
 

 

PLEASE SCROLL DOWN FOR ARTICLE

This article was downloaded by:
On: 21 January 2011
Access details: Access Details: Free Access
Publisher Taylor & Francis
Informa Ltd Registered in England and Wales Registered Number: 1072954 Registered office: Mortimer House, 37-
41 Mortimer Street, London W1T 3JH, UK

International Reviews in Physical Chemistry
Publication details, including instructions for authors and subscription information:
http://www.informaworld.com/smpp/title~content=t713724383

Rotational line intensities in zero kinetic energy photoelectron
spectroscopy (ZEKE-PES)
Frédéric Merktab; Timothy P. Softleyb

a LCAM, BAT. 351, Universite de Paris XI, Orsay, France b Physical Chemistry Laboratory, University
of Oxford, Oxford, UK

To cite this Article Merkt, Frédéric and Softley, Timothy P.(1993) 'Rotational line intensities in zero kinetic energy
photoelectron spectroscopy (ZEKE-PES)', International Reviews in Physical Chemistry, 12: 2, 205 — 239
To link to this Article: DOI: 10.1080/01442359309353282
URL: http://dx.doi.org/10.1080/01442359309353282

Full terms and conditions of use: http://www.informaworld.com/terms-and-conditions-of-access.pdf

This article may be used for research, teaching and private study purposes. Any substantial or
systematic reproduction, re-distribution, re-selling, loan or sub-licensing, systematic supply or
distribution in any form to anyone is expressly forbidden.

The publisher does not give any warranty express or implied or make any representation that the contents
will be complete or accurate or up to date. The accuracy of any instructions, formulae and drug doses
should be independently verified with primary sources. The publisher shall not be liable for any loss,
actions, claims, proceedings, demand or costs or damages whatsoever or howsoever caused arising directly
or indirectly in connection with or arising out of the use of this material.

http://www.informaworld.com/smpp/title~content=t713724383
http://dx.doi.org/10.1080/01442359309353282
http://www.informaworld.com/terms-and-conditions-of-access.pdf


INTERNATIONAL IN PHYSICAL ChEMISTRY, 1993, VOL. 12, No. 2,205-239 

Rotational line intensities in zero kinetic energy 
photoelectron spectroscopy (ZEKE-PES) 

by FREDERIC MERKT 
LCAM, BAT. 351, Universitk de Paris XI, 94105 Orsay, France, 

and Physical Chemistry Laboratory, University of Oxford, 
South Parks Road, Oxford OX1 342, UK 

and TIMOTHY P. SOFTLEY 
Physical Chemistry Laboratory, University of Oxford, 

South Parks Road, Oxford OX1 342, UK 

Recent advances in the understanding of the factors which determine line 
intensities in zero kinetic energy photoelectron spectroscopy (ZEKE-PES) are 
reviewed. The relative importance of direct ionization and autoionization is 
assessed. Explicit consideration of the channel interactions which take place in the 
vicinity of molecular ionization thresholds leads to a general discussion of 
rotational line intensities in ZEKE-PES. A series of limiting cases is proposed to 
assist in the interpretation of experimental results. Finally a new dynamical 
interpretation of ZEKE experiments based on the trapping of the ZEKE electrons 
in non-penetrating high-l Rydberg orbitals by weak electric fields appears to give a 
satisfactory explanation of most experimental results obtained to date. 

1. Introduction 
The aim of the present review is to discuss some recent progress towards a detailed 

understanding of line intensities in zero kinetic energy (ZEKE) photoelectron 
spectroscopy. Even though particular attention will be given to rotational line 
intensities, the principles discussed are general and need to be considered if one wants 
to extract meaningful information from ZEKE-photoelectron spectra. 

Over the last 25 years, photoelectron spectroscopy (PES) (Turner et al. 1970, 
Rabalais 1977, Berkowitz 1979, Eland 1984) has established itself as an extremely useful 
tool to obtain ionization potentials of atoms and molecules, and the vibronic energy 
levels of molecular ions. It has also contributed to a better understanding of the 
photoionization process. PES is an important source of spectroscopic information on 
ions which, in turn, play a fundamental role in atmospheric physics, plasma physics and 
interstellar chemistry. 

In a PES experiment, one excites molecules above the first ionization threshold with 
radiation of fixed frequency, and one observes the kinetic energy distribution of the 
ejected electrons (photoelectrons). PES can be applied without restriction to any 
neutral molecule that can be formed with sufficient concentration in the gas phase; its 
only limitation resides in a rather low resolution compared to other spectroscopic 
methods (typically 80 cm- * and, in some very favourable cases, 20 cm- ' (Baltzer 
1992)). This is primarily due to the limited resolving power of photoelectron analysers. 
Despite considerable experimental efforts, it has so far not been possible, using PES, to 
resolve rotational structure in photoelectron spectra of any molecule apart from H, 
(Asbrink 1970, Morioka et af. 1980, Pollard et af. 1982) by single-photon excitation, and 
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HBr (Xie and Zare 1989), OH (de Beer et al. 1991) and NO at high J values (Wilson 
1984, Viswanathan 1986, Allendorf et al. 1989, Leahy et al. 1991) by resonance- 
enhanced multiphoton ionization (REMPI). 

Another approach to high resolution photoelectron spectroscopy has been the use 
of tunable light sources combined with geometric and time of flight photoelectron 
detectors which restrict the detection to 'threshold' photoelectrons (TPE), i.e. 
photoelectrons with low kinetic energy (Villarejo et al. 1967, Baer et al. 1969, Spohr 
et al. 1971). Despite a certain improvement in resolution compared with PES, TPES 
suffers from the presence of unwanted electron signals due to autoionization processes 
(see for instance Guyon et al. (1976), Peatman (1976), Guyon et al. (1983), Baer and 
Guyon (1986)). In the case of H2, autoionization perturbs the TPE-spectrum to such an 
extent that the assignment of the rotational structure becomes almost impossible 
(Peatman 1976). 

A more refined way of selecting photoelectrons of low or zero kinetic energy 
(ZEKE), appropriate for use with pulsed light sources, was proposed and realized 
experimentally by Miiller-Dethlefs, Sander and Schlag (1984a, b). The key idea consists 
of extracting the photoelectrons at a certain time (0.5-5 ps) after excitation by applying 
a delayed, pulsed extraction voltage across the ionization Egion. During the delay 
time, energetic electrons escape from the ionization region and only ZEKE electrons 
are detected. As the tunable light source is scanned, peaks in the yield of ZEKE 
electrons are observed at a series of photoionization thresholds, corresponding to 
energy differences between the neutral ground state levels and the ionic levels. Using a 
slight modification of this technique, Reiser et al. (1988) could achieve the highest 
resolution ever observed in a photoelectron spectrum (04 an-'). This pioneering work 
of Muller-Dethlefs, Schlag and coworkers has opened the way to rotationally resolved 
photoelectron spectroscopy. 

The simplicity of its principle, and the relative ease of its implementation in a 
spectroscopic experiment have contributed to the large success of ZEKE- 
photoelectron spectroscopy and its growing number of applications (Grant and White 
1991, Muller-Dethlefs and Schlag 1991). These include studies of rotationally resolved 
angular distribution of the photoelectrons (Reiser et al. 1991b) the accurate determin- 
ation of ionization potentials (see for instance Chewter et al. 1987, Reiser et al. 1988, 
Habenicht et al. 1991, Harrington and Weisshaar 1992, Kong et al. 1992, Wiedmann 
et al. 1992), the investigations of the vibrational structure of large organic molecular 
ions (Eiden et al. 1991, Hillenbrand et al. 1991, Ozeki et al. 1991a, b, Reiser et al. 1991a, 
Lu et al. 1992, Okuyama et al. 1992, Rieger et al. 1992, Takahashi and Kimura 1992, 
Takazawa et al. 1992), inner-core ionization spectroscopy (Habenicht et al. 1990a, b), 
transition state spectroscopy by ZEKE-photodetachment of negative ions (Waller 
et al. 1990), ZEKE-photodetachment studies of small clusters (Gantefor et al. 1990, 
1991, Arnold et al. 1991, Kistopoulos et al. 1991a,b), ZEKE-PES studies of small 
weakly bound atomic clusters (Harrington and Weisshaar 1990, Tonkyn and White 
1991) and molecular clusters (Fischer et al. 1992). The technique has also been used 
recently to study the spectroscopic and dynamical properties of high Rydberg states 
(Biihler 1990, Haber et al. 1991, Bryant et al. 1992, Merkt and Softley 1992a, b) and has 
offered some interesting data for the development of theoretical models describing 
energy redistribution in highly excited molecular states (Gilbert and Child 1991, Akulin 
et al. 1992, Chupka 1992, Merkt et aZ. 199%). Finally it has been shown to be a useful 
tool to probe the vibrational dynamics in aromatic and van der Waals molecules 
(Zhang et al. 1992). 
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Rotational line intensities 207 

While the power of the ZEKE technique to determine ionization potentials of 
molecules and ionic rovibronic energies with high accuracy is widely recognized, and 
has been illustrated in many systems, the interpretation of rotational line intensities still 
poses some problems: Do the ZEKE line intensities reflect direct ionization cross- 
sections? Are ZEKE-PES intensities consistent with conventional PES intensities? Can 
they be predicted by ab initio calculations? Are the ionization selection rules, observed 
in ZEKE-PE spectra, understood? Is there a systematic procedure to extract 
meaningful information from ZEKE-line intensities? 

The beginning of an answer to these questions can be found from the results 
obtained by TPES, the low resolution precursor of ZEKE-photoelectron spectroscopy. 
As mentioned above, it is found in most TPES studies that autoionization leads to 
significant intensity distortions. In fact, the effects of autoionization are so widespread 
in TPES that they have found an important application in the study of ion-molecule 
reactions by the TPEPICO method (Baer 1986, 1989, Guyon 1991): owing to 
autoionization, ions can be prepared in selected vibrational states which cannot be 
reached by conventional PES because of vanishing Franck-Condon factors. ZEKE- 
PES would be expected to be less subject to such effects due to its higher resolution and 
to the fact that the delayed, pulsed extraction method in principle discriminates against 
fast autoionization while TPES does not. Nevertheless, the question which still arises is 
to what extent autoionization affects line intensities in ZEKE-spectroscopy. 

The purpose of this review article is to address these questions and to summarize the 
current status of the understanding of photoionization processes as probed by ZEKE- 
PES. We begin in section 2 with a short review of the different experimental methods 
which come under the label ZEKE. Section 3 is devoted to assess the importance of 
direct ionization in ZEKE-PES. In section 4, we focus on the influence of autoioniz- 
ation on ZEKE line intensities and section 5 gives a short survey of what still remains to 
be understood if one wants to give a full account of line intensities measured in ZEKE- 
photoelectron spectroscopy. 

