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Abstract

Vacuum ultraviolet (VUV) photoionization mass spectrometry and photoelectron spectroscopy have played a central role
in providing energetic and spectroscopic information for neutrals and cations. The most important data obtainable in a VU\
photoionization and photoelectron experiment are ionization energie3 ldrion dissociation thresholds or appearance energy
(AE), from which 0 K bond dissociation energies for neutrals and cations can be deduced. The recent developments in VU\
lasers and third-generation synchrotron sources, together with the introduction of the pulsed-field ionization (PFI),
photoelectron (PFI-PE), and PFI-photoion (PFI-PI) methods, have revolutionized the field of photoelectron and ion
spectroscopy by significantly improving the energy resolution to the range of 0.025-1.0 meV (full width at half maximum,
FWHM). These resolutions, which make possible the measurement of photoelectron spectra for many simple molecules at tf
rotational-resolved level, are100-fold better than those observed in traditional photoelectron studies, making the PFI-PE
technique a true spectroscopic method. The recent introduction of the synchrotron-based PFI-PEPICO scheme has shown t
AE values for a range of molecules can be determined with an unprecedented precision limited only by the PFI-PE
measurement. The synchrotron-based PFI-PEPICO and PFI-Pl schemes show great promises for future studies of state-
energy-selected ion-dissociation dynamics and energy-selected ion-molecule reaction dynamics. Further improvement
energy resolution for PFI-PE and PFI-Pl measurements has been demonstrated using the two-color photo-induced Rydbe
ionization (PIRI) spectroscopic scheme, which involves the photo-induced ionization of intermediate long-lived high-
(n=100) Rydberg states. The incorporation of this method by VUV photoexcitation to prepare intermediate(iirgti0)
Rydberg states is also expected to greatly increase the energy range of PFI studies. The availability of this array of laser- al
synchrotron-based PFI methods, including PFI-PE, PFI-PEPICO, PFI-PI, PFl-ion-pair, and PIRI schemes, ensures an excitir
and bright future for VUV photoionization and photoelectron studies in the new millennium. (Int J Mass Spectrom 200 (2000)
357-386) © 2000 Elsevier Science B.V.
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1. Introduction ultraviolet (VUV) photon source can be traced back to
the laboratory of Inghram at the University of Chica-
go.[1,2] Vigorous developments of this field in the
past 50 yr have had a major impact in ion chemistry
and photoionization dynamics.[3-10] A primary con-
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Modern photoionization mass spectrometry and
photoelectron spectroscopy using a tunable vacuum
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determine the chemical structure (or atomic connec- In traditional photoionization and photoelectron mea-
tivity) of the neutral sample molecule based on the surements using laboratory discharge lamps and second-
observed ion masses and ion intensity distribution. generation synchrotron radiation sources, the uncertain-
This requires basic knowledge about molecular ion- ties for IE and AE values obtained for polyatomic
ization and fragmentation induced by excitation of species usually fall in the range ©30—-150 meV.[4,5]
photons and electrons, which are commonly used as The major advances in photoionization and photo-
the ionization sources to convert neutral sample mol- electron measurements in the past decade can be
ecules into charge particles before mass analyses.attributed to the development of VUV lasers [8,11—
Accurate energetic data,[4,5] such as ionization ener- 14] and third-generation synchrotron radiation [15,16]
gies (IEs) ad 0 K ion dissociation energies or sources. The tunable range for VUV lasers with
appearance energies (AEs), determined for a broadusable photon intensities has been extendee 18
range of molecular species are fundamental for un- eV. The recently established high-resolution mono-
derstanding the ion intensity pattern observed in the chromatized VUV synchrotron facility at the Ad-
mass spectrum of a neutral molecular sample. For this vanced Light Source (ALS) covers the energy range
reason, photoionization efficiency (PIE) measure- of 8—30 eV [17-22]. The availability of these VUV
ments, which can provide relative photoionization sources has induced the development of novel exper-
cross sections and reliable IE and AE values for imental schemes for photonion and photoelectron
neutral species, are of great interest to many research-studies [17-35].
ers belonging to the mass spectrometry community. Because of page limitations and of the broad scope
From the chemistry point of view, the main moti- of this subject, it is not possible to give a detailed
vation for IE and AE measurements are stemmed account here of all aspects of recent advances in the
from the fact that IE and AE values are directly field of photoionization and photoelectron studies.
related © 0 K bond dissociation energie®{) of Fortunately, major reviews and progress reports on
neutrals and cations. A®, values for molecular  important areas of this field have been made recently
species are used to predict the feasibility of chemical [8—10]. Taking this into consideration, | have limited
reactions, accurate IE and AE measurements are ofthe scope of this article to photoionization and pho-
fundamental importance to chemistry. On the basis of toelectron studies using tunable VUV sources. In
energy conservation, the IE for a molecule ABC “Experimental Advances” below, | have outlined
(IE[ABC]) and the AE for producing the fragmention recent experimental developments and briefly dis-

AB ™ (AE[AB *]) from ABC are related to th®, for cussed the associated principles. Possible future de-
the AB"—C bond D,[AB "—C]) by the equation velopments and applications are also speculated on.

Since the present article is not intended to be a
Dy(AB*—C) = AE(AB ") — IE(ABC). (1) P

thorough review and the topics chosen here purely
If the IE for the neutral AB radical (IE[AB]) is reflect the interest of the author, omission of other
known, theD,, for the neutral AB-C bondlj,[AB—C)] important topics and references cannot be avoided.
can also be calculated according to a similar equation, Because of the involvement of this author, a more
detailed discussion is given for recent synchrotron-
based high-resolution photoionization and photoelec-
If energies for the excited ABG AB™, and AB states  tron studies [15-22].

relative to their respective ground states are known

from spectroscopic measurements, binding energies2. Experimental advances

of excited ABC" and ABC can also be determined. o o

Egs. (1) and (2) show that the precision for 2.1. Photoionization efficiency measurements

Do(AB “—C) andD,(AB-C) thus obtained depends on The photoionization efficiency (PIE) of a photoion
the uncertainties of AE(AB), IE(ABC), and IE(AB). is measured by the ratio of the photoion intensity

Do(AB-C) = AE(AB™) — IE(AB). ()
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(I[ion]) to the photon intensity (I[photon]) at a given of chemical structures for nascent photofragments
photon energy. The measurement of the PIE spectraformed in laser photodissociation reactions
(or the relative photoionization cross sections) of [36,37,43—47]. One of the important objectives for a
photoions observed in the photoionization of a gas- photochemical study is to identify the primary photo-
eous sample is the primary concern in photoionization product structures and branching ratios for dissocia-
mass spectrometric studies. Photoionization effi- tion channels at a known photodissociation wave-
ciency measurements obtained at a sufficiently high length. For polyatomic product species with unknown
resolution provide the most fundamental and useful spectroscopic properties, laser spectroscopic detection
data for probing autoionization mechanisms for Ryd- schemes may not be useful for product structure
berg states converging to excited ionic states. Becauseidentifications. Since photoionization mass spectro-
of the relatively simple experimental arrangement, the metry is a mass and energy sensitive technique, the
majority of IE and AE values available in the litera- VUV PIE measurement of a primary photoproduct
ture were obtained by PIE measurements [4,5]. We near its ionization threshold can, in principle, be used
note that AE values that are determined on the basis of effectively to identify its chemical structure. Although
PIE measurements can suffer a large uncertainty polyatomic molecules and radicals may exist in many
because of the hot band and kinetic shift effects,[4] isomeric forms, their IEs are often sufficiently differ-
particularly for ion dissociation processes involving ent to allow an unambiguous identification of the
polyatomic species. For previous reviews on PIE mea- isomers involved. However, primary photofragments
surements, readers are referred to Refs. [6,16,36—38]. often contain internal excitations. As a result, the
When an autoionization Rydberg series is resolved experimental IE observed for a photoproduct is ex-
in a PIE experiment covering a sufficiently large pected to shift to a lower energy, depending on the
number of Rydberg states, its analysis can lead to a exothermicity of the specific photochemical process.

highly precise converging limit or IE value. For
example, the IE values for the HCO radical
(IE=8.15022-0.00006 eV)[39] and benzene
(IE=9.243842-0.000006 €V)[40] determined by the

To overcome this problem, it is possible to cool the
primary photoproducts in a supersonic expansion
before PIE measurements. This can be accomplished
by inducing the photochemical process in the high-

Rydberg series extrapolation method are among the pressure region of a free jet, that is, close to the nozzle
most accurate IE values known. The resolutions of tip. It has been well demonstrated that further expan-
PIE measurements are limited not only by the VUV sion of the photoproducts together with the bath
optical bandwidths but also by the electric field used molecules or atoms can be an effective means of
or existing at the photoionization region. A finite relaxing the internal photoproduct excitations. If the
electric field is usually needed for the extraction of sample gas consists of a small fraction of the precur-
photoions produced at the photoionization. Such an sor molecules seeded in an unreactive carrier gas,
electric field is known to induced Stark mixings of such as a rare gas, secondary reactions of the photo-
Rydberg levels associated with different orbital angu- products can be minimized. In principle, the distortion
lar momenta, resulting in the broadening of peak of primary photoproduct branching ratios caused by
widths of autoionizing Rydberg states [41,42]. Thus, secondary processes can be examined by varying the
in order to obtain the highest possible resolution in precursor gas to rare gas ratio.
PIE measurements, it is necessary to minimize the This photodisssociation-photoionization (PD/PI)
residual electric field at the photoionization region.  approach, which involves photoionization mass spec-
trometric sampling of laser photodissociation prod-
ucts in a pulsed supersonic molecular beam, has been
products successfully applied to identify the isomeric structures
A recent interesting application of VUV photoion- of the 193-nm photofragments from thiophene [47].
ization mass spectrometry involves the determination On the basis of the comparison of IE values deter-

2.1.1. PIE sampling of nascent photodissociation
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thresholds using a tunable VUV source was made by
Inghram and coworkers in 1967[2]. This was fol-
lowed 2 yr later by Schlag and coworkers [48] and
Sphor et al.[49], who introduced the steradiancy
discrimination scheme for TPE detection. Since TPEs
can be collected with high efficiency into a narrow
solid angle using a small electrostatic field, the TPE
method has been the preferred technique for photo-
photofragments are found tchave the CHS, electron studies when a tunable VUV light source is
CH;CH,S, and CHSS structures, respectively [43— used. The steradiancy discrimination of energetic
46]. The success of these experiments shows that thiselectrons has been traditionally achieved by using a
PD/PI method holds great promise as a general tubelike structure for defining the solid angle for
method for structural determination of nascent prod- electron detection. Assuming that background ener-
ucts formed in photochemical reactions. getic electrons are ejected over a large solid angle,
they would be greatly discriminated. However, finite
energetic electrons ejected along the steradiancy an-
alyzer would still be detected. This gives rise to a hot

As aresult of the strongly predissociative nature of tail in the TPE transmission function, which has
polyatomic molecules in excited Rydberg states, au- limited the achievable resolution for TPE measure-
toionizing Rydberg features for polyatomic species ments. When a pulsed VUV source with a sufficiently
are often found to be very weak in their PIE spectra. long time separation100 ns) between adjacent light
In such cases, the PIE spectrum may only provide pulses is used, the hot-tail problem in TPE detection
information about the first IE. The photoelectron can be alleviated by the electron time-of-flight (TOF)
spectrum often contains more information on the technique, which allows the separation of TPEs from
energetics and spectroscopy for the excited cation background hot electrons [52-54]. This steradiancy/
than that revealed in its PIE spectrum. Hence, the TOF combination was used in single-bunch synchro-
development of high-resolution photoelectron spec- tron radiation TPE experiments, achieving a resolu-
troscopic techniques has been a primary pursuit in the tion of 1.6 meV (FWHM) with little contamination by
field of photoionization and photoelectron studies.  hot electrons.

