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1. Introduction

Atomic and molecular physics has always been
at the forefront of the development of the use of
synchrotron radiation, and this is particularly true
of the present time. Over the last few years there
has been considerable progress in experimental tech-
niques, with the result that the photoionization
process can now be studied in great detail and our
understanding of complex correlation phenomena
has advanced considerably. This has been spurred
on by the continuing improvements in synchrotron
radiation sources, both in the areas of beam line op-
tics, and machine performance in terms of beam
emittance and lifetime. In particular the new third
generation sources have begun to demonstrate their
capabilities, setting new standards in terms of very
high resolution, with unprecedented intensity.

These improvements in synchrotron radiation
sources have benefited many scientific areas, and
from the point of this review the one of particular

interest is that of differential measurements made
with both high optical and electron resolution. In
parallel with this, the efficiency of detectors has
also improved, particularly in the case of electron
and ion spectrometers where area detectors are
now coming into widespread use. This has enabled
normally weak correlation effects to be measured,
either by using improved optical resolution to fo-
cus on regions where autoionization takes place, or
by using the enhanced sensitivity to probe inter-
channel correlations in the photoionization contin-
uum. For molecules such measurements are of par-
ticular interest because by focussing on an
autoionizing line in a molecular absorption spec-
trum, different vibrational levels of the ion can be
populated compared to those reached by direct ioni-
zation and in those cases where the vibrational pro-
gressions are long they can provide reliable informa-
tion on the molecular constants. Furthermore,
measurements in resonant regions can bring to
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light effects due to correlation between electronic
and vibrational motion; this is because in the reso-
nance region the outgoing electron is temporarily
trapped and can interact with the molecular core,
exchanging angular momentum with it due to
anisotropic interactions. This results in marked
non Franck-Condon behaviour, normally not seen
in the ionization continuum, and despite consider-
able theoretical effort it has proved difficult in gen-
eral to describe vibronic coupling quantitatively.
At least in the case of small molecules, and also
transient molecules whose photoionization spectra
are not well known, high resolution measurements
will be of continuing interest to provide both funda-
mental information on the excited states of the
molecule and also on the vibronic coupling effects
which can dominate their inner shell spectra.

Despite the experimental difficulties measure-
ments on both singly and multiply charged ions con-
tinue to be of great interest worldwide, mainly be-
cause of their relevance to astrophysics and plasma
physics. Since the first measurements on absolute
cross sections were made some years ago, several
laboratories worldwide are setting up experiments
to extend such measurements to higher photon ener-
gies and a greater range of ions, with some success
very recently. Also the first differential measure-
ments have been made. There are now plans to ex-
tend these measurements to multiply charged ions,
using improved versions of ion sources such as the
Electron Cyclotron Resonance source, and these
will be highly demanding experiments even for
third generation storage rings. Nevertheless they
are an essential complement to the Dual Laser
Plasma Technique which has been used very effec-
tively for studying the absorption spectra of multi-
ply charged ions, and are likely to remain a signifi-
cant part of synchrotron radiation based atomic
physics programmes for some time to come,

It is outside the scope of this review to cover all
aspects of atomic and molecular physics using syn-
chrotron radiation, so it will focus on work done
by the author and his colleagues using the synchro-
tron radiation source (SRS) at Daresbury
Laboratory. The aim is to highlight areas which
are likely to be of continuing interest for the next
generation of such sources, give an indication of
how these research activities in atomic and molecu-
lar physics are developing, and in what derection
they are likely to proceed in future. Work in the ar-
eas of atomic double ionization, satellite structure,
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excited atoms and multiple coincidence experi-
ments applied to molecular fragmentation, which
is now making an enormous contribution to the de-
velopment of the subject, will therefore be in-
cluded only where it is either complementary to or
a natural development of the research reviewed in
this article.

