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Abstract
The history and evolution of molecular threshold photoelectron spectroscopy and threshold
photoelectron photoion coincidence spectroscopy (TPEPICO) over the last fifty years are reviewed.
Emphasis is placed on instrumentation and the extraction of dynamical information about energy
selected ion dissociation, not on the detailed spectroscopy of certain molecules. Three important
advances have expanded greatly the power of the technique, and permitted its implementation on
modern synchrotron radiation beamlines. The use of velocity focusing of threshold electrons onto an
imaging detector in the 1990s simultaneously improved the sensitivity and electron energy resolution,
and also facilitated the subtraction of hot electron background in both threshold electron spectroscopy
and TPEPICO studies. The development of multi-start multi-stop collection detectors for both electrons
and ions in the 2000s permitted the use of the full intensity of modern synchrotron radiation thereby
greatly improving the signal-to-noise ratio. Finally, recent developments involving imaging electrons in a
range of energies as well as ions onto separate position-sensitive detectors has further improved the
collection sensitivity so that low density samples found in a variety of studies can be investigated. Asa
result, photoelectron photoion coincidence spectroscopy is now well positioned to address a range of
challenging problems that include the quantitative determination of compositions of isomer mixtures,
the detection and spectroscopy of free radicals produced in pyrolysis or discharge sources as well as in
combustion studies.

1. Introduction

Photoelectron spectroscopy (PES) and Threshold photoelectron spectroscopy (TPES) both had their
beginnings in the 1960’s. In PES, a fixed energy light source is used to ionize a molecule and the ejected
electron kinetic energies are generally dispersed with an electrostatic analyzer. On the other hand, in
TPES, a tunable light source is used to scan through the various ion states while collecting initially near
zero kinetic energy electrons, commonly called threshold electrons . In both cases, the ion electronic
and vibrational states are identified by conservation of energy illustrated by the following equation.

Eion = hv—IE - Eg (1)

In this equation, Ej,, is the ion internal energy relative to its ground state ionization energy (IE), hv is the
photon energy, and E, is the kinetic energy of the electron. These two approaches differ profoundly in
their experimental requirements as well as in the principle used to measure the electron energies. In
PES a relatively simple, low pressure, line source such as a He | lamp is used to provide the radiation,
while in TPES, a vacuum UV monochromator is used to disperse a continuum light source. True
continuum light sources, such as the Ar and He Hopfield continua must operate at ca 0.6 barin a
windowless mode and thus require substantial differential pumping in order to maintain the
monochromator at a pressure of < 10”7 bar. It is thus reasonable to ask why TPES was pursued at all,
when its experimental requirements are so much greater than those required for PES.



One advantage of TPES is its capacity to deliver considerably higher electron energy resolution which is
now limited primarily by the resolution of the photon source. But even more important is the
advantage threshold electron detection provides when the electrons are collected in coincidence with
the ion, thereby making possible the study of energy selected ions. As will become clear, a key
requirement in such coincidence studies is the ability to collect both electron and ions with high
collection efficiencies. In the case of PES, energetic electrons are ejected in all directions and only those
heading toward the electrostatic energy analyzer can be collected. This represents a small fraction
which typically does not exceed 0.1 %. On the other hand, threshold electrons can be collected with
near 100% collection efficiencies. Secondly, in order to have good energy resolution, the absence of
electric fields is essential in PES, which makes ion extraction difficult. In contrast, moderate electric
fields were quite compatible with the early TPES methods, and today even high electric fields can be
used in electron ion coincidence studies which do not require any compromises for either electron
energy resolution, ion mass resolution, nor the collection efficiencies for either particle. The threshold
photoelectron photoion coincidence (TPEPICO) experiment has thus largely replaced the earlier PES
coincidence (or PEPICO) experiments,’ at least as practiced by chemists on polyatomic systems. On
the other hand, there is a notable physics community that continues to investigate mostly di- and
triatomic ion dissociations using PEPICO with energetic electrons. This field, which is outside the scope
of this review, has recently been reviewed.*

Major advances in the past decade in the application of electron and ion imaging in TPEPICO
experiments, and the implementation of such experiments at high intensity and high photon resolution
synchrotron radiation facilities have resulted, and permitted the utilization of TPEPICO studies in an
ever-widening range of applications. This review of the TPEPICO field will provide brief historical
accounts of Threshold PhotoElectron Spectroscopy and TPEPICO, and then focus on the recent
implementations of these advances at synchrotron radiation facilities.

2. Threshold Photoelectron Spectroscopy (TPES)

Threshold photoelectron spectroscopy had its origins in the Chicago area. An established
photoionization mass spectrometry group, headed by Mark Inghram at the University of Chicago, added
an electron extraction region to their experiment, followed by a 127° electrostatic energy analyzer (see
Figure 1). The electrons and ions were extracted perpendicular to the photon beam with an electric
field of about 3 V/cm. The TPES was obtained by gently accelerating threshold electrons from the
ionization region to 6 eV, and then passed them through the electrostatic energy analyzer at that
energy. By scanning the photon monochromator, Villarejo et al.” obtained the TPES of rare gases with a
resolution of about 40 and 50 meV as measured by the peak widths of the Xe ion TPES at the °P3/, and
2P1/2 states, respectively. These were in reasonable agreement with the expected resolution of 70 meV,
based on the 6 volt electrons and slit sizes of the electron monochromator.® An additional
complication, not discussed by Villarejo, is the energy spread of the threshold electrons that are born at
various locations in a uniform electric field (see hashed area in the middle of the ionization region). In
the University of Chicago experiment, the electrons were accelerated over a distance of about 2 cm to a
final voltage of 6 eV. The spread of the photon beam emerging from the monochromator slits is about
0.2 cm at the midpoint of the ionization region. Thus in an applied electric field of 3 V/cm, the electrons
will gain a final energy ranging from 5.7 to 6.3 eV, i.e. with an energy spread of 0.6 eV. This point will be
discussed in greater detail later. Figure 2 shows Villarejo’s spectrum for Xe which exhibits peaks with a
width of about 50 meV.



Electron
Energy Analyzer '

Refocusing {

Lens
Electr.
T +V
— e Photons
1 Iy
lons Figure 1. Diagram of first threshold
NO* (v=1) é
Xe+ 2P3/2
NO* (v=0)
K
«

p—h

-

A

1020 1000 980 960

T

92'0 1340 1320 1300 1280
Wavelength (A)

940

Figure 2. The first threshold electron spectra from the Inghram (Xe) and Schlag (NO) labs. Note the asymmetric
peaks with the high energy tails caused by hot electrons. Adapted with permission from Villarejo et al.’ and
Baer et al.’

electron spectrometers.



A very similar approach was taken by the group of Ed Schlag, then at Northwestern University.”®
However, they incorporated a telescope after the photon monochromator in order to refocus the light
at the center of the ionization region thereby reducing the thickness of the ionization region. But,
because even this refocusing still resulted in an ionization region that was about 0.05 cm thick at the
two ends, the accelerated electrons in the electric field of 3 V/cm had a dispersion of about 150 meV.
For a variety of reasons, including low photon fluxes from the refocusing telescope and the large
number of voltages on both the lens and energy analyzer that had to be adjusted, the signal level was
extremely low. The only means for passing electrons through the 127° electrostatic analyzer was to
remove the entrance and exit slits. In spite of this mode of operation which had a theoretical resolution
of well over 1 eV, a scan of the TPES of nitric oxide (Figure 2) showed well resolved vibrational levels
with peak widths that corresponded to a resolution of 35 meV. It was clear that the resolution did not
emanate from the energy analyzer but from the fact that threshold electrons have a very high collection
efficiency whereas energetic electrons, being ejected in all directions, have a collection efficiency that
decreases rapidly with the electron energy. This was confirmed when the electron lens and energy
analyzer were replaced by a simple 10 cm long tube with 6 mm apertures, and the resulting energy
resolution remained at about 35 meV, but the signal level increased by a factor of 10.”® This resolution
was determined primarily by the convolution of the photon resolution and the natural line width of the
rotational envelope of the NO TPES peaks.

The collection efficiency of electrons, C, formed at an initial energy, V,, in the center of the ionization
region, accelerated to a final voltage, V, and then drift through a tube of length, d, is given by the
expression:

Corp =1-[1=2(x+1)]" when Vo 2 V2 (2)

In this equation, ® is the maximum solid angle into which the electrons are collected. It is defined by ®
=1i(r/d)> where r is the radius of the aperture in front of the electron detector, and d is the distance from
the detector to the ionization region®™. At sufficiently small initial electron energies (Vo< V(©/m)), all
electrons will be collected and the collection efficiency, C.s= 1. At higher electron energies for which
equation (2) is valid, the collection efficiency drops rapidly. We can use the energy Vo= V(0/m) = (r/d)*V
as a measure of the resolution. Similar expressions have been derived by Spohr et al."* and Baer et al.’

It is evident that the collection efficiency does not go to zero at high electron energy because there will
always be some energetic electrons with an initial angle that can pass through the final aperture and be
collected. Both spectra in Figure 2 show the asymmetry of the peaks and the tail extending toward
higher energies. The history of TPES for the following 30 years was largely shaped by attempts to
eliminate this “hot electron” tail. The hot electron contamination is directly proportional to the size of
the final aperture. However, because the ionization region in laboratory vacuum UV light sources is
rather large (ca 1 cm?), reducing the size of the final aperture is not an option. In 1971 Spohr et al.™
used collimated hole structures with thousands of holes on a stainless steel disc with a diameter of 1 cm
to use the full ionization volume, yet maintain a small solid collection angle, ®. The use of collimated
holes to terminate the ionization region for both electrons and ions was used by the Baer group for a
number of studies. A benefit of the collimated holes was the ability to operate with higher gas
pressures, which were used to investigate ion-molecule reactions.’> However, the major drawback of
the collimated hole structures was electron collisions with the walls of the tubes which resulted in both
reduced electron signal as well as channeling of hot electrons, so that the hot electron contamination



remained a problem. An approach similar to one shown in Figure 1, but in a manner that did not
sacrifice signal levels, involved lengthening the electron drift tube to improve the electron energy
resolution for threshold electrons and using the electrostatic analyzer simply to cut off the hot electron
tail above an energy of 250 meV." In order to minimize the voltage drop across the ionization region, it
was necessary to operate with a low extraction field (ca 1.3 V/cm). Thus, adapting this approach to
electron ion coincidence studies with good ion collection efficiency required Stockbauer™ to pulse the
ions out of the ionization region. Although this approach was successfully used for a number of
studies,**> a major disadvantage of ion pulsing is the difficulty in distinguishing false coincidences from
true coincidences. This issue will be discussed later.

