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A review is presented of the different types of autoionization which have been studied
theoretically in diatomic molecules: electronic (or electrostatic), rotational, spin-orbit
and vibrational autoionizations. An example involving a large number of vibrational
channels, is treated. It concerns the electrostatic autoionization in the 730-708 A wave-
length region which appears in the CO photoionization spectrum. The structure
observed at 721 A is explained by the enhancement in intensity of numerous levels
of Rydberg series converging to excited vibrational levels of the A%1T1 state caused by
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two autoionized Rydberg levels with a B2Z™* core.

PACS: 33.80E

1. Introduction

Many review papers [1-3] on the photoionization
in diatomic molecules have recently appeared. This
is due to the large progress in experiment and theory
made in the last ten years. In this paper, attention
is focused on the autoionization (or preionization)
resonances. Since the review of Dehmer et al. [1a]
appeared, numerous theoretical results on this sub-
ject have been obtained but no global discussion of
different types of molecular autoionizations has been
presented.

The resonances in the photoionization spectra
manifest themselves by peaks in the cross section
with a characteristic width. They form two main
classes: the shape resonances which are reviewed in
this same issue [4] and the autoionization reso-
nances. The shape resonances are expected to be
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broader than the autoionization ones but experimen-
tally it can be difficult to distinguish between them.
Sometimes the autoionization peaks are very broad
probably because they correspond to valence states
(e.g. in N, [5] or in polyatomic molecules [6]) for
which the autoionization rate can be very strong.
Theoretically, an easy distinction can be made:
the shape resonances correspond to a one-electron
process and appear as a consequence of a centrifugal
barrier in the electron-ion interaction potential.
These resonances can be described by a one state

potential model. In contrast, the. autoionization or-

Feshbach resonances appear if a short-range inter-
state interaction is turned on. The simplest model
to describe the autoionization is a two-state model,
one bound state and one continuum state corre-
sponding to different ionic states coupled in a config-
uration interaction picture. In molecules, it is then
necessary to go beyond the Born-Oppenheimer
approximation as will be explained later.
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In the next section, the different types of molecu-
lar autoionization will be defined in this simple two-
state model. Then, the various theories currently
applied to the molecular autoionization will be
reviewed and emphasis will be given to the electronic
(or electrostatic) autoionization as illustrated by an
example from the CO photoionization spectrum. Fi-
nally, a discussion of what we can learn from experi-
ment and theory will be given.

2. Different Types of Autoionization Defined
in a Two State Model

Photoionization corresponds to the following pro-
cess,

AB+hv—AB* +e~ (k%)

The AB™ ion is characterized by its electronic,
vibrational and rotational state whereas the cjected
electron is characterized by its kinctic energy, k2/2
and the quantum numbers !/ and 2, that correspond
to its electronic angular momentum and its projec-
tion on the internuclear axis respectively. The whole
of the AB* ion plus the ejected electron constitutes
an ionization continuum, called, in scattering thcory
language, a channel. For a given hv, one measures
cither the amount of absorbed light, or the number
of ions formed, or the number of ejected electrons
as a function of their kinetic energy. For a given
final state of the ion and a given photoelectron ki-
netic energy, the number of ejected clectrons is pro-
portional to the partial photoionization cross sec-
tion.

Autoionization corresponds to the following indi-
rect photoionization process:

AB+hv— AB**—> AB* +e"(k*1))

where A B™ is a superexcited state which is autoion-
ized in the continuum of the 4AB*ion and which
manifests itself by a sharp variation in the cross sec-
tion.

Theoretically, the direct and indirect processes
discussed above have to be considered simultaneous-
ly. In the framework of Fano’s configuration mixing
theory [7], the corresponding photoionization cross
section g is expressed as:

(g+¢)?
14-¢2

0~ W In| §od? =Pk |n] Po)? (M
where Y is the configuration interaction continuum
wave function which is an eigenfunction of the total
Hamiltonian and &, is the continuum, or open
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channel, (corresponding to A B* +¢7), wave function
which interacts with the discrete resonant &, state
(corresponding to 4 B**) and &, is the initial state
{corresponding to AB). In Eq.(1), q is the profile
index, i.e.,