2. Atoms

Measurements on atoms using synchrotron radia-
tion have of course progressed considerably from
the earliest measurements of absorption apectra,
reaching the point where the fundamental parame-
ters in the photoionization process can be meas-
ured. Such experiments are often called “com-
plete”, although it should be borne in mind® that
they are complete only within the framework of
the theoretical method and assumptions that are
used to analyse them. Some years ago Heinzmann
and his co-workers®® made electron spectroscopy
measurements on the rare gases in which the elec-
iron spin was resolved, and were able to calculate
the dipole matrix elements and phase differences
for the outgoing channels in the photoionization
process. Jiménez-Mier et al® measured the angular
distribution of the fluorescence resulting from the
decay of He" ions following photoionization to de-
termine the alignment of the ion, and using previ-
ously measured values for the photoelectron asym-
metry determined the ratio of the two dipole
matrix elements and their phase difference.
Hausmann et al® carried out a similar experiment
on the magnesium 2p shell, using the angular distri-
bution of the Auger electrons to determine the ion
alignment, and Kidmmerling and Schmidt? made
angular correlation measurements between the
Auger and photoelectrons following ionization of
xenon in its 4d shell, to determine five parameters
in this relativistic case.

Calcium and Strontium

A variation on the fluorescence approach has
been used in recent experiments at the Daresbury
SRS, in which the polarization of the fluorescence
resulting from the decay of calcium and strontium
atoms® was measured. The experimental geometry
is shown in figure 1; the experiments were carried
out in the regions of the giant p-d resonances,
mainly because the cross section near the threshold
for ionising and exciting these atoms, where ideally
this experiment should be done, was very low

.
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Figure 1. The experimental geometry of the electron-

fluorescent photon coincidence experiment.

(~107" cm?). When combined with measurements
of the photoelectron angular distribution, for stron-
tium reliable results for the ratio of the dipole ma-
trix elements could be obtained at the main peak
of the 4p-4d resonance, where it was shown that
LS coupling could be assumed and that the effect
of cascade processes feeding the fluorescing 5p
level could be neglected”. The theoretical basis for
the analysis of these results in terms of statistical
tensors is well established®. In the case of stron-
tium, for example, after the initial ionizing event
the Sr* ion is left in the ...4s*4p° 5p *pysse levels,
and decays by fluorescence to the ground state of
the ion *Sy,. The measurement of the fluorescence
polarization of the *Py, — *S,, transition gives the
alignment parameter Ax, and the angle resolved
photoelectron measurement, on the electrons which
are ejected leaving the ion in the excited 5p 2P
level, provides the angular distribution parameter
B. In LS coupling there are two outgoing contin-
uum channels £s and ¢ d, and the dipole matrix
elements and their phase difference are related to
Axand B by the following equations:

@3As_ . - _ D>+ D710
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|Da|? =2 y2|D, ||Ds|cosA

and f= [D.|” + | Da|? ’

a, is a geometrical factor, equal to 0.5 for a *Ps;
—> 28,, transition. In order to overcome the
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uncertainties due to the cascade problem, and in a
new approach to the “complete” experiment, Beyer
et al” made coincidence measurements between the
polarized fluorescent photon and the photoejected
electron. The measurements were made on the cal-
cium atom, where it was known that cascade proc-
esses could not be neglected. Again, the measure-
ments were made in the 3p-3d resonance region,
the polarized photons being detected in coinci-
dence with the ejected electrons which leave the
Ca*ion in the 4p *Ps» level. The resulis are shown
in figure 2 for two values of 8, together with val-
ues for B and the partial cross section of the 4p
channel. The analysis of these experiments is now
a little more complicated, since a particular angu-
lar correlation is being selected out and thus the
fluorescence is no longer being averaged over all
photoeleciron derections. The coincidence polariza-
tion P is now given by

p. = a2(3Am +\/8An>
* Oiz(Azo "“\/BAzz)‘“z

where the normalized statistical tensors of the ion
Ay and Ay can be expressed in terms of the incom-
ing photon and the outgoing photoelectron. Details
of this method of analysis have been given by
Kabachnik'® and more recently by Kabachnik and
Ueda'®. For 6= 1135°, the expressions simplify
so that P, is given by

_ 27-6(R+1)(4+ B)

B= 27— 10(R+1)(4+ B)

where R = |D,|?/| D.|2. Using this expression and
the expression above for S, Beyer et al” calculated
the dipole moment ratio and phase difference A at
the peak of the 3p-3d resonance:

|D,|/|Da| = 1.4, +0.6, —0.3
and |A | = 44.2°+2°, —5°.

