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Complicated spectral features appear in the CO photoionization spectra between 17 and 17.5
¢V photon energy. In order to interpret these processes, we refine in the present paper our
previous model [B. Leyh and G. Rageev, Phys. Rev. A 34, 2920 (1986) ] by introducing all the
vibrational levels of the first three electronic states of CO™. This more accurate treatment
leads to two major results. The resonances at 17.1 and 17.3 eV are complex resonances
resulting from the interaction between the Rydberg series converging to the 4 2IT and B3+
ionic states: they can no more be assigned simply to Rydberg states converging to CO*B 23+,
The intermediate experimental feature at 17.2 eV, missing in our previous calculation, is now
present in the theoretical spectrum. Mainly, this feature, which we have called composite
resonance, is a broadened (by the experimental resolution) superposition of Rydberg states
converging to the 4 ’II v* = 4 state. In this paper, we present and analyze the vibrationally
resolved cross sections and asymmetry parameter for the X 23 v* = 0-3 and 4 *I1 v* = 04
states. These theoretical results are compared to recent experimental data by Leyh et al.
[Chem. Phys. 115, 243 (1987)] and by Hardis and co-workers (the preceeding paper).

I. INTRODUCTION

Much interest has been recently addressed to the under-
standing of the different mechanisms involved in molecular
photoionization.'”” At moderate photon energy (E <20
eV), the photoionization spectra and branching ratios usual-
ly display a rich resonant structure resulting from the auto-
ionization of several Rydberg series converging to excited
vibronic ionic states.*5’

Detailed experimental information—i.e., partial cross
sections and photoelectron angular distributions with con-
stantly increasing resolution—is nowadays available on a
few diatomic, triatomic, and even polyatomic mole-
cules.' 8-

The simple model of one well-separated Rydberg series
interacting with one continuum breaks down in many cases.
A particularly interesting situation happens, e.g., when a
discrete autoionized level (of valence or Rydberg charac-
ter), called the “interloper,” interacts with a dense series of
Rydberg states converging to a higher threshold, both inter-
acting with the continuum: this gives rise to a “complex reso-
nance.”%!>13

An elaborate theory which takes into account all the
required interactions is the two-step multichannel quantum
defect theory (two-step MQDT)'*!%: this theory has al-
lowed the first ab initio calculations of the photoionization
spectra including autoionization.'®!” The vibrational mo-
tion has also been introduced, leading to vibrationally re-
solved cross sections and asymmetry parameters.!” Two oth-
er approachs have been implemented for the study of
resonant photoionization. First, a variational method based
on the logarithmic derivative of the wave function developed
by Le Rouzo and Rageev and by Greene'®'® and, recently, a
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Green’s function approach in the framework of scattering
theory by Sobolewski and Domcke.?%?! Rageev'? introduced
two electronic ionic states and calculated the cross sections
at different internuclear distances whereas Sobolewski and
Domcke?*?! introduce in a model calculation two electronic
ionic cores with their vibrational levels.

In a previous paper'’ (hereafter referred to as LR), we
have presented theoretical vibrationally resolved partial
cross sections and asymmetry parameters () for the pho-
toionization of CO between 17 and 18.3 eV, i.e., in the region
of the first members of the Rydberg series converging to
CO*B*Z* (Ry series). These calculations were compared
with the experimental vibrationally resolved resuits of Leyh
et al®> We concluded that paper by stating that, although
the great majority of spectral features was reproduced by our
calculations, discrepancies between theory and experiment
occurred between 17 and 17.5 eV. In particular, an experi-
mental structure at around 17.2 eV (72.1 nm)?>2* did not
appear in our theoretical spectra.

In those calculations, we introduced the vibrational mo-
tion for the X 22+ ionic core (v* = 0-3) and for the B23+
core (v*' = 0,1) but we considered the 4 II ionic core as a
single open channel without explicit consideration of the vi-
brational levels: this seemed justified by the fact that, in the
spectral region studied, nearly all the observed resonances
could be assigned to the Rydberg series converging to the
B 237 jonic state (LR). However, the 4 2[1 v+ = 3,4,and 5
thresholds are located at, respectively, 17.09 (72.5 nm),
17.28 (71.8 nm), and 17.45eV (71. 1 nm), i.e., in the critical
region. We can therefore anticipate the appearance of com-
plex resonances due to the presence of the Rydberg series
converging to the above mentioned vibrational thresholds of
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the A4 °II ionic state (we call them in the following R, se-
ries).