SRR CATILY,
7 (@ 1n] Po) <P, IHI 0>

and ¢=(E— E,)/(I'/2) where E, is the resonance ener-
gy and I the resonance width.

r=2ndd, |H| &p)*=2nV,; )

is proportional to the interaction between the reso-
nant and the energy normalized continuum states.
The integrals {®, |n| ®o> and (Pg|pu| P> are the
transition moments from the initial &, to the final
discrete @, and continuum @, functions respectivcly.
From (1) we sce that the background continuum
cross section, proportional to |[{®@g || $o)|?, is mod-
ified by a factor which changes dramatically near the
resonance when & approaches zero and has a maxi-
mum at £=1/q. If the profile index q is equal to
infinity (if for example the transition to the contin-
uum state:is zero), the cross section has a Lorentzian
profile in the vicinity of the resonant state with a
full width at half maximum (FWHM) equal to I'
defined above and related to the lifetime of the reso-
nant state. This situation corresponds to the well
known Fermi-Wentzel Golden Rule.

In molecules, the wave functions @ and &, must
be introduced in Fano’s formulation [8] as Born-
Oppenheimer products of the electronic, vibrational
and rotational functions,

b= q’cl(r’ R) Zvib(R) Qrol(ﬁ)

Here r stands for all electron coordinates and R and
R the radial and angular part of R. Following the
nature of the coupling ¥,z between wave functions,
different types of molecular autoionizations can be
defined: clectronic, rotational, spin-orbit and vibra-
tional autoionizations (sce also [9]).

2.1. Electronic Autoionization

This autoionization appears between states of the
same symmetry (same values of 4, £ and § which
are, respectively, the projection of the angular and
spin electronic momentum on the internuclear axis
and the spin momentum). Let us consider Rydberg
scries converging to a vibrational level of an excited
electronic state of the ion and autoionized by the
continuum state of the same symmetry (described by
the wave function @;) of a vibrational level of lower
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(or even the ground) state of the ion. Each of these
states can be considered as a diabatic state, that is
to say, an approximate solution of the electronic
Hamiltonian. The residual interaction between them
is due to the electrostatic terms neglected in this

approximation. Consequently, this type of autoioni-
zation can be called electrostatic autoionization.
This interaction is expected to be rather strong in
the particular case where the two electronic ionic
states differ only by their multiplicity. An example
are the 32, Rydberg states converging to the B2 z;
state of O; and autoionizing in the *X; continuum
of the b*X,; state [10]. The width is of 0.2¢eV as
the two ionic states B>X; and b*X, originate in
the same configuration. For light molecules, except
H, and Na,, the electronic autoionization is the
most common type of interaction. For electrostatic

autoionization, the inclusion of vibration is, in prin- .

ciple essential, because the pair of resonant and con-
tinuum states (with the wave functions @, and @)
belong to different electronic ion cores. We have

(P, |H| &> ={% | H| 05> {1, IxE)

This Condon factorization is possible if H is as-
sumed to be independent of R.

2.2. Rotational Autoionization

In the Born-Oppenheimer approximation, the sepa-
ration of the rotational coordinates is possible only
if certain parts of the rotational Hamiltonian are ne-
glected. These terms can be written:

—B(J* L™ +J" L*)for the L™ uncoupling part
—B(J* S~ +J~S§*)for the S~ uncoupling part

where J*, L*, $* (and, J~, L, §7) are respectively
the raising and lowering operators of the total, elec-
tronic and spin angular momenta. "

The L-uncoupling part couples the 'X} and 'I1,
Rydberg states of H, and consequently will give rise
to the autoionization of, for example, the 26p,, v=1
state of H,, associated with the N* =2 rotational
limit of the ground state of H}, by the N* =0 con-
tinuum of this same state [11].

The S-uncoupling part couples the *IT, compo-
nent of a n3no Rydberg state, associated with the
21,,, limit of the ion HI*, with the *IT; component
and will give rise to its autoionization in the (IT,)
2[1,;, continuum [12]. These types of autoionization
concern states having similar potential curves and
consequently these interactions appear mainly be-
tween states having the same value of v.
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2.3. Spin Orbit Autoionization

The interactions so far described involve states of
the same spin multiplicity. If, however, the relativis-
tic spin-orbit interaction is introduced, the spin-orbit
autoionization can be accounted for. Between Ryd-
berg levels of same value of Q=A4+2Z, a spin-orbit
interaction takes place, for example between the 'IT,
and 3J1, (n%0) states. Consequently, a state belong-
ing to a Rydberg series, converging to the upper
2[1,,, substate of the inverted = 21T ion state, can
be autoionized in the continuum of the lower 2115,
substate [12]. The potential curves corresponding to
the two substates can, in a first approximation, be
considered as identical. Consequently the vibrational
functions are the same for the two spin-orbit compo-
nents. Thus only states corresponding to the same
value of v can interact.