This applies only within the LS coupling approxi-
mation, and the justification for this came from
the fact that for @=90°, the value of P, was meas-
ured to be ~0.6, as expected for LS coupling, inde-
pendent of the dipole matrix elements and their rela-
tive phase'’. However, a further complication ari-
ses: unlike the non-coincidence measurements, the
coincidence measurements are sensitive to the de-
gree of circular polarization S; of the incoming

__5__
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Figure 2. Experimental results in the Ca 3p-3d reso-

nance tegion: (a) relative partial cross section for leaving
the Ca™ ion in the excited 4p level; (b) asymmetry parame-
ter B for the corresponding photoelectrons; (c) polariza-
tion of the fluorescent photons, taken in coincidence with
the photoelectrons, for the electron detection angle §=—
135°, and (d) 6=—90°.

light, and this was assumed to be zero when the
above values were calculated. Measurements at
other values of 6 have to be made, other than at
multiples of 90°, to provide a value of S,. This has
recently been done with this experiment, and the
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resulis indicate that the uncertainty in the above
values for | D,|/|Da|and| A | does not increase sub-
stantially.

The extension of these measurements to the non-
LS coupling case is relatively straightforward,
though rather demanding experimentally, since
measurements over a range of & values must be
made to achieve reasonable accuracy. Further such
experiments are planned for the alkaline earth at-
oms, with the long term goal of providing guid-
ance to calculations of the wavefunctions used in
the theoretical analysis of photoionization specira.

Atomic ions

The majority of measurements on atoms and
molecules have been made with the target in its
ground state, this being the simplest to prepare
with a high enough density. Nevertheless, over the
last ten years there has been considerable progress
in studies of photoionization of atoms in excited
states, using a laser tuned to a resonance line to gen-
erate the excited state. These are limited to atoms
such as the alkalis and alkaline earths where the
resonance line concerned can be reached with a
CW laser, since pulsed lasers and synchrotron radia-
tion sources are in general poorly matched from
the time synchronization point of view, but some
benchmark measurements have been made.
Dramatic changes in inner shell spectra and associ-
ated satellite intensities are seen when an outer
shell electron is excited, compared to the spectra
seen with the neutral atom'. By using the laser
both to align and excite the aiom, angular correla-
tion measurements have been made between the out-
going electron and the atomic alignment axis to pro-
vide detailed information on the symmetry of the
states of the excited atom™. Access to highly polar-
ized undulator radiation has enabled considerable
further progress with measurements of this kind.

The next logical step from excited atoms is to
make measurements on singly charged ions, and
there is considerable interest world-wide in this
topic. First, it opens up the possibility of making
measurements on both iso-electronic and iso-
nuclear sequences, permitting observation of the
ways in which phenomena, such as wavefunction
collapse and intershell correlations, develop. A
good example of this, for an iso-nuclear sequence,
is the absorption spectra of Ba, Ba* and Ba'" meas-
ured by Lucatorto et al', in which the collective
excitation of the 4d shell “moves” into the discrete