2.1 Detection of threshold electrons by time of flight

The fundamental problem in using an electrostatic energy analysis scheme to select threshold electrons
is the voltage drop across the ionization region (see Figure 1) which imparts a broad range of final
energies to the extracted electrons. On the other hand, a time of flight analysis avoids this problem
when the electrons are extracted using Wiley McLaren space focusing conditions.'® Tsai et al.”
accomplished this using continuous laboratory VUV light source and pulsing the electrons out of the
ionization region with a 3 MHz, 1 V pulse train. The acceleration (2 cm) and drift regions (4 cm) for the
electrons were small so that the total time of flight for threshold electrons was about 80 ns. By gating
the electron detector to accept signal only in a small time window centered at 80 ns, it was possible to
completely avoid collecting hot electrons. The resolution of 25 meV was limited primarily by the photon
bandwidth. A similar experiment was carried out at ACO, the synchrotron radiation facility in Orsay,
France.'”™® Because this light source was operated in the single bunch mode, the pulse structure of the
light could be used as a start signal for collecting the
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flight spectrum to generate a false coincidence spectrum that can be subtracted from the original one.
In addition, dynamical information about ion dissociation rates or kinetic energy release distributions
are more difficult to extract in a pulsed field. Nevertheless, a substantial body of work on both

unimolecular and bi-molecular reactions with energy selected ions was produced by the Orsay group.*®”
22

One approach that uses an electrostatic energy analysis for threshold electron detection with no hot
electron background is based on employing a vanishingly small electric field to extract the electrons. An
early version of this was proposed by Peatman et al.” who replaced the “line of sight” analyzer by an
analyzer that required the electrons to traverse an indirect path to the detector. Unfortunately, good
resolution for threshold electrons and hot electron suppression only worked under conditions in which
the collection efficiency for threshold electrons was very low. In addition, it was incompatible with the
simultaneous extraction of ions, and thus not appropriate for electron-ion coincidence studies.

A much more effective and versatile approach based on electrostatics was developed by King and co-
workers,?* in which the ionization region was surrounded by a grounded cylindrical cage and threshold
electrons were extracted by a weak penetrating field. Hot electrons drift to the walls, while electrons
with energy less than 3 meV are gently extracted and focused at the exit hole of the cylinder, and then
further analyzed by a 127° electrostatic energy analyzer. This results in the complete suppression of hot
electrons, respectable collection efficiency, and a TPES resolution limited only by the photon bandwidth,
which in some cases was 2 meV.>?® A subsequent version of this analyzer permitted ions to be
extracted in the same manner making it compatible with threshold photoelectron photoion coincidence
studies.”” SIMION® calculations of the potential and electron and ion trajectories are shown in Figure 4.
The interesting aspect of this spectrometer is its versatility _100V +100 V
which allows threshold electrons to be collected in L5220 KL
coincidence with thermal ions whose mass is analyzed by TOF.
However, mass resolution is not very good because the TOF is
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2.2 Detection of threshold electrons by velocity map imaging

All methods for extracting threshold electrons described so far involved the use of low or very low
electric fields in order to avoid collecting hot electrons. However, a fundamental problem involves the
collection of threshold electrons from the dispersed ionization region, which has the height of the
photon beam and a considerably larger width along the path of the photon beam. This problem was
solved independently by two groups. As early as 1992, Hatherly et al.** introduced an achromatic
electron extraction lens, which permitted threshold electrons from a large ionization region to be
extracted by a substantial electric field of 20 V/cm and focused onto a small aperture, thereby
discriminating against energetic electrons with off-axis velocity components, and simultaneously
permitting ions to be extracted with high efficiency in a DC electric field. Just as in the original design of
Villarejo et al.?, the on-axis hot electron tail was reduced by the use of a 127° post analyser. However,
the limited photon resolution of 20 meV from the 1 m Seya-Namioka photon monochromator used for
the majority of their experiments at the Daresbury synchrotron did not permit a determination of the
experimental electron resolution, which SIMION** modeling suggested should be on the order of a few
milli-electron volts only.** Experiments at improved resolution using the 5 m McPherson
monochromator at Daresbury confirmed that the resolution of the experiment was indeed limited by
that of the monochromator, not that of the electron analyser.*

A more versatile approach first used in laser multi-photon ionization studies was developed by Eppink
and Parker in 1997% in which charged particles of all energies could be dispersed by a simple aperture
lens and focused according to their velocity in the direction perpendicular to the extraction axis. The
extracted particles were dispersed and collected on imaging plates on which the various initial kinetic
energies of the charge particles were displayed in the form of rings whose radii are proportional to the
initial velocities perpendicular to the extraction axis. This approach was later adopted by Baer and Li*’
for the collection of threshold electrons in their TPEPICO experiment. Much as in the Hatherly?*
apparatus, the real power of this approach for threshold electrons is that they can be focused down
from a large ionization region to a sub-millimeter spot in the center of an imaging detector. When this
was first tried, the flux of electrons increased by a factor of ten and the resolution improved by a factor
of more than two, and was limited mostly by the photon monochomator.?” Although hot electrons are
not eliminated completely, they are greatly suppressed mainly because the old 5 mm aperture was
replaced by a 1 mm aperture, thus reducing the open area by a factor of 25.

It is interesting to compare these velocity focusing methods with the weak penetrating field approach of
King et al.?* Both methods focus threshold electrons but they do so with very different electric fields. In
velocity focusing, the field in the ionization region can be quite large, up to 100 V/cm, whereas in the
weak penetrating field approach, the field is vanishingly small. In the penetrating field approach, the
voltage drop across the width of the photoionization region is so small that the initially zero energy
electrons can be effectively energy analyzed by a dispersive analyzer, so that hot electrons can be totally
suppressed by the analyzer. On the other hand, in velocity focusing methods, initial hot electrons,
whose velocity is directed parallel to the electric field will be collected in the central focusing spot, and
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there is no method for distinguishing them from the true zero energy electrons. That is, hot electrons
are suppressed but not eliminated by velocity focusing, explaining the need for the 127° post analyser in
the apparatus of Hatherly et al.**

The final challenge in the velocity focusing experiment is thus to account for the hot electrons. This was
accomplished by Sztaray and Baer® utilizing a multichannel plate detector with two anodes; one collects
electron signal hitting the center, and the other collects electrons hitting a ring around the center. The
purpose of the ring detector was to collect only hot electrons, while the center detector collected both
the threshold electrons and the background of hot electrons. Figure 5 shows a diagram of the
ionization and electron extraction optics, with SIMION®*® modeling of the electron trajectories starting at
various locations in the ionization region for two different electron energies. Subtracting the former
from the latter results in a pure threshold electron spectrum. This subtraction procedure is best
achieved when the electrons are detected with an imaging detector because the choice of the center
spot and the location and size of the ring around this spot can be optimized for best resolution and hot
electron subtraction. The reason this subtraction scheme has a chance of working is that all hot
electrons contribute a small fraction of signal at the center spot (Figure 6). The result is a build-up of
unstructured hot electron signal over the whole plate, including near its center where the true threshold
electron signal resides. Those hot electrons which contaminate the true threshold electron signal can
thus be subtracted by sampling the hot electron signal next to the center.
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0

Figure 6. Calculated radial
distributions of electron
intensities for 7 electron energies
on an imaging plate.
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An example of the subtraction is shown in Figure 7 (from one of the authors’ laboratory in Chapel Hill) in
which the photoelectron signals for acetylene collected in the central and ring electrodes are plotted as



a function of the photon energy, along with the subtracted signal. At the ionization energy of about
11.4 eV, the electron signal consists exclusively of zero energy electrons which all hit the central
electrode (blue signal) with no spill over on to the ring electrode. By 11.45 eV, the only electrons are
ones having about 50 meV of energy, some of which get focused onto the ring electrode. However,
these 50 meV (hot) electrons are ejected more or less isotropically so that the electron energies directed
perpendicular to the extraction axis vary from zero to 50 meV. The ones with a low energy
perpendicular to the extraction axis get focused onto the central electrode, which accounts for the blue
signal at 11.45 eV. Such a highly structured TPES near the ionization threshold is, in fact, not an ideal
situation for illustrating the subtraction procedure because the structured ring signal can introduce
unwanted structure in the subtraction process and even result in negative signals. However, even in this
case, the procedure works reasonably well. As the molecules get larger and the TPES more complex,

rue zero energy electron signal
v=20 CgHg TPES

Ring Electrode

Central Electrode

Electron Signal
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Figure 7. A TPES of acetylene showing the ionization energy and the excitation of the first
two symmetric stretch vibrations. The blue and purple lines are the central and ring
electrode signals, while the red line is the subtracted signal. Before subtraction, the ring
signal is normalized by the ratio of surface area of the two detectors.

especially at higher energies, such issues become less of a problem. The resolution in Figure 7 is limited
by the 1 m photon monochromator. The much higher photon resolution available at the VUV beamline
of the Soleil (France) synchrotron permitted Garcia et al.*® to obtain a resolution of 0.8 meV on the Ar
ion TPES peak.

