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The elementary photophysical processes following the absorption of a VUV photon
(above lOeV) by an isolated molecule are described. Special emphasis is made on
photoionization and photodissociation processes, on the basis of recent results obtained
by different experimental methods associated to synchrotron radiation. Discussion is
made within the frame of recent theories. Future trends are also mentioned in connec-
tion with new synchrotron sources.

INTRODUCTION

The understanding of VUV molecular absorption spectra, with syn-
chrotron radiation, has produced important progress recently. The
results from recent theoretical and experimental efforts are reported
in several reviews. -5 In this paper, the energetics and dynamics of
photophysical processes occuring in simple molecules excited in the
VUV range, are described and discussed. The excitation energy range
is strictly confined above the first ionization potential (IP) which lies
around 10 eV photon energy for molecules which are of atmospherical
interest.

it is well known6 that when the photon energy is higher than the
first IP, ionization competes with other decay processes such as neutral
dissociation for excitation energies up to 15 eV above the IP (that is
for photon energy of about 25 eV). Above this energy, ionization
dominates and processes such as ionization with simultaneous
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excitation, multiple ionization, core ionization and Auger processes
can occur. But these high energy processes occuring above 25 eV will
not be considered here.
The most important characteristics of an absorption or total ioniza-

tion cross section spectrum (PIS) is the rich and complex structures
superimposed on a continuum. These structures, known as "super-
excited states," are generally assigned to Rydberg series associated
with the excitation of a single inner valence shell electron (deeper
than the outermost valence shell) or to high lying valence states. Their
observation in PIS is associated with autoionization described as a
resonant two-step ionization process. In contrast, the continuum part
reflects direct ionization mechanisms which are characterized by
energy thresholds, associated, to a first approximation, to the ejection
of an electron from various valence shells. In addition, some broad
structures called shape resonances result from the trapping of a
continuum electron into a quasi-bound state supported by a potential
energy barrier. They are not classified as autoionizing lines because
they are described with a one-electron model just as direct ionization
processes. The decay rate of all superexcited states is determined by
the interaction of these quasi discrete states with the large number
of continua and lies in a very wide range from 10-106 s-. This
means also that line broadening varies in a wide range, i.e., from a
few tenths of a meV to several eV, as opposed to most absorption
lines below IP. One of the experimental consequences is that ultra-
high resolution is not always required in VUV spectroscopy. In the
10--10-3 s range, the lifetime is comparable with a vibrational,
rotational period of the molecule (see Figure 1). Consequently, the
competition between dissociation and ionization mentioned above is
directly related to the existence of these superexcited states.
The decay channels of these superexcited states often leads to

specific vibronic states of the products. In particular, autoionization
is known to produce highly vibrationally excited states which are not
accessible (Franck-Condon gaps) by direct ionization processes.
These states are of particular interest because they often lead to
fragmentation of the parent ion at the thermodynamic threshold.
Learning about the spectroscopy and the dynamics7 of these highly
excited states if of great importance for the physics of ion formation
and the reactivity of ions present for example in the ionosphere and
low density plasmas.
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FIGURE 1 Time scale and line broadening of relevant photophysical mechanisms
in the VUV excitation range. Present experimental resolutions available with normal
and grazing incidence monochromators used with current S.R. sources are indicated,
as well as expected time resolutions with new S.R. pulse widths (dashed lines).

Experimentally, it is very fruitful, in addition to absorption and
total ionization spectra to measure partial cross sections associated
to each possible decay channel, ideally for each individual rovibronic
(rotational, vibrational or electronic) state of the products such as the
parent and fragment ions as well as dissociation neutral fragments.
Along those lines, selected experimental techniques associated to the
continuous, polarized and pulsed character of synchrotron radiation
have been developed. For example, partial photoionization cross
sections for selected energy states of the ion were obtained either by
ion fluorescence excitation spectroscopy (FES)s’9 and photoelectron
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spectroscopy (PES) at variable photon energy, 11’12 called also Electron
spectroscopy with Synchrotron Radiation (ESSR). Additional infor-
mation on photoionization mechanisms have been obtained by
Threshold photoelectron spectroscopy,1 polarization analysis of ion
fluorescence5 as well as angular distributions of photoelectrons4’5 as
a function of incident photon energy. For the non-ionization decay
channels such as dissociation, common experiments have been limited
to fragment fluorescence spectroscopy.3 In addition, many other
coincidence techniques combining mass spectrometry, photoelectron
spectroscopy and time resolved fluorescence spectroscopy have been
also developed to study dissociative ionization or radiationless transi-
tions in ions, but none of these aspects will be considered here.

