laser systems Beyond this photon
energy, gaseous media must be used for frequency mixing Since
symmetry restrictions forbid second-order non-linear processes n
materials which have a centre of inversion, gases cannot be used for
second-order frequency mixing (e g second harmonic generation)
under normal circumstances The first non-linear term for gases 1s
the third-order term, which leads to frequency mixing between three
input frequencies, resulting i sum and difference mixing of the
applied frequencies Because this third-order non-linear process
ivolves four different waves, three mput (fundamental) and one
generated, 1t 1s called four-wave frequency mixing The theory of
four-wave mixing 1s described in several places,®-'! so 1t will not be
considered here What will be discussed 1s some of the practical
details about generation of tunable coherent VUV, and the current
capabilities of coherent sources
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There are two general types of four-wave mixing n gases used
for coherent VUV generation, and two wavelength ranges, which
need to be considered The simplest kind of four-wave mixing, and
probably the most commonly used, i1s non-resonant third-harmonic
generation, where a single colour 1s focused into a gaseous medium,
and coherent light at three times the fundamental frequency is
generated The second type of four-wave mixing 1s two-photon res
onant sum and difference frequency mixing, in which two different
colours are used to generate coherent light at the sum and difference
frequencies vy ,; = 2v, = v, The two wavelength ranges are based
on purely practical considerations wavelengths above and below
the LiF transmission cut-off at about 105 nm For coherent VUV at
wavelengths transmitted by LiF, the non-linear medium can be con-
tained 1n a gas cell with an LiF output window, while below the cut-
off, windowless designs, typically pulsed gas jets, must be used
While any gaseous medium can be used for frequency mixing,
atomic gases have the best characteristics and tend to be the most
efficient non-linear media For simplicity, we shall restrict our dis-
cussions to rare gases, although 1n some cases metal vapours, such
as Hg or Mg, may be better media In any case, the general princi-
ples of frequency mixing are the same, no matter what gas 1s
employed

The easiest way to generate coherent VUV is by third-harmonic
generation n gas cells All that 1s required 1s to focus the funda-
mental hight fairly tightly (with a 15-30 cm focal length lens) into
a cell containing rare gas, and VUV 1s generated at the focus
Although the process 1s quite nefficient, under 1deal conditions
one can convert one part in 105 of the mput light into VUV This
means that by using 10 mJ, 5 ns pulses of 365 nm light, one can
generate up to 10'" photons/pulses of Lyman a radiation, with
typical yields being one or two orders of magnitude lower The
major drawback to third-harmonic generation 1s the need to phase-
match,® which requires that the index of refraction be lower in the
VUV than at the fundamental frequency Such behaviour, called
anomalous dispersion, occurs when the third harmonic frequency
1s just to the blue of a strong absorption line Phase matching
requires a certain relationship between the refractive dices,
depending on focusing conditions, which means that only a
certain range of nonlinear medium pressures will be phase
matched Since the refractive index 1s a strong function of fre-
quency near a resonance, phase matching 1s also very wavelength
sensitive  All this combines to make third harmonic generation
useful over small tuning ranges, within windows of frequency
close to absorption lines Furthermore, to increase conversion effi-
ciency up to the one part in 10° level, one must increase the
density of nonlinear gas, and maintain phase matching with a bal
ancing pressure of normally dispersive rare gas (1 ¢ a mixture of
Kr and Ar for 121 6 nm generation) This makes phase matching
very frequency dependent, limiting the tuning range to tens of
wavenumbers for a given gas mixture However, for essentially
fixed-frequency applications, such as detection of atomic hydro-
gen, this 1s not a serious limitation, and third-harmonic generation
can be very useful

For wavelengths less than 105 nm, a pulsed jet 1s used in place of
the gas cell Although the phase matching conditions are somewhat
different 1n pulsed jets, because of the short length of the nonlinear
medium relative to the confocal parameter, roughly the same wave-
length limitations exist for jets and gas cells Furthermore, one
cannot obtain the same densities in a jet that are possible 1n a cell,
which makes the conversion efficiency substantially lower
Nevertheless, one can still generate useful amounts of VUV, of the
order of 10° photons/pulse, by this method A good description of
an apparatus employing third-harmonic generation 1n gas jets 1s
given by Tonkyn and White '2