2. Experimental considerations 
The ZEKE experimental set up used by the authors is displayed in figure 2.1 (a). 

Coherent, tunable XUV radiation is generated by sum-frequency mixing the visible or 
U.V. (frequency doubled or tripled) outputs of two YAG-pumped dye lasers in an atomic 
free jet of krypton (Fielding et al. 1991, Merkt and Softley 199% b). The XUV radiation 
is separated from the unconverted dye laser radiation in a vacuum monochromator. 
The toroidal geometry of the dispersion grating refocuses the XUV radiation into the 
photoelectron spectrometer where it is crossed, at its focal point, by a molecular beam 
of the sample gas. The details of the configuration used to extract the electrons are 
shown in figure 2.1 (b). Two parallel extraction plates with a fine tungsten mesh grid are 
located on both sides of the ionization region, separated by 1 cm. Pulsed voltages can be 
applied on both plates independently. The electrons are sent along a 15.5 cm flight tube 
at the end of which they are detected by an electron multiplier. 

ZEKE experiments differ ususally in the source of radiation used for ionization and 
in subtle variations of the extraction/detection system for the photoelectrons. Some of 
the currently used systems are briefly reviewed here with their respective advantages. 

2.1. Light sources for ionization 
Whereas discrete frequency sources (for example Helium or Neon lamps) are mostly 

used in conventional PES, the principles of ZEKE-PES, which rely on the extraction of 
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Figure 2.1. (a) Experimental apparatus for XUV generation combined with ZEKE photo- 

electron and ion extraction. (b) Extraction system for the ZEKE photoelectrons. 

low (or zero) kinetic energy electrons as a function of the wavelength of the exciting 
radiation, require the use of tunable light sources, usually tunable lasers. Also, the light 
source must be pulsed with a pulse duration of approximately 10ns or less. 

The most commonly used method in ZEKE-photoelectron spectroscopy consists of 
accessing the ionization thresholds by resonance-enhanced multiphoton ionization 
(REMPI) (see for instance Muller-Dethlefs et al. 1984a, Biihler 1990, Haber et al. 
1991, Takahashi et al. 1991, Harrington and Weisshaar 1992) by the use of (1 + 1’) or 
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(2+ 1’) excitation schemes. In these experiments, a first laser is used to select a specific 
excited state of the molecule, and a second laser induces the sequential excitation from 
the selected intermediate level to the ionization threshold. The selection of an 
intermediate level in the REMPI process leads to several important advantages: First it 
is possible, by choosing an intermediate level of appropriate equilibrium geometry, to 
access a wider range of ionic configurations than by direct ionization. Often, the 
intermediate states are Rydberg states with low principal quantum numbers, and since 
these have approximately the same geometry as the ionic state to which they converge, 
the ionization step is governed by diagonal Franck-Condon factors. Secondly, if 
sufficient resolution is available to select a single rotational level of the intermediate 
state, the problem of spectral congestion can be elegantly avoided: Indeed, ionization 
will only occur to ionic states which can be accessed from the selected intermediate 
state. Selection rules for ionization from the intermediate level can therefore be 
obtained experimentally with great clarity. The simplification of the spectra which 
follows is particularly important in studying ZEKE photoelectron spectra of large 
organic molecules (Eiden et al. 1991, Ozeki et al. 1991a, b, Reiser et al. 1991b, Lu et al. 
1992, Okuyama et al. 1992) which would otherwise show prohibitively complicated or 
unresolved structure. 

Another approach consists of using VUV and XUV laser systems (for recent review 
articles on such laser systems, see Stoicheff et al. (1985), Vidal(1988), Wallenstein (1988), 
to reach the ionization thresholds in a direct, one-photon excitation process. Such laser 
systems are now widely used in spectroscopic experiments. (Recent applications are for 
instance Ernst et al. (1988), Tonkyn and White (1989), Trick1 et al. (1989), Marangos 
et al. (1990), Merkt and Softley (1990), Fielding and Softley (1991, 1992), Kong et al. 
(1992).) The main advantage of this approach is that it enables a direct comparison with 
the large bulk of data obtained by conventional photoelectron spectroscopy. As we 
shall see in section 4, a considerable insight into the factors which lead to ZEKE line 
intensities can be gained from such a comparison. Another advantage of using one- 
photon excitation schemes is that the ZEKE-PE spectra consist of rotational 
progressions which reflect the ground state population and contain, in a compact way, 
a large amount of information on the ionization process. Finally, one-photon 
excitation experiments do not require information on intermediate levels-which, in 
some cases, is not available-and are therefore in principle more universally applicable. 

Synchrotron radiation has not yet found application in high resolution ZEKE 
photoelectron spectroscopy of the valence shells of molecules although some low- 
resolution pilot studies have been performed (Miiller-Dethlefs 1992). The reasons are 
twofold: first, the monochromators typically used in synchrotron photoionization 
experiments do not allow for a resolution which is sufficient to make full use of the 
advantages ZEKE-PES offers compared to TPES. Secondly, the lp delay time 
between ionization and extraction of the photoelectrons poses difficulties with the high 
repetition rates of synchrotron cycles (typically 120 ns interval between pulses). It will 
be shown in the next subsection that this second difficulty can be easily overcome. 

Very recently, the use of non-resonant two-photon ionization in ZEKE-PES has 
been demonstrated (Fischer et al. 1992, Strobe1 et al. 1992). Such non-resonant MPI 
experiments share the advantages of one-photon XUV sources, in that complete 
rotational progressions can be obtained. The selection rules, however, are different, due 
to the multiphoton nature of the excitation process (note however the comment made 
in section 3.3.). In addition, some distortions of the ZEKE profiles could in principle 
result from accidental near resonances at an intermediate level in the excitation scheme. 
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2.2. Photoelectron extraction and detection systems 
The principle of the selection of ZEKE electrons has been outlined in the 

introduction and is described in detail in a recent review article by Muller-Dethlefs and 
Schlag (1991) to which the reader is referred for further information. 

The first ZEKE spectra were obtained by applying a pulsed extraction electric field 
approximately 1 ps after ionization (Miiller-Dethlefs et aZ. 1984a, b, Sander et al. 1987, 
Habenicht et al. 1988). The following behaviour was expected (figure 2.2): electrons 
which are produced with some velocity component u,, perpendicular to the extraction 
axis are bound to miss the detector if u,,ttot > D/2,  where D is the diameter of the electron 
detector or an aperture placed in front of it, and t,, is the time between ionization and 
detection. Electrons emitted along the detection axis with some kinetic energy will 
reach the detector in two bunches, labelled 1 and 3 in figure 2.2(u), one bunch 
corresponding to electrons emitted towards, the other to electrons away from the 
detector. Discrimination against these two bunches of electrons can be achieved by 
placing an appropriate detection gate. A judicious positioning of the detection time 
gate enables the detection of the electrons which are located at the position of 
ionization when the pulsed extraction field is applied. These electrons, labelled 2 in 
figure 2.2(b) comprise the real ZEKE electrons and, as shown by Reiser et al. (1988), 
those produced by field ionization of long-lived high Rydberg states lying immediately 
underneath the ionization threshold. In practice, it turns out that, due to small stray 
electric fields present in the ionization region, the real ZEKE electrons do not 
contribute to the signal, as they are driven away from the ionization region during the 
delay time. Therefore recording a ZEKE spectrum by collecting the electrons arriving 
in a time gate corresponding to 'real' ZEKE electrons (signal 2 in figure 2.2 (b)) leads to 
measured ionization thresholds which are slightly red-shifted compared to field-free 
ionization thresholds. 

An important advantage of the delayed pulsed field extraction technique used in 
ZEKE-spectroscopy is that it allows an efficient discrimination against electrons 
released by fast autoionization. Such electrons are well known for leading to unwanted 
signals in threshold photoelectron spectroscopy (Peatman 1976, Baer and Guyon 
1986). Figure 2.3 (a, b, c) illustrate how this discrimination sets in for the ZEKE 

Extraction 
Field NEAR-ZEKE 

t 

(b) 

ZEKE electrons. See also text. 
Figure 2.2. Schematic time of flight spectra for (a) near ZEKE electrons and (b) ZEKE and PFI- 
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spectrum of the X2X:(u' =2)tX'Xl(v=O) ionizing transition of H,. In figure 
2.3 (a, b, c)  a ZEKE pulsed extraction field of 2 V cm- 'is applied 5,50 and 150 ns after 
excitation. After 5 ns, the 'ZEKE' spectrum is dominated by autoionization structure. 
After 50 ns, the Rydberg states on the right of the figure which autoionize to the u+ = 1 
level of H: (and release electrons with > 2000 cm- ' kinetic energy) disappear from the 
spectrum while the Rydberg states on the left of the figure, which mostly autoionize to 
the u+ = 2 level of Hz (and release electrons with < 200 cm- I) are still clearly present: 
The ZEKE structure starts emerging. After 150 ns, the unwanted autoionization 
structure has been eliminated completely from the ZEKE spectrum. This is in contrast 
to the TPES spectrum (Peatman 1976) in which fast autoionization cannot be 
eliminated and dominates the spectrum. Another example of the effect of the delay time 
on the appearance of a ZEKE spectrum has been shown in the case of N, (Merkt and 
Softley 1992b). 

Following the findings of Reiser et al. (1988), four slightly different extraction 
techniques have been developed which all have an important common feature: a 
delayed pulsed extraction field. Several acronyms have been introduced for these 
different techniques and a certain confusion has resulted in the literature. Table 2.1 
summarizes what the authors refer to when they use the terms ZEKE, or PFI-ZEKE in 
this article. The various detection methods currently in use are briefly described here. 

2.2.1. The slowly growing pulse technique 
One can estimate the lowering of the ionization threshold caused by an electric field 

E by using a classical model: assuming a spherically symmetric potential around the 
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Table 2.1. Different detection techniques used in ZEKE-photoelectron spectroscopy. 

Shaped-pulse ZEKE experiment near-ZEKE experiment 

One shaped pulsed electric field. 
Detection of electrons by field ionization 
(Reiser et al. 1988). 

One pulsed field. 
Detection of electrons 
with low kinetic energy 
(Reiser et al. 1991a). 