__6_
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part of the spectrum'. Second, basic data on the
photoionization spectra and cross sections of
atomic ions are of direct relevance to solar physics
and astrophysics, but to date mainly only theoreti-
cal data are available. It will be seen below, for the
case of the Ca™ ion, that theoretical analysis of the
photoionization apectrum is not well advanced,
and the predictive ability of modern theoretical
methods is not well established for atoms of this
size and larger. For this reason, and because most
of the theoretical data remain untested, experimen-
tal measurements are urgently needed. There are,
however, considerable experimental difficulties,
with the result that progress has been slow. To be-
gin with, the target density is generally six orders
of magnitude lower for singly charged ions com-
pared to a neutral gas target, and even worse than
this for multiply charged ions because of space
charge limitations. For this reason the first measur-
ements of photoionization cross sections of atomic
ions'® were made using the merged beam technique'”
in which a collimated photon beam was merged
with an ion beam over a length of 10 cms. Such ex-
periments have one advantage over measurements
of cross sections of neutral species: the number den-
sity of the absorbing species can be measured using
counting techniques. The spatial profiles of both
the photon and ion beams were measured to calcu-
late an overlap integral; the count rates for the sin-
gly charged ions and the doubly charged ions were
then measured at each photon energy. Knowing
the ion velocity, the photon beam/ion beam over-
lap integral, the length of the region of interaction
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between the two beams and the absolute value of
the incident photon flux, it was possible to provide
absolute cross sections. Even in this case cross sec-
tions less than 10" cm?® could not be measured re-
liably, and the experiments concenirated on reso-
nant regions where very high (~107' cm?) cross
sections were found.

In figure 3 the data for the p-d resonances in
Ca™, Sr™ and Ba™ are shown; this is an interesting
sequence because it shows the evolution of the com-
plex structure contained within these resonances.
The identity of this structure is uncertain; attempts
have been made, using both the R-matrix method®®
and the RPAE® method to analyse the Ca spec-
trum, with varying degrees of success. The cross sec-
tion for the 3p-3d resonance is well reproduced by
both theoretical methods, but the identity of the
remaining structure, particularly that due to two
electron excitations, is in some doubt. Ivanov and
West® calculated the oscillator strengths for the
one electron transitions and used this information
to identify the most intense lines in the spectrum,
confirming the earlier assignment of some of these
from comparisons with the series limits calculated
from the neutral atom photoabsorption spectrum®.
The weaker structure was assumed to be due to
two electron excitations; by calculating the relative
positions of the energy levels of these, tentative sug-
gestions could be made for their identity.

The version of the RPAE used was the spin polar-
ized version™, in which the electrons in each
subshell are split into two groups, one with spin
up, the other with spin down. The individuoal
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Figure 3. Total photoionization cross sections for, from left to right: the 3p —> 3d resonance in Ca™,
from Ref. 18; the 4p — 4d resonance in Sr*, from Ref, 19; the 5p — 5d resonance in Ba*, from

Ref. 20.

_7....



460

correlations beiween these electron subgroups are
then calculated, to some extent simplifying the cal-
culation since electrons with opposing spins do not
interact strongly. The fact remains, however, that
although the above analysis has made some
progress with regard to the Ca™ spectrum, a full
theoretical analysis of this spectrum remains to be
done. To this end work is proceeding to develop
the RPAE method to include both the spin orbit in-
teraction and two electron transitions®. On the ex-
perimental side, access to undulator radiation has
encouraged new experiments on atomic ions. The
first electron spectroscopy measurements on the
Ca* ion were made in the 3p-3d resonance region
by Bizeau et al*, and using the merged beam
method Koizumi et al® have extended measure-
ments on the Ba* ion beyond the 4d threshold.
Measurements on other ions are also under way,
and the use of ECR sources for production of multi-
ply charged ions is planned. Even the high inten-
sity from the new third generation sources, how-
ever, does not entirely compensate for the low
beam densities, and moving to higher photon ener-
gies where the cross section is lower and is parti-
tioned into more than one ionization channel will
add to the difficulties. New techniques, perhaps us-
ing coincidence methods® to reduce the back-
ground problems which affect all these measure-
ments, will be required and present a considerable
challenge to the experimentalist.