Theoretically, one electron theories such as Multiple Scattering
Model,4’4’5 Moment theory,6 Single center static-exchange theory17

have predicted a number of direct ionization partial cross sections in
various diatomic and polyatomic molecules, including shape reso-
nances. More recently, Multichannel quantum Defect theory
(MODT) 18-20 based on suitable ab initio calculations has been applied
to selected autoionization problems in diatomic molecules.

In this paper, I will discuss successively, direct ionization with shape
resonances, then autoionization and dissociation processes for
diatomic and triatomic systems, based on recent results carried out
by several groups using the ACO synchrotron facility at Orsay. Some
future trends connected with new synchrotron sources will be also
mentioned.

DIRECT IONIZATION AND SHAPE RESONANCES

The simplest direct ionization model predicts a step in the
photoionization cross section occuring for each rovibronic ionic state
of the ion. The amplitude of these steps is determined by the Franck-
Condon factors between the neutral ground state and the ionic final
state. Observation of sharp steps at the first IP for most molecules is
rather well established. But, the following expected steps associated
to the ejection of inner valence shell electrons are rarely observed in
total ionization cross sections because ot the presence ot autoioniza-
tion. However, these steps can be observed in partial photoionization
cross section measurements.
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Fluorescence excitation spectroscopy using synchrotron radiation
has been shown to complement photoelectron spectroscopy to
measure partial photoionization cross sections, in particular at thresh-
old. In those experiments, one measures the variation of undispersed
radiation from excited ions as a function of incident photon
wavelength. Fluorescence emission spectra from different electronic
states of the ion often occur in sufficiently different spectrum regions
to allow direct measurements of partial photoionization cross sections,
assuming an isotropic distribution of the emission. This is illustrated
for the CO molecule, in Figure 2, with data taken from Ref. 21. CO
has the following electronic configuration

lo-22o.2 30-240.2 171"450.2

core shell inner valence outer valence
(Is type) (2s type) (2p type)

Upon ejection of the l zr and 40. electrons the CO+ ion is formed in
the A 21-I and B 2E/ states respectively. Both states fluoresce to the
CO/, X 2E/ ground state. (A-X) and (B-X) FES have been
measured in a wide excitation range and compared to former FES
data,22’23 PES data2’’25 as well as available calculations. 15’26’27 The
(A-X) threshold region shows a clear v =0 onset, but additional
steps expected from higher vibrational levels of the A state are not
observed because of autoionizing structures. Above 20 eV, the (A-
X) FES decreases monotonically in good agreement with theory. In
contrast, the (B-X) FES shows two sharp onsets at the B, v 0 and
1 thresholds without interference with autoionizing lines. Sharp onsets
have also been observed for the N20+/2+ onset,3,28 the B threshold
0t N29 or the A and B onsets 0t CS.3 In all cases, step heights
vibrational distribution of a given ionic electronic state, agrees within
experimental errors with Franck-Condon vibrational distributions
associated with a direct ionization mechanism.

In the CO/ (B-X) FES seen in Figure 2, an intense and wide
peak centered at 32 eV has been interpreted by several theories 15’26

as a shape resonance. Many molecular partial photoionization cross
sections exhibit wide and intense peaks, often interpreted as shape
resonances associated to the ejection o core, inner valence .or outer
valence electrons.6 Most of them are several eV wide and occur
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FIGURE 2 CO+, (A-X) and (B-X) fluorescence excitation spectra in the 16-
38eV (775-325/) excitation range. The photon bandwidth is 2/; extension of
threshold regions can be found in Ref. 21; PES from Ref. 25; ’ PES results from
Ref. 24; x, MSM calculations from Ref. 15; Moment theory calculations
from Ref. 26.

