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Photoelectron branching ratios and angular distributions have been measured for the six outer-
most levels of BF; in the range 17 < hv <28 eV with the use of synchrotron radiation. Comparisons
are made with a recent multiple-scattering model calculation which indicates that a shape resonance
in the e’ electronic continuum should appear in five of the six channels studied. Good agreement
between experiment and theory is found in a majority of the comparisons; however, experimental
evidence for the expected e’ shape resonance is clear in some cases but absent in others. The results
are discussed in the context of other cases in which shape resonances, well known from inner-shell
spectra, are obscured in valence-shell properties. Experiments which would help clarify the role of
the e’ shape resonance in the photoionization dynamics of BF; are suggested.

I. INTRODUCTION

The role of shape resonances in molecular photoioniza-
tion has been avidly studied over the last dozen years or so
(see, e.g., Ref. 1). Indeed, shape resonances have now been
identified in tens of molecules, and their manifestations in
electronic and vibrational partial cross sections and pho-
toelectron angular distributions have been satisfactorily
understood and semiquantitatively reproduced in several
cases. Nevertheless, our understanding of shape reso-
nances in valence-shell spectra is still very tentative, even
though we often know the symmetries and approximate
spectral locations of shape resonances for a given mole-
cule from inner-shell spectra.

An example will serve to illustrate the point. In SFg,
the sulfur L, 3 spectra?~’ show extremely intense 1y, and
eg shape resonances lying ~3 and ~15 eV above the L-
shell ionization limit. Since these are quasibound states in
the respective continua (i.e, a final-state effect), it is
reasonable to expect that these same states would be
prominent in valence-shell photoionization channels in
which they are dipole-allowed. A shift of 1 to 4 eV to
higher kinetic energy is to be expected due to differences
in screening between core and valence-shell vacancies. In
fact, the t,, is observed®='% in the 1y, 5¢y,, and 47y,
(dipole-allowed) photoionization channels, but it also ap-
pears with sizable strength in the 1¢;; and 3¢, channels,
where it is dipole forbidden in the independent-electron
approximation.  This observation, attributed’® to
continuum-continuum coupling, obscures the use of shape
resonances to assign the symmetries of photoelectron
peaks. Even more problematic, the eg is not clearly seen
in valence-shell partial cross sections®’ at all. The cause
for this is still unknown.

Several effects can complicate the role of shape reso-
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nances in valence-shell processes relative to their more
simple behavior in inner-shell spectra. Electron-
correlation effects involving continuum-continuum cou-
pling,'° interaction with autoionizing states,!! and intra-
channel coupling'? are more likely owing to the closely
spaced valence-shell ionization potentials (IP’s) and the
better overlap between valence-shell vacancies and shape
resonances. The dipole matrix element for valence shells
can exhibit stronger energy dependence, including zeros,
than matrix elements involving compact core states. Vib-
ronic coupling may be enhanced and, indeed, has been
shown to cause a breakdown of the single-particle model
for inner-valence processes.'>!* Hence, these and other
unforeseen influences make the study of valence-shell
photoionization dynamics richer and less well understood.
These observations also underscore the importance of util-
izing inner-shell data to establish the basic, unperturbed
pattern of shape resonance features, before attempting to
understand the valence-shell spectra.

In this paper, we present angle-resolved photoelectron
data for the valence shells of BF; to investigate valence-
shell photoionization dynamics in this highly-symmetric
polyatomic molecule. This case was chosen because an e’
shape resonance is firmly established®!>~2! to occur at
~2.2 eV Kkinetic energy in the boron K-shell spectrum
and because comprehensive independent-electron calcula-
tions?® have been carried out for all the subshells of BF;
using the multiple-scattering model. Furthermore, as our
analogous study'® on SF clarified the role of the 5, reso-
nance in valence-shell photoionization in SFg, the com-
parative study of these two highly symmetric fluorides
seemed promising. In fact, agreement between experiment
and theory is very reasonable in many of the comparisons
discussed below, indicating a realistic, first-order theoreti-
cal description.’® However, a predicted shape-resonance