In order to take into account these more complicated
phenomena which had not been considered in our previous
work (LR), we report here on new ab initio calculations
with explicit introduction of the vibrational motion for the
CO™ A 21 channels. This will allow us to reproduce proper-
ly the behavior at the different vibronic thresholds and the
possible existence of complex resonances. A preliminary ac-
count of this work appeared in a view paper by Rageev ez al.®

The motivation for such a detailed theoretical work is
the new experimental results obtained first of all by one of
us?? and very recently by Hardis and co-workers>® (preceed-
ing paper). In the former paper, vibrationally resolved cross
sections for the X and 4 ionic states are presented both in the
regions of the R, and R, series; a detailed analysis of the
resonance assignments and decay in the 15-17 eV range is
also presented.

Il. THEORETICAL METHOD

The detailed description of the theoretical model has
been given in our previous publication (LR). In the follow-
ing we discuss briefly this model:

(i) It is based on the Born—Oppenheimer and Condon
approximations. Furthermore, the electronic states are cal-
culated in the diabatic representation. The wave function
takes the following expression:

¥(r,R) = @°(nR)X "™ (R), (n
Q¢(r,R) =D (r,R,), (2)

where ¥(7,R), ®°(r,R), and X **(R) are, respectively, the
total, electronic, and nuclear wave functions. The second
equation introduces the Condon approximation (where R,
is normally chosen as the R centroid or the equilibrium dis-
tance of the initial neutral state).

(ii) Each of the electronic wave functions ®°'(7,R,) is
calculated separately at the one configuration level of ap-
proximation. This is made possible by the use of the projec-
tion operator technique developed in LR. The interaction
between these states is calculated by numerical integration
over meaningful electronic coordinates.

(iii) The vibrational functions have been calculated us-
ing Morse potentials with parameters taken from Huber and
Herzberg compilation.?®

(iv) The collisional method used to obtain the pho-
toionzation spectrum is a modified version (LR ) of the two-
step multichannel quantum defect theory (MQDT) intro-
duced by Giusti-Suzor and Lefebvre-Brion'* and discussed
in detail by Giusti-Suzor and Jungen.'> An essential point in
working with collisional methods is the definition of chan-
nels which are identified by a set of quantum numbers. We
use two types of channels: internal and asymptotic, which
are appropriate, respectively, for the electron close to the
nuclei and far from them. The quantum numbers |iv™ ) refer
to the electronic and vibrational states of the ion and are the
same for the internal and asymptotic channels. The internal
‘region channels of the continuum electron are eigenchannels
labeled by 3. They span the subspace of open and close chan-

nels in the usual spirit of the MQDT. The asymptotic chan-
nels of the continuum electron are identified by 14; they
correspond only to the physically open channels. MQDT
performs at each photon energy the transformation from the
internal to the asymptotic channels.

(v) The assignment of the autoionizing states of Sec. IV
are given in terms of eigenchannels B which have no pure
quantum numbers 14. For simplicity we label them by the
principal quantum number #z (to fix the energy position), by
the most important partial wave 1 and the molecular sym-
metry A. To stress the mixing between the partial waves we
put the 1 label between quotes.

(vi) The version of the two-step MQDT we have devel-
oped allows us to reduce the number of internal region chan-
nels considered in the calculation thus diminishing the com-
putational effort. We eliminate from the MQDT calculation
the eigenchannels with very small quantum defects as they
do not contribute to the physics we are interested in. By this
procedure, the number of asympotic channels remains the
same as in the standard two step MQDT.