ZEKE/PFI-ZEKE 
PFZ-ZEKE experiment MATI experiment 

Two electric fields. Two electric fields. 
Detection of electrons by field ionization Detection of ions by field 
(Tonkyn et al. 1989) ionization 
(Haber et al. 1991), (Zhu and Johnson 1991). 
(Merkt and Softley 1992a). 

molecular core, the potential along the z axis experienced by a Rydberg electron in the 
presence of an electric field is given, in atomic units, by V(z) = - Ez-  l/z. The position 
of the maximum in this one-dimensional surface corresponds to the new ionization 
threshold and is obtained by solving dV(z)/dz= 0, from which the lowering of the 
threshold is found to be 2 JE or, more conveniently: 

If a slowly growing extraction field is used, the highest Rydberg states are field 
ionized first. Field ionization of lower Rydberg states occurs, according to equation (l), 
as the magnitude of the extraction pulse increases. As a result, electrons which 
correspond to different Rydberg states reach the detector at different times. It is 
therefore possible to restrict the detection to a particular section of the pseudo- 
continuum of high Rydberg states below a specific threshold by using a convenient 
detection time gate; Using this method, Reiser et al. (1988) could achieve the highest 
resolution (0-4 cm- ') ever observed in a photoelectron spectrum. 

2.2.2. The near-ZEKE method 
This method consists of placing a time gate so as to restrict the detection to 

electrons which have been emitted with a small amount of kinetic energy above a 
specific ionization threshold. These electrons are called 'near-ZEKE' electrons and are 
labelled 1 and 3 in figure 2.2 (a). The great advantage of this experiment is that it allows 
a measurement of the angular distribution of the ZEKE photoelectrons. In practice, 
however, measurements of angular distributions are difficult to realise because the 
arrival time of the near-ZEKE electrons depends critically on the magnitude and the 
direction of stfdy fields, which might change in the course of a measurement. 
Furthermore, there is always the possibility that some electrons released with some 
kinetic energy by autoionization contribute to the signal, which complicates the 
interpretation. A control of these effects is by no means straightforward and requires 
the greatest care. So far, only one measurement of angular distributions in a ZEKE- 
PES experiment has been reported (Reiser et al. 1991b). Further measurements would 
be desirable, as angular distributions contain some very important information on the 
ionization process. 
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I 

2.2.3 The pulsedjield ionization (PFI)  ZEKE method 
Another method of achieving high resolution consists of using two electric fields. 

The first can be either continuous (Tonkyn et al. 1989) or pulsed (Merkt and Softley 
1992a) while the second field is pulsed in both cases. The timing of a ZEKE experiment 
involving two pulsed fields is illustrated in figure 2.4. The first ‘discrimination’ pulse 
(E, )  serves the joint purpose of removing from the ionization region all electrons 
released by direct ionization or by fast autoionization and of field ionizing the Rydberg 
states lying just below threshold, according to equation (1). Therefore, when the second 
‘extraction’ pulse E ,  is applied, the electrons occupying the highest Rydberg states have 
already been removed by El and only the lower Rydberg states are field ionized and 
detected. The resolution expected in a ZEKE experiment involving two pulsed electric 
fields is given, in first approximation, by equation (2). 

Av/(cm)-’ = 6[(E,(in V/cm))’/, -(E,(in V/~rn))”~]. (2) 

For instance, a resolution of 0 9  cm- is predicted for values of 2 3  and 3 V(cm-  

The advantages of the two pulse experiment are the following: 

(a) The timescale of the experiment can be reduced considerably since the 
discrimination against energetic electrons is achieved by the discrimination 
field rather than during the 1 p waiting time. This is of particular interest in 
view of using synchrotron radiation in ZEKE experiments. Indeed, the two 
pulses can easily be applied during the interval of 12011s between two 
synchrotron pulses. 

(b) If the first pulse is applied directly after ionization, it will extract the electrons 
released by direct ionization or fast autoionization. Therefore, measuring the 
signal originating from these electrons as as function of the wave-number leads 
to a spectrum which is similar to a photoionization spectrum recorded by 
measuring the ion production. 

(c) Different sections of the pseudo-continuum of high Rydberg states below the 
ionization threshold can be probed by adjusting the values of El and E,. 

for El and E ,  respectively. 

v, J ”  1 Ground 
State 

PULSE PULSE PULSE 

Figure 2.4. Timing and principles of a ZEKE experiment involving two pulsed electric fields. 
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2.2.4. The MATI method 
The method is in many ways similar to the PFI-ZEKE method as it also uses two 

extraction electric fields, but instead of applying the two pulsed fields successively 
across the same region of space, the two electric fields are applied in distinct regions of 
space. The sample gas is expanded in a beam of well defined direction. The first electric 
field is applied in the excitation region and has an effect on the motion of the ions which 
are produced by fast autoionization or field ionization while it leaves the motion of 
neutral molecules excited in high Rydberg states unaffected. When these excited neutral 
molecules enter a second region of space, across which a stronger field is applied, they 
are field ionized. The motion of the ions produced by the second extraction field is 
significantly different from that of the ions produced in the excitation region and they 
can be detected separately. The interest of that technique is that it can be used to record 
a 'ZEKE' spectrum by collecting the ions extracted by the second field E ,  instead of the 
electrons. The method is therefore adapted to record PFI-ZEKE spectra of mass- 
selected molecules and has been called MATI for mass-analysed threshold ionization. 
The equivalence of the ion- and electron 'MATI-PFI-ZEKE' spectra of pyrazine has 
been demonstrated by Zhu and Johnson (1991). 

3. Direct ionization in ZEKEphotoelectron spectroscopy 
3.1. General considerations 

It was acknowledged in section 2 that nearly all ZEKE photoelectron experiments 
involve pulsed-field ionization of very high Rydberg states just below threshold, rather 
than extraction of true ZEKE electrons at, or above threshold. The Rydberg states 
form a pseudo-continuum, and as a consequence of the continuity of the transition 
probability, on either side of an ionization limit, it is generally assumed (as below) that 
the ZEKE transition intensities can be treated in the same manner as true 
photoionization intensities. 

A common approach to the theoretical analysis of ZEKE rotational line intensities 
assumes that the final states reached in the excitation process belong to independent 
ionization channels. In this case, direct ionization cross-sections can be evaluated 
separately for each ionization channel. Before we proceed and discuss some models 
based on this assumption, a few comments are necessary. This assumption, which is 
equivalent to neglecting all interactions between different channels, in particular 
autoionization, is in general not valid even for conventional photoelectron spec- 
troscopy. Indeed, if che monochromatic excitation frequency corresponds to a 
transition to a discrete neutral state above the first ionization limit, the cross-section to 
the ionization continuum can be severely affected by an interaction with this discrete 
neutral state (Smith 1970a, b, Eland 2984). A particularly striking example of the 
importance of the excitation frequency (and its coincidence with transition frequencies 
to discrete neutral states) can be found in the photoelectron spectroscopy of 0,. The 
He1 (Edqvist et al. 1970) and He11 (Baltzer et al. 1992) photoelectron spectra of the 
X 211,-X 3X; transition consist of a short vibrational progression up to uf = 5,  and the 
transition intensities to the various members of the progression are governed by 
Franck-Condon factors between molecular and ionic states; the ionization is direct. In 
contrast, the NeI photoelectron spectrum (Samson and Gardner 1977) of the same 
transition reveals an extensive progression up to u+ = 20. In the threshold photo- 
electron (TPE) spectrum (Merkt et al. 1992b), the X-state of the ion can even be followed 
up to v +  =27. The intensity distortions observed in the NeI spectrum originate from the 
coincidence between the exciting frequency and a broad resonance seen in the 
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photoionization spectrum (Guyon and Nenner 1980), while the long progression seen 
in the TPES is due to the high density of Rydberg states converging to the a and A states 
of the ion which autoionize towards the almost degenerate high u+ thresholds of the X 
state. High v+  members of the X state are also observed in the ZEKE spectrum (Kong 
et al. 1992). 

In conventional photoelectron spectroscopy, it is in principle always possible to 
choose the excitation frequency so that it does not overlap with any resonance in the 
absorption/photoionization spectrum (this is especially true if synchrotron radiation is 
used), and therefore observe, to a good approximation, direct ionization cross-sections. 
The situation is different in TPES and ZEKE-PES, as these techniques rely on the 
detection of threshold electrons as a function of the exciting frequency. Since the 
excitation frequency cannot be chosen, it is impossible to avoid accidental coincidences 
with transitions to autoionizing Rydberg states although in REMPI experiments it 
may be possible to change the transition probabilities to the autoionizing state by 
selection of a different intermediate level. In fact, the number of autoionizing states 
which lie in the vicinity of a given threshold is often significant: there are series of 
Rydberg states converging to each higher-lying rovibronic state of the ion. Hence it is 
likely that at least one of these Rydberg states will accidentally lie within the ZEKE 
pseudo-continuum of high Rydberg states, and distort the ZEKE line intensities by 
interactions between different electronic, spin-orbit, vibrational or rotational chan- 
nels. Above threshold, these interactions would lead to electronic, spin-orbit, 
vibrational and rotational autoionization respectively. The assumption of non- 
interacting channels (or direct ionization) is therefore only a coarse (even though often 
useful, see below) approximation for the evaluation of ZEKE-PES line intensities. 
Whereas ionization in PES can be treated as a one-channel problem under some 
conditions, the interpretation of ZEKE-PES intensities is in essence a multichannel 
problem. 

Despite the importance of channel interactions for ZEKE line intensities, much of 
the early one-photon ZEKE work was interpreted in terms of direct ionization, with 
examples including O2 (Tonkyn et al. 1989), NO2 (Wiedmann et al. 1991) and CO, 
(Fielding et al. 1991). In some cases, a reasonable agreement is found, offering support 
to the assignment of the spectra. In others, however, some anomalies have been noticed 
the intensity of the low frequency part of the ZEKE spectrum of severa1 vibrational 
members of the ground electronic state of NO: Wiedmann et al. 1991) could not be 
fitted by theoretical expressions for rotational line intensities in direct ionization 
(Buckingham et al. 1970), while a prominent peak in the ZEKE spectrum of C 0 2  
(Fielding et al. 1991) couId only be explained by invoking an apparently forbidden 
transition (Merkt 1992). 

Ab initio models for direct ionization have subsequently been applied to simulate 
ZEKE- and conventional PE spectra of a number of molecules including HBr (xie and 
Zare 1989, Lefebvre-Brion 1990a, Wang and McKoy 1991a), O2 (Braunstein et al. 
1992), NO (Viswanathan et al. 1986, Wang et al. 1991), OH and OD (de Beer et al. 1991, 
Wiedmann et al. 1992), H,O (Lee et al. 1992a, b, Wiedmann and White 1992) and HCl 
(Haber et al. 1991, Wang and McKoy 1991b). In addition, ab initio approaches to 
ZEKE or PES rotational line intensities have highlighted the importance of shape 
resonances (Braunstein et al. 1992) and Cooper minima (Wang et al. 1991) in ZEKE 
spectroscopy. 