1783 ©1984 The American Physical Society



1784

feature in the branching ratio for the 4e’ channel is ab-
sent, possibly due to some of the reasons outlined above.
These results are discussed in the context of the analogous
study on SF¢ and future measurements are suggested to
clarify the role of the e’ resonance in valence-shell spectra
of BF3

II. EXPERIMENT

The apparatus used in this work has been described in
detail elsewhere?? and will only be discussed briefly here.
The variable wavelength light was obtained from a high-
throughput, 2-m, normal-incidence monochromator? at-
tached to the National Bureau of Standards (SURF-II)
storage ring. With a 1200-line/mm grating, a virtual en-
trance slit (the stored electron beam, with a height of ~ 80
pm), and a 100-um exit slit, this instrument produced a
spectral resolution of 0.4 A full width at half maximum
(FWHM) and a flux of 5 10" photons sec™' A ~! at 600
A with a typical 10-mA beam circulating in the storage
ring. The ejected electrons were energy analyzed with a
2-in. mean-radius hemispherical analyzer operated with a
constant resolution of ~110 meV. The analyzer was cali-
brated for electron transmission as a function of kinetic
energy and ejection angle by using Ar gas whose pho-
toionization cross section?* and photoelectron asymmetry
parameters>>~27 are known in this wavelength range. As
the light from the monochromator was elliptically polar-
ized, the differential cross section in the dipole approxi-
mation, assuming randomly oriented target molecules, can
be written

do 1

—dH:(amMﬂr)[l+7/3(3Pcos29+1)] , (1)
where [ is the photoelectron asymmetry parameter, 0 is
‘the photoelectron ejection angle relative to the major po-
larization axis, and

P=(I||—Il)/(1”+11) (2)

is the polarization of the light which was measured with a
three-mirror polarization analyzer.

At each wavelength reported here, photoelectron spec-
tra of all energetically accessible valence states of BF;
were recorded at 6=0°, 45°, and 90°. Figure 1 shows a
typical set of data taken at a photon energy of hv=23 eV.
All three spectra are normalized so that the largest peak
(third peak in the 6=0° spectrum) has a value of 100. In
the top frame, the six peaks are labeled by the symmetry
of the orbital being ionized, based on the well-established
valence configuration.?® =32 By careful inspection of Fig.
1, one can see that, at this wavelength, the B’s for peaks 1
and 5 are negative, the B for peak 2 is nearly isotropic,
and the B’s for peaks 3 and 4 are positive.

At each angle of observation, the net counts.in each
photoelectron peak were summed, and the integrated
counts were corrected for the transmission function of the
electron spectrometer and a small <4% angular correc-
tion factor based on the aforementioned electron spec-
trometer angular calibration. The asymmetry parameter
B was then determined for each peak by means of Eq. (1).
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FIG. 1. Photoelectron spectra of BF; at hv=23 eV and
6=0°, 45°, and 90°. The normalization of the three spectra is
internally consistent and set so that the maximum count rate
(third peak of the 8=0° spectrum) is equal to 100.
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FIG. 2. Photoelectron asymmetry parameter, branching ra-
tio, and partial cross section for photoionization of the 1a5 orbi-
tal of BF;. Solid dots are the present data, and the solid curves
are theoretical results from Ref. 20.
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Photoionization branching ratios were then determined
from the measured intensities and S values. Note that in
Fig. 1, the 1e” and 4e’ photoelectron bands (peaks 2 and
3) are not cleanly resolved. In fact, recent theoretical
work by Haller et al.’? indicate that a tail from the 1e”
_band runs under the 4¢’ band. As we do not know the ac-
tual shapes of the two bands, we have chosen to present
the data in two ways. In one approach, the partially
resolved band has been deconvoluted simply by separating
the two peaks at the point of minimum intensity. In the
second approach, we have reported the sum of the two
peaks as a composite photoelectron band. This will be
discussed further in Secs. III and IV. The errors quoted
in the presentation of the results in Sec. III represent a
combination of the statistical uncertainty of the integrated
peak intensities, a propagation of errors from the calibra-
tion procedures, and the degree of agreement between the
parameters deduced from the redundant set of measure-
ments at three angles.