(vii) The calculation of the differential cross section
and the angular distribution parameter 8 (not to be con-
fused with the channel index defined above) is done using
the Tully, Berry, and Dalton?’ formulation modified by
Thiel.?®° To analyze our results we make use of the partion-
ing scheme of Thiel*®?® and of the resonance approach of
Kabachnik and Sazhina.*°

1. NUMERICAL CALCULATIONS

The computational difficulties linked with the present
model arise from two origins:

(i) To reproduce properly the photoionization cross
sections, particularly near the thresholds, it is necessary to
introduce supplementary channels resulting from the exis-
tence of vibrational structure in all the ionic cores consid-
ered.

(ii) Just below the ionization thresholds, the great den-
sity of narrow high-n Rydberg states—the widths decrease
as (n — u) ~>— requires a very dense energy grid. In the
preceeding expression g is the quantum defect.

We discuss now how we handle these difficulties, stress-
ing the differences with the calculations presented in LR.

First of all, we have introduced in the present model the
v* = 0-6 vibrational levels of the CO™ 4 21 ionic state to-
gether with the vibrational levels v* = 0-3 of the XX~
stateand v = 0,10f the B 23 * state, already presentin LR.
The number of channels is now 164 (3 and [T symmetry)
instead of 65 in LR (the number of channels is given by the
product of the number of vibronic ionic cores and of the
number of B eigenchannels associated to the excited elec-
tron).

To highlight the role played by the different interactions
in building up the final result, we have also performed model
calculations (called in the following R , model calculations)
switching off the interaction between the R, and R, series
and between the R series and the X continuum. These mod-
el calculations will permit us to distinguish between the dif-
ferent types of resonances present in the spectrum.
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In the 17-17.5 eV region (72.9-70.8 nm), the ab initio
energies of the R, (n>10) are much more reliable than the
R, (n = 3) ones. This results mainly from the fact that high-
n energies are much less sensitive to the exact values of the
quantum defeats 2 than low-» ones. In order to have a simi-
lar level of accuracy for the two kinds of series, we have fitted
the R quantum defects to the experimental values.

The second difficulty was linked to the energy mesh. We
have used a very dense energy grid with a variable step in
order to define at best each of the numerous resonances.
More precisely, we describe each resonance by five points,
located, respectively, at the resonance maximum (E,) and
at energies E, + 0.7T and E, + 1.5T, where I is the width
of the resonance. The use of such a symmetric procedure is
justified by the high values of the Fano’s ¢ parameter (i.e.,
Lorentzian shape of the resonances) for the R,'d’S and
's +d' o series which dominate the photoionization spec-
tra.”?

For a few resonances, we have compared the results ob-
tained by this procedure with those obtained by the usual
one with a very small constant energy step (0.026cm™"): we
have in this way verified that there is no shift of the reso-
nance energies—this results from our hypothesis of energy-
independent couplings— and that the intensities are well
reproduced by the variable step procedure. This procedure is
thus absolutely satisfactory for the angular integrated cross
sections but is less justified for the differential cross sections
and B curves. The shape of the resonances in the S curves is
different from that in the cross sections and there is in many
cases a small shift in the position of the resonance. We shall
discuss this point further below.

IV. RESULTS AND DISCUSSION
A.Cross sections: Complex and composite resonances

The theoretical cross sections obtained within this
framework are displayed in Fig. 1 for the X 23 v* =0-3
ionic states and in Fig. 2 for the 4 ’I1 v* = 04 ion states.
The spectral region is the one described in the introduction
(17-17.5 eV): it includes the energy around 17.2 eV of the
experimental resonance which remained unexplained in our
previous paper (LR).

As expected, we observe a very dense series of narrow
resonances in all the energy range studied. These resonances
are the high-n members (#>10) of the Rydberg series con-
verging to the CO* 4 ’[1 v+ = 3, 4, and 5 thresholds. This
defines three groups of resonances located around, respec-
tively, 16.95, 17.2 and 17.35 eV. The first group,—i.e., con-
vergingto CO* A *[1* v* = 3—is quasidegenerate with the
R 3 p'mvy = O state: the interactions between this R ; state
and the R, series together with their respective couplings to
the different continua give rise to a complex resonance in the
sense defined by Giusti-Suzor and Lefebvre-Brion.!?> An-
other complex resonance arise at about 17.35 eV, where R
3p'mvy =1 and Ry 3’ p’ o vy = 0 interact with the R, se-
ries.