3. Molecules

Although the early measurements in the gas
phase wsing synchrotron radiation focussed on at-
oms, and mainly the rare gases, once the experimen-
tal techniques using the new kind of light source
were established attention turned rapidly to molecu-
lar studies. Many of the phenomena, for example
autoionization and shape resonances, seen in
atomic photoionization, are of course seen in mole-
cules. Shape resonances, which have their origin in
the centrifugal barrier presented to electrons of
high angular momentum leaving the atom and are
so called because of the shape of the potential of
the electron as a function of its distance from the
nucleus®, occur widely in molecular absorption.
This comes about because the outgoing electron
wave contains in principle all angular momentum
components, as a result of the angular momentum
and spin of the individual electrons no longer be-
ing good quantum numbers and being replaced by
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their projections on the molecular symmetry axis.
The higher angular momentum components can
therefore contribute to shape resonances, and quite
complex interactions beitween outgoing channels
can occur.

Carbon dioxide: shape resonant effects

An example of this is seen in the case of ioniza-
tion of the first four electronic states of the CO.
molecule, where shape resonances are predicted in
the 0, continua of the A ?II, and B *X, states,
the &0. continuum of the X 2Il, state and the
€ 0. continuum of the C 2 X, state, and further-
more are expected to couple with each other,
through a mechanism known as continuum-
contimuum coupling. The measurements shown in
figures 4 and 5 were taken with a high resolution
electron spectrometer system*; although in general
high resolution is not required to resolve electronic
states, in the case of the CQO. molecule the
vibrational members of the A and B states overlap
and high electron resolution is required to separate
the contributions of these two states unambigu-
ously. The C state shape resonance, at 42 eV pho-
ton energy, is seen quite clearly in the photoelec-
tron angular distribution parameter corresponding
to ionization to this state, shown on the left of fig-
ure 4; it is interesting to note that it does not ap-
pear in the partial cross section for this channel,
shown on the right of figure 4. The same reso-
nance is also seen in both the B state partial cross
section and angular distribution parameter, shown
in figure 5; no shape resonance is expected in the B
state so this arises purely through coupling with
the C state shape resonance. The theoretical data
shown® also describe the phenomenon quite well,
where the single channel calculation predicts a
shape resonance in the C state, but with too great
a magnitude; by definition this calculation will not,
of course, show the shape resonance in the other
channels. The calculations for three and four cou-
pled channels improve the agreement with experi-
ment substantially for the C state angular distribu-
tion, and reproduce the effect in the B state quite
well, showing a slight preference for the three chan-
nel calculation. The disagreement between theory
and experiment for the B state cross section, where
the predicted peak lies at lower energy and is
much broader, remains to be resolved; it was
pointed out by Lucchese™ that the frozen-core
Hartree-Fock wave function which he used may

..__8....
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Figure 5. The angular distribution parameter 8 (left) and partial cross section (right) for the B
state of CO,*. Symbols as for Fig. 4.

not represent the ion state well, indicating that examined in further detail in the experimental pa-
core relaxation should be included in the calcula- per by Siggel et al’”, and two points emerge: the

tion. The coupling effects in the other channels are presence of these subtle effects can be clearly
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established by the use of angle resolved elec-
tron spectroscopy, and it is necessary to measure
both the complementary observables, angular distri-
butions and partial cross sections, to bring them to
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light.

Carbon dioxide: autoionization

The widespread occurrence of autoionization in
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Figure 7. The relative partial cross sections of the (010) and (110) bending vibrations of CO," in

the region of the Tanaka-Ogawa and Lindholm series.