III. RESULTS

There are six occupied valence orbitals of BF; with ion-
ization potentials in the energy range studied in this work.
Starting with the outermost orbital, from the left in Fig.
1, the symmetries and vertical IP’s are as follows:
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FIG. 3. Photoelectron asymmetry parameter, branching ra-
tio, and partial cross section for photoionization of the 1e’’ orbi-
tal of BF;. Solid dots are the present data, and the solid curves
are theoretical results from Ref. 20.
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FIG. 4. Photoelectron asymmetry parameter, branching ra-
tio, and partial cross section for photoionization of the 4e’ orbi-
tal of BF;. Solid dots are the present data, and the solid curves
are theoretical results from Ref. 20.

1a5(15.96 eV), le” (16.70 eV), 4¢' (17.12 eV), 1a; (19.14
eV), 3e’ (20.12 eV), and 4a} (21.4 eV). Here the symmetry
assignments are taken from Haller et al.’? and agree with
most previous assignments.”~*! The vertical IP’s are an
average of several independent measurements,?®~>" all of
which are in close agreement.

The results are presented in Figs. 2—8 for each pho-
toelectron peak and for a combination of the partially
resolved le" and 4e’ peaks (Fig. 5). Included with the ex-
perimental data are results of recent theoretical calcula-
tions?® employing the multiple-scattering model.’> The
latter have not been folded with the finite instrumental
resolution, but this does not affect the present comparison
in any significant way. Each figure consists of three
frames. The top frame presents the photoelectron asym-
metry parameter, 8, from the IP up to hv=30 eV. The
middle frame shows the photoelectron branching ratio for
each channel. In the lower frame, the calculated partial
cross section is displayed. Unfortunately, the total ab-
sorption cross section of BF; is not known in this wave-
length range, so we are unable to convert the measured
branching ratios to partial cross sections. A photoioniza-
tion mass spectrometry measurement>* was made up to
hv~20 eV, but this wavelength range is too limited to be
very helpful in the present discussion.

In the top frames of Figs. 2—8, we see the degree to
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FIG. 5. Photoelectron asymmetry parameter, branching ra-
tio, and partial cross section for photoionization of the le" and
4¢’ orbitals of BF;. Solid dots are the present data, and the
solid curves are theoretical results from Ref. 20.

which the measured f’s agree with the predictions of the
multiple scattering calculation. The results for the le”,
4¢’, and la, orbitals (Figs. 3—6) show excellent agree-
ment between experiment and theory. For the 1a) (Fig.
2) and 3e’ (Fig. 7) orbitals, the experiment and theory
agree fairly well in shape, but the magnitudes are different
by ~0.5 B units on the average, a difference not uncom-
mon even in much simpler molecules. The poorest agree-
ment is found for the 4a orbital (Fig. 8), which is also by
far the weakest channel. On the whole, the agreement is

satisfactory, in view of the standards in the field, and it

indicates that the theoretical results realistically reflect the
gross photoionization dynamics of BF;. In comparing the
present results with those!® for SFg, it is interesting to
note that the present ’s tend to be rather anisotropic
(ranging from B < —0.5 to B~ 1.5), whereas those for the
valence orbitals of SF¢ tended to gravitate strongly toward
the isotropic value B=0. This is not surprising, but it
does show that the very simple isotropic pattern for
F2p —derived orbitals in SF¢ is not in any sense typical
of highly coordinated fluorides.