Contrary to these two situations, the R v, = 4 series
(around 17.2 eV) can be considered as not influenced by the
Rydberg stastes converging to CO*B23™: to distinguish
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FIG. 1. Theoretical vibrationally resolved cross sections for the production
of COT X2+,

this case from the complex resonances, we shall call this type
of macroresonance a “composite resonance.” As explained
in Sec. IV B this name can be justified in relation with the
convoluted spectrum. To confirm the minor role played by
the Ry series in this case of this resonance we have per-
formed R , model calculations (see Sec. III). We obtain very
regular Rydberg series converging to 4 Mot =3,v" =4,
and v = 5 thresholds with intensity proportional to the cor-
responding Franck—-Condon factors. The intensity is five
times higher than in the case of the calculation presented in
Fig. 1 owing to the large dipole transition moment to the 4
state and the weak interaction with the X continuum. No
series disappears or is weakened. Our results confirm there-
fore in great part the interpretation of Ogawa and Ogawa*
who assigned the observed lines between 17.15 and 17.25 eV
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to the n = 9—11 members of the R ,v, = 4 series and to the
n =7 and n = 8 members of the R, vy = 5 series. We em-
phasize, however, that the situation is actually much more
complicated than guessed by these authors, owing to the
presence of a great number of Rydberg states in this region
(n>10)—and not only of five members— and also to the
existence of three leading series (see below).

The comparison of Figs. 1 and 2 shows that the decay of
the R, states is more efficient in populating the X state than
the A state. In fact, this selectivity in somewhat artificial in
that it is a consequence of the use of the Condon approxima-
tion throughout this work (see Sec. IT). This approximation
is indeed equivalent to neglecting the pure vibrational auto-
ionization.® In order words, at our level of approximation,
the vibrational levels of the R , states do not interact directly
with the ionization continua corresponding to the different
vibrational levels of the A4 *IT ionic state. This interaction
occurs however indirectly, and to a much weaker extent, via
the A-X and B-A couplings: this leads to the observed spec-
tral peaks. The R, model calculations (see Sec. III) confirm
the interpretation given above. We obtain weakened reson-
ances (by a factor of 5) owing to smaller number of coupling
path available. The comparison with the experimental re-
sults (see Fig. 4) will demonstrate that the Condon approxi-
mation is not valid for the 4 *II cross sections: it remains
however satisfactory for the X =+ cross sections. Recent
results by Delaval and Raseev confirm this statement.>'

A detailed assignment of the resonances appearing in
Figs. 1 and 2 reveals that three series dominate the spectrum.
These series are: 4 2II'(n + 1)s + nd o, A 21 n'd '8 which
have high intensity and small width and 4 *I1 n'd ‘7 which

has relatively large width. The same is observed at lower
energy for the first members (n = 3-6) of the R , series.””> As
stated in Ref. 22, this behavior results from the quasihomon-
uclear nature of the 17 orbital from which the electron is
excited: the most intense transitions are thus to Rydberg
orbitals of gerade dominant character. These R, resonances
are characterized by high g parameters: as an example, for
the n'd '6v, = 4 series, one calculates a ¢ value of 37.3; for
the '(n + 1)s + nd’o series, the corresponding figure is
138.8; for 'd ' series we obtain 13.9. These resonances dis-
play therefore a Lorentzian shape. The high ¢ values result
from the strong dipolar transition moment from the ground
neutral state to the considered R , states, and from the very
weak autoionization widths (see Ref. 22). This situation
thus leads to narrow spectral features with large cross sec-
tions at resonance. In the case of n'd ' series this situation is
attenuated owing to the smaller ¢ parameter and to the larg-
er width.

B. Convoluted cross sections: Comparison with
experiment

In order to compare these theoretical results with the
available experimental data, it is necessary to convolute
them with an appropriate apparatus function. In Figs. 3 and
4, we present the convoluted cross sections for the different
vibrational levels of the X =% and 4 *II ionic states: these
spectra are broadened to an experimental resolution of 0.05
eV and are compared with the results of Leyh et al.?*> The
comparison (Fig. 5) between theoretical and experimental
branching ratios is performed, only for the X state, using the
results of Hardis ef al.”: the resolution here is 0.017 eV.