2.4. Vibrational Autoionization

A vibrational autoionization, i.e. a coupling between
states corresponding to different values of v, appcars
as a consequence of the R-dependence of the differ-
ent types of interactions discussed above. To calcu-
late the vibrational autoionization two different rep-
resentations of the electronic functions can be used.
The diabatic representation used for electronic
autoionization in Sect. 2.1 is defined so that the nu-
clear kinetic energy term is diagonal. The R-depen-
dence of the residual interaction couples on different
vibrational levels of two different electronic states
giving rise to vibrational diabatic autoionization.
Taking the residual interaction as R-independent
results in the neglect of a part of the vibrational
interaction. This is the model used for CO autoioni-
zation discussed in Sect. 4.

In the adiabatic representation the total electro-
static Hamiltonian is diagonalized but we are left
with an interaction due to the nuclear kinetic energy
operator. This interaction Vg is a vibronic interac-
tion and can be reduced to the following main term:

d d
Vie= (R 65(r, R) g &7 (n R) g 120 (R A3)..

We distinguish between pure vibrational autoioniza-
tion with functions having the same electronic ionic
core but different vibrational levels and vibrational
adiabatic autoionization when the ionic cores are
different. The case of pure vibrational autoionization
has been studied in N,. The !X po, Rydberg states
converging to the v+1 level of the XX of N7,
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are autoionized by the continuum of the v level of
the same state [13].

The interaction (3) has been shown [11] to be
related to the R-variation of the 6 quantum defect,
i.e. to the difference between the potential curves of
the Rydberg state and of the ion. Equation (3) can
be written:

2Ryd /dé
Ve=]/ S (qk) ERIR-RAL @Y @

R, is the equilibrium internuclear distance, taken the
same for the two states.

Other similar vibrational interactions due to the
R-dependence of other parts of the Hamiltonian,
namely the rotational or the spin orbit parts, can
be considered. For the rotational operator, two
quantities are dependent on R. The B operator is,

in fact, B(R)=h?/2 uR?, where u is the reduced mass.

A coupling due to centrifugal distortion can appear
between the v and v+1 states corresponding to the
same electronic core. We have in the harmonic
approximation:

h? B}
gl =27/ (G e+ 5

where B, and w, are, respectively, the rotational and
harmonic constants of the potential curve. This effect
has been implicitly taken into account in H, [14].
Another effect is due to the R-variation of the elec-
tronic part of either the L* or S* operator. It is
probably rather weak but it is well known in molec-
ular spectroscopy in the case of discrete states. In
the present case it would also introduce interactions
between different v levels.

The R-variation of the spin-orbit interaction has
been taken into account [15] to explain the autoion-
ization of Rydberg states converging to 21, ;2 v=1
in the continuum of the 217, v=0 state of HBr.