around some 10 eV above threshold. However, definite shape reso-
nance assignment must be accompanied by more detailed measure-
ments. Because shape resonances originate from the existence of a
potential barrier with a shape varying with internuclear distance, a’lT’aa

one expects large deviations to Franck--Condon vibrational distribu-
tions in the resonance region. This is why vibrationally resolved partial
cross sections measured by ESSR have brought recently much more
information on shape resonances. The clearest case of shape reson-
ance occurs for the ejection of the outermost electron (3o,g) of nitrogen

31 32 17 33 34molecule. Both experimental and theoretical results agree
on the amplitude and position. Note that vibrationally resolved
measurements are not yet available for the 32 eV peak in CO for a
final attribution.
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However, shape resonance assignment may not be straightforward
because of possible interference in the spectrum from autoionizing
Rydberg states or other doubly excited states. The recent study on
oxygen molecule,9’35’36 shows that the strong 30.e0.u shape resonance
occurs around only 3.3 eV above threshold (around 21.5 eV photon
energy) where intense autoionizing features also occur (see details
below). Another assignment problem is the predicted strong shape
resonance associated to the ejection of the outermost electron (50-)
of CO. There is still some disagreement between vibrational branching
ratios measured elsewhere by ESSR37 with theory;27 this may be
explained by the near-by presence of an intense non-Rydberg
autoionizing feature which interferes strongly with the shape reso-
nance. Similar problems are under discussion for acetylene38 which
is isoelectronic of N2 and CO.

Several theoriesS’16’39 have also predicted that the anisotropy para-
meter /3 which is measured by angular distribution of the photo-
electron spectrum with respect to the polarization vector of syn-
chrotron light may vary strongly with excitation energy along the
shape resonance region. Many measurements have been reported4

even in large systems. Agreement between theory and experiment
is still qualitative. Note that the energy variation o this
parameter is also expected along any other autoionizing line and
this additional information must be taken into account together
with partial photoionization cross sections for shape resonance
assignment.

AUTOIONIZATION

Generally, autoionization is considered as a two-step process. An
excitation into a quasi-discrete state followed by an energy transfer
from the excited ionic core to one of the photoelectrons which is then
ejected. Electronic autoionization refers to an electronic relaxation
of the ionic core and then two electrons are involved in the process.
Vibrational or rotational autoionization refer to vibrational or rota-
tional relaxation of the core, then a single electron is involved but
these processes are associated with a departure from the Born-
Oppenheimer approximation. Note that this very simple two-step
picture is not relevant for short lived quasi-discrete state and actually,
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there is a smooth transition between real quasi-discrete states and
direct ionization process.

Understanding autoionization requires both the knowledge of
initial state spectroscopy (Rydberg states or others) and the dynamics
of their decay. Spectroscopy of high lying Rydberg series has been
done, at least 19artly, in many molecules by high resolution absorp-
tion,41 ionization’2 spectroscopy. Unusual quantum defects, linewidth
and line intensities are very common in VUV molecular spectra.
However, there are very tew examples where quantitative or even
,qualitative analysis have been made to describe these processes. The
best known case fully explained by MQDT19 is the rovibrational
autoionization case in hydrogen molecule just above threshold. The
second example is NO just above the first IP, where M(DT43 also,
has been successful to explain perturbed line intensities of Rydberg
states by a coupling of these Rydberg states with dissociation continua.
Besides those threshold effects concentrated only with a single elec-
tronic continuum, the structured part well above IP almost always
involved electronic autoionization and only a few systems have been
studied.

Figure 3 illustrates the complexity of superexcited states structures
in oxygen molecule3 observed in the total photoionization cross
section from IP to 26 eV and the threshold photoelectron spectrum
(TPES) in the same region of excitation. The TPES is obtained by
measuring the intensity of near-threshold electrons (z’- 15 meV)
selected by time of flight analysis, as a function of exciting wavelength.
Considering that the photon energy Ehv is partitioned between the
electron kinetic energy and the internal energy Ei of the residual ion,
the TPES represents the relative probability for producing ions with
an internal energy Ei Ehv. Most of the TPES features occur for O-
ion states bound in the Franck-Condon region which results from
successive ejection from valence shell electrons of the 02 molecule,
whose configuration is

core inner valence outer valence

Particular interest has been recently focused on structures occurring
above 18 eV in the PIS and the production o the O ion states b 4-g
and B 2-g. Note that because of the open shell lrrg of this molecule,
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FIGURE 3 (a) O- threshold photoelectron spectrum and (b) Total ionization spec-
trum in the 12-26 eV range (from Refs. 3 and 44).