The first observation one makes when looking at Figs. 3,
4, and 5 is that the calculated absolute cross sections are too
high for the X 2=+ state but not for the A II state. This
results probably partially from an overestimation of the ab
initio electronic discrete—discrete transition moments. On
the other hand, we have pointed out that the Condon ap-
proximation leads to a selectivity in favor of the X state.

+ +
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S 0 FIG. 3. Vibrationally resolved
v 10 cross sections of the X2 v+
7 state. Solid line: theoretical re-
g sults broadened to a resolution

of 0.05 eV (0.2 nm). Dotted
line: experimental results of
Leyh et al. (Ref. 22).
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FIG. 4. Vibrationally resolved
cross sections of the 4 °[1 state.
Solid line: theoretical results
broadened to a resolution of
0.005 eV (0.2 nm). Dotted
line: experimental results of
Leyh et al. (Ref. 22).
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Calculations beyond this approximation (i.e., introducing
also the “pure” vibrational autoioniation) should lead to a
much fairer sharing between the 4 and X continua.

In contrast to this, the relative cross sections and the
corresponding branching ratios are in much better agree-
ment with the experimental results in particular for the X
channels. This is not so surprising since the effects of overes-
timating the electronic transition moments will be the same
in all the vibrational channels, at least within the Condon
approximation.

Three features appear in the convoluted vibrationally
resolved cross sections of the X *Z ™ ionic state: as they result
from the experimental broadening of a great number of nar-
row peaks, they can be called macroresonances. According
to our discussion of the preceding subsection about the non-
convoluted results, the macroresonances at 17.1and 17.3 eV
are complex resonances. This means that they can no more
be assigned simply as R , resonances as was made in LR. The
complex resonance mechanism is also confirmed by R,
model calculations (see Sec. III) which show features at
17.1 and 17.3 eV, the first being slightly shifted with respect
to Rz3'p'mvy = 0 resonance (shoulder in Fig. 3) and the
last being relatively weak. The enhancement by the R ; series
for this last resonance seems relatively important. In these
complex resonances, the interlopers are the R states which
carry the oscillator strength and the R, series are host series.

B.R.
1.0

o8

06

0.4

0.2

O4r

I7.0 7.2 7.4
PHOTON ENERGY (eV)

FIG. 5. Branching ratios of the v* = 0-2 vibrational levels of the X2+
state. To be comparable with the experiment the theoretical branching ra-
tios (BR) aredefined as 0,. /(0. _y + @, _, + 0,. -, ). Solid line: theo-
retical results broadened to a resolution of 0.017 eV (0.065 nm). Dotted
line: experimental results of Hardis et al. (Ref. 25).

The intermediate macroresonances at about 17.2 eV re-
sults mainly from the R , v, = 4 series which are broadened
to the experimental resolution (of width 0.017 eV) following
the convolution procedure. As the experimental width is
much larger than the average of the theoretical widths of the
R, series the result is an unique macroresonance which we
call composite resonance. Of course the total area of the pro-
file of the resonance is conserved by the convolution proce-
dure. The appearance of this macroresonance is mainly due
to the presence of the 3'd ‘7 series which has relatively large
widths (see also Ref. 22) and to the shift of the different
series with respect to each other. Their weak interactions
with the Ry series are confirmed by the R, model calcula-
tions which after convolution show a feature similar to the
one at 17.2 eV in Fig. 3. Therefore, in first approximation,
this resonance is not a complex resonance since it can qual-
itatively been described by R , model calculations. The com-
posite resonance will display a behavior characteristic of the
v = 4 vibrational wave function. This is illustrated by the
variation of its intensity as a function of the vibrational level
v* of the X227 state. One sees (Figs. 3 and 5) that the
decay of this macroesonance populates only the vibrational
levels characterized by an even value of v*. This behavior
can be understood in the framework of the Condon approxi-
mation. The vibrational branching ratios for this autoioniza-
tion process are given by the following Franck—Condon fac-
tors: |[(COR v =4|CO*X?2*v*)|% The value of this
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factor as a function of v* are: 0.1600 (v* =0), 0.0058
(v* =1),0.0962 (v* = 2), and 0.0006 (v* = 3), thus ex-
plaining the observed experimental behavior.