3. Theoretical Treatment of the Autoionization

The pioneering works of Berry and Nielsen, in the
case of the electronic vibrational autoionization in
H, [11] and of Duzy and Berry [16), in the case
of pure electronic autoionization compared to vibra-
tional autoionization for N, [16), have used a gold-
en rule formulation but only obtained the width I'
(Eq. 2) of the autoionized states. There are also
results which, starting from close coupling calcula-
tions, has introduced the residual electronic interac-
tion as an optical potential and has obtained some
results in the case of the autoionization of NO (cf.
Collins and Schneider [17]). Other methods have
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used either the Stieltjes-Tchebycheff method [18] or
approaches based on the Kohn variational principle
[19] or on the R matrix method type [20-21] and
have allowed the calculation of the widths for
electrostatic autoionization in the H, molecule. Ran-
dom Phase Approximation with local exchange and
electronic correlations has been used in the case of
the autoionization of a valence state in C,H, [22].
As yet, no method has used Fano’s formulation [7]
explicitly for molecules or its extension due to Mies
[23). Many qualitative discussions and interpreta-
tions of the experiment have, however, used Fano’s
formulation. The methods discussed above are de-
vised to calculate ab-initio electronic quantities.
They do not treat explicitly the vibrational and rota-
tional part of the interaction except in the case of
vibrational autoionizations. A complete procedure
must use the total electronic, vibrational and rota-
tional wave functions. Such a procedure is the Multi-
channel Quantum Defect Theory (MQDT). It goes
beyond the analytic formulas such as Eq. (1), which
arc only valid for two energy states of which one
is discrete and the other a continuum. MQDT is
able totreat any type of autoionization discussed
in Sect. 2. It is based on a number of original con-
cepts which have been reviewed recently [2]. Here
we briefly recall the essential ideas. Instead of treat-
ing a single Rydberg level, as has been assumed in
the above description of autoionization, MQDT uses
the original idea of Seaton [24] to treat all discrete
members of a Rydberg series and the continuum to
which this series converges as a single entity which
is called “channel”. A channel is defined by the ionic
core with its quantum numbers n*v*A* and the
quantum numbers ! and 4 of the Rydberg or contin-
uum electron. The distinction between bound and
continuum states usually introduced in the configu-
ration interaction approach is removed by the exten-
tion of the definition of a channel to include the dis-
crete levels. If the energy lies in the discrete region
the channel is called a closed channel. Consequently
the interactions between individual states are re-
placed by one interchannel interaction which is
defined at any negative or positive electron energy.
MQDT defines two regions of space in which the
outer cleciron movces: an internal region which close-
ly surrounds the ionic core and an external or '
asymptotic region where the ionization (or fragmen-
tation) occurs.

In the internal region, we construct eigenchannel
functions which diagonalize the short range Hamil-
tonian. They form an appropriate representation for
the Rydberg levels with low value of n. In this eigen-
channel representation, we usually calculate quan-
tum defects and transition moments. The way to per-
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form this calculation will be discussed further below.
The channels which diagonalize the long range
Hamiltonian in the external or asymptotic region are
called asymptotic or ionization (or fragmentation)
channels. These channels correspond to high n-Ryd-
berg and continuum states since the associated func-
tions extend to large distance. The observables,
namely the photoionization cross sections and the
photoelectron angular distributions, are written in
terms of these channels. This is obvious because the
experimental observations take place asymptotically.
The link between these two types of functions is
obtained by an unitary matrix transformation intro-
duced by Fano [25] and called a frame transforma-
tion. This matrix transformation expresses the
asymptotic functions in terms of thc cigenchanncl
functions. For example in the casc of the spin-orbit
autoionization, the !IT and 3IT Rydberg states of the

neutral molecule expressed by Hund’s case (a) func-

tions are finally ionized in the continuum of the
’M,,, and 21, sublevels of the ion expressed by
Hund’s case (c¢) functions. Similarly, in the case of
the rotational autoionization, the 'X* and 'I7 states
of H, expressed by Hund’s case (b) functions are ion-
ized in the continuum of the N¥* =0 and N* =2 lev-
els of the HJ ion, described by Hund's case (d) func-
tions. This frame transformation makes it possible
to introduce sequentially, and then to treat simulta-
neously, several types of coupling by taking into
account quantum numbers neglected previously: for
example, the electronic vibrational autoionization
has been treated together with the rotational
autoionization in the case of H, [26]; also the rota-
tional autoionization has been added to the spin-
orbit autoionization in the case of HI [12]. In its
standard version MQDT can treat a whole energy
region with one energy independent set of electronic
quantities (by varying only the photon energy). It
allows successive opening of the closed channels
since the respective number of closed and open
channels is energy dependent. .

We have mentioned above what we have to cal-
culate: quantum defects and transition moments.
These quantities can be obtained from experiment
by a fitting of some accurate spectroscopic data,
namely the positions and intensities of the Rydberg
states [14]). These fitted electronic quantities are
effective quantities which do not correspond to a
definite theoretical model. We can also obtain the
electronic quantities directly from ab-initio calcula-
tions [27] [28], starting from some approximate
theoretical model (presently the most common zero
order approximation is the single configuration
approximation). In fact, the above mentioned proce-
dures are often mixed. The fitting procedure uses at
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least some information from the calculated potential
curves. Ab-initio procedures usually take the ioniza-
tion potential (which is difficult to calculate accura-
tely) from experiments.