The remaining parts of this Section are devoted to a brief discussion of these 
approaches, leaving the discussion of autoionization effects in ZEKE spectroscopy to 
Section 4. 
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3.2. The model of Buckingham et al. (1970) 
The first expressions for rotational line intensities in the PE-spectra of diatomics 

were derived by Buckingham et al. (1970) and Sichel (1970), before Asbrink (1970) 
obtained the first rotationally resolved photoelectron spectrum (of H,) using the NeI 
discrete source. This pioneering work turned out to be of fundamental importance in 
the development of theoretical interpretations of rotational line intensities in PE 
spectroscopy. It has since been extended and refined in three directions: first, it has been 
reformulated in a more compact form using spherical tensor methods, and has 
provided the basis for a relatively simple fitting procedure of experimental results as 
well as a direct physical interpretation of the fitting parameters (xle and Zare 1992). 
Secondly, use of the model has led to the derivation of general selection rules in 
photoionization of diatomic (Xie and Zare 1990) and polyatomic molecules (Muller- 
Dethlefs 1991). Finally, it has opened the way to sophisticated ab initio approaches to 
rotational line intensities in photoelectron spectroscopy (see section 3.4. below). In view 
of the large impact of the model of Buckingham et al. (1970) on further theoretical 
developments and of the ease with which it can be used by experimentalists to obtain a 
rapid fit of their data, some of its essential features are summarized here. The model is 
based on the evaluation of direct differential ionization cross-section according to 
the formula: 

where g represents the ground molecular state with statistical weight n,, which is 
described by functions of the type In”A”S”J”8”MI;) or In”A”S”N”J”MI;) depending on 
whether the state obeys Hund’s case (a) or (b) (Herzberg 1989). The final statefis a 
product of the ionic state (In’ A’S’J’Q’M~)  or In’A+S’N+J’Mf)) and of the free 
electron wavefunction 

1 m  

Ik) =’ i’(21+ l)R,(r)P,(k - r/kr). 
4.n z=o 

In these expressions, J ,  8 and M ,  represent the quantum number of the total angular 
momentum and its projection on the molecular and space fixed z axis respectively while 
N, A, and S have their usual spectroscopic meaning. The ground state quantum 
numbers are labelled with superscript ” while the ionic states are labelled with a ‘+’. 1 
corresponds to the orbital angular momentum of the photoelectron, R, to the radial 
part of its wavefunction and PI  to a Legendre polynomial. 

Ionization is assumed to occur vertically from a definite molecular orbital ufll which 
is expanded in a single-centre basis set (1 corresponds to the projection of the orbital 
angular momentum I on the molecular axis). 

m 

The centre (r = 0) of the expansion (4) corresponds to the centre of mass. &(r) 
represents the radial part of the bound orbital and X,J@,@) a spherical harmonic 
referenced to the molecular frame. The total cross-section for direct ionization can then 
be written as a sum of products 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
7
:
2
6
 
2
1
 
J
a
n
u
a
r
y
 
2
0
1
1



Rotational line intensities 217 

Table 3.1. Analytical expressions for the Q(I) factors for different Hund‘s cases. 

Case @)+case(@: 
example: HZX ZC:(N+,A+)+-H,X ‘Zl(J”,A”) 

Case (+case (a): 
example: COiXiII,( J +, Q+, S + ,  Z+)+C02X ‘Xi (J”, Q“, S ,  r) 

s+ $ S” >’ 
Z +  -AZ -Z” 

( 1 3 x >’( J+  x J‘‘y 
CPx+ 1) -1 AX -AQ -Q+ AQ Cl“ Q(1)=(2J+ + 1)(2S+ 1) 

with x=1+3 

Case(b)+case (a): 
example: NO+X ‘Z,+(N+,A+,S+,Z+)cNOX2n(J”,n.,S,c.) 

Case (6)tcase (b): 
example: O:X211AJ+,Slf, S+,Xi)+0,X3Z,(J”, N”, A”) 

in which Q(1)  describes the angular part of the problem (describing mainly the change 
from molecular to space fixed axes), while the term in square brackets contains a sum of 
bound-free radial transition integrals F’:i “. The angular momentum selection rules are 
determined from the expressions for the Q(1) factors in equation (5) which take different 
forms depending on the Hund’s coupling cases describing the molecular and ionic 
states. These expressions for the Q ( 1 )  are summarized in table 3.1. Experimental PES or 
ZEKE-PES rotational line intensities should, in principle, be easily fitted to expression 
(5); the fitting procedure involves calculating numerical values for the Q(1)  expressions 
given in table 3.1 and optimizing the parameter a,=JC,zJ2[1J~,E~z-1J2+(1+ 1)JF,Eii’+‘12] 
in a least squares fit procedure. It can be seen from table 3.1 that the maximum change 
in core rotational angular momentum observed in direct ionization is determined by 
the convergence of the expansion (4). In fact, a qualitative description of rotationally 
resolved photoelectron spectra of diatomic molecules can be obtained easily by 
considering equation (4): for instance, in the case of the X ’Zl-X ‘Zp’ ionizing 
transition in H,, where the photoelectron is ejected from the lso, molecular orbital, 
the single centre expansion converges very rapidly, the 1=0 component being 
dominant with a weaker contribution from the 1=2 term (Wilkins and Taylor 1968); 
thus, the maximum change in core rotation angular momentum should be restricted to 
f 2, in agreement with experimental results (Asbrink 1970, Morioka et al. 1980, Pollard 
et al. 1982, Merkt and Softley 1992a). In the n,-’ ionization of 02, the most significant 
terms in the expansion (4) correspond to 1 = 2 and 1 = 4 and therefore a rotationally 
resolved spectrum is expected to have branches with higher ( N +  - J”) values. This is 
confirmed by experiment (Tonkyn et al. 1989). Finally in the ionization out of the 
C-state of VO, an electron is ejected from the 3do Rydberg orbital centred on the V 
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atom which is significantly displaced from the centre of mass. The expansion (4), 
starting with 1=2, is therefore expected to converge only slowly, leading to very large 
changes in core rotation, as confirmed by the experimental results of Harrington and 
Weisshaar (1992). Very recently, the model of Buckingham et al. (1970) had been 
reformulated by Xie and Zare (1992) using the more compact spherical tensor method 
and extended to take the polarization (alignment, orientation) of the molecular sample 
into account. In addition, the derived expressions were successfully applied to simulate 
the (1 + 1) REMPI-PE spectrum of NO measured by Leahy et al. (1991) and those lines 
of the ZEKE-PE spectrum of H, which are not perturbed by autoionization (see 
section 3.4.). 

3.3. Selection rules in direct ionization 
As pointed out above, selection rules for angular momentum changes in photo- 

electron spectroscopy of diatomics can be derived directly from table 3.1. As an 
example, we illustrate how this can be done in the particular case of H,: the lso, orbital 
from which the electron is ejected can be represented almost completely by retaining 
only the s (1 =0) and d (I= 2) terms in expansion (4) (Wilkins and Taylor 1968). Both the 
X ‘X: state of H, and the X ’El state of H: can be represented by Hund’s case (b) 
and therefore the first line of table 3.1 has to be used; the 3j symbol vanishes unless 
N+ -J”  = 0, k 2. The selection rules which can be derived from table 3.1 are equivalent 
to those one obtains with the rotation-spectator model (Dixon et al. 1971, Duxbury 
et al. 1983) and have been verified in a number of cases. The rotation-spectator model 
applies well to situations in which the photoelectron escapes rapidly to regions where it 
only perceives a Coulombic potential. It is interesting to note that within the 
framework of the rotation-spectator model, ZEKE spectra obtained by one-photon or 
non-resonant two-photon excitation should be governed by the same selection rules 
since the electron takes away the angular momentum of the photon(s). 

The rotation spectator model is somewhat idealized, as the photoelectron can be 
‘scattered’ by the non-spherically symmetric components of the molecular core 
potential, an effect leading to I mixing of the outgoing wave (Rudolph et al. 1988a, b, 
Wang et al. 1991). In the case of 1 mixing by the core potential, the selection rules can 
still be obtained from table 3.1, but by replacing 1 by a quantum number j (Buckingham 
et al. 1970) which corresponds to the vector addition Z’+l of the orbital angular 
momentum I’ of the departing electron (which has experienced 1 mixing by the potential 
of the molecular core; note the differences between 1 and 1’) and the photon angular 
momentum. This 1 mixing of the photoelectron wave by the non-Coulombic terms of 
the core potential has been proposed to explain the presence of apparently ‘forbidden’ 
rotational lines in the ZEKE-photoelectron spectrum of H,O (Lee et al. 1992a, b). An 
alternative explanation for these lines is based on the effect of bound stateecontinuum 
interactions between different channels induced by the dipole of the ion core (Gilbert 
and Child 1991). The difference between these two interpretations seems rather subtle 
at first sight, as both invoke the effects of the dipole of the ion core to account for the 
‘forbidden’ lines. There is however an important difference which will become clearer in 
section 4 the 1-mixing interpretation is consistent with a direct ionization approach to 
ZEKE-rotational line intensities, and, if it predicts a ‘forbidden’ transition associated 
with a negatioe change in core rotation angular momentum, it will also predict a 
‘forbidden’ transition associated with a positive change (of the same magnitude) in the 
core rotational angular momentum. The channel-interaction interpretation, on the 
other hand, relies on an autoionization mechanism to explain the presence of 
‘forbidden’ lines: such a mechanism only becomes operative if an autoionizing Rydberg 
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state lies within the range of energies probed by the ZEKE-experiment. This results, in 
general, in a strong difference in the intensity of ‘forbidden’ lines for negative compared 
with positive changes in core-rotation (see Section 4 below). 

General selection rules for the photoionization of diatomics have been derived by 
Xie and Zare (1990) for all possible Hund’s cases of the initial molecular and final ionic 
state. These selection rules are consistent with those one can derive from table 3.1 when 
1 is replaced b y j  as discussed above. They are more complete, as they include Hund‘s 
cases (c) and ( d )  as well as parity selection rules. The parity selection rules derived by Xie 
and Zare (1990) generalize and confirm results obtained by Dixit and McKoy (1986) 
and Raseev and Cherepkov (1990). Hund’s case (e) has been considered by Lefebvre- 
Brion (1990b) and Frohlich et al. (1991). 