2.3 TPES, pulsed field ionization (ZEKE) spectroscopy, and the Stark Effect

The development of tunable lasers, especially pulsed lasers, in the 1980s provided convenient light
sources for the study of ions by resonant and non-resonant multi-photon processes.*® The much higher
resolution of these lasers compared to vacuum UV spectrometers provided an opportunity to improve
greatly the resolution of threshold photoelectron spectroscopy.* In that study, Mueller-Dethlefs et al.
noted that the measured NO ionization energy “is 4.3 cm™ lower than the value obtained previously by
Miescher from the extrapolation of the Rydberg f-series.” In addition, Mueller-Dethlefs et al.**** found
that a pulsed electric field was far superior to a DC extraction scheme, and that the longer the delay
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between the photon pulse and the extraction pulse, the better the resolution. In fact, the best scheme
utilized a very small field to remove directly produced electrons and ions from the ionization region,
followed by a pulsed field of 1-2 V/cm. It soon became evident that the mechanism for this process was
pulsed field ionization (PF1) of long lived (up to several ps), high n Rydberg states.”*  Because Rydberg
states directly accessed from the neutral precursors have modest £ quantum numbers with lifetimes
much less than a microsecond, the production of long-lived states could only be explained by £ mixing
made possible by external electric and magnetic field perturbations, provided perhaps by the high
density of ions created in the focus of the high intensity pulsed laser field.*™*’

PFI-ZEKE and TPE spectroscopies differ in two ways. PFI-ZEKE is best carried out with pulsed lasers
which provide a small plasma of ions and electrons yielding the inhomogeneous fields required for €
mixing, whereas the TPE spectrum can be collected with either continuous or pulsed light sources.
Secondly, the high n Rydberg states ionized by PFI necessarily lie below the ion energy, so that the
observed peak energies are below the true ion energies. How much less is a function of the small DC
field as well as the magnitude of the pulsed field. The Stark shift, or energy depression in an electric
field is given by:*®

AE == /i = 6VF cm™1 (3)
24| TTEy

where Fis the electric field. With units of V/cm for the electric field, the second part of the equation
gives the Stark shift in units of cm™. Thus a typical Start shift for a 1 V/cm electric field pulse is 6 cm™ or
about 0.8 meV.

In the case of TPES with a continuous light source (which does not generate a micro-plasma of electrons
and ions, and thus does not stabilize long lived Rydberg states), the bulk of the signal comes from low
energy electrons, which have an asymmetric tail toward higher energies (see Figure 2). Thus, if the
photon monochromator resolution is sufficiently narrow, the TPES peak widths will be determined by
the electron resolution. The convolution of a symmetric (e.g. Gaussian) photon profile with a quasi-
exponential TPES resolution profile leads to a net TPES peak that is shifted slightly to higher energy. On
the other hand, if the experimental resolution is limited by the photon source, then the peaks will be
symmetric and the true ion state will be located at the maximum of the TPES peak.

An interesting and as yet not fully understood issue concerns the Stark effect in the TPES. Earlier TPES
and TPEPICO experiments that used low extraction fields and had modest energy resolution clearly were
not affected by such shifts. However, experiments at the Swiss Light Source (SLS) synchrotron routinely
use extraction fields on the order of 120 V/cm, which according to eq. (3) should result in a shift of 66
cm™ (ca 8 meV). Such a large shift should easily be observable with the threshold electron resolution of
2 meV, as indeed was found by Savee et al.* for the case of the benzyl radical IE. Similar Stark effects
have been observed by Bodi et al.>® for the Ar, N, and CH,l A state TPES with shifts that are in near
perfect agreement with Eq. 3. However, a careful study of the IE on fluorinated ethenes with extraction
fields between 20 and 120 V/cm found no evidence of a shift.>* To further confuse the issue, it has been
reported that the ionization energy to ground state of methyl iodide is not subject to a Stark shift, while
the A state is shifted.™ Finally, no evidence was observed of a Stark shift in the measured dissociative
photoionization onsets in CH, and CH;l.>° These seemingly contradictory results suggest that the Stark
shift may be important when the photoexcitation involves the excitation of long lived Rydberg states (as
is always the case in pulsed field ionization) but not when the process is dominated by direct ionization.
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The only means for distinguishing which type of ionization process is operative therefore involves
measuring the onsets at two or more extraction fields, and extrapolating the onset to zero field.

The long delay times associated with PFI-ZEKE (also called ZEKE) spectroscopy permitted directly
produced ions and electrons to drift out of the ionization region in the small applied electric field. The
remaining high-n Rydberg states could then be field ionized into electrons and their ions. Johnson and
Zhu’? took advantage of this fact by detecting the ions produced from the long-lived Rydberg states,
calling the technique Mass Analyzed Threshold lonization (MATI). This technique can be very useful
when the sample contains a mixture of molecules, as might be the case in a combustion experiment or a
molecular beam source with a distribution of dimers, trimers, etc. In addition, it can be used to
determine the dissociation limits of ions.”>** From an experimental point of view, MATI is more
challenging because a larger electric field prior to the ionization pulse is required in order to move the
directly produced ions out of the ionization region.

Although continuous light sources, such as a synchrotron do not have sufficient intensity to stabilize
efficiently long-lived high-n Rydberg states, pulsed field ionization does still work, but with a low yield of
electrons.® A large body of work, mostly on small molecules, has been reported by the group of Ng.>*®!

3. Photoelectron Photoion Coincidence Mass Spectrometry

The combination of ion detection in delayed coincidence with energy selected electrons was
accomplished soon after the development of PES®*® and TPES.*>®> The threshold photoelectron
photoion coincidence (TPEPICO) approach has several major advantages over the fixed photon energy
PEPICO experiment. Firstly, threshold electrons can be collected with high collection efficiencies (25-
75%) whereas the energetic electrons used in PEPICO are collected with less than 1% efficiency.
Secondly, the fixed photon energy PEPICO approach generates a constant high flux of electrons and
ions, no matter what range of energies are of interest. On the other hand, in the TPEPICO experiment
the photon energy is tuned to equal the ion energy of interest so that the number of electron and ions
generated is always at the lowest possible level. This means that the false coincidence events for a
given signal rate are always less in TPEPICO than they are in PEPICO studies. Thirdly, in TPEPICO (unlike
in PEPICO) it is possible to optimize simultaneously the threshold electron resolution, the ion collection
efficiency, and the ion mass resolution. Finally, it can be of interest to study autoionisation and non-
Franck-Condon effects, and the strict applicability or not of the vibronic selection rules when operating
under threshold electron conditions.®*®

3.1 Coincidence Statistics

In the absence of photon induced electron emission from a surface, every ionization event produces one
electron and one ion, the latter being either the parent ion or the daughter ion. In TPEPICO only
threshold electrons are detected, which depending on the electron resolution, photon energy and
photoelectron yield, can vary in collection efficiency between 0.01 and 100%. At the ionization
threshold, all electrons have zero energy so that their collection efficiency is a maximum, limited only by
the detection optics and the detector efficiency. For a total ionization rate of N s™, the electron and ion
signals are given by:

Ne=r]eN and Ni=r]iN (4)
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where n. and n; are the collection efficiencies of electrons and ions, respectively.

The number of ions collected in coincidence with a zero energy electron is equal to the electron start
rate times the ion efficiency, or N. = n;N.. Equivalently, it can be expressed in terms of the ion rate and
the electron collection efficiency as N. =n.N;. These two equations permit the determination of the
electron and ion collection efficiencies from the observed count rates as:

Ne = Nc/Ni and ni= Nc/Ne (5)

Determining the electron and ion detection efficiencies is an extremely valuable diagnostic tool for
optimizing the instrumental performance, and a combination of equations (4) and (5) leads directly to
the total ionization rate, N. An important assumption implicit in these equations is that the collected
electrons and ions originate from the identical volume in the ionization region. For instance, if the ions
are collected from a larger region, the measured electron collection efficiency will be too low, and vice
versa. The collection efficiency also depends upon the electron and photon energy resolutions. If the
photon resolution is much broader than the electron resolution, then at the ionization threshold, many
of the electrons will be energetic and will not be detected, thereby yielding an artificially low electron
collection efficiency. At higher photon energies only a fraction of the electrons are threshold electrons
so that it is no longer possible to determine the instrumental electron collection efficiency (unless the
higher energy electrons are detected on an imaging plate). But, the parent ion efficiency should remain
constant. On the other hand, the fragment ion collection efficiency may decrease if the translational
energy release upon dissociation becomes sufficiently large to prevent them from hitting the detector.

Low lonization Rate

Energetic electron lon not

EL ION  not delte(ted det?cted lon TQF Figure 8 Electron and ion signals
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H / L |: | <_[ 1 | “false” events are detected because of
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ionization events that overlap in time,
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The collection efficiency for both electrons and ions can also be reduced by coincidence
statistics, primarily due to the false coincidences. As shown in Figure 8, in the limit of low ionization
rates the collection of an electron and its ion is well separated in time from the subsequent event. The
solid lines indicate electrons and ions actually collected, the dashed lines indicate those not detected,
which could be a result of detectors that are not 100% efficient, and in the case of electrons because
they are energetic. In the snapshot illustrated, two out of four of the ionization events are collected as
true coincidence events. For intermediate ionization rates, ionization events overlap so that the first ion
detected may not be associated with the preceding threshold electron. Such false coincidences appear
at random times and are thus not time correlated to the detected threshold electron signal. Finally, at
high ionization rates, the individual ionization events overlap massively so that the true coincidences are
not readily apparent.
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The early coincidence experiments used time to pulse height converters (TPHC) to record the
coincidence event and the ion flight time. A logic pulse from the electron detector was used as an input,
and a similar ion pulse was used as the stop pulse. The output, which consisted of a voltage pulse
(between 0 and 10 V) whose amplitude was proportional to the time difference, was then recorded on a
multichannel pulse height analyzer. Once a start pulse initiated the timing event, no further start pulses
were accepted. Similarly, the ion stop signal stopped the TPHC so that no further ion signals would be
accepted. This set up, which is an example of a single start - single stop (SS) scheme, has the advantage
of very precise ns timing. But, its use is limited to low flux experiments because of the large dead time
and a significant number of ionization events are missed. For instance, in the intermediate ionization
rate case shown in Figure 8 a true coincidence event is missed because the preceding false ion stopped
the TPHC. Similarly, a second true coincidence event is missed because the threshold electron signal is
missed because a preceding electron started the timing sequence so that no further start signals are
accepted until the TPHC resets itself. As the ionization rate increases, the false ions invariably stop the
timing sequence before the true ion is detected. It is possible to collect more of the ions by the use of a
multistop approach (SM) in which the TPHC is replaced by a multichannel scalar that can accept multiple
stops. Such instruments sacrifice timing precision, and they do not solve the problem of missed start
signals. As discussed by Bodi et al.” the only sensible approach for collecting coincidence data at high
acquisition rates is to use a multi-start multi-stop (MM) configuration in which all electron and ion
signals are collected and timed relative to a master clock. In this manner, all electron and ion signals are
collected and the un-correlated false coincidences appear as a flat background.