Concerning the 4 *I1 v* = 04 cross sections (Fig. 4),
one notices that the experimentally observed composite res-
onance at 17.2 eV is not reproduced by the theoretical calcu-
lations. The calculations using the R, model (see Sec. III)
show no structure after convolution thus confirming the cal-
culation with the complete model (Fig. 4). Furthermore,
the experimental results show that this resonance contrib-
utes to populate the 4 ’I1 v* = 0 and 1 levels®*: this corre-
sponds to Av values of — 4 and — 3, respectively, thus vio-
lating the Berry’s propensity rule Av= —1 for pure
vibrational autoionization.>’ These results show therefore
that neither the pure vibrational autoionization nor the elec-
tronic autoionization within the Condon approximation are
appropriate to explain the decay of the composite resonance
in the A *I1 v* channels: a complete treatment taking into
account all the X, 4, and B channels and the variation with R
of the associated electronic quantities (transition moments
and interchannel couplings) is indispensable. We must men-
tion that the breakdown of the Av = — 1 rule have also been
observed in CO in another energy range by Ito et al.*>* Other
examples include H,,>*?*5 NO,'>3¢ and PF,.”’

C. Angular distribution of the electrons

In our preceding work (LR), we have calculated the
angular distribution of the electrons and compared the re-
sults with the existing experimental data of Ederer et al.*®
covering only the energy region of the Rz3'p’'mv, = 0 reso-
nance. For each resonance in the angular integrated cross
sections, we obtained a minimum in the angular asymmetry
parameter 3, in disagreement with the experiment. Here, the
new experimental results of Hardis et al.?® are compared
with our new calculations.

The expression of the differential cross section is appar-
ently very simple,

-[‘j—g—=a[l+c,BP2(cos N1, 3
where ¢ is the angular integrated cross section, ¢ is a coeffi-
cient defined by the light polarization and by the geometry of
the experiment, S is the asymmetry parameter, and
P,(cos 8) is the second order Legendre polynomial. The
asymmetry parameter § is written as a sum of products of
the moduli of two complex transition moments times the
cosine of their phase difference. Therefore, it contains com-
plicated interference terms which are not present in the total
cross section.

One of the possible analyses of A consists in considering
the contributions to it of the different asymptotic or molecu-
lar channels. This is known as Thiel’s partitioning
scheme®®?° and was applied in our previous paper (LR).
Using this scheme, it is expected that one or at least very few
contributions are predominant thus giving an insight in the
mechanism of photoionization. The analysis presented in
LR showed that there are many different contributions in
the case of the X 22 state but only two in the case of the
A *I1 state. This analysis is still valid here.

There also exists a global approach to study the vari-
ation of B across a resonance, developed by Kabachnik and
Sazhina®® and based on Fano’s configuration approach.*® In
this approach, the complex transition moment (defined by
its modulus and phase) is split into a resonant and a nonre-
sonant part. An energy dependence of the transition moment
near the resonance, similar to the well-known one for the
angular integrated cross section,> emerges from this theory.
From these transition moments Kabatchnik and Sazhina®
obtain the following expression of the asymmetry parameter
as a function of the reduced energy € defined by Fano®:

B=(~2/0)(Xe + Ye+ Z)/(1+¢€), (4)

where o has its own energy dependence and X, Y, and Z are
written in terms of products of transition moments multi-
plied by a sine or cosine of the phase difference. The terms
with nonzero phase difference are the interference terms. To
highlight the contributions of these interference terms, we
suggest to analyze our results in terms of of instead of B:
indeed, it has a simpler energy dependence than S and it
corresponds to the maximum of the angular dependent term
in the differential cross section [Eq. (3)].