two ionic states are produced with different binding energies, when
a single inner electron is ejected. This explains why the b and B states
originate from the ejection of a single 3trg electron. Vibronic partial
cross sections for the production of the b and B states have been
measured using the ESSR method,36 used in the constant ionic state
mode,12 i.e., the electron intensity is measured as a function of photon
energy, keeping the binding energy E Eh, ek constant. A portion
of this data is shown in Figure 4. One observes large structures which
are vibrationally excited Rydberg series having a B core but decaying
primarily into the b ionization continuum. Strong differences are seen
considering different final vibrational ion states. Similar geometries
of both autoionizing states and final ionic states, which leads to a
Av 0 propensity rule, explain the vibrational selectivity. Moreover,
analysis of structures in each vibrational channel has brought satisfying
explanations on these complex structures. MQDTa6 based on ab-initio
spectroscopic calculations and One Center static exchange17 calcula-
tions, reproduced in Figure 4, have shown a large coupling with the
b continua as well as unusually wide structures ((a), (b), (c), (d) seen



348 I. NENNER

"" V ." : ’:’: ,: t., TOTAL

-04
0
2 v=3

4

o ’ },Vv’
Z , ,,,.. ..

19 20 21
PHOTON ENERGY (eV)

FIGURE 4 Total and vibrationally resolved partial cross sections for the b + state
of O- in the 18.17-21 eV photon energy range, obtained by ESSR in the CIS mode.36

Dots are the experimental results. Solid lines are calculated MQDT cross sections,
broadened to the experimental resolution of 0.08 nm. (a), (b), (c) and (d) features are
interpreted as due at the 4po,. resonance states.

in Figure 4). It has been interpreted as coming from a strong valence-
Rydberg orbital mixing which varies with the principal quantum
number. In addition the perturbing valence orbital of the r* type, is
suggested to be responsible at short internuclear distance of the shape
resonance in the B continuum and at large internuclear distance of
the dissociative state which leads to the well known Schuman-Runge
emission spectrum in neutral o.xygen. This result which shows the
importance of valence orbitals in the photoionization continuum, may
have a general character and may help to understand strong line
perturbations in the VUV range.
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DISSOCIATION AND AUTOIONIZATION
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In diatomic molecules, as seen with the 02 example, dissociation
induces line width and intensity perturbations, in partial cross sections.
In triatomic or polyatomic molecules, additional peculiar effects have
been experimentally observed. 3’13’47 Namely an unexpected large
number of threshold electrons have been found in Franck-Condon
gaps, i.e., where direct ionization is completely negligible from the
neutral ground state of the molecule. Figure 5 illustrates this situation
in N20 in the excitation region between the X 217 and the A 2};+
N20/ states. The top PIS spectrum shows numerous autoionizing
structures which have been interpreted as Rydberg states converging

PHOTON ENERb"Y(eV)
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FIGURE 5 Total ionization and threshold electron spectra of N20 as a function of
photon energy from the X 2II to A 2};+ states of N20 (from Ref. 10); the main
Rydberg series and (nd’n’) observed in the TPES are indicated. The first NO +N
dissociation limit is indicated at the thermodynamical onset, the second one is the
experimental onset of the same fragments. The O +N2 experimental onset occurs at
the thermodynamical limit. The dotted curve drawn on the total ion curve is an estimate
of the direct ionization continuum of the X state. On top are four electron time of
flight spectra taken at 742, 798, 835 and 893
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to the A and B states of the ion. The TPES shows in addition to the
X and A vibrational bands, already observed by PES, a series of
peaks in the Franck-Condon gap (region between 760 and 930 ),
arising from "resonant" (i.e., which yields near zero kinetic energy
electrons) autoionization. Photoelectron spectra obtained at selected
wavelengths always showed a sharp peak located at zero kinetic energy
independently of photon energy. In addition, neutral dissociation
compete with ionization, yielding excited and non-excited neutral
fragments. Part of these processes have been measured by fragment
fluorescence excitation spectrum in the same region and a summary
(taken from Ref. 13) of all partial cross sections are presented in
Figure 6. In this gap, all ionization processes represent 50% and
dissociation 50%. The first part is partitioned between 45% of direct
ionization to X in low vibrational levels and electronic autoionization
from the Rydberg states to X in low vibrational levels, and 5% of
"resonant" autoionization. The second part is partitioned between
dissociative states leading to fluorescing (observed) and non-
fluorescing fragments. No simple diatomic-like picture could explain
the large amount of threshold electrons, therefore, a model13 has
been proposed based on the striking similarity between TPES and
fragment FES. In the FC gap, highly vibrationally Rydberg states
converging to X are also excited, they autoionize into high vibra-
tionally excited levels of X, with a AE 0 propensity rule and are
also mixed with dissociative states to yield fluorescing or non-
fluorescing fragments.