Threshold photoelectrons (TPEs) are near-zero
kinetic energy electrons (ZEKEs), which are formed 2.2.1. Penetration field technique
slightly above the true IE [47—-49]. It is well estab- Hall et al. have recently applied the penetrating
lished that the intensities for TPE bands observed field technique in combination with an electron en-
using a tunable VUV source are governed not only by ergy analysis for the detection of TPEs [23,54-56].
the Franck-Condon factors (FCFs) for direct ioniza- The application of this technique for TPE studies
tion but also by nearby resonance autoionization using synchrotron sources has yielded excellent re-
mechanisms [9]. The later mechanisms make possiblesults. The collection efficiency for TPEs formed at the
the observation of photoelectron bands with near-zero photoionization region is optimized by a penetrating

mined in PIE measurements fopld,*, C,;H,S™, and
C,H," ions, Hsu [47] concluded that the primary
neutral photofragments formed are vinylacetylene
(H,C=CH-C=CH), acetylene (¢H,), and thioketene
(H,C=C=S), indicating that the major dissociation
channels are  CHCH-C=CH+SfP) and
CH=CH+CH_=C=S. In the 193-nm photodissociation of
CH;SH, CH,CH,SCH, and CHSSCH, the primary

2.2. Threshold photoelectron spectroscopy

FCFs. Consequently, photoelectron bands for highly
excited vibronic states close to their dissociation
limits can be readily observed. As a spectroscopic
tool, the TPE method is preferred over the Hel and
Hell studies [50,51], where the observable ionization
transitions are mostly limited by the FCFs.

The first TPE experiment to search for ionization

electrostatic field, which allows the repeller field for
extracting the TPEs toward the electron detector to be
minimized. Since background hot electrons that travel
toward the detector are filtered by both the chromatic
aberration of the electrostatic lens system and the
energy analyzer, the problem caused by the transmis-
sion of hot electrons, as in using a steradiancy
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analyzer, is greatly suppressed. As a result, the pen-the molecule of interest. The TPEPICO technique has
etrating field technique is found to provide high been successfully employed for studies of state- or
resolution and better sensitivity in comparison to energy-selected unimolecular dissociation dynamics
steradiancy-type electron spectrometers. When it is and for measuring the TPE spectrum for a minor
necessary to further suppress the hot electron back-radical or size-selected cluster species produced in an
ground, the TOF analysis can also be combined with impure radical or cluster source [62—66]. However,
the penetrating field technique in a single-bunch because of the hot-tail problem associated with TPE
synchrotron operation. The highest resolution demon- detection, most AE values obtained in previous
strated using the penetrating field technique in syn- TPEPICO studies are found to have uncertainties
chrotron measurements i81.0 meV (FWHM)[55]. comparable to those of PIE measurements [4,5].
Since the best TPE resolution observed using the  The successful application of the penetration field
penetration field method was mainly limited by the method for TPEPICO measurements has made possi-
VUV optical bandwidth, we expect that a higher TPE ble the measurement of high-resolution TPE spectra
resolution can be achieved in the near future by for heterogeneous rare gas dimers, achieving resolu-

employing a higher-resolution VUV source. tions of 2-3 meV [23]. As pointed out above, the
penetration field method does not allow the use of an
2.3. Photoelectron-photoion coincidence studies ion extraction field. In order to attain high ion-

collection efficiency, the ion flight tube used in the
As pointed out above, the AE measurements for penetrating field TPEPICO experiment is very short,
polyatomic species using the photoionization mass which in effect sacrifices the TOF mass resolution. By
spectrometric method are often affected by the hot nature of the design of the penetration field technique,
band and kinetic shift effects, making the determina- its use in TPEPICO measurements is not expected to
tion of the “true” AE ambiguous. In principle, the yield accurate kinetic energy release information for
most reliable method for AE determinations is based fragment ions.
on the analysis of the breakdown curves obtained in a
photoelectron-photoion coincidence (PEPICO) exper- 2.3.2. TPE-secondary ion coincidence studies
iment [57,58]. For a more detailed account of recent ~ As an extension of the TPEPICO technique, the
advances in PEPICO techniques and their applications TPE—secondary ion coincidence (TPESICO) method
for unimolecular dissociation studies, readers are involves the correlated detection of TPEs and second-
referred to the review of Baer in the present volume. ary ions formed in bimolecular collision processes
[7,67—69]. This method has been demonstrated to be
2.3.1. TPE-photoion coincidence studies a general method for the study of state- or energy-
The resolution of the PEPICO technique depends selected ion-molecule reaction dynamics. As ex-
critically on the accompanying photoelectron method. pected, the application of the TPESICO method for
The TPE-photoion coincidence (TPEPICO) scheme is the study of bimolecular reactions is more difficult
the combination of the PIE and TPE spectroscopic than that of the TPEPICO scheme for the investiga-
methods for the detection of correlated mass-selectedtion unimolecular dissociation processes. The suc-
ions and TPEs [57-61]. The TPEPICO technique cessful application of the TPESICO method for state-
requires the continuous production of electron-ion selected ion-molecule reaction studies requires a very
pairs and is the preferred coincidence method when a careful experimental consideration.
tunable, continuous, or pseudo-continuous ionizing
VUV light source is used. Since TPEs or ZEKEs are 2.3.2.1. Signal-to-noise analysis
selected in a TPEPICO study, the internal energy for ~ Below, we try to present a feasibility analysis of a
the molecular ion produced is thus equal to the TPESICO experiment. In a coincidence experiment
difference between the photon energy and the IE for concerning the selection of a vibronically excited ion
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state, the ions of interest may represent a very small g N,f.finlot

fraction of all the ions formed in the photoionization = \'1 + 2NAL: (7)
process at a particular photon energy. The essential

feature of a coincidence experiment is that state- WWhen reactant ions prepared by photoionization are
selected reactant ions arrive at the reaction region at anot pure, the production ratél) for the reactant ions
specific time with an uncertainty (full width) aft’ as of interest is<N. In these cases, tH#N ratio can be
measured with respect to the detection of correspond-improved by using a reactant mass spectrometer, such
ing TPEs. For a well-designed ion optics system, the as @ quadrupole mass spectrometer (QMS), to select
At’ value can be made to have a small value of Only reactant ions of interest. TI®N ratio achieved
~50-150 ns, depending on the reactant ion mass andusing a reactant QMS can be calculated by an equa-
beam energy. Other ions formed in different internal tion similar to Eq. (7),, except that the terrN2t is
states, which are not time correlated with the energy- replaced by RjAt.

selected photoelectron, are expected to arrive at the Referring to Eq. (7), a good coincidence experi-
reaction region uniformly in time and, thus, appear as Mment requires the minimization of the tert. Eq.

a uniform background in the coincidence TOF spec- (7) indicates that theSN ratio for a TPESICO
trum for the reactant ion. In a state-selected experi- €xperiment is

ment using TPE, the ionization rate at the threshold
(N, is of interest. The true coincidence rat=for
state-selected reactant ions and false coincidence rateThis analysis shows that in a TPESICO study, it is
F for background ions arriving at the reaction region essential to maximizé, and f; and to have a high
are related toN,, the total ionization rateN, the sensitivity for PFI-PE detection to yield a high,
electron transmissiofy, and the ion transmissidpas value. Assuming typical values f&=1000 counts/s,

= Nfcfinlat.

given by Egs. (3) and (4), respectively. f,=0.1, f,=0.6, n=7x10" molecules/cr (2x10*
Torr), 1=10 cm, ando=10"1" cn? (0.1 A%, we

C = Nfef;, 3) calculate

F = (N, f)(NfAt) = N,Nf.f,At’. (4) SIN = 0.2054t

If we assume that the reactions between reactant ions 10 obtain anSN=10, the time required is-0.65 hr.
in different internal states and the neutral target
molecules have identical cross sectiar),(the true

secondary ion coincidence rate (SC) and secondary
false coincidence rate (SF) under thin target condi-
tions can be calculated by Egs. (5) and (6), respec-

2.4, Laser-based pulsed-field ionization studies

2.4.1. Pulsed-field ionization photoelectron

iivel measurements
y Perhaps the most important development in photo-
SC = (Nf.f))(onl), (5) glectron .spectroscopy in the past 2 QecaQeg is the
introduction of the laser-based pulsed field ionization
SF = (N,Nf.f)(anl)(At), (6) (PFI)-photoelectron (PFI-PE) technique, which has

been shown to achieve photoelectron energy resolu-
Here,At is the full width of the coincidence TOF peak tions close to the laser optical bandwidth [7-9,25,26].
for the product ion, which depends on scattering The high resolutions achieved have allowed the mea-
dynamics as well as the lengthof the gas cell. The  surements of rotationally resolved photoelectron spec-
value forAt is expected to be greater than that Adf. tra for many small molecules [8]. With the proper
The SN ratio of a PFI-PESICO experiment is thus spectroscopic analysis and simulation, a rotational-
predicted by Eq. (7). resolved spectrum can in principle provide the definite
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IE value for the molecule involved with an uncer- work of Chupka [72]. The key requirement for the
tainty limited only by the energy calibration [8,14]. success of delay PFI-PE measurements is the long
Readers interested in this subject are referred to recentlifetimes for highn Rydberg species prepared in
reviews [8,70,71]. The PFI-PE method is historically optical excitation. Because of the small overlap of a
referred to in the literature as ZEKE spectroscopy [9]. Rydberg orbital wavefunction with low-wavefunc-
The other name in use is ZEKE-PFI spectroscopy [9]. tions and the small energy gap to neighboring (high-
Since ZEKE spectroscopy originally stood for TPE levels, highn Rydberg states are expected to have
spectroscopy, the use of ZEKE spectroscopy for very long radiative lifetimes. Hence, radiative decay
PFI-PE detection is not appropriate. is not an important loss mechanism for highryd-
Although the basic procedures for laser-based berg states. However, autoionization of a neutral
PFI-PE measurements were discovered in 1984 by Rydberg species lying above the lowest IE can always