4, Indirect Autoionizations: An Example of Complex
and Composite Resonances in the Photoionization
Spectrum of CO

In molecules, the supplementary degrees of freedom
give rise to numerous possible ionic cores which are
often close in energy. To treat the electrostatic inter-
actions due to the continuums associated to all of
the vibrational levels of a given electronic state, a
sum rule has been used in the preceding works [27]
[28]. We have:

I=2nl¢" |H| 05> Z (el =2nle" |H| 9*)? (5)

and the interaction is consequently reduced to a sim-
ple electronic interaction. This is only valid if all
vibrational channels are open. In the example given
below, only some of the vibrational channels are
open and consequently Eq.(5) is not valid. In the
17.0-17.5 eV (730-708 A) range, the CO photoioni-
zation spectrum is perturbed both by the lowest
members of the Rydberg series converging to the
CO* B? X* state (threshold at 19.68eV) and by the
high-n Rydberg states converging to the successive
vibrational levels of the AT ionic core: the 4211
v=3, 4 and 5 thresholds appear respectively at
17.09 eV (725.5 A), 17.27 eV (7179 A) and 17.44 eV
(7109 A). Three resonant structures are observed
experimentally [29] [30]: one at 17.09 eV (725.5 A),
assigned to (B2X*) 3'p'n v=0 [28] (the first member
of the “sharp” series), one at 17.20 eV (721 A), tenta-
tively assigned by Ogawa and Ogawa [31] to the
n=9, 10 and 11 Rydberg states associated with the
CO* A%Il v=4 ionic core, and one at 17.30eV
(716.7 A) which corresponds to the B2Z* 3'p'e v=0
and 3'p'n v=1 resonances [28].

A theoretical model studying this energy range
has to take into account the three ionic states X,
A and B and their corresponding vibrational levels.
Therefore calculations of the interactions must expli-
citely account for both electronic and vibrational
effects thus giving rise to two types of autoioniza-
tions. To study this energy range we have used two
models which both neglect pure vibrational autoion-
ization and introduce the vibrational channels with
a factorization of the vibrational part. In a preceding
work [28] the v=0 to 3 and v=0 to 1 vibrational
levels were introduced for the X and the B states
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respectively, but the vibrational levels of the 4 state
were not explicitly taken into account. This
approach gave relatively good agreement with the
experimental spectrum reproducing the peaks at
17.09 eV (725.5 &) and 17.30 eV (716.7 A) which are
due to states converging to the B*Z* jonic state.
However, these calculations were unable to repro-
duce the observed structure at 17.22 eV (720 A). The
model presented here is an extension of the previous
model in that we now include seven vibrational lev-
els for the A% ionic core. The Condon factorization
of the transition moments and interchannel interac-
tions is, however, still used throughout the calcula-
tions.

In these two models, quantum defects, mixing co-
cfficients, transition moments and interactions have
been calculated ab-initio except for the second mod-

el, where the quantum defects corresponding to the .

B*Z* channels were fitted to the experiment. In
MQDT we obtain theoretically a photoionization
spectrum calculating the cross section at regularly
spaced points in energy. In the sccond model, duc
to the very narrow widths associated with high n
Rydberg states — the widths within a series decrease
as 1/(n—09)* where & is the quantum defect of the
series —, we have used a very dense energy grid with
a variable step.

In Fig. 1 we display as examples the calculated
vibrationally resolved cross sections for the produc-
tion of CO* X' X+ y=0, 1.and 2. These results have
been broadened to a resolution of 0.05 eV to corre-
spond to resolution of the experimental measure-
ments [32]. The main results can be summarized as
follows:

(i) The introduction of the vibrational thresholds of
the A% state results primarily in the cmergence of
a structure located near 17.22 eV (720 A). This struc-
ture originates in fact from the convolution of a
great number of very narrow peaks. The analysis of
the spectra reveals that two host series are domi-
nant: (A*I1 v=4) n'd'é and (4211 v=4)
[((n+1)s+nd] o(n>10). This partly confirms the
assignment of Ogawa and Ogawa [31] but stresses
the complexity of molecular photoionization spectra
in the vicinity of a vibrational threshold. We shall
call this structure a “composite” resonance since it
results from the superposition by convolution of a
great number of peaks; "