molecular ionization spectra makes the analysis of
the transitions involved highly complicated, espe-
cially where there are many overlapping transi-
tions. This is particularly the case for CO, in the

region between the first and third ionization thresh-
olds, where there are autoionizing series converg-
ing to both the A *II., and B 2X." ion states. The
prominent series were identified some time ago®®,
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but much of the structure remains unidentified,
and there is still some doubt over the assignment
of the Tanaka-Ogawa®™ (TO) series. By using the
high resolution in the photon channel provided by
the 5-meire normal incidence monochromator at
the Daresbury SRS, and an electron spectrometer
system with sufficient resolution and sensitivity’®
to resolve even weak vibrational structure in the
photoelectron spectrum, it has been possible to
gather further information about the nature of
these autoionizing series and the non Franck-
Condon effects which can occur in regions of
autoionization. Angular distribution parameters
and branching ratios have been measured at 0.1 A

intervals from 795A up to the B state threshold at
~687A". The first point, evident from these data,
is the substantial intensity that goes into
vibrational modes other than the symmetric
stretch, particularly for members of the (TO) series
where in some cases more than 5096 of the inten-
sity in the photoelectron spectrum goes into the
bending and antisymmetric stretch vibrations. This
behaviour is not reproduced at all by calculations*”
based on the Franck-Condon principle, particularly
for members of the bending vibration with odd
quantum numbers which are in principle forbid-
den. A sample of these data appears in figure 6,
where the branching ratios and angular distribu-
tion parameters are shown for the (000) vibrational
member of the CO:* ion in the region of the
Henning® series converging onto the B state of the
ion, and in figure 7 showing the same parameters
for the (010) and (110) vibrations in the region of
the A4, (TO) and A3, (L) series members.
McCulloh’s® notation has been used in these
figures :A4, (TO) means the Tanaka-Ogawa series
members with the running number conventionally
known as m equal to 4, vibrational quantum num-
bers v, converging to the A state of CO,*; A3, (L)
refers similarly to the members of the Lindholm
series™. In figure 6 the (s) and (d) notations refer
to the Henning® sharp and diffuse series respec-
tively, converging to the B state of CO,". The rela-
tionship between the running number m and the
quantum number n depends on the assignment of
these series, which at present is not absolutely cer-
tain (for a full discussion see ref. 44).

By picking out just the (000) vibrational member,
much more detail is evident in the spectra than is
seen from a total photoionization spectrum.
Particularly for the S-parameters shown in the
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lower half of figure 6, the effect of interference be-
tween the sharp and diffuse members of the
Henning series is seen quite clearly in the asymmet-
ric line shapes. This pattern becomes less clear for
members with low principal quantum numbers (at
longer wavelengths-not shown in this figure) be-
cause it is strongly overlapped by members of the
Tanaka-Ogawa series converging to the various
vibrational levels of the A state of the ion, but it
stands out clearly for the higher members and
should be amenable to theoretical analysis. In fig-
ure 7 the relative partial cross sections of the (010)
vibrational members are shown in a lower incident-
photon-energy region where autoionizing structure
converging to the A state of the ion is prominent.
It is interesting to note here that the peaks of the
resonances correspond to dips in the intensities of
these vibrational members, which seems counter-
intuitive: the complete data set contains many fur-
ther examples of this type, and a preliminary analy-
sis is the subject of a forthcoming publication*”,
One explanation for this non-intuitive behaviour
may lie in the contribution from the background
continuum underlying the resonances, which
makes any model based on the assumption of a sin-
gle partial wave for the resonance inaccurate. For
CO, this was seen quite recently in a high resolu-
tion experiment in which the spin-orbit splitting of
the A state of the ion was resolved* and the Spara
meters for the two spin orbit components meas-
ured. The aim of the experiment was to examine
the selectivity in populating the spin-orbit split
states in resonant regions, and by measuring the 5
parameter to firmly establish the assignment of the
series, in this case the Tanaka-Ogawa series. A su-
personic jet of CO; was used to reduce rotational
broadening and thus resolve the splitting more
clearly. The A5, resonance, the m=5, (200) mem-
ber of the Tanaka-Ogawa series, was chosen and fig-
ure 8 shows a photoelectron spectrum taken at the
resonance peak; the non resonant spectrum has
been subtracted from this, and the data were taken
at 0] ie electrons ejected parallel to the principal po-
larization direction of the incoming light were ana-
lyzed. It is immediately evident that autoionization
occurs primarily to the X 2II state of the ion, con-
sistent with the earlier finding by Tanaka and
Ogawa™ that this series converges to the A *II .
ion core. An analysis* of the symmetry considera-
tions for autoionization of the Tanaka-Ogawa se-
ries, combined with the fact the quantum defects
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Figure 8. The photoelectron spectrum taken at the A5,, m=35, (200) member of the Tanaka-Ogawa se-
ries. The dashed lines indicate the estimated positions of the higher vibrational members of the progres-
sions shown. The energy scale is with respect to the CO," X (000) 211 5, level.
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Figure 9. The photoelectron angular distribution parame-
ters corresponding to the X (000) 2II ,,, and %II 4, states
in the region of the A5, resonance.