The true coincidence rate, cr, for the case of the MM set up can be expressed as the product of the
detector collection efficiencies, ne, n;, and the total ionization rate N, so that ¢; = Nn.n; s™*. The true
coincidences are time correlated so that these counts appear in the form of a peaks in the TOF spectrum
which correspond to the flight time of either the parent or the various fragment ions. On the other
hand, the false coincidence rate in a given time window, w, is not time correlated and is proportional to
the square of the total ionization rate, and is thus given as cr= N’ non; ws™. These relations lead to the
following useful equations:

cr = Nnen; True coincidence rate (s™) (6)
cr= N> Ny w False coincidence rate (s™) (7)
CG=rNnent Total true coincidence counts for a given mass peak with a fractional
intensity of r, and a collection time, t. (8)
Ce= N> N W T Total false coincidence counts in a given time window and a collection
time, T. (9)
CR T /M Signal to noise ratio contributed by the false coincidence background
N JCr w
for a given coincidence peak with w = peak width. (10)
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S _ Cr _ _ . . . . . _—
N + Cr = {JTNn n;T Signal to noise ratio contributed by the counting statistics of the true

coincidence peak. (112)
The signal to noise ratio of the true coincidence peak arises from two sources, which are the counting
statistics of the flat false coincidence background as well as the counting statistics of the coincidence
peak itself. These contributions are shown by equations (10) and (11). Two points can be made.
Firstly, it is evident that even though the false coincidence count rate increases with the square of the
total ionization rate, N, its contribution to the noise of the coincidence peak is independent of N.
Because the signal-to-noise ratio in the true coincidence peak increases also as the square root of the
total count rate, it is clearly best to operate at high photon fluxes. Secondly, as expected, high
collection efficiencies, narrow peak widths, and long collection times all contribute to good signal to
noise.

3.2 Optimizing both electron energy and ion mass resolution

Good ion mass resolution in a linear time of flight (TOF) mass spectrometer is usually accomplished by
two acceleration regions followed by a single drift region. Voltages are adjusted to conform to the Wiley
McLaren space focusing conditions,® in which equal mass ions produced at various positions in the
ionization region end up with the same TOF just as they reach the ion detector. The key to good
electron energy resolution by velocity focusing optics is the use of a very gentle lensing action that
extracts the electrons out of the ionization region followed by a long electron drift tube. This is best
accomplished by an acceleration region that has a nearly constant electric field. The rather strong
second acceleration for the ions should be placed as far from the ionization region as is practical to
avoid penetrating fields through the grids that separate the low field first region from the high field
second region. This is not usually done because essentially all commercial two-stage linear TOF
instruments have two short acceleration regions. There is a second reason for using an extended (e.g. 5-
10 cm long) first acceleration region in TPEPICO experiments which is that the ion TOF distribution
contains important dynamical information about the rate of ion dissociation. An extended first region is
particularly useful for measuring slow rates, which are (as explained later) essential for determining
dissociative photoionization onsets.

3.3 Optimization of ion mass resolution

The mass resolution of a TOF spectrometer depends on several factors, including the temperature of the
sample, the magnitude of the electric field in the ionization region, and the total time of flight of the
ions. It also depends on whether the mass peak of interest is a parent or a fragment ion, because the
latter is broadened by translational energy release during the dissociation process.

In a perfectly designed TOF MS instrument, either of a linear or reflectron (ReTOF) design, the parent ion
peak width is determined only by the translational temperature of the sample, the ion mass, and the
electric field in the ionization region. For a thermal sample with a Maxwell Boltzmann distribution at a
temperature, T, the peak should have a Gaussian shape whose full width at half maximum (fwhm) is
giVen by 2,13,71,72

fwhm = SR o1 0,02233 5 (12)
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In this equation, M is the ion mass, R the gas constant, T the temperature, g the electronic charge and F
the electric field. In the parameterized (second) part of the equation, the constants have been
evaluated so that M is in units of amu, Tin K, Fin V/cm, yielding the full width half maximum of the peak
in microseconds. This equation can be useful to determine either the temperature of the sample or, if
the temperature is known, determining if the TOF configuration is optimized for best resolution. It is
important to recognize that the peak width is sensitive only to the translational temperature, which in
the case of a molecular beam is generally lower than the internal vibrational or rotational temperatures.
Secondly, in the case of a molecular beam or a needle inlet, the translational temperature is not
isotropic and refers only to the temperature in the direction of the ion extraction.

The peak width due to the thermal temperature of the sample is the same in a linear TOF as in a ReTOF.
The improved mass resolution realized in the ReTOF configuration is a result of the increased flight time
achieved by slowing the ions down and then accelerating them again in the reflectron. In fact, a similar
gain in resolution could be achieved in a two-stage linear TOF but the final acceleration voltage and the
drift distance would have to be increased beyond a practical level. The ReTOF instrument has some
advantages for analyzing H loss product ions, as well as for the study of ion dissociation dynamics,
especially in multiphoton experiments.”*’* However, for slowly dissociating (metastable) ions in which
neutral fragments have a substantial mass, the product ions are difficult to reflect with good collection
efficiencies. This is especially true of ions that dissociate in the reflectron itself. Because ions can spend
as much as 50% of their time in the reflectron, this loss of ion signal can be deleterious. As will be
pointed out in the study of metastable ions, dissociation rates can also be investigated in a linear TOF
apparatus with a two-stage drift region.

3.4 Measurement of translational energy released in ion dissociation steps

When the ion has sufficient energy to dissociate, it does so with the release of some translational energy
and the peak becomes broader. Thus, in any given TOF mass spectrum, the fragment ion TOF peaks are
broader than the parent ion peaks, after the difference in their masses are taken into account. With the
assumption that the translational energy released in the dissociation is statistical and isotropic, the
average translational energy released (<KER>) in the dissociation can be extracted from the fragment ion
Gaussian-shaped peak widths using the following equations: **7?

< KER >= M 3 (gF)?(fwhm)? M __<E>
" (M —m)m15In(2) 1 fwhm (M —m) th
_ M 2 2__m
or< KER > = 0.2606(M_m)m (F)*(fwhm) 7 <E > (13)

In the second equation, the units of M (parent mass) and m (daughter ion mass) are in amu, Fin V. cm™,
fwhm in ps, and <KER> and <E>y, in units of eV. The term M/(M-m) takes into account the partitioning
of the total translational energy between the neutral and ionic products. For instance, if the dissociation
involves H loss from CH,", then most of the translational energy is given to the H atom in order to
conserve momentum; the mass ratio term is then 16. The fragment ion peak width has two
contributions: one from the energy released in the dissociation process, and the other from the initial
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translational energy from the parent ion. In order to obtain the energy released in the dissociation, the
second term in equation (13) subtracts the contribution from the parent ion thermal energy.

If a goal of an experiment is the determination of the translational energy that is released in the
dissociation, it is best to operate with a low extraction field because for a given KER, the fwhm of the
fragment ion is inversely proportional to the extraction field. If the dissociation involves a simple bond
rupture with no reverse activation barrier, then the ion energy in excess of the dissociation limit will be
statistically partitioned among the translational and internal vibrational and rotational degrees of
freedom, so that the fragment ion peaks will have Gaussian shapes.” In fact, Klots’® showed that it is
possible to assign a “temperature”, T*, to the dissociating system with the following equation:

Eexc = EW(T™) + Eg(T*) + Ex(T%) (14)

where Egyc is the excess energy above the dissociation limit, and the three terms on the right are the
average vibrational, rotational, and translational energies in the center of mass. That is, the initial
translational temperature of the parent ion is not included in E{T*). T* is a fictitious temperature which
is only approximately appropriate, but becomes progressively more meaningful as the size of the
molecule increases. The average vibrational energy can readily be expressed as a sum over vibrational
modes in terms of their vibrational partition functions. The rotational and translational energies can be
expressed classically as dRT/2, where d is the number of rotational or translational degrees of freedom.

If the dissociation involves a barrier along the reaction coordinate, then it is possible that a significant
amount of the energy associated with the reverse barrier is converted to translational energy of the
products. In this case, the fragment ion peak shape may exhibit a flat top or even have two peaks,
which correspond to fragment ion ejection in the direction of, or opposite to, the extraction field.”’
When the products are ejected with sufficient energy perpendicular to the extraction axis, their
trajectories cause them to miss the detector.

A non-statistical translational energy release distribution may also arise from a dissociation that
originates on a repulsive potential energy curve. In some cases, this involves dissociation from an
excited electronic state that is repulsive,’”® and in other cases it may happen from the ground state of the
cation. The latter include CF,", CCl,", and SF¢", all of which are unstable and dissociate even at the
lowest photon energies via loss of a halogen atom.*7%%!

Fluorescence from excited states of polyatomic ions which lie at energies several eV above
thermodynamic dissociation thresholds may also be regarded as another manifestation of non-
statistical, ‘isolated-state’ behaviour.?* Although not of direct relevance to this paper, we mention that
in such instances coincidences can then be recorded between either photoions and fluorescence
photons (PIFCO spectroscopy) or threshold photoelectrons and fluorescence photons (TPEFCO
spectroscopy).®® An apparatus, where any two of threshold electrons, ions characterized by their
time of flight, and undispersed fluorescence photons can be detected in coincidence, is described with
relatively trivial interchange between the three coincidence experiments.®! PIFCO spectroscopy can
determine the lifetime, 1, and fluorescence quantum yield,®, of the fluorescing state of the ion, but
they are averaged over the Franck-Condon populations of vibrational levels of the fluorescing state. By
observing which ion is detected in coincidence with the photon, the fate of the lower electronic state to
which fluorescence occurs can be determined; an example is the SiCl," C T, state fluorescing to both the
repulsive A ’T, state, in which photons are detected in coincidence with fragment SiCl;*, and the bound
X °T, state, in which photons are detected only in coincidence with the parent ion.*>*" TPEFCO
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spectroscopy also determines t and @ and, with sufficient resolution in the photon source and electron
analyzer, vibrational state selectivity of the fluorescing state is often achieved. Changes of T and ®; with
vibrational level are the most interesting because they can be attributed to a change, possibly onset, of

a competing dissociative channel; a good example is the C °T, state of CF,".**®!