The branching ratios are shown in the middle frames of
Figs. 2—8. For the 1a; (Fig. 2) and la, (Fig. 6) cases,
good agreement between theory and experiment is ob-
served, both in shape and magnitude. For the overlapping
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FIG. 6. Photoelectron asymmetry parameter, branching ra-
tio, and partial cross section for photoionization of the la; or-

bital of BF;. Solid dots are the present data, and the solid
curves are theoretical results from Ref. 20.

"

le"” and 4e’ orbitals, two discrepancies between theory
and experiment emerge. Most obvious, the bump at
hv~25 eV in the calculated branching ratio for 4e’ does
not appear in the measured branching ratio. This will be

~discussed further in Sec. IV. The other discrepancy

occurs on either side of this bump, where the measured
branching ratios are lower than the theoretical curve for
le"” and higher than the theoretical curve for 4e’. The
reason this is noteworthy is that this is consistent with the
results of Haller et al.’? who predict that the le” pho-
toelectron band runs under the 4¢’ band and that a sizable
fraction of its intensity is thereby covered up by the 4e’
band. Our method of separating the intensity of the over-
lapping bands would have the effect of erroneously shift-
ing intensity from the le” peak to the 4e’ peak. In fact,
when the two are summed in Fig. 5 the agreement away
from the hv~25 eV bump is remarkably good, adding
some support to the prediction by Haller e al.>? Note
that the separately determined B’s for these two channels
should be much less sensitive to this issue. The remaining
two channels reflect rather good agreement between
theory and experiment. The 3e’ branching ratio, in fact,
reflects a maximum, similar in magnitude to, but slightly
shifted from that in the theoretical curve. The 4a}
branching ratio agrees well in shape with the theoretical
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FIG. 7. Photoelectron asymmetry parameter, branching ra-
tio, and partial cross section for photoionization of the 3e’ orbi-
tal of BF;. Solid dots are the present data, and the solid curves
are theorétical results from Ref. 20.

curve, both reflecting a sharp increase at high energy.
The factor of 2 error in magnitude is not surprising in
view of the very weak intensity in this channel just above
its IP.

The bottom frames in Figs. 2—8 contain the partial
cross sections produced by the theoretical calculation.?
_Comparison with experiment will require measurement of
a total photoabsorption cross section, which, when multi-

plied by the present branching ratios, would yield experi-

mental partial cross sections. Or, direct measurement by
constant initial state photoelectron spectroscopy would
produce the needed experimental data. As neither is
presently available, the theoretical curves are included for
discussion in Sec. IV, as partial cross sections and branch-
ing ratios present rather different views of the photoioni-
zation process. We anticipate ourselves by noting that the
most definitive evidence for the e’ shape resonance in
valence-shell photoionization is likely to result from mea-
surement of the 4e’ partial cross section. ‘

IV. DISCUSSION

The boron K-shell x-ray absorption spectrum®!3—2!

displays two prominent features—an intense peak ~7 eV
below the IP, and a broad (FWHM ~4 V), intense peak
centered at ~2.2 eV above the IP. Recent multiple-
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FIG. 8. Photoelectron asymmetry parameter, branching ra-
tio, and partial cross section for photoionization of the 4a} orbi-
tal of BF3. Solid dots are the present data, and the solid curves
are theoretical results from Ref. 20. .

scattering calculations® show that these features can be
understood at the independent electron level and that they
correspond to transitions to a 2a, bound state and an e’
shape resonance, respectively, in accordance with other in-
terpretations.*>~1%2! Since the e’ shape resonance is a
final-state feature, it should also be accessed in symmetry
allowed transitions from the valence shells. One of the
primary motivations of this work was to investigate the
role of the e’ resonance in valence-shell photoionization
dynamics of BF;. Indeed, calculations?® show that five of
the six valence orbitals of BF; (all but the 1a;) are con-
nected to the e’ continuum by dipole selection rules, and
further, that the e’ is predicted to have clearly visible ef-
fects. As so often happens, however, the valence-shell
properties do not follow the independent-electron predic-
tions as clearly as do the inner-shell properties. As we
will show, rather good, but indirect, evidence for the e’
shape resonance is given by the s, and the 3e’ and 44}
branching ratios show direct evidence near the upper limit
of our energy range. However, a predicted peak in the 4e’
branching ratio is missing in the data, indicating the pres-
ence of interactions which are not adequately incorporated
in the calculation.