To obtain higher conversion efficiency, and a much broader
tuning range, resonant-enhanced four-wave frequency mixing must
be used The expression for the third-order nonlinear susceptibility
(x®), which determines the strength of the generated nonlinear
response, has resonance terms at one, two and three photon ener
gtes * Since one-photon and three photon resonances will lead to
one-photon absorption of the fundamental or generated radiation,
two photon resonance 1s used to enhance the value of x(* by orders
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of magnitude What this means 1n practical terms 1s that one uses
two independently tunable lasers, at frequencies v, and v,, to gener-
ate coherent VUV The first frequency 1s fixed on an allowed two-
photon resonance for the atom being used as the nonlinear medium,
and the second laser 1s tunable While phase matching still applies
for the sum mixing (v, = 2v, + v,), one can achieve negative
dispersion over a very broad spectral range by choosing a medium
such that v, 1s above the lowest 1on1zation limit Below the 1on-
1zation limzit, or 1n regions of strong autoionizing resonances, the
conversion efficiency will vary quite markedly with frequency, but
one can obtain quite spectacular conversion efficiencies near
Rydberg resonances In our own laboratory, we have used Mg, Hg,
Krand Xe for this type of sum mixing, and they all work very well,
with routine conversion efficiencies of one part 1n 104 being obtain-
able The combination of Hg, Kr and Xe provides continuous cover-
age of the 10 to 19 eV spectral range for sum mixing

For photon energies below 11 eV, the best way to generate coher-
ent light 1s by difference-mixing using Kr or Xe in a gas cell The
phase matching conditions for difference-mixing are very much less
restrictive than in sum-mixing, which means that just about any
output wavelength can be generated efficiently within the tuning
range of the v, laser For example, an efficient way to generate
Lyman « 1s to use difference-mixing 1n Kr, with the v, laser set at
2125 nm, and the v, laser at 842 nm A summary of the tuning
ranges available for different choices of media and v, 1s shown
Fig 2 For more information, readers are referred to refs 10and 11
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Figure 2 Continuous tuning ranges for two photon resonant frequency
mixing 1n Hg, Krand Xe The wavelengths corresponding to v, are given
For sum-mixing. only the tuning range above the iomzation limit (3P ,1n
Kr, Xe) 1s shown

For this review, 1t 1s sufficient to understand the practical end result
Using standard nanosecond dye lasers and frequency-mixing crys-
tals, one can generate between 10° and 10! photons/pulse of VUV,
contiuously tunable from 6 5 eV, where frequency-mixing crystals
currently cut off, to 19 eV This VUV has the coherence properties
of the input fundamental light, meaning that photon energy resolu-
tions of a fraction of a wavenumber at 100 000 cm ! are easily
achievable The data discussed in the following sections were
recorded using light generated by sum-mixing n pulsed jets of Kr
or Xe

3 The ZEKE Process

Because ZEKE spectroscopy has created such excitement, there
have been numerous recent reviews which have treated many differ-
ent aspects n great detail Probably the best single source of general
information about several aspects of ZEKE 1s the book edited by
Powis, Baer and Ng '3 The intention of this review 1s to draw atten-
tion to some unusual features of ZEKE spectroscopy with coherent
VUV light sources, so we shall begin with a recap of what 1s cur-
rently understood about this type of spectroscopy

ZEKE spectroscopy was originally developed as a very high
resolution version of TPES, exploiting the pulsed nature of REMPI
to mtroduce a long (of the order of a microsecond) delay between
excitation to the 1onization threshold under field-free conditions and
extraction of the resulting threshold electrons with a small pulsed

electric field The basic idea was that during this long delay, any
electrons formed with small amounts of kinetic energy (even just a
few wavenumbers) would drift away from the excitation volume,
leaving only those with zero kinetic energy to await extraction and
detection This explains the ZEKE acronym, which remains despite
the true nature of this spectroscopy The first hint that something
was wrong 1n this interpretation was that the directly measured ton-
1zation energy of NO was found to be 74717 2 cm ! later revised
to 747190 = 05 cm ','# substantially below the then accepted
value of 74721 5 = 0 5 cm !, determined by extrapolation of very
well understood Rydberg series !> The explanation of this signifi-
cant discrepancy was that the signal detected in ZEKE spectroscopy
came, not from electrons formed by 10nization at photon energies
Just above threshold, but instead was the result of field 1on1zation of
very high lying Rydberg states just below the 1onization threshold ¢
This difference 1n signal source 1s actually good news from an
experimental standpoint, as the care and feeding of extremely low
energy electrons 1s a substantial chore, while field 1onization detec-
tion of Rydberg states 1s a relatively straightforward task
Furthermore, because of continuity of oscillator strength through
the 1on1zation limit of any Rydberg series, the information available
from field 1oni1zation 1s, 1n principle, the same as from threshold 1on-
1ization The ZEKE process 1s shown schematically in Fig 3