Muiller-Dethlefs, Sander, and Schlag [25], the detailed
mechanism [26] involved was only suggested in 1988.
This technique involves the detection of PFI-PEs
formed in the delayed PFI of long-lived high-

(n=100) Rydberg species initially formed by pulsed

occur by transferring sufficient energy from the ion

core to the Rydberg electron. Based on the type of
core energies transferred to the departing electron in
molecular autoionization, the mechanisms involved
can be classified as rotational, vibrational, and elec-

laser excitation. Because of the existence of a small tronic autoionization. Simple consideration based on
stray electric field at the photoionization/photoexcita- the atomic model predicts that the lifetime of a
tion (PI/PEX) region, background electrons produced Rydberg state is proportional t0[41,42]. However,

by direct ionization and/or prompt autoionization can this prediction is found to be much too low compared
be effectively dispersed in a few hundred nanosec- to lifetimes observed in PFI experiments. The lifetime
onds. As a result, the PFI-PE detection can be made extension mechanisms have been a topic of intense

free from background prompt electrons by delaying
the application of the pulsed electric field for PFI by
~1-5us with respect to the excitation laser pulse. We
note that PFI-PEs are near ZEKEs formed slightly (a
few cm 1) below the true |IE. The observed PFI-PE
peak is lower than the true IE by the Stark shi) @és
predicted by the equation

A=AFcm?, (8)

whereF is the magnitude of the pulsed field in Volts
per centimeter and\ is ~6 for adiabatic ionization
(where the molecule follows the lowest energy path)
and 4 for diabatic ionization (where the molecule

investigation in the recent literature. It is generally
accepted that the perturbation induced by stray elec-
tric fields or by electric fields arising from nearby
prompt ions at the PI/PEX region is the mechanism
for I- andm,-mixings[73-76]. Since highstates have
nearly circular orbits and few interactions with the ion
core, the lifetimes of high-states are longer because
they are more stable against autoionization (and
predissociation, in the case of molecules). Because of
dipole selection rules, the high-Ryberg molecules
initially formed by optical excitation should have low

| quantum numbers. Thé-changing mechanism,
which leads to highet states, can be induced by

stays in one quantum level). Experiments show that electrostatic fields of cylindrical symmetry (such as

the value forA lies in the range of 4—6. On the basis
of the continuity of oscillator strength density, relative

the stray field associated with the ion lenses). The
m-mixing is believed to be induced by noncylindrical

intensities for photoelectron bands observed in a electrostatic fields caused by nearby prompt ions. The
PFI-PE spectrum are expected to be identical to thoselifetime lengthening effect byn, mixing is statistical
resolved in a TPE spectrum, provided that perturba- in nature. The average lifetime for a statistical mixture

tions by nearby autoionizing states are ignored.

of (I, m) states of the same is predicted to scale as

The understanding of Rydberg state properties n*® a prediction in accord with experimental obser

relevant to PFI spectroscopy owes much to the initial

vations.
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2.4.2. PFl-photoion measurements berg states, resulting in a devastating loss of the
Instead of detecting the photoelectrons formed in PFI-PI signal.
the PFI of higha Rydberg species, the same PFI When using the TPESICO method for the prepa-
process can be probed by detecting the PFl-photoionsration of state-selected reactant ions for ion-molecule
(PFI-PIs). Since both the internal energy and mass of reaction studies, correlated ions (ions in specific
a PFI-PI are known, the PFI-PI detection scheme is internal states of interest), together with uncorrelated
more specific and is equivalent to traditional PEPICO ions (i.e., false ions formed in different ion states), are
measurements employing a continuous or pseudo-usually sent into the reaction region to react with the
continuous ionization source. Zhu and Johnson [27] neutral reactants. This is a major disadvantage for the
reported the first PFI-PI measurement in 1991. They application of the TPESICO method for state-selected
have named such measurements mass analyzed€action/ion-molecule reaction studies because it nec-
threshold ion (MATI) spectroscopy. For a detailed €Ssarily involves a subtraction procedure. This would

account on this topic, readers are referred to the recemsignificantly.redgce the S/N ratios of cross.—section
review by Johnson [32]. data, especially in the case where the reaction cross

It has been shown that the achievable energy sections for false ions are greater then those for the
resolutions for PEI-PE and PEI-PI measurements are cOrrelated reactant ions. The application of the PFI-PI

similar and significantly higher than those obtainable method would avoid this problem. Furthermore, E_q'
in conventional TPE measurements. Similar to (7) shows that th&N for a PEPICO measurement is
PFI-PE measurements, the PFI-PI detection scheme‘mtfec'[e‘j by the electron transmission functigq

. . . : which usually has a value of£0.5. The SN for a
requires the dispersion of background prompt ions PFI-PI experiment does not involve tliefactor and
from PFI-Pls by the TOF separation. Since this is P e

more difficult compared to the dispersion of back- should be significantly higher than that for a PEPICO

. . study. This comparison of&N analyses for ion—
ground prompt electrons in PFI-PE detection, fewer y . P . . y
molecule reaction studies using the PEPICO and
PFI-PI systems than PFI-PE systems have been re- . . -
PFI-PI methods also applies to photodissociation
ported. The common strategy for PFI-PlI measure-

. | I de (di field studies of state-selected ions.
ments is to apply a small dc (direct current) fie Efforts have been made to utilize the VUV laser

followed by a delayed electric field for PFI. Since the 5| 5| scheme for the preparation of state-selected
trajectories for neutral high-Rydberg molecules are reactant ions for ion-molecule reaction dynamics
not affected by the dc electric field, the dc field serves studies [77,78]. Because of the high resolution
as a separation field and has the function of deflecting ;-hieved in PFEI-PI studies, it should be possible to
the prompt ions in such a way that they are slightly 5renare rotationally selected reactant ions using this
separated from the high-Rydberg molecules in the  method. Further developments in the application of
ion source. The PFI-Pls produced by a delay PFI field pgj.p| schemes for the study of ion—-molecule reac-

can thus be spatially separated from the prompt ions. tjon dynamics and photodissociation dynamics are to
This separation in the ion source allows the prompt pe anticipated.

ions and PFI-PIs to gain different acceleration during

the ion extraction process, which in turn makes it 2.4.3. PFl-ion pair measurements

possible for the PFI-PlIs to be distinguished from the  Adding to the PFI-PE and PFI-PI schemes in PFI
background prompt ions by TOF detection. The dc experiments, the formation of ion pairs has been
field used also has the effect of depleting the popula- demonstrated in PFI experiments by Hepburn and
tion of very high n Rydberg states, along with  coworkers [33,34]. This PFl—ion pair (PFI-IP) method

lengthening the lifetime for the (intermediate) high- s originally referred as the threshold ion pair produc-
Rydberg level. However, the application of too high a tion (TIPP) spectroscopy. The formation of ion pairs

dc field often reduces the population of higtRyd- as induced by a Stark dc field was first reported by
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Pratt and coworkers in an article concerned with the
ion pair formation of H[79]. The experimental ar
rangement for PFI-IP detection is similar to that
employed for PFI-PI measurements. That is, the
discrimination of background prompt ions is achieved
by a separation dc electric field maintained at the
PI/PEX region. The electric field pulse for inducing
the formation ion pairs is applied after an appropriate
delay with respect to the excitation laser pulse.

The interaction potential for an ion pair state is
analogous to that for a high-Rydberg state and is
Coulombic in nature. Thus, the ion pair potential is
expected to sustain an infinite number of vibrational
levels, similar to an infinite number of Rydberg levels
supported by an electron-ion core potential. In addi-
tion to spectroscopy information for the ion pair state,
the determination of the threshold for the ion pair
formation can be used for determining tbg value
for a neutral molecule provided that the electron
detachment energy for the anionic fragment is known.

The electron detachment energy is equal to the elec-
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species by a second laser. A long-lived higlRyd-
berg molecule can be considered to comprise an ion
core and a weakly interacting electron in a high-
Rydberg state with a near spherical orbit. On the
absorption of the second laser photon by the ion core,
an excited higm Rydberg level with an excited ion
core is formed. The autoionization lifetime of such an
excited Rydberg state is likely shorter than that of the
high-n Rydberg level before photoexcitation. By de-
tecting the ions thus produced as a function of the
second excitation laser frequency, we essentially pro-
duce a high-resolution absorption spectrum of the ion.
This two-color ionization scheme is referred as photo-
induced Rydberg ionization spectroscopy (PIRI) in
the literature [28—-32]. To prepare highRydberg
species for PIRI measurements, the first excitation
laser should be a UV or a VUV laser.

As long as the quantum defects for the lower and
upper Rydberg states are similar, we expect that the
PIRI spectrum is similar to that of the cation. In PFI
experiments, the energy resolution is limited by Ehe

tron affinity (EA) for the reverse process. A good value of the Stark field (see Eg. [8]). However, the
database exists for EA of many simple molecular PIRI method does not require a PFI field. The energy
species, resulting from extensive laser photodetach- resolution for PIRI measurements should be governed
ment studies in the past decades [5]. The PFI-IP basically by the optical resolution of the second laser,
technique has been successfully applied to the studythe quantum defect spread, and natural line widths.
of several diatomic and triatomic molecules [33,34]. Thus, the PIRI method is expected to provide better
These experiments have provided highly accubkyje  resolution than those of PFI-PE and PFI-PI measure-
values for these molecules. Generally, the FCFs for ments in favorable cases. The resolution capability for
the formation of ion pair states from the ground PIRI measurements has not been tested because the
neutral state of a neutral molecule are poor. This may molecules studied to date have natural line widths that
limit the number of ion pair systems that can be are greater than rotational spacings [32].
examined by this method. In principle, the same In principle, there is no limit on the frequency of
information obtained in a PFI-IP study can also be the second excitation laser so long as autoionization is
gained in a high-resolution coincidence study, where induced by such an excitation. Johnson and coworkers
correlated anionic and cationic fragments induced by have performed PIRI measurements by excitation of
PFI are measured. the ion core to rovibrational levels of an excited
electronic state using a dye laser in the visible
frequency range [28—-31]. Recent PIRI measurements
measurements have also been successfully made using infrared
As indicated above, excited molecules in high- lasers, resulting in the excitation of the ion core in
(n=100) Rydberg states formed by pulsed-laser exci- vibrationally excited levels of the ground electronic
tation are found to have extended lifetimes in the state [80].
range of~1-10 us. These lifetimes are sufficiently Since the introduction of the PFI methods, the list
long to allow further excitation of the high-Rydberg of molecules investigated by PFI-PE and PFI-PI