Rotational symmetry selection rules for the ionization of polyatomk molecules 
have been derived by Muller-Dethlefs (1991). The approach used in the derivation of 
these selection rules is original in that it treats the ionization in the same way as 
transitions to very high Rydberg states (governed by Hund’s case d )  and is therefore 
particularly well-suited to ZEKE-photoelectron spectroscopy. These selection rules 
have been successfully applied to explain the difference between the rotationally 
resolved REMPI-ZEKE spectra of para- and ortho- NH, (Habenicht et al. 1991). 

3.4. Ab initio approaches to rotational line intensities in photoelectron spectroscopy 
Rotational line intensities are calculated ab initio within the static-exchange frozen- 

core approximation which is a single configurational approximation and therefore 
does not consider electronic or spin-orbit autoionization effects. In addition, the 
method does not treat interactions between bound states and the ionization continua. 
A detailed description of the method is not intended here and the reader is referred to 
the original literature (for instance to the work done by Itikawa (1978a, b), McKoy and 
coworkers (Lucchese et al. 1982, Dixit and McKoy 1985, Dixit et al. 1985, Wang and 
McKoy 1991b) and Raseev, Lefebvre-Brion and coworkers (Raseev et al. 1978, 
Lefebvre-Brion 1990a, Mank et al. 1991)). We restrict ourselves here to a simplified 
discussion of the various steps involved in these ab initio calculations, pointing out the 
connection with the model of Buckingham et al. (1970) as well as the successes and 
limitations of this approach. 

The photoionization cross-section is first separated into an angular part and a 
vibronic part. The evaluation of the angular part consists of the calculation of the Q ( j )  
factors by table 3.1 and in the application of the relevant parity selection rule (Dixit and 
McKoy 1986, Lefebvre-Brion 1990a). The vibronic transition moment is then 
calculated by separating the vibronic transition moment into a Franck-Condon factor 
and an electronic transition moment (Note however that this separation is not a 
necessary step in the procedure (Dixit et al. 1984)). A self consistent field (SCF) 
wavefunction is constructed for the molecuIar bound state by employing Gaussian or 
Slater basis orbitals. The ionization is then assumed to be vertical (frozen-core). This 
assists in the determination of the electrostatic potential exerted by the ionic core on the 
photoelectron and reduces the problem to the calculation of one-electron integrals 
between bound and continuum orbitals. The main difficulty resides in the correct 
evaluation of the exchange potential &: indeed, its value depends on the continuum 
orbital itself. The continuum wavefunction has therefore to be calculated by solving the 
Schrodinger equation iteratively (Lucchese et al. 1982) or by solving a set of additional 
integro-differential equations simultaneously to the Schrodinger equation (Raseev et 
al. 1980). 
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These ab initio approaches, which include 1 mixing of the molecular orbital from 
which the electron is ejected as well as that of the continuum molecular orbital have 
proved very useful, in the past 15 years, for the characterization of shape-resonances 
and have correctly accounted for a variety of complex features observed in the 
photoionization spectra of molecules. Recent applications of these methods to 
rotationally resolved conventional PE-spectra have led to a satisfactory agreement 
with experimental results for the few cases in which rotational resolution could be 
achieved, i.e. in the REMPI-PES spectra of NO (Viswanathan et al. 1986, Leahy et al. 
1991, Wang et al. 1991), OH (de Beer et al. 1991), HBr (Xie and Zare 1989, Lefebvre- 
Brion 1990a, Wang and McKoy 1991a). A reasonable agreement with rotational line 
intensities measured in ZEKE PE spectra has also been obtained in some cases 
including OH and OD (Wiedmann et al. 1992), H,O (Lee et al. 1992a,b), 0, 
(Braunstein et al. 1992) and HCl (Wang and McKoy 1991b). In addition ab initio 
methods have highlighted the following two effects which can affect ZEKE-rotational 
line intensities: 

(1) The effect of shape resonances 
One of the signatures of shape resonances in the photoionization of 

diatomics is the dependence of the partial wave characteristics of the 
photoelectron as the internuclear distance is modified (Lefebvre-Brion 1988). 
Due to a shape resonance occurring near the lowest ionization threshold of 0, 
(Braunstein et al. (1992) and references therein), the 1 = 1 partial wave increases 
in importance relative to the 1 = 3 partial wave with increasing vibrational 
excitation of the ion, thus favouring ZEKE transitions involving small changes 
in core rotation (N' -N'). The ab initio calculation of Braunstein et hl. (1992) 
confirms this trend and gives a satisfactory explanation of the experimental 
spectrum (Braunstein et al. 1990). 

(2) The effect of Cooper minima 
The rotationally resolved REMPI-PE spectrum of OH via the D ?Z+ 

state ( ( 3 ~ 0 ) ~ '  ionization) measured by de Beer et al. (1991) is dominated by 
N+-N'' = 0, f2 transitions while the simple argument presented in section 3.2. 
suggests that the spectrum should be dominated by N + - N ' =  & 1 transitions 
for ionization out of this predominantly (1 = 1) Rydberg orbital. The ab initio 
calculation of Stephens and McKoy (1990) shows that the 3po+kn(1=2) 
ionization channel which would lead to N +-N" = f 1 transitions, is suppres- 
sed in the energy range investigated due to the formation of a Cooper minimum 
in the partial ionization cross-section. Cooper minima have not been observed 
in ZEKE spectroscopy yet, but could in principle affect ZEKE rotational line 
intensities in a variety of molecular systems. 

A serious limitation of these ab initio approaches is that they do not account for 
autoionization effects in photoionization, a consequence of the single-configurational 
approximation made in the evaluation of the bound-free transition moment, and of the 
fact that interactions between bound states and the ionization continua are not 
considered. The difficulties are illustrated in figure 3.1 by the ZEKE rotational line 
intensities ofthe simplest molecular system, H, (Merkt and Softley 1992a). Although an 
ab initio calculation of transition moments in the threshold region has not yet been 
performed, the higher energy calculations of Itikawa (1978b) should be 
applicable to the region probed by the ZEKE experiment, assuming no Cooper 
minima or shape resonance. A comparison of the ZEKE spectrum of 
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128900 128800 128700 128600 

2 - 2  0-2 3 - 3  

128500 128400 128300 
Wavenurnberkm-1 

Figure 3.1. (a) Predicted ZEKE photoelectron spectrum of the X 'C; (u' =2)+X '.C:(u=O) 
band of H,, based on theoretical predictions of rotational linestrengths by Itikawa (1978b), 
weighted by population factors (298 K) and convoluted with the experimental linewidth. 
(b) Experimental ZEKE photoelectron spectrum of the same band, recorded with 
El =0*5Vcn- '  and E,=8V~m-'.Thelinesarelabelled(N+-J")where N+ andJ"refer 
to the rotational quantum numbers of the ion and neutral respectively. With permission 
from the American Institute of Physics. 

the X 2Z:(~+ = 2)-X 'C:(U =0) ionizing transition of H, (figure 3.1 (b)) with predictions 
based on the ab initio calculations of Itikawa (1978b) reveals that, while the intensities 
of the (1-1), (2-2), (3-3) and (3-1) transitions (the notation corresponds to (N+-J"))  are 
in good agreement with the theoretical predictions, some clear differences exist between 
theory and experiment for the (24),  (04) and (0-2) transitions. This disaccord is further 
illustrated in table 3.2 which shows a comparison between the ZEKE-intensities 
(column 2), intensities derived from the conventional photoelectron spectra of asbrink 
(1970) (column 3) and Morioka et al. (1980) (column 4) intensities calculated ab initio by 
Itikawa (1978b) (column 5) and values calculated from the unperturbed ZEKE-PES 
transitions by the fitting procedure of Xie and Zare (1992) (column 6). The origin of the 
perturbed ZEKE transitions can be unambiguously attributed to autoionization by 
comparing the ZEKE spectrum with high resolution absorption spectrum reported by 
Herzberg and Jungen (1972): the dip occurring in the middle of the (04) transition is a 
manifestation of a window resonance (see section 4); the enhanced intensity and the 
narrowness of the (0-2) transition can be attributed to rotational autoionization, while 
the large intensity of the (2-0) transition is due to complex resonance (see section 4). 
Autoionization is a general phenomenon affecting most molecular systems, and its 
marked effect on the ZEKE spectrum of H, suggests that it should also be observable in 
other systems. It will be shown in the following section that autoionization is indeed of 
fundamental importance in ZEKE-photoelectron spectroscopy. 
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4. Autoionization in ZEKE-photoelectron spectroscopy 
4.1. General considerations 

As pointed out in section 3.1., the evaluation of ZEKE line intensities is in essence a 
multichannel problem. The channel interactions which give rise to intensity distortion 
in ZEKE-PES are not strictly speaking autoionization processes as they take place 
between two bound channels rather than between a bound state and a continuum. 
Nevertheless there is a strong analogy with autoionization, as the Rydberg states 
detected in a PFI-ZEKE experiment form a pseudo-continuum of states. This pseudo- 
continuum is turned into a real continuum when the pulsed electric field is applied. The 
process by which an electron is released as a result of a channel interaction between a 
discrete Rydberg state and a pseudo-continuum of high Rydberg states and the 
subsequent field ionization of these high Rydberg states is well known in atomic physics 
(Garton et al. 1962) and has been termed ‘forced autoionization’(autoionization cannot 
occur as long as the ionization threshold is not lowered by the electric field and is 
therefore ‘forced’ by the electric field). When the term autoionization is used in this 
section, it will be meant in a broad sense which includes forced autoionization. 