Similar observations have been made in OCS44-5 and other
systems.46 This may be viewed as an indirect observation of some
sort of internal conversion between super excited states, where the
vibronic density of levels is very high. However, the theory for
vibrational autoionization in highly excited polyatomics has not been
yet developed.

FUTURE TRENDS

The use of synchrotron radiation in photophysics will develop rapidly
with the advent of new dedicated storage rings. Many possible experi-
ments which have been largely described by Jortner and Leach,7

have not yet been done. They cover in addition to basic molecular
processes medium induced molecular processes, relaxation processes
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FIGURE 6 Photon excitation scans of N20 between 840 and 755/ with 0.5/
bandwidth (from Ref. 13). (a) relative variation of the absorption cross section’ (b)
total ion scan; (c) total fluorescence (3500-6000 A) excitation spectrum, coming from
dissociation into excited neutral fragments’ (d) threshold photoelectron spectrum.

in electric and magnetic external fields, complex molecular processes
and relaxation processes in condensed phases.
Various reasons may explain this situation" lack of accessibility to

storage rings, technical reasons (vacuum requirements, lack of
appropriate monochromator), or psychological difficulties! Many
other experiments are still not possible because present characteristics
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are largely insufficient. To overcome all the difficulties present with
the electron storage rings which were designed for high energy physics,
new machines have been optimized, constructed (or are under con-
struction) and dedicated to synchrotron use. This is the case for Bessy
in Berlin (Germany), Brookhaven machine and Alladin machine at
Staughton (USA), SOR and Photon factory in Tsukuba (Japan),
Daresbury (England) and SuperoACO in Orsay (France). Using the
example of the Super-ACO project, I now summarize here the
expected major improvements of importance in photophysics and
photochemistry.

Firstly, the high energy ot S.R. emission is chosen by an appropriate
energy of circulating particles in the storage ring. More photo-
physicists are interested in core shell excitation in molecules, because
of atomic selectivity, localization of the excitation, access to electron
correlation effects etc The choice of 800 MeV will allow S.R. use
up to 6 keV photon, i.e., K or L excitation of atoms of the fourth
row of the periodic table will be possible.

Secondly, because the electron (or positron) bunch circulating in
the ring is actually the photon source, improvements can be made
on its size (transverse dimensions and length) and on the density ot
particles. One expects with positrons an increase in brilliance ot 100
over common present rings. In addition, charged particles accelerated
in periodic magnetic devices (called ondulators) have been shown
(depending on the number of magnetic periods) to emit lights’#9 with
intensities several orders ot magnitude higher (up to 10) than in
normal dipole magnets. This is why, Super-ACO will be equipped
with 6 ondulators in straight sections ot the machine.

Thirdly, pulse width and repetition rate can be optimized, using an
appropriate accelerating RF cavity. For a given circumference of the
ring, the number of bunches n gives the repetition rate. For many
experiments, it must be as low as possible i.e., for n 1, in super
ACO the maximum period will be 240 ns. Short pulses (-0.06 H ns)
required for time resolved fluorescence measurements, as an example
will be available. "Long" bunches (1 ns) with high intensity per bunch
required tor electron, ion time ot flight spectroscopy techniques and
related coincidences measurements will also be specifically toreseen.
Lastly, the additional use of lasers for their power and spectral width
will also bring more refined experimental tools to this field such as
two photon, two colors type of experiments.
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