2.4.4. Photoinduced Rydberg ionization
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schemes has been expanding steadily, yielding a cations at a resolution of 0.6 meV (4.8 ¢ FWHM)
growing list of IE values with uncertainties1 meV limited only by the resolution of PFI-PE measure-
(8 cm Y. The rotationally and/or vibrationally +¢ ~ ments [21]. By employing this PFI-PEPICO method,
solved spectra obtained for these molecules have alsotogether with the supersonic beam technique for
provided a wealth of spectroscopic data for the rotational cooling of gas samples, we show that the
corresponding cations. However, the full potential of accurate AE 80 K can be determined unambiguously
the laser-based PFI techniques have not been realizedby the disappearance energy of the parent ion. As a
because of the limited tunable range accessible by result,D, values for many small neutrals and cations
lasers and the time-consuming procedures involved have been determined with unprecedented precision
for laser VUV generation. The real impact of these using the PFI-PEPICO method [99-102]. These ac-
PFI techniques on chemistry requires a high-resolu- curate D, values, along with accurate IE values

tion, broadly tunable VUV source. obtained in PFI-PE measurements, are expected to
serve as new standards and provide an impetus for the
2.5. Synchrotron-based PFI studies further improvement of ab initio quantum computa-

tion models, such as the Gaussian-2 and Gaussian-3

In the past few years, we have established a procedures [36,37,103,104]. Most recently, we have
high-resolution, broadly tunable VUV source at the demonstrated a synchrotron-based PFI-PI detection
Chemical Dynamics Beamline of the Advanced Light scheme [22]. This method shows promise to become
Source (ALS) [16-22]. However, the (pulsed) laser- a general method for state-selected reactant ion prep-
based PFI-PE technique has traditionally required a arations for the study of ion—molecule reaction dy-
delay of ~1-3 us for the dispersion of prompt namics and ion photodissociation dynamics. Using
background electrons [8,25,26]. Thus, this approach is selected examples, we will briefly describe these new
not directly applicable to PFI-PE measurements using developments below.
synchrotron radiation, which is essentially a continu-
ous light source. We have developed a novel synchro- 2.5.1. High-resolution VUV synchrotron facility of
tron-based PFI-PE scheme overcoming the delay the Chemical Dynamics Beamline
requirement and have attained resolutions of 2-5  The high-resolution VUV facility of the Chemical
cm * (FWHM)[20]. Recently, we have improved the Dynamics Beamline consists of a 10-cm period un-
PFI-PE resolution and prompt electron discrimination dulator (U10), a gas harmonic filter [105], a 6.65-m
by introducing the TOF detection scheme [19]. This Eagle scanning monochromator, and a multipurpose
method has achieved a PFI-PE resolution of I¢m  photoelectron-photoion apparatus [16—22].
(FWHM) at 12.123 eV, which is similar to that Synchrotron radiation arises because of motion of
attained in laser-based PFI-PE studies. The ease oflight elementary charged particles, such as electrons,
tunability of this ALS synchrotron source has made that approach the speed of light and are deflected in
rotationally resolved PFI-PE measurements for many their trajectories by magnets. The radiation from an
molecules a routine operation [81-98]. The high electron storage ring, such as the ALS, is given off in
sensitivity of the photoelectron-photoion apparatus the forward direction and is observed in the laboratory
has allowed the measurements of rotationally resolved as a small cone along the trajectory of the electrons.
photoelectron spectra of many diatomic molecules, The ALS radiation is 99% polarized in the horizontal
covering vibrational levels up to the dissociation plane perpendicular to the direction of the photon
limits of the corresponding diatomic ions beam [18]. Compared to second-generation synchro-
[90-92,95,96]. tron light sources, the ALS is a third-generation light

Recently, we have developed a synchrotron-based source, which provides higher photon intensities and
PFI-PE-photoion coincidence (PFI-PEPICO) method, smaller spot sizes. The tighter focusing of the electron
which makes possible the internal state selection for bunches in third-generation synchrotron sources al-
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lows a more effective coupling of insertion devices, energies higher than the IE, 24.59, 21.56, or 15.76 eV,
such as undulators, to further magnify the photon respectively, can be effectively suppressed.
intensities. An undulator is installed in the straight The filtered undulator VUV beam, which consists
sections of the storage ring and consists of a periodic predominantly of the first undulator harmonic, was
array of permanent magnets, which force the electrons directed into the 6.65-m monochromator, where the
to oscillate with a period of a few centimeters over a VUV beam was dispersed before refocusing into the
length of several meters. Since each wiggle emits PI/PEX region of the photoelectron-photoion appara-
synchrotron radiation in the same forward direction, tus by a toroidal mirror. The VUV photon spot size at
the undulator has the effect of amplifying the syn- the PI/PEX region is estimated to be 0.3 mm in width
chrotron light intensity. Because of the interference @nd 0.2 mm in height. The 6.65-m monochromator is
effect, an amplification factor up to the square of the €duipped with a 4800 lines/mm grating and has
number of periods can be achieved using an undula- demonstrated the resolving power ofAE/ 72,000
tor. As for the U10 undulator associated with the 100,000 inthe VUV range of 6-30 eV [17,19], where
Chemical Dynamics Beamline, the number period is E @ndAE represent the photon energy and photon
43. The fundamental or first harmonic of the Ulo €nerdy bandwidth, respectively. This resolving power
undulator radiation has a VUV bandwidth 6£2.5% is close to that achieved in common VUV lasers.
and a photon intensity of10'° photons/s [18]. \E;S?/enﬁir;g Q”t the.tresglutiondand. gra}tir:ﬁ used, thfe

Lo - oton intensity observed varies in the range o

The ALS storgge rlng is capable of filling 328 10-° fo 10°2 photons?;s (18], 9

electron buckets in a period of 656 ns. Each electron

bucket emits a light pulse of 50 ps with a time qu PFI-PE measurements, the photon energy cal-
. . ibration was achieved using the known IEs of the rare
separation of 2 ns between successive bunches

[16,18]. In each storage period, a dark gap of 16-144 ?ni;slziul(:se& QNE' Alilro K;'n dag r;(f:;sirr}:éo;n?::(ihm;c
ns consisting of 8—72 consecutive unfilled buckets e

. L ; ) .~ same experimental conditions [16,18]. This calibra-
exists for the ejection of cations from the ring orbit. . .
. , i tion scheme assumes that the Stark shifts for the
Thus, in the multibunch mode, the synchrotron ring

C ) molecules of interest and the calibration gases are
has 256-320 electron bunches in its orbit, corre-

) i identical. On the basis of previous experiments, we
sponding to a r_epetltlon rate of 399_488 MHz. The estimate that the energy calibration has an uncertainty
ALS storage ring also operates in the two-bunch

. . ~ of £0.5 meV [86,90].
mode, where the time separat!on between sgcpesswe Fig. 1 depicts the schematic diagram of the photo-
bunches is 328 ns, corresponding to the repetition rate

) = electron-photoion spectrometer, showing the lens ar-
of 3.04 MHz. Because of the high repetition rate of

rangement for electron and ion TOF detection [21].
the ALS radiation, it can be regarded as a pseudo- Typical voltages applied to the lens E1-E5 and 11-111
continuum light source. associated with the electron and ion TOF spectrome-
Using the U10 with the synchrotron ring operated ters, respectively, are also shown in the figure. Two
at 1.5 GeV electron energy, the first order (or funda- sets of dual microchannel plates (MCP) were used for
mental) of the undulator harmonics can be tuned in electron and ion detection. The midpoint between 11
the photon energy range from 8 to 30 eV [16,18]. and E1 defines the PI/PEX center. The electron TOF
Harmonics that appear at energies higher than the firstspectrometer has been modified from the one used in
order (or fundamental) harmonic of the undulator previous experiments [20]. The main difference was
spectrum can give rise to a major source of back- that the hemispherical analyzer had been removed and
ground in a photoionization experiment. Thus, a rare only a steradiancy analyzer was used as the electron
gas harmonic filter was designed to suppress theseTOF spectrometer, as shown in Fig. 1.
higher harmonics [105]. Using a rare gas, He, Ne, or  The gas sample is usually introduced into the
Ar, as the filter gas, higher harmonics at photon PI/PEX region as a skimmed supersonic beam pro-
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Fig. 1. Schematic diagram for the PFI-PEPICO spectrometer [21]. The electron lenses and ion lenses are labeled as E1-E5 and 11-11
respectively. The PI/PEX center is defined by the centered between |1 and E1. Electrons and ions are detected using MCP detectors. The
TOF spectrometer consists of acceleration region |, acceleration region Il, and a drift region with the distances of 4.83, 0.54, 46.63 cm
respectively. Typical voltages applied to individual lenses are given in parentheses.

duced in a two-stage or three-stage differentially tron ring period where no synchrotron light is emitted.

pumping arrangement [16]. The sample can also be Two schemes [19,20] have been developed and suc-
introduced as an effusive beam at 298 K through a cessfully applied to PFI-PE measurements of many
metal orifice with a diameter of 0.5 mm and a distance atomic and molecular systems. The earlier method

of 0.5 cm from the PI/PEX region [87]. [20] involves the used of an electron spectrometer,
which is equipped with a steradiancy analyzer and a
2.5.2. PFI-PE measurements hemispherical energy analyzer arranged in tandem.

The synchrotron-based PFI-PE schemes make useUsing such an electron spectrometer, we have previ-
of the dark gap—a short time lapse in every synchro- ously shown that PFI-PEs can be detected with little



Ng/International Journal of Mass Spectrometry 200 (2000) 357-386 369

N

LIS B B B B B R B B B L B B Bt L B B W

@ — | 112ns |+

Beam
Current /mA

PUR TSNS T T T TN YT VO T SN AN S ST [NV T T NNV WO SN SO A
LI s s s s R B B N B R N ML B

L (b)

1

Repeller
Field / Vem’

e e

L (c)

Electron Collection Window
s

—
(=]
(=
(=]
I
|

500 . .