Fig 3 shows the limits to electron energy resolution, or more
correctly threshold resolution, in ZEKE spectroscopy One can
obviously do no better than the bandwidth of the exciting light, but

: ——g
-10 ]
- ionization ]
g -20 ~—— ]
5 ]
~ ]
= -30 b
> b
]
—40 i
]
805 2000
voltage 0 l ‘—
detector gate H
prompt
’ § "PFI-ZEKE"
electrons

Time

Figure 3 Schematic of the ZEKE process Rydberg states around n = 100
are excited at r = 0, 1n the absence of applied fields Prompt electrons are
formed by excitation of degenerate 10mzation continua After a delay, the
remaining # = 100 Rydberg states are Stark 1onized, and the resulting
PF1-ZEKE signal 1s detected

that 1s generally not what limits ZEKE resolution Resolution 1s
normally determined by the pulsed 1onmizing field In the presence
of a pulsed electric field, the 1onization limit 1s lowered by between
4VE and 6VEcm ! (where E1s incm '), depending on whether the
Stark 1oni1zation 1s diabatic or adiabatic 7 '8 This means that for
even fairly modest pulsed fields, a wide range of Rydberg states
will be detected at each threshold Because of stray DC fields
present 1n any apparatus, and the fields caused by ions formed
simultaneously with the Rydberg molecules, one cannot decrease
the pulsed 1onizing field arbitrarily, since there 1s a pre-existing
reduction of the ionization threshold To get higher resoluton,
combinations of pulsed fields must be used to create an energy
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window of Rydberg states for detection As an example, if one uses
a05Vcm~! pulse, followed by a 0 6 V cm~! pulse, and detects
the electrons formed by the second pulse, the band of Ryberg states
between 2 8 and 3 | cm~! below threshold will be detected It turns
out that the time evolution of the Stark states formed in the pres-
ence of the pulsed 1on1zing field means that the best strategy 1s to
apply two pulses of roughly equal magnitude, but opposite polar-
ity

While the mechanism of Stark ionization leading to a ZEKE
spectrum explains the observed shifts in thresholds, it introduces a
new conceptual problem how do the originally excited Rydberg
states survive for several microseconds? In the case of NO, one
would expect the Rydberg states to decay by predissociation,as was
pointed out by Muller-Dethefs, Schlag and co-workers !¢ In many
cases, especially for 1onization limits above the lowest, one would
expect even high-n Rydberg states to decay through autoronization
or predissociation on a timescale much shorter than the delay time
The solution, first pointed out by Chupka a few years ago,'8 was that
the intially excited low-/, high-n Rydberg states could be rapidly
mixed with energy-degenerate high-/, high-m, Rydberg states
because of the perturbing effects of weak stray electrical fields and
the Inhomogeneous fields caused by nearby 1ons created with the
Rydberg states These high-/,m, states interact very weakly with the
1on core, and thus decay very slowly The effects of electric fields
on autoronization rates had been previously noted 1n a study of nd
Rydberg states of Na,,'? and the lengthening of the nd state lifetimes
was nterpreted in terms of Stark-mixing with high-/states The idea
of optically exciting a particular ‘state,” whose lifetime properties
are modified by coupling to optically mnaccessible states, 1s very
familiar in photophysics, and the analogy between radiationless
transitions and suppression of Rydberg state decay 1s made in some
recent articles by Bixon and Jortner 2° These articles also have a
comprehensive bibliography, and readers are referred to them for a
more detailed discussion of the stabilization of the Rydberg states
mvolved in ZEKE spectroscopy

The extensive literature discussion from over the past three
years can be summarized 1n the following way The optical excita-
tion 1s to a band of high-n Rydberg states which lie within the
bandwidth of the exciting laser These states have low-/ character,
typically with / =< 3, and 1n many cases are expected to have rela-
tively short lifeumes (sometimes sub-nanosecond) because of
autotonization or predissociation The unperturbed decay life-
times for the typical states involved in ZEKE spectroscopy (150
< n < 300) can be estimated by scaling the measured lifetimes for
lower nl states using the n3 scaling law for lifetimes 7 During the
mitial pertod after excitation, there 1s a competition between decay

Time
low-I Rydberg o
Decay Stabilization
©+e ns
2]
high-I,m, Rydberg
Field Ionization us