The unconvoluted B curves corresponding to the
v+ = 0-3 levels of the X ionic state (Fig. 6) show an ex-
tremely oscillatory structure varying from — 0.2 to 1.7. In
the case of the 4 v = 04 states (Fig. 7), the variation of 8
extends from — 0.5 to 0.7. These variations are to be com-
pared to the much smaller ones obtained in our previous
work (LR). For the X state, this can easily been understood
since the R , series can now autoionize in the X continua: this
lowers the minimum of £ whereas the rise in its maximum
value appears as a consequence of interference effects
between the X and A4 channels. The 8 for the 4 II v* ionic
states can only be compared with the existing electronic £
calculations of LR. There is a rise in the minimum and maxi-
mum values which should originate in the greater number of
continua an in the borrowing of the X state £ character by
the A4 state.

The analysis of the resonances appearing in the X *Z*
cross sections, in the framework of Thiel’s partitioning
scheme,?®?° shows that there is now an important contrib-
tion from the B , and £, terms near the R, autoionizing
states.

In Sec. III, we have discussed our choice of the energy
mesh in the context of the integrated cross section calcula-
tions. This choice is less justified in the case of the S as the
form of the resonance is closer to the derivative of a Lorenti-
zian function and furthermore, the resonance position can be
slightly shifted with respect to the maximum observed in the
integrated cross section.

We have convoluted the S curves at the experimental
resolution of 0.017 eV (Figs. 8 and 9) obtained by Hardis
and co-workers.?* Comparison between experiment and the-
ory shows mainly the same discrepancy as between the early
results of Ederer et al.3® and the theoretical model of LR.
The new experimental data cover a much broader energy
range and no shift in their relative energy position can bring
experimental and theoretical curves in a better agreement.

As discussed above, we can also analyze the results in
terms of o8 which highlights the behavior of the interference
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FIG. 6. Variation with photon energy of the X 22 * vibrationally resolved
asymmetry parameter /3.

terms around a resonance. Let us take the Ry3'p'mvy =0
resonance and the X v = O continuum (Fig. 10). Calculat-
ed o and gf have both a maximum at the resonance energy
and roughly the same energy dependence around it. So to
say, X, ¥, and Z of Eq. (4) have values close to the values of
A, B, and C of the integrated cross section
o= (4€" + Be + C)/(1 + €*) (see Ref. 38). Looking in
greater detail to the situation at resonance as compared to
the situation around it, we see that the interference terms
have a greater negative contribution at resonance then
around it. It follows that at resonance X, Y, and Z are com-
paratively lower than 4, B, and C thus giving a minimum in
the B curve. The above described behavior appears also for

o CO*A%T]
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FIG. 7. Variation with photon energy of the 4 *II vibrationally resolved
asymmetry parameter 3.

the other resonances and the other continua associated with
the X ionic state. To fit the experimental behavior, i.e., a
maximum in 5, X, Y, and Z should be larger than 4, B, and C
and their behavior at and around the resonance inverse to
the one discussed above. It follows that the interference
terms of X, Y, and Z are not calculated accurately enough to
reproduce the experiment.

The case of the 4 ionic state is different as the calculated
vibrationally resolved results (Fig. 9) show a broad maxi-
mum in S near 17.05 eV instead of a narrow minimum at
17.12 eV in the electronic calculation of B of LR (Fig. 3).
The situation is different from the X continua where the elec-
tronic and vibrationally resolved results show the same mini-
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FIG. 8. Variation with pho-
ton energy of the X *=* vi-
brationally resolved asym-
metry parameter 5. Solid
line: theoretical results con-
voluted to a resolution of
0.017 eV (0.065 nm). Dot-
ted line: experimental re-
sults of Hardis et al. (Ref.
25).

Asymmetry parameter { 8)

v*=3

mo | 12 174
Photon energy (eV)

mum at resonance. Unfortunately no experimental results
are available. From Fig. 10 we can infer that the coefficients
of the second order energy polynomial [see Eq. (4)] de-
scribing the displayed resonances are very different in the
case of off and o. The interference terms bring decidedly an
important contribution to g, changing its energy depen-
dence as compared to the angular integrated cross section g.