are nearly constant™ for m=4 to 11, leads to the
conclusion that Q.w coupling applies for this se-
ries. Also, the most likely assignment is nd &,
which on autoionization should lead to an outgo-
ing wave of primarily f § symmetry, giving a S
value of 0 at the peak of the resonance. Figure 9
shows a reversal of the expected behaviour, since a
value greater than 0 would normally be expected

in the off resonance regions, falling to zero at the
peak or possibly taking a negative value if parity
unfavoured transitions* occur through anisotropic
interactions with the molecular core. Again, the rea-
son probably lies in the contribution from the back-
ground continuum, given the weight of theoretical
and quantum defect evidence for the assignment of
the series as nd §,. These measurements bring out
very clearly the difficulties encountered in the
analysis of these spectra, since a single partial
wave analysis appears to be inadequate.

Sulphur monoxide

For diatomic molecules where there is only one
vibrational mode, the analysis of the photoelectron
spectra can be relatively straightforward and the
presence of autoionisation in fact helpful. By
focussing on an autoionising line a different region
of internuclear distance is sampled, or in other
words the vibrational intensities measured in the
photoelectron spectrum reflect the wavefunction
overlap, or Franck-Condon factors, between the
autoionising level and the ion ground state. This ef-
fect was first seen, using line discharge sources, by
Price® and Natalis and Collin® for the oxygen
molecule; large differences between the Hel and
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Nel photoelectron spectra ossurred because by
chance the Nel line coincides with an autoionizing
line in the oxygen specirum. A theoretical analysis
for the case of oxygen was later carried out by
Smith*®, within the framework of the Franck-
Condon principle. By populating more of the ion
vibrational levels in this way it is possible to ex-
tract accurate values of the molecular ion
vibrational constants, and the continuous specirum
provided by a synchrotron radiation source makes
the method universally applicable. It has been used
for the chiorine and HCI molecules®™®, and re-
cently Dyke et al’” have used it for measurements
on the SO radical, in a new experiment designed to
handle transient or short lived molecules. A
rotatable electron spectrometer incorporating differ-
ential pumping was fitted to the 5-metre normal in-
cidence spectrometer at the Daresbury SRS, and
the SO molecule was created in a microwave dis-
charge; further experimental details are given in
the original paper’”. The continuum source permit-
ted the use of the Constant Ionic State (CIS)
method®, and this was used to advantage in this
case. The results are shown in figure 10, where the
photoelectron spectrometer was set at an angle of
0° to the principal polarization component of the
incoming light, and on the photoelectron peaks
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leaving the SO* ion in the X *II, v* =0 or v* =
levels. Large differences are evident between the
two spectra, reflecting the different decay probabili-
ties of the autoionizing levels concerned. In the v*
= spectra vibrational progressions associated
with the a *II 3d and 4d states and the A *II 4p
and 4d states are clearly seen; the 3d series is ex-
pected to have 3d 0, 7 and & componenis but
only two of these were resolved, the second being
labelled 3d’. These progressions are largely sup-
pressed in the v* = 2 specira, allowing the identifi-
cation of peaks associated with Rydberg states con-
verging to the SO* b * X~ state, using its known
adiabatic ionization potential®.