3.5 Measurement of ion dissociation rates

The importance of ion dissociation rate measurements can hardly be overstated. First of all, most
moderate to large ions dissociate slowly in the vicinity of their dissociation thresholds. Furthermore,
many dissociation rates at threshold are sufficiently low that the ions dissociate during the course of
acceleration or even while passing through drift regions. It is often the case that fragment ions appear
only at energies far above their true thermodynamic energy thresholds with an apparent onset that
exceeds the thermochemical onset, thus giving rise to the so-called “kinetic shift”.2*®® If the goal of the
experiment is the measurement of such thresholds, then it is essential that the experiment be designed
not only to recognize signs of a slow dissociations, but also to measure the dissociation rate as a
function of ion internal energy in order to extrapolate the rates down to the onset, and thus account for
the kinetic shift. Slow dissociations are also frequently observed in small ions, in which the metastability
arises from tunneling through barriers. These are quite common in dissociations involving rate limiting
H or D atom transfer or simply C-H or C-D fragmentation steps.®®

The experimental feature that enables the measurement of ionic dissociation rates in TPEPICO
experiments is an extended (5-10 cm) first acceleration region, which has a very uniform electric field.
This permits measurement of dissociation rates between 5 x 10— 10’ s™. In order to measure rates
down to ca. 10% s, it is also necessary to add a final deceleration region to the drift region so that ions
that dissociate in the first part of the drift region can be measured as well. A diagram of such an
instrument is shown in the upper part of Figure 9.% The decay of an energy selected ion
(bromobenzene is shown as an example) fragmenting by single exponential decay is depicted in the
lower left. The blue region is the time during which the parent ion accelerates in the first acceleration
region. The resulting fragment ions have a TOF shown by the asymmetric blue peak in the lower right.
These ions spend very little time in the short acceleration region; those that do have fragment time of
flights somewhere between the blue and the red parent ion peaks. Some fragment ions are born while
the parent ions traverse the first (green) drift region between 8 and 23 ps. If the drift region were
composed of a single region, the latter fragment ions would have approximately the same TOF as the
undissociated parent ions because they have the same velocity. However, their kinetic energy is
reduced by the ratio of the fragment to parent mass ratio. Therefore, the deceleration field between
the green and red regions slows those fragment ions down more than the parent ions, so that the
former have a longer TOF and appear as the green peak in the TOF spectrum. This green peak can be
shifted to different TOF depending on the applied deceleration field. The parent ions that never
dissociate appear as normal parent ions and are represented by the red peak, here shown as a doublet
because of the two Br isotopes.

It is evident from Figure 9, taken from Stevens et al.?, that from the blue region of the TOF spectrum,

we obtain differential rate information over the first 8 us, and determine whether the rates are
characterized by single exponential decay or bi-exponential as found for the case of pentene ion
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dissociations.”® The rate measurements can be extended to longer decay times by taking into account
the integrated signal intensity from 8 to 24 us from the area of the green peak. That is, by varying the
photon energy and thus the ion internal energy, we can obtain dissociation rate constants ranging, in
favorable circumstances, from 10° to 10" s™.*° The loss of Br from the bromobenzene ion is a favorable
case because the mass difference between fragment and parent ion is large, thereby yielding a broad
asymmetric TOF peak (blue peak in Figure 9). The accessible rate constant range for H-atom loss from
polyatomic ions is considerably less.
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Figure 9. Experimental arrangement of an iPEPICO experiment designed to measure the ion dissociation rate
constant. The blue section is the first ion acceleration region, which is followed by a short acceleration region to
bring the ions to 250 V. The ions then drift at this energy through the green drift region. They are then
decelerated and enter the final red drift region. lons that dissociate in the blue region (0-8 us as shown in the
real time decay lower left) appear as the dispersed blue peak in the TOF spectrum. Fragment ions that decayed
in the green region appear as the green peak in the TOF spectrum. Finally, undissociated ions of those that
decay in the red region appear as the red peak. The figure is adapted with permission from Stevens et al.”

In the case of slow dissociations involving H loss, the fragment ion peak does not have a well-defined
exponential shape. However, the peak is shifted toward longer TOF so that its center of gravity can be
modeled to extract the rate constants.'®* An example is shown in Figure 10 for the case of H loss from
ethanol.”® The asymmetry is hardly noticeable, but the shift in the peak position for the CH;CHOH"
fragment ion is definitely visible. The center of gravity of this peak can be calculated from the following
equation:

ffmax TI(T)

CoG = —n___ (15)
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in which t is the TOF, /(1) is the TOF peak intensity, and integration is over the peak width. When these
center of gravities are plotted vs. ion internal energy, we obtain the fitted breakdown diagram shown in
Figure 11. The green data and the green abscissa on the right show the evolution of the CoG in us as a
function of the ion internal energy. At low energies that correspond to slow dissociation events, the
peak center is shifted to longer TOF. At high energies (> 10.88 eV) the center of gravity reaches a
constant value which corresponds to the TOF of rapidly dissociating ethanol ions. These rate data help
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Figure 10. TOF distribution for H loss from energy selected ethanol ions, C,HsOH", at selected energies.
Points are experimental results, while the solid lines are the modeled results using the PEPICO modeling
program. The vertical line at 14.555 ps corresponds to the TOF peak center of rapidly dissociated product
ions. Figure adapted with permission from the PCCP Owner Societies from Bodi et al.*®

establish the true 0 K onset for H loss from ethanol to be 10.810 eV
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Figure 11. The breakdown diagram for H loss from the ethanol ion, C;HsOH". The green points and the line
through them refer to the daughter ion center of gravity (CoG) which shifts to lower TOF as the ion internal
energy increases, eventually reaching its limiting value just below 10.90 eV where the reaction is fast.
Reproduced from Bodi et al., Ref. 98 with permission from the PCCP Owner Societies.



The extraction of dissociation rate constants from such data is not trivial because it involves extensive
data analysis that takes into account the thermal energy distribution of the sample, a model for the
dissociation rate as a function of the ion internal energy (e.g. RRKM theory), as well as the energies and
vibrational frequencies of the molecular ion and transition state. A PEPICO modeling program that
accomplishes all this is available for general use.’®

4. Advantages and disadvantages in the use of molecular beam and thermal sample sources

In both threshold photoelectron and electron ion coincidence studies, the major advantage in the use of
a molecular beam source is that the sample is cooled so that the thermal energy distribution is
narrower. However, this depends very much on whether the beam is pulsed or continuous. Whereas
the vibrational temperatures of pulsed molecular beams have been studied, for instance, by the
observation of hot bands and found to be quite low, the cooling afforded by a continuous molecular
beam is generally far less efficient because of the much lower gas density in the expansion nozzle.'®
fact, itis not even evident that the vibrational energy distribution can be characterized by a single
temperature. Recently, Brechignac et al."® reported on the jet cooling of coronene from a nozzle
heated to 640 K and estimated from TOF peak widths that the translational temperature in the beam
was 120 K. On the other hand, TPES simulations of hot bands suggested vibrational temperatures for
the low frequency modes that ranged between 200 and 350 K. Even rotational temperatures are
difficult to cool in molecular beams, Jacovella et al.’® finding that a free jet from a room temperature
propyne source cooled the rotations to only 100 K. For many experiments it may therefore be better to
operate with a known equilibrium temperature of 300 K than an unknown molecular beam vibrational
temperature. Alternatively, it is possible to use a thermally cooled source as demonstrated by Borkar
and Sztaray.'® By circulating a coolant through the ionization region, they were able to cool the ethyl
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bromide sample down to -60 °C, thereby considerably narrowing the ro-vibrational energy distribution
as shown in Figure 12. Breakdown diagrams for the dissociative photoionization of ethyl bromide are
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Figure 12. TPEPICO Breakdown diagrams for Br loss from C,HsBr" ions as a function of the source
temperature. The solid lines through the experimental points are obtained by assuming a dissociation
limit of 11.133 eV and varying only the temperature. Taken from Borkar and Sztaray'®

shown in Figure 12 at a number of temperatures between -60 and 30 °C (or 213 to 303 K).

A second problem with molecular beam cooling is that these sources often generate large numbers of
clusters, which when photoionized generate a mixture of cluster ions, including dissociatively ionized
species. It is thus not always easy to distinguish an ion formed by direct ionization [AB + hv — AB" + e7]
from one formed by dissociative photoionization [(AB), + hv — AB* + AB + e]. As shown for the case of
the CH;l photoionization, this ambiguity in the origin of an AB" ion peak can lead to significant problems
in assigning onset energies.”® However, the use of time of flight peak widths or ion imaging can
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overcome some of the problems associated with the use of molecular beams.'®*®® As shown in Figure

13, the ion imaging approach is particularly powerful. In this experiment, Nahon et al.’® expanded a
beam of He over a heated oven containing the low volatile camphor molecule (MW = 152 g mol™). The
thermal sample that invariably persists in a singly skimmed molecular beam has a room temperature
isotropic translational energy distribution and appears as a diffuse spot in the middle of the imaging
plate. However, a seeded beam of camphor in a large excess of He assumes the velocity of the He atom
beam, in which the full gas enthalpy of 2.5RT is converted into translational energy of the molecular
beam. This velocity, directed perpendicular to the extraction axis, is given by u= (5RT/MH.3)1/2 , Where T
is the temperature of the heated oven. This large increase in the speed of the camphor molecules not
only separates the camphor monomer from the thermal background, but also from the even higher
mass dimers and trimers.

The velocity of the He beam is such that the instrument needs to be designed to ensure that the ions are
not displaced so much that they fail to hit the imaging plate. The use of Ar as an expansion gas avoids
such problems, but is less effective in separating the different peaks. The other difference between Ar
and He as expansion gases is that Ar in general is more effective in cooling the internal modes of the
seeded molecule. There are important differences in the internal energies of the various peaks in Figure
13. The broad thermal peak, consisting of camphor monomer ions, clearly has the temperature of the
ion source which is probably close to room temperature because these molecules have bounced off the
source walls. The monomer in the molecular beam has an internal temperature considerably less than
the thermal ions, but as mentioned before, its precise temperature is not known. Finally, the weakly
bound cluster ion peaks necessarily correspond to ions that are very cold, because the warm clusters
would have dissociated.