This discussion leads us to the following question. Why
is the agreement between theory an experiment better for the

2
0z COTATTL
| v*=0
oL
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£~ N 2~ 1\) .
T LI
] z 1 Z

FIG. 9. Convoluted vibra-
tionally resolved 8 param-
eter for the 4 *II state. The
width of the apparatus func-
tion is 0.017 eV (0.065 nm).
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FIG. 10. Theoretical curves of o (dashed line) and of (solid line) for the
X *T+y* = Ostate and for the A 2TI v* = O state. These results are broad-
ened to a resolution of 0.017 eV.

angular integrated cross sections ¢ than for the £ curves?
The weaknesses of our treatment can be summarized as fol-
lows. We use ab initio electronic quantities which are calcu-
lated in the one-configuration approximation. This is not
sufficient for very accurate results. We also use the Condon
approximation which neglects completely the pure vibra-
tional autoionization: this does not allow the correct distri-
bution of the intensity among the different channels. Finally,
as was mentioned in Ref. 22, the presence of dissociation
continua above 70 nm should also be taken into account in a
complete treatment. As the 5 parameter results from a com-
plicated balance of many interference terms, it is expected to
be much more sensitive to these approximations than the
integrated cross sections o. At the present stage, it is unfortu-
nately not possible to decide which approximation is most
likely to break down.

V. CONCLUSIONS

The present approach is an attempt to perform a com-
plete ab initio electronic and vibrational calculation which
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takes into account all the photoionization molecular chan-
nels. Three electronic ionic cores with their respective vibra-
tional levels have been considered. This calculation is there-
fore comparable with the two recent available experimental
works on CO photoionization with vibrational resolu-
tion.?>? However, we have to point out that the electronic
quantities have been calculated in the one configuration ap-
proximation. We have made use of Condon approximation,
i.e., we have neglected the “pure” vibrational autoionization
and dissociation.

The complicated resonant structures appearing between
17 and 17.5 eV (Figs. 1 and 2) can be systematized introduc-
ing the notions of complex'>'* and composite resonances.
Around 17.05and 17.35¢V,the R, (n + 1)s + nd'o,n'd '
and n'd’m(n>10) states converging to the v* =3 and 5
thresholds, respectively, interact with the Rz3'p'oand 3'p'7
states; these R, and R states interact with the X 2Z*v*
continua. Such a situation is usually referred to as a complex
resonance. This means that, strictly speaking, the assign-
ments given in LR in terms of R ; states only are oversimpli-
fied: the structures at 17.05 and 17.35 eV are to be assigned
to complex resonances involving both the low-n R states
and the high-n R, states.

On the other hand, the resonant structure located
around 17.2 eV results only from R, states after a convolu-
tion procedure which takes into account the experimental
resolution. Interaction with the R ; states is negligible. There
are several molecular R, series contributing to this unique
structure and we have therefore named this resonance a
composite resonance. This resonance has been first identi-
fied by Ogawa and Ogawa®* as being the superposition of five
members (n =9, 10, and 11) of the R, v, = 4 series and of
two members (n = 7,8) of the R,vx =35 series. In fact,
many Rydberg states with n>10 are present in this region
dominated by the same '(n 4 1)s + nd ‘o, n’'d’'6 and n'd’'7
series.

These resonances affect both the branching ratios
between the different open channels and the asymmetry pa-
rameter 8. Our results show that, for the X = v* channels,
the Condon approximation can be considered as satisfac-
tory: these continua are essentially populated by electrostat-
ic autoionization of the R, and R series. The situation is
completely different for the 4 *II v* continua: the compari-
son between the experimental and theoretical results show
that an interplay between electrostatic and pure vibrational
Sec. IV, the disagreement between the experimental and
theoretical differential cross sections (and 8 parameter) is
greater owing to the difficulty in calculating accurate inter-
ference terms.

Experimentally, the appearance of such complex and
composite resonances is hard to probe, even at the highest
resolution one can presently obtain with synchrotron radi-
ation. Such resonances are however very likely to be fre-
quently encountered and are well worth a detailed study at
the highest possible resolution: the use of VUV tunable lasers
could lead to major progress in this field and to significant
tests of the theoretical calculations.

Finally, we would like to stress that elaborate models
such as the one presented in this paper can lead to new quali-

tative insight into the mechanisms of molecular photoioniza-
tion, which could not be reached by oversimplified models.
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