Figure 4 Mechanism for ZEKE spectroscopy Imitially excited low-/ state
can decay by autoromzation or predissociation

t H J Dietrich and K Muller Dethefs Phys Rev Lert 1996 70 3530
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of the mitially excited low-/ Rydberg state and stabilization by /,m,
mixing This stabilization occurs by two different mechanisms /
mixing, which 1s caused by Stark mixing due to weak DC fields
present 1n the excitation volume, and m, mixing, which requires
the inhomogeneous electric fields created by nearby 1ons 2! Both
[ and m, mixing lead to an increase 1n lifetime by a factor of
roughly n, about two orders of magnitude increase for each type
of mixing This means that if the unperturbed lifetime of the ni-
tially excited low-/ states 1s significantly less than one micro-
second, both / and m; mixing will have to occur to observe a ZEKE
spectrum The significance of this 1s that in some cases, there may
be a requirement of an 1on density of the order of 104—105cm >3
i the excitation volume for ZEKE spectroscopy, or observed
linestrengths may be 1on density-dependent Recent experiments
have probed 10n density effects on ZEKE spectra?® 24 and we have
observed these effects in ZEKE spectroscopy on H, 22 While these
1on densities are easily achieved under REMPI conditions, they
may not be present when VUV excitation 1s employed, especially
if the VUV 1s from a synchrotron light source

For coherent VUV, if one assumes a light flux of 10° photons/pulse
mn a spot of 1 mm?, with a target density of 10'2cm 3, about 10¢ 10ns
cm 3 are formed for a typical 10 Mb 1onization cross section With
more dilute targets, such as a radical beam, it may be necessary to
seed an easily 1onized molecule into the beam to achieve the 1on den-
sities necessary for stabilization Finally, for synchrotron sources,
which are discussed 1n more detail in the final section, the greatly
reduced instantaneous light flux will reduce the 1on density by four
or five orders of magnitude, which may have strong effects on
Rydberg state stabilization While understanding the detailed
Rydberg state dynamics behind ZEKE spectroscopy can provide
important new iformation about interpretation of spectral intensities
or lead to technical advances such as resolution improvement, one
should not lose sight of the experimental fact that ZEKE has proved
to be a very generally applicable technique In our own experience,
we have never failed to find the ZEKE signal at any threshold where
we have looked for 1t In fact, one of the surprises of ZEKE spec-
troscopy 1s that the signal can be found even where you may not
expect to find 1t, as shall be described 1n the next section

4 ZEKE and the Franck-Condon Principle

In conventional photoelectron spectroscopy with 21 22 eV photons
from a He I resonance lamp, the band intensities observed in the
spectrum are generally well described by Franck-Condon factors
between the starting neutral ground state and the final vibrational
levels of the 10n 2> However, when lower-energy resonance lines are
used for PES, such as the 16 85 eV Ne I resonance line, one can
observe dramatic changes in the band intensities in PES An
example 1s provided by oxygen, shown schematically in Fig 5 The

O, photoelectron spectra
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Figure 5 Schematic of oxygen PES with He I and Ne I resonance lines
Adapted from spectra shown 1n ref 9
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band intensities seen in the He 1 spectrum (21 22 V) are the same
as the Franck—Condon factors, while the relative intensities for Ne
I photonization (16 84 eV) are bimodal, with substantial intensity
for high vibrational levels of O The reason for the change in band
tensities 1s autoronization there 1s a broad autoronizing resonance
at 16 84 eV, and the intensities of the high vibrational levels reflect
the Franck—Condon factors between the autoionizing Rydberg state
and the vibrational levels of the 1on 26 In TPES, the observation of
Franck—Condon forbidden peaks (meaning the Franck—-Condon
factor to the starting neutral state 1s zero) 1s very common, and can
produce 1ons 1n highly vibrationally excited states In oxygen, the
TPES spectrum shows significant intensity for vibrational levels up
to v+ = 24 of the X?II_state of OF %7

In the case of TPES, the reason for this breakdown of the
Franck—Condon approximation is not the same as in the Nel PES of
O, For TPES, the 1omzing light 1s tuned continuously, and bands
are observed in TPES whether or not there 1s a coinciding autoron-
1zing Rydberg state While there 1s some ambiguity about this last
statement 1f one examines (relatively) low-resolution TPE and PIE
spectra, there 1s none if one looks at the high-resolution ZEKE and
PIE spectra of jet-cooled oxygen recorded with coherent VUV In
the spectra shown 1n Fig 6, part of a much larger data set that has

v'=14

VUV Energy/cm’