Unlike the vibrational energy which is uncertain in continuous molecular beams, the translational energy
distribution in the direction of the ion TOF axis is very narrow and can readily be measured from the
width of the TOF peak of a parent ion. A translational temperature of 5 K was reported by Booze and
Baer'” in the continuous expansion of acetylene, which narrows the TOF peak by a factor of ca.eight
relative to a 300 K source, thereby greatly increasing the mass resolution. A side benefit is that any
broad peaks in the spectrum can be identified as daughter ions due to translational energy release in the
dissociation process. Tang et al."™° recently demonstrated that the use of two skimmers greatly reduces
the thermal background in the molecular beam without significantly reducing the signal level. That is,
the diffuse peak in Figure 13 can essentially be eliminated.

In conclusion, there are advantages and disadvantages in the use of molecular beams and thermal
sources for coincidence experiments involving ion dissociation, and the former are not the universal
solution that was perhaps believed when they were first introduced about thirty years ago.

5. Coincidence Studies with imaged electrons and ions

So far, we have discussed imaging primarily with respect to the focusing of threshold electrons from an
extended source onto the center of an imaging plate detector or an aperture followed by a channeltron
detector. This yields the highest ion internal energy resolution because the threshold electrons can be
detected with excellent (sub meV) resolution. However, there are some significant advantages in using
the full information on the electron imaging detector, as well as in imaging ion velocities. The actual
experiment of imaging both electrons and ions is not too difficult to carry out, and several approaches
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and applications at various synchrotron facilities have been reported.'****?

can be quite involved.

However, the data analysis

In both electron and ion imaging studies, the particles hit the imaging detector as concentric rings with
radii that are proportional to the electron or ion velocities perpendicular to the extraction axis. Thus the
distribution of ejection angles is mapped into a continuous distribution of electron and ion signals on the
detector. However, the information in the electron and ion images differ in one important respect
which is that we have no useful time of flight information about the electrons that could be used to
determine the energy of the electron. Aside from the difficulty in getting a “start” signal, the dispersion
of electron arrival times is too small to permit extraction of electron velocity information. This is
because, unlike the low extraction field electron TOF experiment shown in Figure 3, imaging studies
utilize extraction fields that are typically two orders of magnitude higher than those used for the data in
Figure 3. On the other hand, when collecting fragment ions with significant translational energy due to
the kinetic energy release in the dissociation, we can obtain their arrival time which provides
information about their initial forward or backward velocities, thus complementing the information on
the image. That is, we obtain information about the ion velocity perpendicular to the extraction axis
from the imaging plate and information about the velocity along the extraction axis from the TOF,
thereby providing us with both the total translational energy as well as its angle of ejection.

The extraction of a photoelectron spectrum from an imaging plate thus requires a real deconvolution,
involving some assumptions, while similar information about ions can be obtained directly. We now
consider the advantages and difficulties encountered in the various types of imaging PEPICO
experiments.

(Andras’ suggestion for these last two paragraphs) In both electron and ion imaging studies, the
particles hit the imaging detector at radii that are proportional to the electron or ion velocities
perpendicular to the extraction axis times their mass. Thus the distribution of ejection angles is mapped
into a continuous distribution of electron and ion signals on the detector as a function of radius.
However, the information in the electron and ion images differ in one important respect, which is that
we have no useful time-of-flight information about the electrons to determine the energy of each
detected electron. Aside from the difficulty in getting a “start” signal to reference the electron TOF to,
the dispersion of electron arrival times is too small to permit extraction of electron velocity information.
This is because, unlike the low extraction field electron TOF experiment shown in Figure 3, imaging
studies utilize extraction fields that are 2 orders of magnitude higher than those used for the data in
Figure 3. On the other hand, there is a dichotomy between setting up ion optics for ion mass resolution,
i.e., space focusing conditions to obtain the narrowest possible TOF peak width, and using the ion arrival
time to learn about its initial forward or backward velocity, thus complementing the momentum
information of the ion hit position. That is, by sacrificing mass resolution, we can obtain information
about the velocity perpendicular to the extraction axis from the imaging plate and information about
the velocity along the extraction axis from the TOF, thereby providing us with both the total ion
translational energy as well as its angle of ejection.

The extraction of a photoelectron spectrum from an imaging plate thus requires a real deconvolution,
involving some assumptions. lon 3D momentum imaging or applying slicing is therefore quite appealing,
since the kinetic energy and angular distribution of ions can be obtained directly, albeit with some signal
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loss in the latter case. The major disadvantage of using the TOF for momentum analysis along the
extraction axis is the need for translationally cold sample for mass information. Sharp m/z peaks are also
advantageous for background subtraction and improve the dynamic range of the experiment. Therefore,
space focusing with or without velocity map imaging the ions is highly beneficial in analytical
applications, or when the fragmentation pattern is not per se known and H losses are possible, or when
the sample source is inherently hot, for example, in pyrolysis experiments. However, while the
reconstruction of the one-dimensional spectrum based on velocity map images is routinely possible, the
inversion of two velocity map images recorded in delayed coincidence to obtain the energy correlation
diagram is still an outstanding issue, which limits the application of double velocity map imaging
apparatuses.

5.1 Threshold electron detection in coincidence with imaged ion velocities

There are two major advantages of imaging ions by velocity focusing optics. One of these has already
been mentioned when the sample is in the form of a molecular beam (see Figure 13), and the ion image
can be used to separate thermal background signal as well as clusters from the monomer beam signal.
The other advantage is the ability to measure the release of translational energy upon ion dissociation.
Large ions that dissociate statistically from their ground electronic state generally have broad
distributions of translational energy that peak close to zero energy, which are understood in terms of
well-established statistical models.”****> On the other hand, some large ions have been found to
dissociate directly from excited and repulsive electronic energy states that result in the release of
relatively large translational energy.”®**™’ |n contrast to large ions, di- or tri-atomic ions with their
sparse vibrational levels do not dissociate statistically. Instead, they dissociate to products formed in
specific electronic and/or vibrational levels whose identity can be determined from the measured
translational energies. The translational energy release in the dissociation of small ions by ion imaging
has been used to great advantage mostly by the group of Zhou."*>*/*

Figure 14. Time sliced velocity map images of the
dissociation of O," at 20.817 eV. Two overlapping states
[Bng’ (v=4) and ZZU’ (v=5)] contribute to the large
translational energy of the ground state products, O* (*s) +
0(’P), whereas the small energy release associated with the
excited state products, 0°(*S) + O('D) arise from the ZZu(v=5)
ion state, exclusively. The diffuse appearance of the inner
ring is a result of the difficulty in slicing the image with a 60

ns gate. Figure reproduced with permission from Tang et
119
al.
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The analysis of the ion images was greatly simplified by the application of time sliced imaging in which
only the ions ejected perpendicular to the extraction axis are collected by a multichannel plate detector
followed by a phosphor imaging system. Consider the dissociation of a diatomic ion to a single
dissociation channel with a single translational energy. The ion cloud dissociates into a sphere with
equal intensities for the case of an isotropic dissociation or with angular variations in the case of non-
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isotropic dissociation. In any case, those ions ejected in the forward and backward parallel direction
relative to the ion extraction field will arrive, respectively, before and after the ions that are ejected
perpendicular to this axis. If all ions were collected on the imaging plate, the image would look much
like one of the basis functions in Figure 6. However, by gating the ion signal so that only those ions
ejected perpendicular to the extraction axis are collected, it is possible to have the signal from a single
dissociation reaction appear only as a narrow ring as shown in Figure 14. The time slicing approach is
particularly useful when a phosphor imaging system is employed because there is no intrinsic ion arrival
time information available to permit a proper inversion of the ion image. = The example in Fig. 14 is for
the case of two O," ion states that by chance overlap at an energy of 10.817 eV."® These are the
optically active BZZg' (v=4) and the *Z, (v=5) states, the latter being optically inaccessible and thus much
weaker. This result, as well as data at other energies, show that the two electronic states dissociate to
the ground state, 0" (*S) + O(*P), while the ungerade state dissociates only to the excited products.

Figure 15 Time of flight data for the dissociative
photoionization of O2 at the following photon
energies: (a) 20.353 eV, (b) 20.727 eV, (c) 10.817
eV, (d) 20.897 eV. Figure reproduced with

| = d52ne permission from Tang et al.'?®
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It is of some interest to compare the VMI image of Figure 14 with similar data obtained by TOF. That is,
instead of displaying the dispersion of the fragment ion kinetic energies perpendicular to the ion flight
direction (Figure 14), it is also possible, and indeed historically more common, to display the dispersion
along the ion flight direction as TOF peak broadenings. Figure 15c shows the ion O* TOF at a photon
energy of 20.817 eV (same as in Figure 14). The broad rectangular peak corresponds to the large energy
release while the small top part is due to the low energy release that corresponds to the production of
the excited dissociation products. The time sliced data in Figure 14 corresponds to a thin time slice
centered on the peak at about 6.3 pus. Finally, it is worth noting that the time slice method works best
for simple ions that dissociate to products that have large differences in mass because the gating pulse
is not sufficiently precise to permit resolving product ions that differ by only a few mass units.

The measurement of fragment ion velocities from ion images for polyatomic ions was reported by Tang
et al.,"® in which the fragment ion translational energies have been used to provide new information
about the CH;Cl and CH;F photoelectron spectra. The results are most dramatic for CH;Cl in which the
excited A 2A; and B °E ion states are overlapped, so that the adiabatic onset for the B state is not
resolved. However, as Tang et al."*! showed, the A state of the CH,Cl" ion is dissociative producing high
kinetic energy CH5" fragment ions, while the B state is bound and apparently internally converts to the
ground electronic state prior to statistical dissociation. Thus, by measuring the photoelectron spectrum
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in coincidence with low energy CHs" ions, it was possible to suppress the A A, state, thereby clearly
revealing the adiabatic onset for the CH;Cl* B ’E state.