Electron Signal (arb. units)

ol b b v b by sy

0 100 200 300 400 500 600
Time of Flight /ns

Fig. 2. The timing structures fog] the pattern of VUV light bunches emitted in the ALS multibunch mobgttie electric field pulses applied
to lens E1 (see Fig. 1); and)(the electron TOF spectra of PFI-PHE#i€d circleg as observed at the A(?P,,,) PFI-PE peak and hot or prompt
electrons @pen circle} as observed at the Ar(1)sautoionizing state [19].

background from prompt electrons after only an 8-ns  Fig. 2(a) shows the pattern of the ALS light pulses
delay with respect to the beginning of the dark gap. in a typical multibunch operation. The two shaded
The most recent PFI-PE scheme [19] employs the areas represent stacks of uniformly spaced synchro-
TOF method for the selection of PFI-PEs and is tron microlight bunches (width50 ps, separaticn2
superior to that using the electron spectrometer. ns) [19. For clarity, the 112-ns dark gap is shown
Here, we use Ar as the gas sample to illustrate the centered in the 656-ns ring period in Fig. 2(a).
TOF PFI-PE selection scheme [19]. In this scheme, a Following a delay of some 20 ns with respect to the
dc field of 0.2 V/cm was applied to the PI/PEX region beginning of the dark gap, an electric field pulse
for pushing hot electrons arising from autoionization (width=40 ns) in the range of 0.3-1.5 V/cm was
and direct ionization toward the electron detector. We applied to the PI/PEX region [see Fig. 2(b)] [19]. The
note that a dc field has the effect of inducing the frequency of the electric field pulse for the PFI was
ionization of highn Rydberg states and, thus, lower- 1.53 MHz, which is consistent with the ring period.
ing the PFI-PE intensity. However, experiments show When the photon energy was set to coincide with the
that the decrease of the PFI-PE signal caused byAr*(?P,.,) PFI-PE peak at 15.7596 eV, the observed
field-induced ionization is minor for a dc field ef0.2 TOF spectrum [Fig. 2(c), solid circles) for PFI-PEs
Viem. was found to exhibit a single peak with a full width of
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~40 ns [Fig. 2(c)] [19]. We note that the time zero of
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hemispherical energy analyzer requires a sufficiently

the TOF spectra shown in Fig. 2(c) corresponds to the high PFI field pulse for attaining a high electron

triggering pulse provided by the ALS, the position of
which is arbitrary. Partly because of the small VUV
spot size at the PI/PEX region, the observed TOF
peak for PFI-PEs was narrow. We note that the
observed full width of 40 ns is equal to the width of
the PFI pulse. This observation indicates that the
PFI-PEs formed within 40 ns during the application of
the Stark pulses were highly monoenergetic with little
dispersion as they traveled from the PI/PEX region to

transmission [20]. The relatively high Stark pulse
required also limits the attainable PFI-PE resolution.
The transmission of PFI-PEs in this TOF scheme does
not have a strong dependence on the applied pulsed
electric field. Fig. 3(a) and 3(b) shows the PFI-PE
bands of Xé&(*Ps;,) and Ar"(°P.), respectively,
measured using the TOF selection schedfeThe
pulsed field used in this measurement wa$.3
V/cm. The Gaussian fit to these PFI-PE spectra

the electron detector. No prompt electrons can be reveals a resolution of 1.0 cm (FWHM) for the
observed at 15.7596 eV because this energy is belowXe ™ (°P,,,) band at 12.123 eV and 1.9 ¢crh(FWHM)
the IE of Ar. It can be seen from the comparison with for the Ar"(?P,,) band at 15.760 eV. These resolu
the positions of the Stark pulse [Fig. 2(b)] and the tions are more than a factor of two better than the best
TOF peak for PFI-PEs that the TOF for PFI-PEs from resolutions recorded for these PFI-PE bands in previ-
the PI/PEX region to the electron MCP detector is ous ALS experiments [20] and are closer to the best
~50 ns. As the photon energy was slightly increased resolution (0.3 cm?®, FWHM) reported [106,107]
above the IE for the formation of A(°P,.), the using laser PFI-PE techniques.
single TOF peak for PFI-PEs disappears and an The rotationally resolved PFI-PE band for
electron TOF spectrum for prompt electrons resem- H2+(X229+, v"=0) obtained using the TOF scheme
bling the synchrotron orbit pattern was observed as and the hemispherical energy analyzer [20] are com-
these electrons are extracted continuously by the pared in Fig. 4(a) and 4(b), respectively [19]. The
small dc field. The electron TOF spectrum [Fig. 2(c), positioning of rotational transitions (N J 178) from
open circles] observed using a 1.5-V/cm Stark pulse rotational J levels for H, to rotational N levels for
at 15.7655 eV corresponding to the position of the H," are marked in these figures. The resolution of the
Ar(11<) autoionizing Rydberg state is also shown in spectrum shown in Fig. 4(a) is clearly better than that
Fig. 2(c). In this spectrum, a small electron signal of Fig. 4(b). The spectrum of Fig. 4(b) is significantly
caused by prompt electrons was observed uniformly contaminated by nearby strong autoionizing reso-
in time except in a window of~110 ns corresponding  nances [108]. Nearly all the background peaks origi-
to the width of the dark gap, where essentially no nating from strong autoionizing states seen in Fig.
electrons were formed. 4(b) are suppressed in the spectrum of Fig. 4(a). We
The location of the PFI-PE peak in the TOF estimate that the background electron suppression
spectrum depends on the height of the Stark pulse andachieved using the TOF PFI-PE selection scheme is
the delay with respect to the beginning of the dark ~10 times better than that observed using a hemi-
gap. These parameters were adjusted such that thespherical analyzer for PFI-PE detection.
TOF peak for the PFI-PEs fell in the middle of the
112-ns window where no hot electrons were observed 2.5.3. PFI-PEPICO measurements
and, thus, achieved a clear separation of prompt The PFI-PEPICO experiment requires the coinci-
electrons from PFI-PEs. As a result, PFI-PEs can be dence detection of PFI-PE and PFI-photoion with
easily detected free from background prompt elec- high efficiencies [21]. In this scheme, a dc field of
trons by setting a gate with a width corresponding to =0.20 V/cm was applied across the PI/PEX region as
the width of the TOF peak for PFI-PEs [Fig. 2(c)] inthe PFI-PE detection [19]. The application of a PFI
[19]. electric field pulse (heighkt7.0 V/cm, width=200 ns)
The previous PFI-PE detection scheme using a was delayed by=10 ns with respect to the beginning
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circles) obtained using a pulsed field of 0.3 V/cm [7]. A Gaussian fit obtained using a least-squares fit is alsolistedwe\ealing a FWHM
of 1.9+0.3 cm . The 4800 lines/mm grating was used. The monochromator entrance/exit slits are set gur80i@0both @) and ),

corresponding to a nominal wavelength resolution of 0.0096 A (FWHM).

of the 112-ns dark gap. We note that this same electric limits the achievable PFI-PEPICO resolutiond..0

field pulse also serves to extract the PFI-Pls toward meV (FWHM). The PFI-PEPICO experiments de-
the ion detector. By comparing the coincidence rate scribed here, unless specified, were performed using
with the PFI-PE and ion detection rates, we estimate this scheme.

the collection efficiencies for PFI-PE and PFI-PI to be The highest PFI-PE resolution achieved so far
7.3 and 19.3%, respectively, at the PFI-PEPICO peak involved the use of a shaped pulse for PFI and ion
for Art(°P,,,). The use of a relatively high pulsed extraction [21]. The shaped pulse consists of a low
electric field, on one hand, makes this PFI-PEPICO field pulse &1 V/cm, duration~20-40 ns) for PFI
scheme more sensitive. On the other hand, it also immediately followed by a higher pulse>{ V/cm,
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30

———— —_— lowed by a 7-V/cm high field pulse (duratioal50

@, s s ns). The shaped pulse used is shown in the inset of
s wl | b ) Ty 2 Fig. 5. The Gaussian fit to the A{Ps,) and
E l T L2 Ar*(®P,,) bands gives experimental resolutions of
gj ' 0 s 11 0.5-0.6 meV (FWHM). The PFI-PEPICO intensity is
=0 0 4 ~25% of the PFI-PE intensity, indicating that good
& I ] collection efficiencies were achieved for both PFI-PEs
ol A }L_j S and PFl-photoions. The shaped pulse basically solves
60 (bz) bt et the dilemma of achieving a high photoelectron reso-
LN =1 ] lution (requires a low electric field pulse) and a high
o w0l r b 2 T ion transmission (requires a high electric field pulse).
g ' ' | |3 2 Assuming that a gaseous sample with an average
£ T o center-of-mass translational enefgy,, as character
=20 0 ized by a translational temperatufeis photoionized
& I ] and sampled by a TOF mass spectrometer, we ex-
0 WWWJJW N pected to observe a TOF peak with a full-widhh
S U S according to the prediction [21,22]
15.35 15.40 15.45
hv /eV At = 8m Eczm. (9)
Fig. 4. PFI-PE spectrum for H (XS, v =0) recorded ) using \ (qF)

electron TOF analysis with a 0-V/cm dc field, and a 1.50-V/cm . . . o
pulsed field across the interaction region [19]. The 4800-lines Here,mis the ion massk is the electric field at the

grating was used. The monochromator entrance/exit slits are set at PI/PEX region, andj is the elementary charge. Th¢
10/10 um, corresponding to a nominal resolution of 0.0064 A : ; ; _
(FWHM), (b) using a hemispherical and steradiancy analyzer in Va,'lue (full width) of the TC_)F peal_( IS Slmpl,y deter
tandem and a 0.67 V cnt pulsed field at a nominal wavelength ~Mined by the turnaround time of ions moving away
resolution of 0.048 A (FWHM) [8]. from the ion TOF detector. Eq. (9) predicts that the
TOF peak width for PFI-PEs is expected to be very

narrow because of the low electron mass. The electron

duration ~150 ns) for ion extraction. By collecting T OF spectrum of Fig. 2(c) confirms the latter expec-
only PFI-PEs from the low field pulse, the resolution fation. We compare in Fig. 6 the PFI-PEPICO spectra
is expected to be higher than that obtained in the for Ar*(*Py;) observed using a supersonic beam
above scheme, where a 7-V/cm PFI pulse is used. An (Upper spectrum) and an effusive beam (lower spec-
important experimental consideration is that the PFI- trum), respectively, to introduce the Ar sample [22].
PEs formed by PFI because of the low field pulse The upper TOF spectrum exhibits a sharp peak
must exit the PI/PEX region before the employment (FWHM=~100 ns), which can be attributed to ‘Ar

of the high field pulse. As the PFI-PEs enter the formed by photoionization of Ar in the supersonic
electron TOF spectrometer, they are shielded from the beam with anE.,, corresponding to a translational
high field pulse by the grid located at the aperture of temperature of=20 K. In addition to the sharp TOF
lens E1 (see Fig. 1). Thus, the high field pulse for ion component, the upper TOF spectrum is found to have
extraction would not disturb the TOFs of PFI-PEs a broad base, which can be attributed to" Aons
produced by the low field pulse. Fig. 5 compares the produced by photoionization of thermal (298 K)
PFI-PE (open circles) and PFI-PEPICO (solid circles) ambient Ar background in the PI/PEX region. That is,
bands for A" (°Ps,.1/,) Obtained using the shaped- these ions have a., corresponding to 298 K. This
pulse scheme [21]. These spectra were obtained usingconclusion is supported by the comparison with the
a 0.5-V/cm low field pulse (duratior=40 ns) fol- effusive TOF spectrum (lower spectrum) in Fig. 6,
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coincidence scheme [21]. The shaped pulse is shown in the inset. It consists of a 0.5-V/cm low field pulse {ed@atignfollowed by a
7-Vicm high field pulse (duration150 ns). The Gaussian fit to these bands yields a resolution of 0.6 meV (FWHM) for both the PFI-PE and