The interactions which can take place between bound and open channels near a 
specific ionization threshold are shown in figure 4.1 in which the Ai represent discrete 
Rydberg states of moderate to low principal quantum number n, B stands for the 
pseudo-continuum of high Rydberg states which are detected in a ZEKE-PFI 
experiment and the A, for the open channels, which can be dissociation or ionization 
continua. The interactions between the different channels are indicated by arrows and 
the label I ,  I ,  or I, for interactions ArB, B-A, and &A, respectively. Interactions of 
the type A,A, are not considered explicitly in figure 4.1. This does not lead to a loss of 
generality of the picture as the bound states Ai can be considered as prediagonalized. 
Interactions between the open channels A, caused by the anistropy of the molecular 
core potential (these interactions lead to I mixing of the free electron wavefunction 
(Rudolph et al. (1988a, b), see also section 3.3. and 3.4. above) are not considered either. 
Instead, each A, channel is considered as a mixture of different I components. In 
general, the prediction of ZEKE line intensities requires the knowledge of the 

Figure 4.1. Illustration of the channel interactions which take place in the vicinity of an 
ionization threshold and which are important in ZEKE-PES. Details are given in the text. 
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magnitude of all the interactions represented in figure 4.1 and of all the transition 
moments from the neutral ground state to the final states A ,  A, and B, as well as the 
evaluation of the evolution of the system from the time of excitation until the 
application of the field-ionizing electric field, a potentially formidable task. Fortu- 
nately, an important approximation can often be used to reduce the complexity of the 
problem. It consists of neglecting all interactions I, between the high Rydberg states B 
and the open channels A,. Were these interactions significant, ionization would occur 
on a relatively short timescale compared to the typical delay time of 1 p (or longer) 
between excitation and field-ionization in ZEKE spectroscopy. As a result, no ZEKE 
signal would be observed, in evident contrast to the large bulk of ZEKE data obtained 
to date by delayed pulsed field ionization (PFI). The very fact that any ZEKE signal can 
be detected at all by PFI 1 ps  after ionization implies the weakness of the I, interactions 
in figure 4.1. 

As demonstrated with much insight by Chupka (1992), lifetimes of 1 p for the high n 
Rydberg states detected in ZEKE experiments cannot be rationalized in terms only of 
the long orbiting period of the Rydberg electrons. It is well-known that even a small 
stray electric field (<lOOmV/cm), as is always present in ZEKE experiments, can 
induce complete Stark mixing of high Rydberg states lying a few cm-’ below an 
ionization threshold. In the presence of a stray electric field, or of a weak applied d.c. 
field, these high Rydberg states contain a significant high-1 (i.e. non-penetrating) 
character. As a result they interact less with the ionic core and are more resistant to 
autoionization. 1 mixing by a weak electric field (note the difference with the 1-mixing 
caused by the anisotropy of the molecular core potential) therefore weakens the I, 
interactions and increases the lifetime of high Rydberg states. Chupka (1992) also 
points out that collisional processes could contribute to l mixing and to the 
randomization of m,. The latter effect gives an addtional weight of (21+ 1) to non- 
penetrating high-l components and therefore significantly prolongs the lifetime of the 
high-n Rydberg states detected in PFI-ZEKE experiments. 

It should be pointed out here that the assumption of long lifetimes (which is 
equivalent to neglecting I,) is only valid for the highest Rydberg states (n > 100) and 
does not apply to lower Rydberg states which are far less sensitive to external electric 
fields and collisional processes. In fact, it turns out, in the cases of Ar, N, and H,, that 
when the ZEKE detection band, defined by the magnitudes of E, and E, according to 
equation (2), is tuned below 25 cm- ‘ underneath a threshold no ZEKE signal can be 
detected by delayed (1 p) PFI (Merkt and Softley 1992~). 

Considering the remaining interactions I i  and I i ,  in figure 4.1 and the transition 
matrix elements p ix  and pBx from the ground state X to the Ai and B channels leads to a 
series of limiting cases which are important for ZEKE spectroscopy and which are 
discussed here in turn: 

(1) Ii=o. 
The ZEKE rotational line intensities are governed by direction ionization 

(see section 3). 
(2) Iif0, h X ” p B s X .  

The ZEKE rotational line is affected by an autoionization resonance and 
borrows intensity from the strong Ai-X transition: it appears more intense than 
predicted by considering direct ionization only. These autoionization 
resonances can appear anywhere within the ZEKE bandwidth and can cause 
the ZEKE-line to be sharper than predicted by equation (2). The shape of these 
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autoionization resonances correspond to a Fano profile (Fano 1961,1970) with 
a large q factor. This situation has already been encountered in the ZEKE 
spectra of a wide range of molecules and will be discussed in detail in 
subsections 4.2. to 4.5. 

(3) p i X < < p B X  
The interaction between the Ai and B channels leads to a reduction of the 

ZEKE line intensity. A so called window resonance is observed, that is to say an 
autoionization dip corresponding to a Fano profile with a small q factor. Such a 
situation has so far only been unambiguously observed in the ZEKE spectrum 
of H, (Merkt and Softley 1992a) but should be observable in other ZEKE- 
spectra. Window resonances are a common phenomenon in photoionization. 

The discrete states belonging to the Ai channels are coupled very strongly to 
the open channels A ,  (for instance to the dissociation continua) but only 
weakly to the B channel. They are short-lived and considerably broadened and 
therefore hardly affect the ZEKE line intensities (Chupka 1992). Here again, the 
ZEKE intensities are governed by direct ionization. 

(5) No discrete state lies in the ZEKE detection bandwidth. 
This situation becomes more and more probable as the PFI-ZEKE 

detection bandwidth is minimized. It is also more likely to be encountered in 
molecular systems with large spacings between adjacent ionic rotational and 
vibrational levels, as the density of discrete autoionizing Rydberg states 
converging to higher rovibrational levels of the ion will be small in the vicinity 
of a given ionization threshold. However, even the ZEKE spectrum of H, (H: 
has only one mode of vibration with a large vibrational constant 
(0, 2320 cm-l) and the largest rotational constant of all molecular ions 
(Be z 30 cm- l)) is significantly perturbed by autoionization (see figure 3.1 and 
sections 4.2. and 4.4. below). Other systems with large rotational spacings, like 
HCl (Haber et al. 1991, Tonkyn et al. 1992) and OH (Wiedmann et al. 1992), are 
also influenced by autoionization. 

Intermediate cases are likely to be encountered in many systems. In the ZEKE 
spectra of the X (0' = 1 and 2) states of N i ,  for instance (Merkt and Softley 1992b, 
Wilson et al. 1992), the ZEKE line intensities appear to be strongly affected by one or 
more autoionizing Rydberg states converging to the A state of N:. These states are not 
only strongly coupled to the ZEKE pseudo continua of high Rydberg states, but also to 
a large series of open continua and the situation is intermediate between limiting cases 
(3) and (4). The ZEKE intensities can be treated in analogy to case (3) but must be 
weighted by the factor 

(4) li,>>li. 

& 
C l i p  

To summarize, the dynamical behaviour of a ZEKE experiment appears to be as 
follows: population of high-n, low-l Rydberg states occurs either by direct excitation or 
indirectly through channel interaction. As soon as the molecular system is in such a 
high-n, low-l Rydberg state, very fast 1 mixing (and possibly rn, mixing (Chupka 1992)) 
occurs and the electron is 'trapped' in long-lived, non-penetrating orbitals and has to 
wait for the field ionizing pulse before it can escape. This behaviour is only expected in 
the range of high Rydberg states down to approximately 25cm-' below each 
ionization threshold, i.e. in the region when 1 and m, mixing is significant. 
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4.2. Rotational autoionization 
4.2.1. Introduction 

Rotational autoionization is by far the most widely encountered autoionization 
phenomenon in ZEKE-PE spectroscopy. It has so far been observed in the ZEKE 
spectra of a wide range of diatomic and triatomic molecules including NO (Takahashi 
et al. 1991, Reiser and Muller-Dethlefs 1992), N,O (Wiedmann et al. 1991), NO, 
(Bryant et al. 1992), N, (Merkt and Softley 1992b), H, (Merkt and Softley 1992a), Na, 
(Biihler 1990, Buhler and Gerber 1992), OH (Wiedmann et al. 1992), HCl (Haber et al. 
1991, Tonkyn et al. 1992, Zhu et al. 1992), and possibly in other systems like H,O 
(Gilbert and Child 1991, Tonkyn et al. 1991, Lee et al. 1992a) and H,S (Wiedmann and 
White 1992). It has not yet been conclusively observed in systems with more than three 
atoms. Several reasons can be invoked for this: first, rotational resolution is difficult to 
achieve in large systems which generally have small rotational constants; it has so far 
not been obtained for any system larger than benzene (Chewter et al. 1987). Secondly, 
the large number of vibrational modes some of which have low frequencies, leads to a 
significantly higher density of discrete Rydberg states in the vicinity of the ionization 
thresholds and rotational autoionization could be easily overshadowed by other 
processes. Finally, predissociation probably plays a more important role in large 
systems. 

The reason for the frequent occurrence of rotational autoionization in ZEKE 
spectroscopy compared with other types of autoionization can be linked directly to the 
fact that the spacing between adjacent ionic rotational levels is generally much smaller 
than that separating vibrational and electronic states. Consequently, the density of 
Rydberg states which can rotationally autoionize in the vicinity of a given threshold is 
much higher than the density of vibrationally or electronically autoionizing states. For 
the same reason, rotational autoionization is more likely to occur in systems with small 
rotational constants. One should also note that jet-cooled samples, in which only a 
restricted number of rotational levels are populated in the ground state, are less likely 
to be subject to rotational autoionization than warm samples because the lowest ionic 
rotational levels have few or no degenerate continua of lower core rotational quantum 
numbers. The observation of rotational autoionization is also less probable when 
ionization is achieved by REMPI, because the selection of a specific intermediate 
rovibronic state in the REMPI process restricts the excitation to a limited number of 
channels and the ZEKE spectrum to a short series of lines; in contrast, long rotational 
progressions can be observed by one-photon ionization. 

Gilbert and Child (1991) were the first to investigate theoretically the effects of 
rotational autoionization on ZEKE line intensities. Further theoretical work is 
currently in progress in other groups; particularly promising seems to be a combination 
of ab initio and MQDT calculations (Lefebvre-Brion 1992). 

The conditions for rotational autoionization have been outlined in section 4.1. 
(cases 2 and 3) and the process can lead to either a window resonance or an 
autoionization peak. The mechanism of rotational autoionization is illustrated in 
figure 4.2 for the particular case of the N, molecule (Merkt and Softley 1992b). 
Excitation from a given rotational level(here J" = 12) of the ground vibronic state of N, 
takes place predominantly to the Rydberg series converging to the (N+ =J")  level of 
the ion, while transitions to Rydberg states converging on ( N +  25")  limits are weak 
(Johns 1974). In addition, transitions for which the difference (Ni-J") is odd are 
forbidden by the parity selection rule. These Rydberg states converging to the 
( N +  = J " )  limits are coupled to the pseudo-continuum of high Rydberg states 
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I, (N+=l2) 7 

Figure 4.2. Rotational autoionization mechanism explaining how weak 0- and M-ZEKE 
transitions can borrow intensity from strong Q transitions to Rydberg states converging 
on other limits. The mechanism involves a coupling between low (n=20-60) Rydberg 
states convergbg to the fN+ =J") rotational levels of the ion and high Rydberg states 
(n> 100) converging to ( N + = J " - 2 )  rotational levels of the ion, where j is a positive 
integer. With permission from the American Institute of Physics. 

converging on lower Nf' limits (here N: = 10,8,. . .) and the situation corresponds to 
case 2 of section 4.1. In the case of a AN+ = - 2 interaction, N: = 10, and rotational 
autoionization leads to  an enhancement of the ZEKE transitions with N+J"-2, also 
referred to as 0-branch lines. In the case of a AN+ = - 4  interaction, Nf' = 8, and 
rotational autoionization leads to an enhancement of the ZEKE transitions with 
N + = J" - 4, or M-branch lines. 