5.2 Slow Photoelectron spectroscopy (SPES) using electrons dispersed on an image

A simple approach to using, at least, partial information contained in the dispersed electron image for
threshold electron spectroscopy of anion photodetachment processes was introduced some years ago
by Neumark and co-workers,*”> and adapted for synchrotron radiation studies by Poisson and Hochlaf
at the Soleil synchrotron in France.’”>*** Poully et al.*** applied this to the molecule, 2-pyridone. They
collected full images of the electrons in coincidence with the parent ion as they scanned the photon
energy from below the IE through the vibrational modes of the 2-pyridone cation. Using an Abel
transformation,'® they then transformed the 2-D electron images to photoelectron spectra at each
photon energy. These data are shown in a single 2-D plot in Figure 16, in which the photon and
electron energies are plotted on the x and y-axes, respectively, and the electron intensities are on the
third axes, color coded with red being the most intense and black being zero. Traditional photoelectron
spectra (PES) at selected photon energies could be obtained by vertical cuts. The traditional threshold
photoelectron spectrum (TPES) is obtained by scanning the electron intensities over a narrow range of
electron energies, say 0-1 meV, as a function of the photon energy. However, similar constant electron
energy spectra could be obtained at other electron energies; that is, the threshold electron spectrum
from Figure 16 is repeated at higher electron energies, albeit with a shifted onset. Although the energy
resolution decreases with the electron energies that are being scanned, it is evident that it is quite
adequate over a significant range of energies, and that this multiplicity of information can be used to
improve the signal-to-noise ratio without a major penalty in the resolution. In their study of the 2-
pyridone molecule, Poully et al.”** combined the electron spectra up to 75 meV, calling this Slow
Photoelectron Spectroscopy (SPES) to distinguish it from the related TPES.

eV
3

4

Figure 16: 2D spectrum representing the kinetic
energy of the photoelectrons in the range 0-180
meV as a function of the photon energy in the 8.4—
8.8 eV range. The intensity of the photoelectron
signal increases from blue to red, black
representing zero. The energy of the
photoelectrons increases linearly with the photon
energy. Taken with permission from the PCCP
Owner Societies from Poully et al.*?
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The resulting SPES of 2-Pyridone, plotted in Figure 17, shows not only the 2-pyridone spectrum with its
IE at 8.44 eV, but also the 2-hydroxypyridine tautomer at a slightly higher IE of 8.92 eV. The solid
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pyridine sample was heated in an oven to 160 °C and then cooled in a He seeded molecular beam. As
shown by the inset, the ground state peak width is quite narrow, 9 meV, which can be attributed to
efficient cooling of the sample rotational modes. The high quality of the SPES in Figure 17 demonstrates
the utility in using as much of the imaging plate signal as possible to improve the signal to noise and/or
to reduce the time necessary to collect the spectrum.

8.4 8.6 8.8 9.0 9.2 9.4 9.6 9.8
hv/eV

5.3 lon detection in coincidence with all electrons dispersed on an image
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The imaging detector that focuses threshold electrons in the center of the detector also focuses the
energetic electrons in rings whose radii are proportional to their velocity in the perpendicular direction.
Thus if ions are collected in coincidence with electrons from the full image at a fixed photon energy, hv,
coincidence data can be collected simultaneously at all energies from the ionization energy (IE) up to the
maximum electron energy (hv-IE). This can be particularly advantageous for low density samples such as
non-volatile compounds or transient species created in discharges, pyrolysis, or flame studies.

As described at the start of Section 5, the fundamental problem is that electrons of a given energy are
ejected in a distribution of angles and it is only the velocity projection perpendicular to the extraction
axis that determines the radial position of the signal on the imaging detector. That is, the three
dimensional ejection (angle and energy) of the electron is projected onto a two dimensional detector.
As a result, there is no way of knowing the electron energy on the basis of its position on the detector.
A number of methods have been reported for extracting the full 3-D image,"”™*° but all of them involve
some assumptions. A recent approach, especially suitable for coincidence experiments, involves the
forward convolution of a series of electron basis functions with the photoelectron spectrum from zero
to the maximum electron energy.130 The basis functions, B(r,E), are the intensities of the electron
signal from a series of single energy (E.) electrons assumed to have been isotropically ejected, which is
often the case for intermediate to large molecules. The basis functions are equally spaced in electron
velocities, i.e. in equal increments of k(Ee|)1/2, which means equally spaced radii on the imaging plate.
The value of k is a constant that is chosen as a compromise between optimum energy resolution and
signal to noise. The full image of the photoelectrons, PE(r), at a fixed photon energy, hv, can then be
expressed as:

C(Ee)®B(r,Ee) = PE(r) (16)
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where C(E) is the column matrix of the coefficients (i.e. the photoelectron spectrum), B(r,E.)) is the
calculated 2-dimensional matrix of the basis functions for the single electron energy distributions, and
PE(r) is the experimental image of all the electron energies from zero up to (hv-IE). The full electron
image (coincidence signal with parent and all fragment ions) can then readily be inverted using linear
algebra methods to obtain a series of coefficients for the basis functions, which constitute the
photoelectron spectrum. If the basis functions are too closely spaced, some coefficients can be
negative.

With the coefficients of the basis function in hand, it is then possible to model the parent and fragment
ion intensities as a function of the electron energies to obtain the breakdown diagram. A test of this
procedure was carried out for three isomers of bromobutyne, C4,HsBr, by collecting the high resolution
breakdown diagram using just threshold electrons, as well as the imaging approach outlined here.™*
Figure 18a on the left shows the breakdown diagrams for one of the isomers obtained by the traditional
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Figure 18. The two figures show the breakdown diagrams for 3-Br-1-butyne. On the left is the traditional
breakdown diagram (ions as a function of the photon energy) obtained by ion threshold coincidence (TPEPICO)
along with the high resolution TPES. On the right are the data obtained by collecting all electrons in
coincidence with the ions at a photon energy of 10.311 eV, which display the ions as a function of the radial
electron signal. The 0 K dissociation onset energies obtained from the two methods are 10.284 + 0.010 eV and
10.280 eV, which are ipﬁexcellent agreement. Adapted with permission from the PCCP Owner Societies from

TPEPICO method in which the data are collected at a series of photon energies. Figure 18b on the right
shows the breakdown diagram obtained at a single photon energy of 10.311 eV but using the full
electron image which contains electrons with energy from zero to the maximum of (hv-IE). The latter
figure displays the parent and fragment ions as a function of the electron signal at various radii. The two
plots look very different because the TPEPICO data on the left display the ions collected in coincidence
with strictly zero energy electrons so that the only broadening of the breakdown diagram is a result of
the thermal energy distribution of the ions. On the other hand, the imaging PEPICO (iPEPICO) results on
the right are further broadened by the distribution of electrons over the whole imaging plate. In Figure
183, the dotted line is the PES at 10.311 eV, which matches the TPES reasonably well. In summary, the
VMI/PEPICO data in Fig. 18b were obtained by collecting the full electron image in coincidence with all
ions at two photon energies with acquisition times of about 1000 s each. This is ten times shorter than
the acquisition time associated with the TPEPICO data in Fig.18a, which were collected at about 100
separate photon energies for 200 s each.
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Photoionization has long been recognized as a very precise and information rich tool for identifying
unknown reaction products, because it provides not just the mass of the unknown ion but also its
ionization energy. Photoionization has thus been used as the preferred analytical tool for detecting the
products of radical — molecule reactions in gaseous flow reactors and the products of controlled flame
studies.”®'* These studies have been carried out by scanning the photoionization mass spectrum as a
function of the photon energy using synchrotron radiation, which is the only tunable photon source with
sufficient intensity to provide sufficient signal. However, it has become clear that as the systems being
investigated become more complex and the products more numerous, the mass and ionization energy is
not sufficient to identify some products, especially because the photoionization scan only provides the
integral of signal from all ions as the photon energy is increased. Thus, in recent years, the application
of PEPICO (which is the derivative of the photoionization signal and thus provides more detailed
information) to these experiments has become very attractive.

A first attempt to determine quantitatively the composition of an isomer mixture using PEPICO with the
full PES on an imaging plate was carried out at the Swiss Light Source (SLS) synchrotron. A mixture of
stable molecules, namely C4H¢ (butadiene and 2-butyne) and CsH; (cyclopentene, isoprene, 1-pentyne,
and 1,4-pendadiene) was photoionized at a fixed photon energy and the full PES ranging from 0 to 0.8
eV collected on the imaging plate.”* Velocity map images of electrons from the pure compounds were
also collected at the same photon energy. Linear combinations of these images were then used to fit
the electron image of the mixture. Because the images themselves were used in the fitting process, this
procedure did not involve an inversion of the image, thereby avoiding the inevitable introduction of
noise associated with such inversions. It is evident that the use of images for the pure stable
compounds obtained on the same instrument under identical experimental conditions is a very simple
and robust approach.

The first study that applied iPEPICO to obtain the photoelectron spectra of products produced in a flame
experiment was reported by Osswald et al.”*> In this study of an isobutane-oxygen flame, threshold PES
of three C4H, radical isomers were collected with a resolution of 15 meV, and it was clearly possible to
distinguish t-butyl, 2-butyl, and two iso-butyl products by their PES. However, because only threshold
electrons were collected, it was necessary to scan the photon energy to get a complete TPES. The vast
improvement in identifying products by their PES compared to a simple photoion scan is clear from
Figure 19. The difficulty in identifying most free radicals by PIE is that the large geometry change
between radicals and their ions results in broad PES, which makes their identification nearly impossible
by PIE. However, assigning structures to the PES is also not trivial either because the published radical
PES vary greatly in their peak shape in part because of the difficulty in controlling the temperature of the
radicals which are generally produced by discharges or flash pyrolysis. Although the signal to noise in
the experimental spectrum is not excellent, it is possible to confirm that the two major radicals
produced are the t-butyl and the i-butyl radicals with vertical IEs at 6.59 and 8.31 eV.
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diagnostic PEPICO experiments of flame products have been carried out at the SOLEIL synchrotron.”****’

Felsmann et al.”*® investigated the products in laminar premixed flames that generated a broad array of
product species, some of which consisted of equal mass isotopomers as well as isomers of the same
molecular formula. The full photoelectron spectra at selected photon energies were collected in
coincidence with ions of varying masses, an example of which is shown in Figure 20. Data acquisition for
this spectrum with good resolution and signal to noise was 1 hour. The photon energy of 9.94 eV was
lower than the IE (10.15 eV) of the methyl propionate fuel, thereby avoiding not only photoelectrons
from the fuel, but also fragment ions from the methyl propionate ion dissociation. Unfortunately,
sample spectra of the pure compounds with similar resolution in the same apparatus
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Figure 20: Photoelectron spectrum at 9.94 eV photon energy collected in coincidence with ions of
mass 56 recorded in a methyl propionate / oxygen flame at a fixed height above the flame burner.
The upper 2-D spectrum is the reconstructed PES of the lower image using the pBasex inversion
procedure. At the right are various isomers of mass 56 that can contribute to the total signal.
Taken with permission from the PCCP Owner Societies from Felsmann et al."*®

were not collected so that the authors relied on lower resolution literature spectra. This required
degrading the resolution of the PES in Figure 20. In addition, rather than convoluting the known spectra
to minimize the global error, the data were fitted by a sequential subtraction approach beginning with
the lowest IE isomer (methylketene). This resulted in an error propagation that accumulated the error
in the higher IE compounds.