PFI-PEPICO bands.

where the intensity of the latter spectrum has been we estimate that the Ar sample observed consists of
normalized to that of the broad component of the cold 85% of cold Ar in the supersonic beam and 15%
TOF spectrum. A magnified view comparing the base thermal background Ar in the photoionization cham-
for the upper TOF spectrum and the effusive TOF ber. This ratio of 85 : 15 for the cold and thermal Ar
spectrum is depicted in the inset of Fig. 6. The is roughly consistent with the estimated number
effusive TOF peak is found to have a FWHM-=700 densities for the Ar supersonic beam and thermal
ns. The complex structure observed for the effusive background Ar at the PI/PEX region. In addition to
TOF peak mostly results from the pseudocontinuous providing this estimate for the cold/thermal ratio for
nature of the ion extraction. Simulation shows that the Ar, this experiment shows that in a PFI-PEPICO
extraction of Af" from the ion source, that is, the study of a dissociative photoionization reaction, it is
region defined by 11 and E1, requires several PFI- possible to distinguish the dissociation of cold ions
extraction field pulses. On the basis of the relative from that of thermal background ions based on their
intensities for the narrow and broad TOF components, TOF profiles.
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Fig. 6. PFI-PEPICO TOF spectra for A@P;,,) obtained using an Fig. 7. Background-subtracted PFI-PEPICO TOF spectra for O
Ar supersonic beam sample (upper spectrum, translational temper-and Q. from O, at 18.7193-18.7227 eV obtained using an
ature~20 K) and an effusive Ar beam (lower spectrum, tempera- effusive G, beam [21].

ture=298 K) [22]. The intensity of the 298 K spectrum has been

normalized to the broad component of the 20 K spectrum. The inset

shows a magnified view, comparing the 298 K spectrum with the . . . .
broad Compgnem of the 20 Kpspecfrum_ P energies of 18.7193-18.7227 eV are depicted in Fig.

7. The resulting breakdown data are plotted in Fig.
8(a), where the solid circles represent the branching
_ ratios of O" and the solid squares are those fogr O

PFI-PEPICO technique for state-selected ion dissoci- At a given photon energy in the breakdown diagram
ation studies and accurate energetic measurements fo'ihe sum of the branching ratios for‘Cand O, is '

ion and neutral species, we have summarized the
results of the PFI-PEPICO studies on, @nd CH,
below [21,99]

To illustrate the merits of the newly developed

normalized to 1.0.

Fig. 8(b) shows the PFI-PE band for, Gb"s,,~,
v =4), together with its simulation [21]. The mark-
ing of the AN=N*—N""=-2, 0, and+2 (or O, Q,
2.5.3.1. Rotational-state-selected dissociation study of and S, respectively) rotational branches is also shown

0, (b3, v =4) in Fig. 8(b). Here N and N’ are the rotational
The lowest dissociation threshold for,O is quantum numbers for O and O, respectively. We
known to occur just below & (b*>,, v =4, note that the numbers marked in Fig. 8(b) ar€ N

N*=9) [109-112]. Since the thermal ,0sample values. The simulation allows the estimation of pop-
promotes the populations of N=9 rotational levels, ulations for the N levels. The dashed line of Fig. 8(b)

which are responsible for the formation of"Grag- shows the population of O(b*,~, v =4, N"<9),
ments in the PFI-PEPICO measurement, we have which is expected to produce stable paregt @ns.
examined in detail the branching ratios for" @nd Our previous lifetime measurements for excited

O," from O, in a PFI-PEPICO TOF experiment using high—Rydberg states of {§O,*[ n]) converging to the
an effusive Q sample. We have obtained PFI- dissociative Q" (b*S,”, BS, , and ¢3,7) states
PEPICO TOF spectra in the energy region of show that prompt dissociation of &n) occurs to

18.7129-18.7253 eV at an energy increment of 0.5 produce O*(')+O and that PFI-PEs observed at

meV [21]. Selected TOF spectra measured at photon energies above the ion dissociation thresholds result
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Fig. 8. @) Breakdown diagram for the formation of'@S)" O(P) from O, in the energy range of 18.705-18.730 eV [21]. The solid circles
represent the branching ratios of Oand the solid squares are those forOAt a given photon energy, the sum of the branching ratios for
O" and Q" is normalized to 100.t) PFI-PE spectrumopen circle$ for O,*(b*,~, v =4) in the energy range of 18.705-18.730 eV [15].
The simulation based on the BOS model is shown in solid line (see the text). The marking &iflthe 2, 0, and+2 (or O, Q, andS
respectively) rotational branches are also showm)jnThe numbers given irbf are N’ values. The dashed line df)(shows the population

of 0,"(b*24™, v =4, N"<9), estimated based on the simulation.

mostly from PFI of O*@’) [82,85,87]. Here, O*’) This dissociation-PFI mechanism is expected to be
represents an oxygen atom in a highRydberg state.  valid for highn Rydberg states converging to a

In this case, the Of() state converges to the Q'S) dissociative ion core with a dissociative lifetime
limit, and the sequential steps for the PFI-PE forma- shorter than the experimental time scale~af0 " s.
tion are shown in process (10). The dissociation lifetimes for 9 (b"S,~, v =4) are

known to be<4 ns [109-112].
If we assume that the population ofzdb“zg’,
—0*(*S)+ e + OCP) (10) v =4, N"=9) led to prompt dissociation, the popu-

0, + hy — 0,*(n) — 0*(n’) + OCP)
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lation for O,*(b*%,~, v© =4, N"<9) represents the
intensity of Q" observed in the PFI-PEPICO TOF
spectrum. The calculated branching ratios for &nd
O," are shown as the solid and dashed curves,
respectively, in Fig. 8(a), which are found to be in
good agreement with the experimental results. Two
crossover points were observed in this breakdown
diagram because the population of G(N7) occurs
on the low-energy side and that of S{N7) lies on
the high-energy side of the O(b"3,~, v =4) band.
The crossover point at 18.7207 eV locates between
Q(N"=7 and 9). The other crossover point at 18.7234
eV results from the population of N(>7) levels via
the S branch.

The experimental breakdown data shown in Fig.
8(a) indicate that complete dissociation of Goccurs
at energies>18.7253 eV and<18.7129 eV and are
consistent with the previous finding that the dissoci-
ation threshold for O(“S)+OCP) lies at Q" (b*S,~,
v'=4, N"=9). The significance of this experiment is
that it demonstrates the feasibility of selecting specific
rotational states of diatomic ions for unimolecular and
bimolecular reaction dynamics studies using this syn-
chrotron-based PFI-PEPICO scheme.

2.5.3.2. The H-loss threshold for the dissociation of
CH,"

For dissociation studies of polyatomic cations, the
resolution of the PFI-PEPICO method is insufficient
for the selection of specific rotational levels. As
shown in the PFI-PEPICO study of GHwe have
established that highly accurate AE values for some
ion dissociation reactions can be determined by the
disappearance energy of the parent ion [99].

Fig. 9 depicts selected PFI-PEPICO TOF spectra
measured near the dissociation threshold for,CH
from CH, [99]. At 13.9225 eV, only parent CH ions
are observed, whereas only daughter,Chbns are
found at 14.3240 eV. As shown by the PFI-PEPICO
TOF spectrum for AF (?P,,,) in Fig. 6, the present ion
TOF setup is sensitive to the idf,,,. At 13.9225 eV,
the CH," TOF peak is composed of a narrow and a
broad component caused by photoionization of cold
(=30 K) CH, in the supersonic beam and thermal
(298 K) background CHl in the photoionization
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Fig. 9. PFI-PEPICO TOF spectra of Gldt hv=13.9225, 14.3044,
14.3162, 14.3201, and 14.3240 eV obtained using a dc electric
background field of 1.3 V/cm [99]. The TOF peaks centered at
14.10 and 14.3%us are caused by CHl and CH,*, respectively.

chamber, respectively. The ratio of these intensities
for the cold and thermal CHs found to be=~85 : 15,
which is similar to the cold/thermal ratio observed for
the Ar system. As thév is increased to 14.3044 eV,
a broad TOF peak for CH was observed, concom
itant with the disappearance of the broad thermal
component for the Cji TOF peak. The TOF peak
structures resolved in Fig. 9 unambiguously show that
CH,™" formed at 14.3044 eV are mostly produced by
dissociation of rotationally excited GH formed in
the photoionization of thermal CGH The narrow
components of the TOF peak for GHresulting from
the dissociation of cold Ci are observed with
increasing intensity as théw is increased from
14.3162 to 14.3201 and to 14.3240 eV.

Since the PFI-PEPICO TOF spectra resolve the
dissociation caused by cold GHom that of thermal
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Fig. 10. Breakdown curves of G and CH," in the hv range of
14.300-14.325 eV [99]. The experimental fractional abundances
for CH,™ and CH," obtained based on the entire daughter ion

signal are open circles and filled circles, whereas those obtained

using only the cold daughter ion signal are indicated as open
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component accounts for nearly 50% of the total,.CH
signal. For the decay of Cf4, there are two important
competing decay channels, that is, autoionization and
fragmentation. Clearly, in the PFI experiment only
those CH* molecules that have survived autoioniza
tion and fragmentation for a time longer than the
delay time for the application of the PFI pulse can be
observed by PFI. Autoionization of CHis accessi

ble in the entire energy range studied since the
energies are far above the IE of CHf the CH," core

is dissociative with a lifetime shorter than the delay
time for the PFI pulse, prompt dissociation of &H
will occur to form CH* +H, where CH* represents
CH; in a highn Rydberg state. The pivotal point is
that the CH* radicals formed by fragmentation of

squares and filled squares, respectively. The lines are simulations CH,* near the dissociation threshold are preferen

curves: solid line, 33 K ensemble; closely dashed line, 33 K
ensemble with 15% thermal background and 90% loss of parent
ions; and loosely dashed line, 33 K ensemble with 15% thermal
background and with an energy-dependent loss. See text.

CH,, we have analyzed the TOF spectra by taking into
account only the cold Ck ion signal based on the
narrow TOF component. Fig. 10 shows the experi-
mental breakdown data for GH (open squares) and
CH," (solid squares) in théw range of 14.300—

14.323 eV [99]. As expected, these data form steep . o
f cules formed below the dissociation threshold are lost

breakdown curves, which represent the dissociation o
cold CH," formed by photoionization of superseni
cally cooled CH (33 K). We were able to make
excellent simulation of these breakdown curves. The
0 K AE(CH") thus determined is 14.323.001 eV
[99].