The usual signature of rotational autoionization in ZEKE spectra is a difference in 
the intensity of rotational branches corresponding to a negative change in core rotation 
compared to branches corresponding to a positive change in core rotation of the same 
magnitude. Such an asymmetry has been noticed in N,O (Wiedmann et al. 1991, 
Bryant et al. 1992), HC1 (Tonkyn et al. 1992), NO (Takahashi et al. 1991, Reiser and 
Muller-Dethlefs 1992), OH (Wiedmann et al. 1992) and N, (Merkt and Softley 1992b). 
The reason for this asymmetry can be immediately seen from figure 4.2: while 0- and 
M-branch intensities can be enhanced, as discussed above, the intensity of S branches 
(with N+ =J" + 2) or U branches (with N+ = J" + 4) cannot, as the high Rydberg states 
just below the N + = 14 and N +  = 16 states are degenerate with the continuum above the 
N+ = 12 threshold. 

In some favourable cases, single autoionizing Rydberg states can be resolved in 
ZEKE spectra as is the case in the ZEKE spectra of H2 (Merkt and Softley 1992a), N, 
(Merkt and Softley 1992b), Na, (Buhler and Gerber 1992), HC1 (Haber et al. 1991) and 
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NO, (Bryant et al. 1992). These cases are of particular importance as they provide 
considerable details on the process of rotational autoionization, in particular 
propensity rules for rotational autoionization. For simplicity we concentrate here on 
the series H,, N, and Na, for which symmetry constrains the changes of N +  to be even 
numbered. 

4.2.2. Rotational autoionization in the Z E K E  spectrum of H ,  
As mentioned at the end of section 3, two rotational lines of the ZEKE spectrum of 

the X 2 X l ( u +  =2kX 'Z:(u=O) ionizing transition of H, are perturbed by rotational 
autoionization. These lines are labelled (0) and (0-2) in figure 3.1 and table 3.2 
according to the notation (N+-J"). The ((M) transition is an example of a window 
resonance (case 3 in section 4.1.). The position of the dip in the profile of this line (figure 
3.1) is independent of the magnitude of the electric fields El and E ,  (see equation (2)) 
used in the ZEKE experiment as can be seen in figure 4.3, and is in complete accord with 
the results of Herzberg and Jungen (1972) and Dehmer and Chupka (1976) who 
observed this window resonance in the absorption and photoionization spectrum 
respectively. Figure 4.3 is also an illustration of the flexibility and the power of the 
ZEKE method for the study regions of controlled energy and width in the vicinity of 
ionization thresholds. 

The mechanism leading to the narrow width and enhanced intensity of the (0-2) 
transition comes from the same channel interaction as in the case of the (M) transition, 
but the situation corresponds now to case 2 of section 4.1. Both mechanisms are 
illustrated in figure 4.4 and the reader is referred to the original literature (Herzberg and 
Jungen 1972, Merkt and Softley 1992a) for additional details. The selection rule for 
rotational autoionization in H, is AN' = -2 (Herzberg and Jungen 1972, Dehmer and 
Chupka 1976, Xu et al. 1988, Merkt and Softley 1992a). 

4.2.3. Rotational autoionization in the Z E K E  spectrum of N ,  
The ZEKE-PE spectrum of the X *X:(u'=O)-X lZ,+(u=O) transition of N, is 

represented in figure 4.5. The intensity of the 0 and M branches ( N +  -.I" = - 2 and -4 
respectively) is much larger than that of the S and U branches (N+-J"= 2 and 4) and is 
indicative of rotational autoionization (figure 4.2). The irregularities in the intensities 
within the 0 and M branches of this spectrum are another signature of rotational 
autoionization. The situation in N, is more complex than in H, due to the smaller value 
of the molecular rotational constant (2 cm- ' compared with 60 cm- ') and ionic 
rotational constants (2 cm-I compared with 30cm- '). First, more rotational levels are 
populated in the ground state at room temperature and, secondly, the small separation 
between adjacent ionic rotational levels leads to a much higher density of autoionizing 
Rydberg states. Measurement of the ZEKE spectrum at different extraction voltages, 
following the same method as that used in figure 4.3, however, leads to the complete 
resolution and the assignment of a large number of-rotationally autoionizing Rydberg 
states (Merkt and Softley 1992b). 

Figure 4.6 illustrates the considerable information which can be gained from such 
experiments: the experimental ZEKE spectrum measured with an extraction field of 
6 V ( a n -  ' applied 500 ns after excitation is represented below a simple simulation of 
the spectrum (the reader is referred to (Merkt and Softley 1992b) for more details). The 
rotationally autoionizing Rydberg states are labelled N +In, and an additional branch 
label (0, M and K) indicates that the autoionization process corresponds to 
AN' changes of -2, -4 and -6 respectively. The propensity rules for rotational 
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Figure 4.3. Effect of different combinations of discrimination ( E l )  and extraction (E,) fields on 
the profile of the (W) transition in the ZEKE spectrum of H,. ( E J E ,  in V(cm)-'). (a) 0/4 
(b) 0/8 (c) 0/12 ( d )  1/12 (e) 1-51 12. The position of the dip in (b), (c), and (d) does not change 
with El and E,. The XUV generation profile shown in (f) has no corresponding dip. With 
permission from the American Institute of Physics. 
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N + =  2 

n = 2 6  

Figure 4.4. Rotational autoionization in H,. The diagram shows how the interaction between 
the n = 26 Rydberg state belonging to the series converging to the v +  = 2, N + = 2 state of 
the HZ and the pseudo-continuum ofhigh Rydbergstates just below the N +  =Ostateleads 
to a window resonance in the (0-0) ZEKE line (dotted lines) and to an autoionization peak 
in the (&2) ZEKE line (full lines). 

0-0 
0-Bmnch Q-Branch 

125ioo 125600 iz5ioo 125803 125903 

Wavenumber /cm-' 

Figure 4.5. ZEKE-photoelectron spectrum of the X 'C: (v' = O ) t X  'C:(u+ =0) band of N,, 
recorded with an extraction field of 1 V (an)- applied 500 ns after excitation. The branch 
labels M, 0, Q and S refer to the difference (N"-J") between ionic and neutral rotational 
quantum numbers. 
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Figure 4.6. Simulated (a) and experimental (b) ZEKE rotational autoionization spectra of N, 
near the X 'Z: (u' =0) threshold corresponding to an extraction field of 6V(m)- ' .  The 
lines are labelled with N+/n where N+ =J" is the rotational angular momentum of ion- 
core and n in Rydberg principal quantum number. A further label 0, M or K indicates that 
the autoionization process involves changes in the core rotational quantum number N +  of 
- 2, - 4 and - 6 respectively. With permission from the American Institute of Physics. 

' 

autoionization derived from the spectrum are AN + = - 2 - 4, and, to a lesser extent, 
-6. It is interesting to note that window resonances are not observed in the ZEKE 
spectrum of N,. They would be expected to cause dips in the profile of Q-branch 
transitions (with N +  = J"). Unfortunately, Q-branch lines are too closely spaced in the 
ZEKE spectrum and the superposition of many line hampers the resolution of window 
resonances. These would probably be observable in a (1 + 1') or (2 + 1') REMPI 
experiment. 

4.2.4. Rotational autoionization in the ZEKE spectrum of Na, 
The Na, molecule provides a further example in the series of homonuclear diatomic 

molecules of decreasing rotational constants. The rotational constant of N a i  
(0.1 13 cm- (Martin et al. 1982)) is approximately 20 times smaller than that of N: and 
260 times smaller than that of Hi. Resolving the rotational structure in the ZEKE 
spectrum of Na, requires the use of REMPI excitation methods. Figure 4.7 represents 
the ZEKE spectrum measured by Buhler (Buhler 1990, Biihler and Gerber 1992). These 
authors use a (1 + 1') REMPI excitation scheme in which the pump laser excites to the 
0'30, J'= 11 level of the A state of Na,, and the probe laser induces the sequential 
excitation from this selected intermediate state to various rotational levels of the 
ground vibronic state of ion. The spectrum shows the expected asymmetry in intensity 
between (N' --J'<O) and (N+ - J '>O)  lines. In addition, a clear series of partially 
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I I I 1 I 
4031 4030 4029 4028 402.7 Inrnl 

Figure 4.7. REMPI-ZEKE photoelectron spectrum of the X (0' =0) state of Na:. Ionization 
occurs from the selected A (u'= 0, J' = 1 1) intermediate level. Adapted from Buhler (1990). 

resolved Rydberg states converging to the N+ = 12 level of the ion confirms that the 
enhanced intensity of the (N' - J' c 0) transitions originates from rotational auto- 
ionization. The propensity rules for rotational autoionization in Na2, A N +  = -2, 
-4,. . . , - 12 (and possibly larger), can be immediately derived from the spectrum. 

4.2.5. The importance of electric jields 
The large AN+ changes observed in the rotational autoionization/ZEKE spectrum 

of Na, compared to those observed in H, and N, is surprising at first sight, but 
compatible with the findings of Bordas et al. (1987) and Mahon et al. (1990) who 
measured AN' changes of up to -20-and -10 in Na, and Li, respectively, by 
observing the lowering of the ionization thresholds caused by field-induced rotational 
autoionization. In both cases, it is demonstrated that electric fields induce the large 
A N +  changes observed experimentally. Bordas et al. (1987) invoke J mixing caused by 
the electric field, whereas Mahon et al. (1990) propose a multistep autoionization 
mechanism based on l mixing. 

The differences in behaviour between Na, and Li, on the one hand, and N, and H, 
on the other, can also be explained qualitatively by the effects of electric fields, as such 
effects are expected to be particularly important for ions with small rotational 
constants (like Na; and Li;): indeed, in such systems, the Rydberg states which 
autoionize rotationally have much higher principal quantum numbers n and are 
therefore more sensitive to weak external electric fields. These trends are confirmed by a 
recent calculation which also demonstrates the differences between J and 1 mixing 
(Merkt et al. 1992a). 