In addition to identifying the product species, it is equally important to obtain relative abundances, or
mole fractions, of the various combustion products. The use of fixed photon energy PES is particularly
useful for this purpose, especially if the pure compounds are obtained at the same photon energy.
Krueger et al."*’" have taken advantage of this approach in establishing the mole fractions of methyl
radical and propyne products in an ethane-oxygen flame.

These initial results point out the following important considerations:

1. PE spectra from images should be collected in order to maximimze the signal to noise as well as
the resolution of the data. In addition, as pointed out by Krueger et al.®” and Felsmann et al.**®
the use of a fixed photon energy greatly simplifies the determination of quantitative product
yields because all data are collected at a single photon energy, thereby requiring only a single
calibration of signal vs yield.

2.  Whenever possible, the PES of pure compounds should be obtained with the same instrument
under identical conditions. They can then be used to deconvolute the composite spectrum,

using a least squares procedure to distribute the errors among the various components.
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3. The question of image reconstruction should be considered carefully because if the PES of the
pure compounds are obtained as images, there may not be any advantage in working with
reconstructed images rather than the image itself.

5.4 False coincidence suppression by ion imaging

As pointed out in the discussion of coincidence statistics, false coincidences are an unavoidable
consequence of coincidence studies. While their presence in low flux experiments is normally not
detrimental to the overall quality of the data, the false coincidence background becomes increasingly
important as the total ion count rate increases. As demonstrated in Eq. 11, this is not deleterious when
we are dealing with a simple mass spectrum that consists of a few mass peaks of similar intensities.
However, if the coincidence mass spectrum contains very low intensity peaks that are of interest, the
false coincidence background generated by the dominant peaks will seriously hinder the analysis of the
weak peaks because it will introduce so much noise that the peaks may not be visible. Examples where
this could be a problem include the detection of free radicals and other intermediate species in flame
studies. If the ionization energy of the minor species is lower than that of the fuel, it is possible to
choose a photon energy that is above the free radical IE but below the IE of the fuel, thereby avoiding
the massive signal of the fuel. This is precisely the situation in the case of the oxygen-isobutene flame
experiment shown in Figure 19, in which the isobutene IE of 10.68 eV is well above the IEs of the free
radicals. However, there are other radicals and intermediates whose IEs are not so low, as for example,
the OH radical (13.0 eV). In addition, it is often of interest to determine the relative amounts of the all
the species in the flame, which requires a very large dynamic range of sensitivities which is limited by
the false coincidence background.

A very exciting and novel use of ion imaging has recently been reported by Osborn et al.**® in which all

ions are deflected in two dimensions by periodic triangular deflection voltages applied to an einzel lens-
like deflector assembly through which the ions pass. As shown in Figure 21, the first and third cylindrical
elements of the lens are at the flight tube voltage, while the central cylinder is divided into four sections
to which the 200 V triangular waveform pulses are applied. The output V,,, V_,, and V,,, V_, voltages
pairs are AC-coupled to the flight tube high voltage and the full £200V swing results in an ion deflection
of about £20 mm on the ion imaging detector. The frequencies of the triangular deflection voltages
(adjustable between 20 and 100 kHz) are slightly mismatched between the x and y directions so that the
ions are spread out in a 2-dimensional geometric pattern on the imaging plate, as shown in Figure 20 for
the case of Ar” ions.

Thus, instead of all ions (real and false coincidences) appearing at only a single location on the imaging
plate, this ion deflection technique disperses the ions so that the ion arrival time and place are
calculably connected for a true coincidence, while the false coincidences appear at locations that are
inconsistent with their times of flight. Osborn et al.’*® showed that, for the case of a photoionized Ar
molecular beam that consists primarily of Ar” ions, along with oligomers of rapidly decreasingly
intensity, it is possible to reduce the false coincidence background by two to three orders of magnitude,
which permitted the observation of Ary" ions. This is compared to the normal coincidence spectrum in
which the highest observable cluster was the Ar," ion.

The success of this method to suppress false coincidences depends very much on the VMI ion optics that
yield a very small spot (less than one mm in both directions) on the imaging plate detector for the
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undeflected ions. The suppression factor for false coincidences is then related to the ratio of the total
imaging plate surface area to the ion spot size. According to Furuya and Kimura®*® all Ar,,* cluster ions
are formed from dissociative photoionization so that their TOF peak width are broadened by the kinetic
energy release. However, in the experiment of Osborn et al., this has clearly not hampered the analysis,
perhaps because of the high draw-out voltage for the ions which minimized their peak TOF widths and
spatial dispersion.
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e position (velocity) Processing cation position (deflection)

Figure 21 Experimental set up for suppression of false coincidences in high flux photoionization studies. The first part
of the ion drift tube consists of an Einzel lens in which the middle element is divided into four sections that can be used
to deflect the ions in the + x and + y directions, thereby dispersing the real coincident ions into predictable patterns (see
Figure 20) on the ion imaging detector. Taken with permission from Osborn et al.”*®

Figure 22 Image of deflected Ar+ ions using the x-y
deflection scheme illustrated in Figure 21. Taken
with permission from Osborn et al.’*®
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6. Conclusions and future directions

This paper has described the history and evolution of both threshold photoelectron spectroscopy and
threshold photoelectron photoion coincidence spectroscopy over the last fifty years. Emphasis has been
placed on instrumentation and the kinds of scientific problems that can be addressed, not on the
detailed spectroscopy of certain molecules. In our opinion, three important advances have expanded
greatly the power of the technique, and permitted its implementation in modern synchrotron radiation
beamlines. The use of velocity focusing of threshold electrons onto an imaging detector in the 1990s
simultaneously improved the sensitivity and electron energy resolution, and facilitated the subtraction
of hot electron background in both threshold electron spectroscopy and TPEPICO studies. The
development of multi-start multi-stop collection detectors for both electrons and ions in the 2000s
permitted the use of the full intensity of modern synchrotron radiation thereby greatly improving the
signal-to-noise ratio. Finally, recent developments involving imaging electrons in a range of energies as
well as ions onto separate position-sensitive detectors has further improved the collection sensitivity so
that low density samples found in a variety of studies can be investigated. It is interesting that while
TPEPICO initially was developed using low intensity laboratory light sources, the real power of the
method can only be realized when it is coupled to high intensity and high resolution synchrotron
radiation sources. As a result, nearly all TPEPICO setups are now located at synchrotron radiation
facilities.

The first 50 years of TPEPICO studies have been directed primarily at improving our fundamental
understanding of unimolecular dissociation reactions and our ability to extract accurate dissociation
energies from the data. As a result, a large fraction of the thermochemistry of ions and free radicals has
been established by TPEPICO."***! Such experiments will certainly continue and could in fact be
expanded by adapting double imaging experiments to revisit an old field, namely ion-pair formation
induced by photons: ABC + hv = D™+ E* (+ neutrals). This dissociation path at low energies generally is
competitive with other decay channels only below the molecule’s first ionization limit, and is thus ideally
suited for investigation with vacuum-UV light (ca 6 to 12 eV). The adaption of the electron optics to
detect negative ions is straight forward. One of the authors has both studied and reviewed extensively
the formation of negative fragment ions from polyatomic molecules by mass spectrometry.’* In many
studies only the anion is detected so that the cation (plus possibly neutrals(s)) has to be
inferred/guessed, usually by energetics. However, in polyatomic ion pair formation where both the
anion and the cation can be produced in a range of internal vibrational states, it is highly advantageous
to detect not only both ions, but also measure their translational energy distributions in order to obtain
the full information about the dissociation dynamics. Detection of anions and cations in coincidence, a
process usually of low cross section, will also suppress the direct ionization or dissociative ionization
reactions ABC + hv— ABC'+ e or AB* + C + e which have much higher cross sections. Such studies have
in fact been pioneered primarily by Suits and Hepburn,*** who utilized vacuum UV lasers as the
ionization source in order to determine highly accurate electron affinities, as well as for investigating the
fundamental dynamics of the ion pair formation process. Recent results on a closely related
experiment have been reported from the Elettra synchrotron in Italy using soft X-ray photoexcitation,***
but it is suggested that the lower-energy vacuum-UV region which is much closer to the ionization
energy of the molecule under study, and where the number of possible dissociation channels are much
more limited, would be a very profitable area for study.

Although the fundamental studies of photoionization and ion dissociation will no doubt continue, we
expect that future advances in the field will almost certainly be driven by the multiplex advantages of
imaging detection of electrons and ions. Preliminary studies that are described in this review, carried
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out so far mainly at the Soleil, France and Swiss Light Source synchrotrons, have shown that the
increased signal levels obtained by using the full information from electron energies dispersed on an
imaging detector permit collecting high resolution (sub 10 meV) photoelectron spectra of low density
molecules or free radicals. When these are collected in coincidence with mass analyzed ions, it is
possible not only to identify reaction products by their photoelectron spectra, but also to obtain
guantitative information about the relative concentration of products in a mixture. With the advent of
new, more sensitive techniques and false coincidence suppression thereby yielding a 2-3 orders
magnitude more dynamic range, PEPICO now also holds the promise of a truly universal and isomer
selective gas phase analytical tool.
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