Figure 6 PIE (dashed) and ZEKE (solid) spectra of jet-cooled O, The PIE
specta have been shifted upwards for clanity All three ZEKE spectra,and
all three PIE spectra, have the same relative scales The VUV energy axis
15 100 cm~! per division

been published,?® 2 one can see that the peaks in the ZEKE spectra,
which can all be assigned to OF quantum states, are not always
coimcident with resonances in the PIE spectrum Furthermore, not
only are all the resonances observed in the ZEKE spectra assignable
to ronization thresholds in oxygen, but for all the 16 vibrational
bands mvestigated,?® the observed rotational linestrengths can be
reproduced using a standard model for photoelectron spectra, called
the BOS model 3° These observations can be explained i terms of
a modified resonant autoionization mechanism 3! In this mech-
amism, the mitial excitation 1s to a Franck—Condon-allowed
Rydberg state, which 1s coupled through a dissociative valence con-
tinuum to Rydberg states converging to a highly vibrationally
excited 1on core Vibrational and rotational autoionization from this
final Rydberg state produces low-energy electrons, which are
detected in TPES The modification suggested by our ZEKE results

1s that 1t 1s not necessary to be in resonance with a Franck—Condon-
allowed Rydberg state for the excitation to occur Rather, one
excites the valence continuum directly, and 1t 1s coupled to the
vibrationally excited Rydberg state The interesting end result 1s that
one obtains at least a partial yield of stabilized Rydberg states,
which are subsequently field-ionized, rather than the neutral frag-
ments one might expect This 1s similar to the commonly observed
ZEKE dynamics, where Rydberg state stabilization competes
successfully with predissociation and autoronization The inter-
esting difference n this case 1s that the oscillator strength for the
mitial excitation 1s not carried by the high-n Rydberg states, but by
the valence continuum (or continua) The result, which will be fairly
common based on TPES results, 1s that it will be possible to inves
tigate the spectroscopy of Franck—Condon-forbidden levels by
ZEKE, as well as using PFI to state select highly vibrationally
excited 1ons for reaction dynamics studies

5 ZEKE at Thresholds Corresponding to
Unstable States of the lon

Since, as we have seen, ZEKE spectroscopy seems to work 1n cases
where 1t 1s somewhat surprising that 1t does, we investigated whether
there were instances where ZEKE did not work, because the initially
excited Rydberg states simply could not survive the subsequent
dynamics One simple example, where 1t 1s not really a surprise that
ZEKE works, 1s the ZEKE spectrum at the N,O*A2%,* ionization
limit 32 Since this excited state of N,O* has a fluorescence lifetime
of about 200 ns, the itially excited Rydberg states with the
N,0*A2X* 1on core would undergo a radiative decay during the
microsecond delay before field 1onization, resulting in a Rydberg
state with an N,O* X2 1on core This radiative relaxation of the 1on
core does not have any effect on the Rydberg electron, as the inten-
sity of the ZEKE spectrum 1s not a function of time, on the hundreds
of nanoseconds timescale In this particular case, 1t 1s not too sur-
prising that the high-/,m, Rydberg state formed after excitation
should be essentially unaffected by the relatively mimnor change of
the 10n core relaxing from the A2, to the X211 state A more dramatic
case of core relaxation 1s provided by the A2%, state of HBr+, which
1s strongly predissociated for all vibrational levels above v+ = |

In this case, the ZEKE spectrum 1s quite interesting, since for the
v* = 0and | levels, the 1on 1s stable, fluorescing to the ground state
with several microseconds lifetime, while for v+ = 2, the lifetime
1sca 107195, and for v+ = 3, the lifetime 1s 10 '3 s In our experi-
ments, we measured ZEKE spectra for all of the vibrational levels
from v+ = 0 to 3 for the HBr* A2, state 33 The spectra for two of
these levels 1s shown in Fig 7 The spectrum for the v+ = 1 level 1s
exactly as one would expect, given the high-resolution spectro-
scopic results for this level The simulation shown below the spec-
trum was calculated using the BOS model for rotational
linestrengths 3° The spectrum for v+ = 2, shown n the lower panel,
1s precisely what one would expect, based on the v+ = 0 and |
ZEKE spectra This means that the spectral constants obtained from
the ZEKE spectrum are what one would expect (there are no high
resolution data for this level), and the parameters used for the BOS
simulation are the same as those for v* = | In fact, even the rela-
tive itensities of the v+ = 0, 1 and 2 ZEKE bands are in reasonable
agreement with the Franck—Condon factors All this, in spite of the
fact that the v* = 2 level predissociates in ca 10 '°s How can we
explain the observation of a ZEKE spectrum at a threshold where
the 1on core 1s unstable? The answer 1s the same as the N,O case
mentioned above As long as the decay of the 1on core does not
affect the Rydberg electron significantly, 1t will still be available for
pulsed-field 1onization microseconds later