(ii) The resonances at 17.09eV and 17.30eV are
strongly perturbed by the series converging to CO*
AT v=3, 4 and 5 and must be considered as “com-
plex resonances™ [33] although this fact is not at
all straightforward in a low-resolution spectrum. In
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Fig. 1. Vibrationally resolved partial photoionization cross section
for production of v=0, 1, 2 levels of CO* X2X* in the 169 to
17.4 ¢V energy range. Vibrational levels associated with the X, A4
and B electronic states of the ion have been explicitly taken into
account in the calculations. Full lines correspond to theoretical
convoluted results. The experimental points are taken from the
work of Leyh et al. [32]

the complex resonance model [33] the B2X*3'p'n
(v=0 and v=1) and 3'p’'c v=0 levels appear as
broad interlopers in the narrow resonance series
converging to the A2/T ionic state. The interaction
between these states is such that the interlopers have
lost a part of their identity: this means that the
assignments given at the beginning of this section
are somewhat crude;

(iii) In the vibrationally resolved cross scctions of
the X2X' state, the intensity ratios between the
three resonant structures are in good agreement with
experiment for v=0 to 2 but not for v=3. For v=3
level the relative intensity of the intermediate reso-
nance at 17.22 eV (720 A) is too weak. The theoreti-
cal and experimental branching ratios between the
X2 Z* cross sections of different v are also not in
good agreement as can be seen in Fig. 1. These dis-
crepancies are perhaps due to the neglect of the pure
vibrational autoionization.
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5. What Can be Learned from the Comparison
between Theory and Experiment

In the case of rovibronic interactions near the first
ionization thresholds of H, [34], where the electron-
ic quantities have been obtained from either very
precise ab-initio calculations or from experimental
data, the agreement between theory and experiment
is excellent.

The electrostatic and spin-orbit autoionizations
so far treated by MQDT rely on ab-initio calcula-
tions made in the frozen corc static cxchange
approximation [35]. The agreement obtained has
been rather good for the position of the peaks, but
the widths and profiles of the peaks occurring in the
partial and vibrationally resolved partial cross scc-
tions agree only qualitatively with the experiment.
There are many reasons for this disagreement. First
of all, the model used does not include any correla-
tion (except the autoionizing interaction) for the ini-
tial or the final states. This is one reason for which
any fitting of the parameters can hide the poorness
of the model and the results of such fittings must
be used with caution. However, the model provides,
in general, a simple interpretation of the experimen-
tal data, and detailed understanding of the decay of
the Rydberg states in the available channels.

In the case of N, [27], CO [28] and HI [12],
definite assignments have been given for the autoion-
izing resonances. For the calculation of the electron-
ic angular distribution, a qualitatively agreement has
been obtained for both the electrostatic autoioniza-
tion of N, [27] and the spin-orbit autoionization of
HI [36]. However in the case of electrostatic
autoionization in CO [28], theory and experiment
give inverse structures around 17.09 ¢V: the experi-
mental maximum of the 8 curve corresponds to the
minimum of the theoretical curve. The reason for
this discrepancy is not clear and further calculations
and experiments would be very useful.

Other theoretical methods [18~22] have treated
electrostatic autoionization (at fixed internuclear dis-
tance) introducing supplementary electronic correla-
tions in the initial and final states. However, these
results are also only in semi-quantitative agreement
with the experiment showing that supplementary
work is necessary to obtain a good agreement be-
tween theory and experiment.

The number of examples of autoionization fea-
tures where a comparison between theory and exper-
iment has been made is, unfortunately, very limited.
Some new experiments would be useful, for example
the determination of the § values in the 700-730 A
wavelength region in the photoionization spectrum
of CO [28] or in the 1052-1060 A wavelength range
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in the spin orbit autoionization region of HBr [15]
for which theoretical predictions already exist. On
the other hand new theoretical studies of the
autoionized peaks attributed to valence states or of
the Auger peaks in inner shell ionization would be
very interesting, '
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