The open and solid circular symbols in Fig. 10
show the respective fractional abundances of,CH
and CH," derived by taking into account the cold and
thermal components of CH. These breakdown data
exhibit a considerable amount of fragmentation be-
tween 14.30 and 14.32 eV. Qualitatively, the main
origin of this fragmentation signal arises from thermal
CH," formed by photoionization of 298 K CH
However, the amount of fragmentation is significantly
higher than the estimated thermal £background of
~15% in thehv range below the 0 K threshold. For
example, at 14.316 eV the broad thermal £H

tially formed below the IE of CH Thus, we may
conclude that autoionization is not readily accessible
for CHz* and is predominately operative for GH
For CH;* formed slightly above the dissociation
threshold, it can also autoionize. However, the auto-
ionization of this CH* may still be less probable than
that of CH,*.

On the basis of the above picture for the decay of
CH,*, we have performed simulation for the break
down data by assuming that 90% of all Hnole-

because of autoionization [99]. Although this simula-
tion (short-dashed lines in Fig. 10) represents a major
improvement over all simulations neglecting this loss
channel, the agreement with the experimental break-
down data including the entire ion signals (circles in
Fig. 10) is by no means satisfying. Reasonable agree-
ment between the experimental data and the simula-
tion is obtained only if we assume that the amount of
parent CH* lost because of autoionization varies
with excitation energy. The long-dashed lines in Fig.
10 have been obtained assuming that the amount of all
parent CH* lost decreases fromr92% at 14.303 eV

to ~68% at 14.323 eV [99]. Since the rotational
energy distribution of CEf is basically identical to
that for CH, before photoexcitation, this assumption
implies that the loss depends on the rotational angular
momentum of Ck. This variation of loss is most
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1.0 the coldest part of the neutral energy distribution
1 reaches above the dissociation threshold. We empha-
g 081 size that for the parent disappearance energy to serve
g 0.6_' as a true measure of@éh0 K AE, the dissociation
= | reaction must be prompt; that is, the dissociation
g 0.4 lifetime of the excited parent species is shorter then
R the time scale410 ’ s) of the present experiment.
0.2 We note that in TPEPICO studies, where the thresh-
0.0 ] . ¥ old phptoelectron measurements were affected by the
14.29 14.30 1431 14.32 143 hot-tail problem, the fractional abundance for the

hv/eV parent is not zero at the ion dissociation threshold.
Fig. 11. Experimental breakdown data for CHCH," based on Thus, the_ dlsappearance energy for the parent ion
total ion signals, which are measured at dc fields of 0.87 vicm Observed in such TPEPICO studies cannot be used for
(open trianglefsolid triangleg, 1.30 V/cm ppen squardsolid the determinationfo0 K AEs.
square$, and 1.74 V/cm (pen circlegsolid circleg. Note that the ; ;
disappearance energies for £Hare identical [99]. From th? d|sappearance energy for ‘CH)f Fig.

11, we derie a 0 K AE 0f14.323+0.001 eV for the

formation of CH* from CH, On the basis of
previous PIE and TPEPICO studies, the 0 K

likely caused by a variation of the autoionization i S
lifetime of CH,*. AE(CH;") varies in the range of 14.28-14.33 eV

We have recorded experimental breakdown curves [28:113,114]. Although the present experiment is
at different dc fields in the range ef0—2 V/cm (Fig. compatible with previous studies, it is characterized

11) [21,99]. The most striking observation is that the PY @ significantly higher accuracy. The adiabatic IEs
crossover energy is found to depend strongly on the ©f CHs (9.8357£0.00037 eV) [115] and CH
dc Stark field. This observation indicates that the (12.618-0.004 eV) [116] have recently been accu-
patterns of lown interloper Rydberg states for GH rately determined from rotationally resolved PFI-PE
and CH, involved in the Stark ionization are different, Mmeasurements. Combining these values with the present
resulting in different dc field dependencies for the O K AE(CH;") leads toDy(H-CH;)=4.487+0.001 eV
PFI-PE intensities for Ckt and CH,*. This effectis ~ andDo(H-CHs;")=1.705+-0.004 eV [99].
expected to be general for most molecules and may The necessary condition for obtaining accurate AE
give rise to irregular structures of the experimental Values in applying this PFI-PEPICO method is that
breakdown curves obtained in PFI-PEPICO TOF the dissociation lifetime for the energy-selected parent
measurements [21,99]. ion is shorter than the time scale of the present
Since the crossover energy depends on the Stark€xperiment. This requirement limits the applicability
electric field in a PFI-PE study, this does not appear to of this method to small molecular ions with dissoci-
be a good property for derivin0 K AEs [21,99]. ation lifetimes of~10" " s near the dissociation onset.
However, there is a unique feature, namely the disap- We are in the process of installing a reflectron mass
pearance energy of the parent molecule, in the PFI spectrometer for coincidence ion detection. Using
breakdown curve, which can be used to characterize such a spectrometer, ion dissociation lifetimes up to
the 0 K AE. As shown in Fig. 11, although the shapes ~10 2 s for energy-selected ion dissociation pro
and crossover points of the breakdown curves ob- cesses can be examined. Thus, we expect that the
served at different dc field are different, the disap- reflectron PFI-PEPICO apparatus can be applicable
pearance energy for the parent CHon is found to for accurateD, determination for larger molecular
be an intrinsic feature. The disappearance energy of ions with a dissociation lifetime up to I6to 10 *s
the parent molecular ion is that energy, which even [53].
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2.5.4. PFI-PI measurements [21]. Although the use of a largét value reduceat,

We have demonstrated that the synchrotron-basedwe found that it is necessary to $e£1.74 V/cm to
TOF selection method for PFI-PE detection [19] can avoid a devastating loss of the PFI signal because of
also be applied for the detection of PFI-Pls using the Stark ionization [21]. Thus, for a given ion mass, a
two-bunch synchrotron radiation at the ALS [22], practical mean for reducing th&t value is to mini-
which has a dark gap of 328 ns. We have demon- mizeE_,, by introducing the sample gas in the form of
strated the experimental scheme in the PFI-PI mea- 3 supersonic beam.
surement of Hand Ar.

Referring to Eq. (9), thé\t value of an ion TOF 2.5.4.1. PFI-PI band for H' (v =0, N"<-J'")
peak is determined by the ion massthe average ion Fig. 12(a) shows the TOF spectrum of H(solid
kinetic energyE;,, along the TOF axis, and the (jrcles) taken at 15.4186 eV corresponding to the
extraction electric field= at the PI/PEX region. We (v =0, N*=1<J'=1) transition. Here, N and J’

may viewAt as a measure of the dispersion of ions as gye the rotational quantum numbers fos'Hand H,
they are transported from the PI/PEX region to the respectively. The TOF spectrum of ,H (solid

electron or ion detector. Because of the light mass of squares) observed at the autoionization resonance at

electrons, the small Qispersion of prompt.electrons 15.4370 eV is plotted in Fig. 12(b). These spectra
and PFI-PEs results in the clear separation of the cover the region of one ALS period of 656 ns. Since
PFI-PE TOF peaks from prompt electrons, as shown there are no PFI-Pls formed at 15.4370 eV, the TOF

- ) . . .
n Elg;zcs((;:)f' Lhe d|sperfS|onhakt for H, 'ded:aed spectrum reveals only two peaks caused by prompt
to be~60-fold greater for the sant&, andF values. ions centered at 215 and 543 ns, which can be

As a consequence of the larger d|§per3|on aar attributed to H* formed by spontaneous autoioniza
predicted for ions, background prompt ions formed by . . N

. Lo tion and/or direct photoionization of Hn the super
direct VUV photoionization and/or spontaneous auto- . . 2
S . sonic beam. At 15.4186 eV, in addition to these two
ionization are expected to extend into the dark gap, .

. . . prompt ion peaks, two TOF peaks due to PFI-Pls of
making the separation of PFI-Pls from prompt ions HF (N = 1] =1 tound at 77 and 405 A
more difficult. The separation of PFI-Pls from back- 2 ( . ; b th_th) are outn_ a TOI(—?n y ns.d tTw
ground prompt ions using the TOF selection scheme expected, bo c i promp ',Or:j_ , fpeza s an hi he
would require a significantly larger dark gap than that !DF_I'PI TOF peaks have a perlo. icity of 328 ns, whic
used in PFI-PE measurements. For this reason, the's identical to that of the VUV I|ght bunch.

PFI-PI measurements were performed at the two- _1he TOF peaks for prompt H ions observed at
bunch mode, where the dark gap is 328 ns. 15.4370 eV [Fig. 12(b)] have a FWHM of 46 ns. The
The PFI and PFI-PI extraction conditions used are Simulation of these TOF peaks shows that the trans-
similar to those of the PFI-PEPICO study [21]. In the lational temperature attained for,lih the supersonic
PFI-PI study [22], ion TOF spectra were recorded Peam is~20 K. The dark gap, that is, the region
using a multichannel scaler (MCS) triggered by the Petween the adjacent TOF peaks for pr.or_npf kons,
bunch marker, a pulse sent out by the ALS for every iS nearly free of prompt k" ions. The finite prompt
VUV light bunch (328 ns). The procedures for the Hz" ions found at the dark gap are caused bYH
measurement of PFI-Pl TOF spectra are basically the Produced by spontaneous autoionization and/or direct
same as those for PFI-PEPICO TOF measurements,photoionization of thermal (298 K) background i
except that in the later measurement the MCS is the photoionization chamber. We have simulated the
triggered by the detection of an electron instead of a TOF spectra of Fig. 12(a) and 12(b) using two
bunch marker. Gaussians functions with FWHMSs of 46 and 200 ns to
The aspect concerning the influence of the PFI-PE account for the cold (molecular beam, 20 K) and hot
and PFI-PI signals by the dc field maintained at the (thermal background, 298 K) Hsamples. The simu
PI/PEX region has been discussed in detail previously lated spectra (solid line) shown in Fig. 12(b) are
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Fig. 12. TOF spectra for I recorded atd) 15.4186 eV $olid circleg and p) 15.4370 eV $olid squares [22]. These TOF spectra were
recorded using the MCS triggered by the ALS bunch marker. Two Gaussian functions with FWHMs of 46 and 200 ns are used in the simulatiol
to account for the cold (20 K) and hot (298 K) signals, respectively, observed in these spectra. The simulatedlagbetlaciirvesf (a)]

for the prompt ions and PFI-Pls are obtained by assuming cold/hot ratios of 74 : 26 and 50 : 50, respectively. The overall sisulidtion [

line of (a)] represents the sum of the simulated contributions by the cold and hot signals. The simulated spedigidime] of (b) is obtained

by a cold/hot ratio of 74 : 26.