4.3. Spin-orbit autoionization 
Long-lived (z > 5 p) Rydberg states belonging to series converging to both 

spin-orbit components of the X 'II ground state of HCl+ have been studied 
experimentally by Haber et al. (1991) by pulsed field ionization some 5 p  after 
excitation. Excitation to the Rydberg states detected in the experiment was achieved in 
a two colour experiment, via the J' = 2 level of the 4pn F 'A Rydberg state. The PFI 
spectrum reveals extensive progressions of autoionizing Rydberg states, starting with 
relatively low n values, which converge to the various accessible rotational levels of 
both spin-rbit components of the ion, revealing the importance of both rotational and 
spin-orbit autoionization on the spectrum. Most of the autoionization structure 
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disappears from the PFI-ZEKE spectrum when a discrimination field of 
500 mV (cm)- ' is applied prior to the extraction (extraction field 2 V (cm)- l), which 
suggests that the coupling between the different channels that leads to autoionization is 
induced by the presence of an electric field (Haber et al. 1991). 

More recent experimental and theoretical investigations of the same system (Zhu 
et al. 1992) show the importance of spin-orbit autoionization on ZEKE line intensities 
more quantitively: the intensity ratio I(zrIl,,)~I(zIT3~,) is 0.56, i.e. approximately half 
that one would expect from the equal degeneracy of the two spin-orbit components. 
This indicates that the 2113!2 component gains intensity from spin-orbit autoionization 
of Rydberg states converging to the upper 

The importance of spin-orbit and rotational autoionization in the threshold 
photoelectron spectrum of the same states has also been demonstrated by Frohlich 
et al(1991). 

4.4. Vibrational autoionization 
Vibrational autoionization in ZEKE-PES has so far only been conclusively 

observed in the ZEKE spectrum of H, (Merkt and Softley 1992a). The unexpectedly 
large intensity of the rotational (2-0) line of the X-X ionizing transition was noted at 
the end of section 3 (figure 3.1, table 3.2) and can be attributed to a coupling between the 
n = 8,1= 1 Rydberg state, belonging to the series converging to the u+ = 3, N+ = 0 state 
of the ion and the pseudo-continuum of high Rydberg states converging to the u+ = 2, 
N +  = 2 limit. A comparison between the prompt autoionization spectrum, recorded by 
measuring the electrons sent to the detector by the discrimination electric field, and the 
ZEKE-spectrum is shown in figure 4.8. The complicated structure seen at the right of 
figure 4.8 (b) at 128 790 cm- is an example of a complex resonance (Jungen and Raoult 
1981): the u + = 3 ,  R(1) 8pl resonance interacts with the transitions to high Rydberg 
states converging to the u+ = 2, N +  = 3 limit. This limit corresponds to the (3-1) ZEKE 
peak in figure 4.8 (a). The mechanism for the enhancement of the (2-0) ZEKE transition 
described above is therefore similar to that leading to a complex resonance. 

component. 

4.5. Electronic autoionization 
Electronic autoionization effects on ZEKE line intensities are only expected for 

ions having low-lying electronic states and should therefore not play a significant role 

M Z E K E  
Electron 

120900 ' 120800 
n=m -v=Z R(lInp3 

j&'toianisati v=3 R(ll8pl 

v=3 R( 18pO 

128900 128800 
Wavenumber /cm-' 

Figure 4.8. (a) ZEKE photoelectron spectrum of H, reproduced from figure 3.1. (b) 'Autoioniz- 
ation spectrum' of H,, recorded by collecting the electrons sent to the detector by the 
discrimination field E l .  With permission from the American Institute of Physics. 
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S- Branch 
@Branch -r- 

1-0 2 4 6 8 HIP 1&%18 U-Branch 

0 -Bronc h m 
127700 127800 127900 izaooo 128100 

Wavenumber/cm -1 

Figure 4.9. ZEKEphotoelectron spectrum of the X ' 2 : (u+  = l)+X 'Z:(u=O) band of Nz, 
recorded with an extraction field of 1 V(cm)- applied 500 ns after excitation. The branch 
labels 0, Q, S and U refer to the difference (N+-J") between ionic and neutral rotational 
quantum numbers. 

in the ZEKE spectra of most simple molecules like for instance O,, NO, H,, CO, HF, 
HC1, OH. N, represents an important exception as the A state of N: lies only 
~ 9 0 0 0 c m - ~  above the ground electronic state and the density of Rydberg states 
converging to the various vibrational levels of the A state is significant in the region of 
the X state of N i .  Electronic autoionization is expected to have an influence on ZEKE 
rotational line intensities of the X-X transition, and particularly so in a room 
temperature spectrum. (The ZEKE-PE spectrum of P, should be even more subject to 
the effects of electronic autoionization, as the A %:-state of P: lies only ~z2000cm- 
above the ground electronic state (X 'nu.) The ZEKE spectrum of the X 
2E:(u+ = 1)-X 'X;(u  =0) band of N, is displayed in figure 4.9. The large intensities of 
the S and U branches and the fact that the two pairs of lines (S(12), U(10)) and (S(14), 
U( 12)) are particularly strong betrays a channel interaction. The spectrum can be 
qualitatively accounted for by a model based on an interaction between the high 
Rydherg states converging to the rotational levels of the o+ = 1 level of the X state and 
an as yet unassigned Rydberg state belonging to a series converging to the A state 
(Merkt and Softley 1992 b). A more quantitative interpretation of this spectrum and of 
that of the u+ =2 state, which contains similar effects, is in progress (Wilson et al. 1992). 

5. Conclusions 
This article has reviewed recent advances in the understanding of ZEKE rotational 

line intensities. Several aspects remain unclear and require further experimental and 
theoretical work. 

Ab initio calculations of ZEKE-rotational line intensities which do not take 
autoionization into account appear to successfully reproduce experimental results in a 
number of systems (table 5.1). In these systems direct ionization is dominant. At the 
same time, abnormal intensity patterns which can be unambiguously attributed to 
autoionization have been identified in the ZEKE spectra of a wide range of molecules 
(table 5.2). It is not absolutely clear why autoionization plays a role in some systems 
only. Several factors, already mentioned in section 4, can be suggested by comparing 
tables 5.1 and 5.2 autoionization seems to be more readily observed in ZEKE spectra 
of warm gas samples than in jet cooled ones, a consequence of the wider range of states 
sampled. For the same reason, one would expect REMPI-ZEKE spectra to be less 
marked by autoionization effects than one-photon ZEKE spectra. The width of the 
ZEKE detection band (equations (1) and (2)) is also expected to be of crucial 
importance: the wider it is, the more probable it is that an autoionizing Rydberg state 
will perturb the intensity of a given ZEKE-line. This is illustrated in figure 4.3, where 
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the effect of the window resonance on the (0) transition of the ZEKE spectrum of H, 
can be avoided by an appropriate choice of extraction fields as in figure 4.3(a). 
Similarly, the interaction width should play an important role: for instance, the R(0)8p0 
transition, which leads to the enhancement of the (2-0) ZEKE transition in H, by the 
complex resonance mechanism discussed in Subsection 4.4, lies several cm- ' on blue 
side of the ZEKE line (figure 4.8) but the overall profile of the complex resonance is 
wide enough to affect its intensity. 

Until very recently, the factors leading to the long lifetimes of the Rydberg states 
detected in a ZEKE experiment were not well understood. The most satisfactory 
explanation so far is that of I and m, mixing induced by electric fields and collisional 
processes discussed by Chupka (1992). In that context, it will be of particular interest, in 
future, to determine how far below a given threshold Rydberg states are subject to these 
effects. This could be done by measuring the lifetime of these Rydberg state as a 
function of n, for instance by measuring ZEKE spectra at a wide range of delay times, 
and for a wide range of discrimination and extraction fields (El and E 2  in equation (2)). 
Also, a variation of the pressure of the molecular sample might reveal the importance of 
collisional processes, in particular that of m, mixing. 

In cases where the timescale of the interaction which leads to autoionization is of 
the order of a microsecond, a variation of the delay time between excitation and field 
ionization might provide some very useful dynamical information. 

An important consequence of the dynamical picture of a ZEKE experiment 
proposed in the last paragraph of Subsection 4.1 is that, once the photoelectron is 
'trapped' in long-lived, non-penetrating high-1 and high-n Rydberg orbitals, it will be 
insensitive to the motion of the ionic core and will act as a spectator to eventual changes of 
the nuclear configuration. Recent results obtained on the A-X ionizing transition of CO 
clearly indicate that the Rydberg states detected by PFI ZEKE-PES survive 1 ,us, i.e. 
longer than the fluorescence lifetime of the ion core (Hepburn 1992). Fluorescence of 

Table 5.1. Systems in which ZEKE rotational line intensities are governed by direct ionization 

Resolution 
Molecule Transition Excitation FWHM/cm- ' T/K Reference 

0, xzn,tx3z, xuv 2 5-1 10 Braunstein et al. (1992) 
HzO XZBltX'A, xuv 2 15 Lee et al. (1992a) 
OH'") X3Z- c X 2 n  xuv 3 220K Wiedmann et al. (1992) 
HCl X'ntF'A (2+ 1') REMPI 5 - Wang and McKoy (1991b) 

~- 

(a) weak effect of rotational autoionization. 

Table 5.2. Systems in which autoionization clearly affects ZEKE line intensities. 

Resolution 
Molecule Transition Excitation FWHM/cm- * T/K Reference 

xzz: c x ' q  xuv 1.5-10 RT Merkt and Softley (1992a) 
xzz:cx'z+ xuv 1.5-10 RT Merkt and Softley (1992b) 

HZ 

NO2 X(lO0)+3poeiZ~ REMPI 5 - Bryant et al. (1992) 
N2 

N2O xcx  xuv 2 150K Wiedmann et al. (1991) 
HCl XZn3/2tX'z+ xuv 2 300K Tonkyn et al. (1992) 
NaZ X t A  REMPI 2 - Buhler (1990) 
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the ion core seems therefore to occur without significantly disturbing the Rydberg 
electron. If this is confirmed, one could further speculate that the ion core might start 
dissociating without directly influencing the Rydberg electron which could adiabati- 
cally follow the ionic fragment. The ZEKE extraction field would then field ionize the 
fragment rather than the complete molecule. Such an hypothesis could be tested by 
detecting the field ionized electron in coincidence with the ionic fragment (PFI-ZEKE- 
PEPICO). 

To conclude, it seems fair to say that ZEKE photoelectron spectroscopy does not 
only provide important data such as ionization potentials and ionic constants, but has 
also opened completely new perspectives for the spectroscopy and dynamics of high 
Rydberg states. 
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