In this extreme case, the dissociation of the HBr* core into H +
Br* has little effect on the Rydberg electron, which continues orbit
ing the Br™ 1on core after the H atom has departed Since the signal
obtained after field 1onization 1s larger than at the v+ = 1 threshold,
where the 1on core 1s stable, we can conclude that in this particular
case the dissociation of the 1on core has essentially no effect on the
Rydberg electron For the v+ = 3 level, the results are even more
striking, as shown 1n Fig 8 In this case, the lifetime of the 10n core
1s extremely short, orders of magnitude shorter than the period of the
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Figure 7 ZEKE spectra at the HBrtA2Z*+v+ = 1 and 2 thresholds.
Assignments are given on the spectra, as are the results of a simulation
using the BOS model. Adapted from ref. 33.

Rydberg orbit for the n = 200 state. However, even for this level, we
observe a ZEKE spectrum, with an integrated intensity that is
comparable with that for the v+ = 1 and 2 levels, in agreement with
Franck—Condon factors. The solid line drawn through the data in
Fig. 8 is the result of taking the v+ = 2 ZEKE spectrum shown in

0.10 [T T )
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T 7 = 0.05ps 1
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g 004 :
N 002 - .
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Figure 8 PFI-ZEKE spectrum at the HBr*A2%+v+ = 3 threshold. The line
drawn through the data is the result of convoluting the shifted v+ = 2
ZEKE spectrum with a Lorentzian line corresponding to a 0.05 ps life-
time.

Fig. 7, and convoluting it with a Lorentzian lineshape correspond-
ing to a lifetime of 5 X 10~'#s. This lifetime is consistent with pre-
vious theoretical work, and our measured ZEKE spectrum is the
same as high-resolution photoelectron spectra for this band. Because
of lifetime broadening, the ionization energy for this level is ‘uncer-
tain’ by =50 cm~!, yet we are observing the ZEKE spectrum using
Rydberg states that are bound by less than 5 cm~! to the ion core.

6 Future Directions

ZEKE photoelectron spectroscopy is now a well-established field,
with many different systems studied. Although this article has
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focused on ZEKE spectroscopy of small molecules, there has been
quite extensive work done on large molecules, and molecular clus-
ters, as well as metal clusters and metal compounds. It would appear
that ZEKE is an essentially universally applicable technique, which
can even be used to probe quantum states of ions that cannot be
reached through Franck-Condon allowed transitions. Improve-
ments in resolution can still be made, and it is conceivable that the
transform limit for pulsed-dye lasers may be achieved in the near
future. There is beginning to be some interest in using PFI to create
state-selected ions for reaction dynamics studies, although to date
only preliminary work has been done ?* Given the high state-selec-
tivity provided by PFI, it is easy to predict that this will become a
method of choice for creation of state-selected molecular ions.

From the point of view of this review, we can look forward to
developments in two areas of technology. The current maximum
photon energy of coherent VUV sources is 19 eV, a limit established
by frequency-mixing crystals. As this technology improves, making
it possible to generate millijoule pulses of tunable light at wave-
lengths shorter than 189 nm, the maximum photon energy will
increase accordingly. However, to achieve a substantial increase in
tuning range, the best currently available solution is provided by
third generation synchrotron light sources. As mentioned in the
introduction, a long period undulator with a high-resolution mono-
chromator can produce 10'° to 10!" photons/ s—! at a resolution of
2 cm~! (0.25 meV) at 20 eV.35 While the resolution is somewhat
inferior to that of a coherent source, the photon flux is comparable,
and the upper limit of photon energy can be above 30 eV.
Furthermore, the synchrotron source can be easily tuned over very
broad photon energy ranges, and the flux can be increased at the
expense of energy resolution. Efforts have just begun at the
Advanced Light Source in Berkeley, California, to utilize third
generation synchrotron radiation for threshold ionization experi-
ments. If these efforts are successful, the resulting threshold ioniza-
tion mass spectrometer will be a powerful addition to this field,
enabling us to carry out experiments at much higher photon ener-
gies, and allowing for very broad survey spectra, which will be
extremely useful for systems where little is known, such as free rad-
icals and clusters.
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