consistent with a ratio of 74 : 26 for the cold and hot expected to lower the PFI-PI intensity, the choice of
signals. this dc field was necessary to yield a narrower TOF
As expected, by measuring the intensities for the peak width for BH*. The positions of ionization
prompt ion and PFI-PI peaks as a function of photon rotational transitions (N, J') are marked at the top of
energy using an 80-ns time gate, we have obtained theFig. 13. Similar to the observation of the PFI-PE
spectra similar to the PIE spectrum for,H and spectrum, the PFI-PI spectrum of Fig. 13(b) reveals
PFI-PI spectrum for K" (v"=0), respectively. After rotational transitions of (0, 0), (1, 1), (2, 2), and (3, 3).
the correction of the background caused by prompt The previous study shows that the relative intensities
H," ions under the K" PFI-PI peak, we obtain the for rotational transitions in the PFI-PE spectrum of H
PFI-PI spectrum for K shown in Fig. 13(b).The depend strongly on the dc electric field maintained at
PFI-PE spectrum for Hobtained using a dc field of  the PI/PEX region [117]. The weaker rotational tran-
4.3 Vicm and PFl field of 1.3 V/cm is depicted in Fig.  sition (3, 3) observed in the PFI-PE spectrum of Fig.
13(a) for comparison with this PFI-Pl spectrum. 13(a) compared to that of the PFI-PI spectrum of Fig.
Although the use of a higher-dc field of 4.3 V/cm was 13(b) can be attributed to the different dc fields used
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T T T T T T the IE[Ar" (®)P,,,], is depicted in Fig. 14(b). The latter
TOF spectrum reveals two peaks centered at 281 and

N'= 3 3
IO R ) 609 ns, which are caused by prompt’Abns formed
[ \ : by direct photoionization and/or spontaneous autoion-
,‘—-— ization. As predicted by Eq. (9), the width for these
0 0 + . . .
E— Ar™ TOF peaks is significantly greater than those

observed for the K" TOF peaks because of the
higher mass for Af. The large TOF dispersion of
Ar™ results in partial filling of the dark gap by prompt
Ar™ ions. Here, it is difficult to separate the compo
nents because of the cold and hot signals. We have
simulated (solid line) the TOF spectrum of Fig. 14(b)
using a Gaussian function with a FWHM of 180 ns.
The TOF spectrum for the PFI-PI Arions shown
in Fig. 14(a) has a similar pattern as that of prompt
Ar™ ions. The two PFI-PI peaks are found at 103 and
431 ns, corresponding to the centers of the dark gaps.
We note that the positions at 281 and 609 ns in this
() spectrum, which correspond to the maxima of the
prompt ion peaks in Fig. 14(b), are found to be
minima. The TOF spectrum of Fig. 14(a) can be
L simulated by assuming a composition of 80% PFI-Pls
15.40 15.42 15.44 and 20% prompt Af ions and by using the Gaussian
ho /e function with a FWHM of 180 ns for the Ar TOF

Fig. 13. Comparison of the PFI-PE band ancj PFI-PIband for  distribution. The contributions of PFI-Pls and prompt
H,"(v*=0, N*<-J") [22]. The positions of rotational transitions  ions are shown in Fig. 14(a) by dashed curves. The

(N*, J’) are marked at the top of the figure. The PFI-PE band is overall simulated spectrum (SOlid curve) represents
measured using a dc field of 4.3 V/cm and PFI field of 1.3 V/cm, . .
the sum of these contributions.

whereas the PFI-PI band is obtained using a dc field of 1.74 V/cm .
and PFI field of 8.7 V/cm, together with background corrections as ~ Although the complete separation of the TOF

described in the text. The peaks at 15.395 and 15.423 eV observed peaks for A PFI-PIs and prompt ions is not possib|e
Lgsgsafclzljl band are attributed to residues of autoionization with the dark gap of 328 ns, the above simulation
indicates that the contribution of background prompt
ion signal at the PFI-PI peak can be reliably esti-
in the PFI measurements. Although most of the mated. By employing a time gate of 100 ns centered
residues caused by autoionization states are not ob-at the Af* PFI-PI ion peak, together with the correc
served in the PFI-PI spectrum, finite residues causedtion of prompt ion background, we obtain the PFI-PI
by autoionizing resonances at 15.395 and 15.423 eV bands for A¥ (°P5,,) and Ar*(°P,,,) as shown in Fig.

PFI-PI/PFI-PE Counts (arb. units)

PR
15.38

are still discernible. 15. The FWHMs of these bands show that the PFI-PI
resolution achieved is about 1 meV (FWHM). The
2.5.4.2. PFI-PI bands for AT(°P5,) and Ar*(?P,,,) observed intensity ratio for the A(?P,,) and

Fig. 14(a) shows the TOF spectrum of A¢solid Ar*(P,,,) PFI-PI bands is abd : 1, demonstrating
circles) recorded at the IE (15.7560 eV) for the that the detection of PFI-Pls resulting from the PFI of
formation of Ar"(°P;,). The TOF spectrum (open short-lived highn Rydberg states, which converge to
squares) observed at the Ar(1)jlautoionization res-  the excited AF (?P,,) threshold, is highly effiecient
onance, which lies at an energy 3.6 meV higher than [17,19,82]. Thus, we may conclude that the PFI-PI
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Fig. 14. TOF spectra for Ar recorded atd) the IE[Ar*(°P5,,)]=15.7596 eV $olid circleg and p) at the Ar(11$) autoionizing resonance

at 15.7632eV ¢pen squares using a supersonic sample80 K [22]. The TOF spectra were recorded using the MCS triggered by the ALS
bunch marker. The simulated spectal{d curve} are obtained by using a Gaussian function with a FWHMSs of 180 ns. The simulation shows
that the TOF spectrum oB) consists of 80% PFI-Pls and 20% prompt ions.

detection scheme described here is far superior to that3. Summaries and future prospects

used in our previous MATI study [17], where the _ _ _
PFI-PI band for Af (2P,,,) was not observed. In this article, we have summarized the recent

For the PEI-Pl measurement of Aand other ions  Progress in photoelectron-photoionization studies using
with a higher mass than H, success would require VUV lasers and third-generation synchrotron radiation,
the use of a larger dark gap. This can be achieved by such as the high-resolution monochromatized VUV
mechanical chopping of the synchrotron VUV beam. undulator synchrotron source at the Chemical Dynamics
If we use the same ion extraction and PFI conditions Beamline of the ALS. The many new experimental
as described in this experiment, the clean separationtechniques, including PFI-PE, PFI-PI, PFI-PEPICO, and
of the PFI-Pl and prompt Arion peaks would require  PFI-IP schemes, established in the past decade ensure a
an on/off VUV pattern of~1.0 us/1.0us. Since the  bright future for high-resolution photoionization and
dark gap required for PFI-PI measurements dependsphotoelectron studies in the new millennium.
on the mass of the ion of interest, the use of a chopper A profitable direction for photoionization mass
wheel to chop the synchrotron beam is a sound spectrometry is to extend its application for the
approach because the dark gap can be adjusted to suitletection of biomolecules. De Vries and coworkers
the experimental requirement [22]. [118] have recently demonstrated the advantages of
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Fig. 15. PFI-PI bands fora Ar*(?P5,,) and @) Ar*(?P,,,) obtained by measuring the PFI-PI intensity using a 100-ns time gate, together with
background corrections described in the text [22]. Note that the ratio for the relative intensities for (BB;Ay and ©) Ar*(P,,,) PFI-PI
bands is~2 : 1.

using VUV laser sources as ionization radiation for ucts formed in photodissociation processes with a
the sampling of biomolecules. However, the full cross section down to=102* cn?. It has been
potential in the application of tunable laser VUV demonstrated that bond-selective dissociation can be
radiation for the mass spectrometric sampling of realized via VUV excitation [119-121]. The selective
biomolecules remains to be explored. The pulsed bond breakage is attributed to excitation of a highly
nature of VUV laser radiation makes it ideal for excited repulsive state of a specific bond. This results
photoion analyses of biomolecules using the reflec- in prompt dissocation, avoiding the energy random-
tron TOF technique. ization process, which usually leads to the cleavage of
The PD/PI experiments described in “PIE sam- the weakest chemical bond. The application of VUV
pling of nascent photodissociation products” were photodissociation, together with VUV photoioniza-
demonstrated using a laboratory discharge lamp with tion sampling, may provide structural information for
VUV photon intensities in the range ef10° to 10'* biomolecules, particularly for biomolecules contain-
photons/s. The newly constructed high flux-medium ing H-S, C-S, and S-S bonds [120-123].
resolution branchline of the Chemical Dynamics The PIRI technigue that combines the use of VUV
Beamline at the ALS is equipped with a 3-m mono- synchrotron or VUV laser radiation to prepare inter-
chromator, which is designed to have an intensity of mediate long-lived higm Rydberg species, along
~10* photons/s with a resolving power e£1000. with tunable (IR, visible, UV, or VUV) laser radiation
We expect that the PD/PI scheme can be used for to induce ionization, holds great promise for further
probing the chemical structures of nascent photoprod- improvement in the energy resolution and energy
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range in PFI studies. We also expect the PIRI method
to become a useful technique for the preparation of
state- or energy-selected ions for photodissociation
and ion—-molecule reaction studies. As pointed out
above, synchrotron radiation is a pseudocontiuum
light source. By using the synchrotron-based excita-
tion method to prepare intermediate high—Rydberg
states, we may use a very high resolution continuum
wave (cw) dye laser as the photoionization source. In
addition to the higher resolution offered by a cw laser
compared to that for a pulsed laser, the use of a cw
dye laser would also avoid the fragmentation of parent
ions resulting from multiphoton processes [32].

Recently, we have employed the photofragment
ion-imaging technique at the Chemical Dynamics
Beamline of the ALS for the study of dissociative
photoionization processes (11) and (12) in the photon
energy range of 15-28 eV [124,125]:

SFs+hyr - SFE +F+e” (12)

— SF/ +2F + e~ (12)

This experiment represents the first application of the
fragment ion-imaging technique in conjunction with
synchrotron radiation. This technique allows direct
inversion of the raw data to yield angular and trans-
lational energy distributions for the product ions. The
analysis of the fragment ion angular distribution
yields the anisotropy parameter, providing detailed
insight into the ion dissociation mechanisms. Al-
though this is not a state- or energy-selected experi-
ment, it provides addition information that cannot be
easily obtained in a traditional TPEPICO study [126].
It is natural to combine the high-resolution VUV
PEPICO method with the fragment ion-imaging
scheme. A version of the ion-imaging PEPICO tech-
nigue has recently been demonstrated [127]. How-
ever, the energy resolution achieved in this experi-
ment is not high. Many variations of the imaging
methods have been reported in the literature
[124,125]. We may look forward to high-resolution
ion-imaging PEPICO studies in the near future with
parent ion internal state selection to the rotational
level.
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