New structure in the photoionization spectrum
of SO™ has been found in this way, extending ear-
lier ion-electron coincidence measurements™ to en-
ergies above 12 eV. Having identified the position
of the autoionising structure, the next stage was to
set the incoming photon energy to coincide with
an autoionising peak, and measure photoelectron
spectra at resonant energies. In the case of a spec-
trum taken at 12.31 eV photon energy, correspond-
ing to excitation of the seventh vibrational mem-
ber of the a *II 3d’ autoionizing level, thirteen
vibrational components were evident. Analysis of
this spectrum, and several others where extensive
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Figure 10. CIS spectra for two vibrational levels of the SO* X *II ground state.
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vibrational structure was seen, gave values of the
molecular constants in good agreement with earlier
determinations. The CIS measurements were then
extended to photon energies above 15 eV; as seen
in figure 11, Rydberg series were found which con-
verge onto the first two vibrational levels of the
B*X state of SO". Two series of resonances are
seen, absorption and emission types; the absorp-
tion series has a quantum defect & of 0.12, and
thus has oxygen d symmetry. The emission series
was found to have ¢ =0.52, implying oxygen p
symmetry, and the analysis of these series gave a
value of 16.40 eV for the adiabatic ionisation en-
ergy of the SO *X ~ state, consistent with, though
probably more accurate than, the value obtained
from earlier measurements™. These preliminary
measurements on the SO radical demonstrate the
potential of this method; the molecular constants
can be determined with high accuracy, and also, us-
ing the CIS method, partial ionization cross sec-
tions determined once the photoelectron spectra
have been corrected for angular distribution ef-
fects. The angular distributions themselves will
give further information on the symmetries of the
orbitals concerned. Very little is known about the

Intensity / arb. units

T T T T T T T T
150 152 164 158 158 160 162 164

Photon Energy / eV

Figure 11. CIS spectra for two vibrational levels of the
SO b*X" state.
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photoionization spectra of transient molecules, so
the application of continuous wavelength photoelec-
tron spectroscopy to these systems has considerable
potential for the future.

4. Conclusion

The above examples have been chosen to give an
idea of our understanding of the photoionization
mechanism for atoms and molecules, as well as indi-
cating directions for future progress in this area.
Much of this progress will depend on the applica-
tion of new techniques, made possible by the en-
hanced intensity now available from 3rd genera-
tion synchrotron radiation sources, and from the
increasing coverage of the VUV provided by laser
sources. In parallel with this, improvements in de-
tector efficiencies have led to a considereble expan-
sion in the use of coincidence spectroscopies. The
highly correlated double ionization process has re-
cently been studied very successfully in this way
for the helium atom, where the two ejected elec-
trons were measured in coincidence and their angu-
lar correlation also determined, first for equal en-
ergy sharing between the two electrons™, and then
for unequal sharing®; such measurements are now
being extended to other atoms®”. Their extension to
double ionization of molecules, where the ion is
also detected, does not seem far away. They will be
greatly assisted by access to sources with a high,
known content of circular polarization, recently
used successfully for spin polarization measure-
ments™, Symmetry resolved experiments on mole-
cules, in which, in effect, measurements are made
on molecules oriented in space™, are yielding valu-
able information on fragmentation pathways and
have already reached a high degree of sophistica-
tion, in which both the energies and angular
correlations of the ions and electrons can now be
measured in a coincidence experiment®. It seems
clear that future advances in molecular photoioniza-
tion will make use of the combination of the now
well developed techniques of angle resolved ion,
electron and fluorescence spectroscopies. Neverthe-
less, much remains to be done in the area of basic
measurements on excited atoms, ions and short
lived molecules, and high demands will be made of
both the new sources and the associated experimen-
tal techniques. '
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