Accordingly, it is important to have an independent
way of estimating the location of the e’ shape resonance
in the valence-shell contihua so as to establish the pres-



1788 DEHMER, PARR, SOUTHWORTH, AND HOLLAND 30

ence or absence of such effects. Fortunately, this can be
fairly reliably done based on the position of the e’ shape
resonance in the inner-shell spectra, plus a kinetic-energy
shift associated with differences in screening between a lo-
calized hole and a valence-shell hole. Examining well-
characterized cases in N,, CO, and SF, it is found that
shape resonances experience a shift to higher kinetic ener-
gies when going from an inner-shell spectrum to a
valence-shell spectrum. These shifts cluster around ~3
eV and always fall in the range 1—4 eV. Therefore, the
e’ shape resonance, which is centered at 2.2 eV kinetic en-
ergy in the boron K-shell spectrum, should fall in the
3—6 eV kinetic-energy range in the valence-shell spectra.
As the calculation quoted here placed the resonance at
~8-eV kinetic energy, the true resonance position should
fall to the low-energy side of the predicted position. This
means that the photon energy range studied in this work
should suffice to investigate the role of the e’ shape reso-
nance in the six channels studied, though the resonance
position in the 3e’ and 4a] channels falls near the high-
energy limit of the data reported here.

For completeness, we mention other states that will in-
fluence the valence-shell photoionization of BF; in this
energy range. Multiple scattering model calculations®
also predict a shape resonance in the a} continuum, ap-
proximately 1—2 eV below the e’ shape resonance. The
ai resonance derives from the trapping of p waves on the
fluorine sites, as does the e’ resonance, but it is not dipole
allowed in boron K-shell photoexcitation and, hence, does
not arise in earlier discussions involving inner-shell pro-
cesses. Among the valence shells, the a] continuum is
dipole-allowed from the 4e’, 1a,, and 3e’ initial states.
According to the theoretical results,?® the a} resonance is
masked by a much more intense e’ resonance in the 4e’
channel and is suppressed by a coincident zero in the di-
pole matrix element in the 1a, channel. However, in the
3e’ channel, it is equal in strength and shifted slightly
from the e’ shape resonance. Therefore, the net resonant
feature in the 3¢’ channel must be considered a composite
resonance with significant contributions from shape reso-
nances in both the e’ and a] continua. However, as the e’
resonance is sharper, it still determines the peak position
of the combined resonance feature in the 3e’ partial cross
section. For this reason, we will continue to refer to the
e’ resonance in what follows, although the likely contribu-
tion from the a] resonance should be recognized.

Another possible class of states to consider is autoioniz-

ing states converging to all but the lowest IP. Although
we do not detect any narrow structure in the data that
would indicate autoionizing structure, channel interaction
with the Rydberg states converging to the le” through
4a} thresholds may contribute to the failure to see
features predicted from independent-electron calculations.
Of particular interest is the possibility that transitions to
the 2a, state (essentially a boron 2p, orbital), so prom-
inent in the boron K-shell spectra,ls_21 might affect the
present data. In the K-shell spectra, this peak is ~7 eV
below the IP. If we assume a 2—3 eV shift for the
valence-shell spectra, this state should not affect the
present range, except possibly in the 4a} channel where it
would fall at Av~17 eV, to a first approximation. How-

ever, as known>® from examples in both atoms and mole-
cules, intrashell or intravalence transitions can undergo
significant splitting and redistribution of oscillator
strength to higher energies, relative to an independent
electron picture. Although these possibilities must be
recognized in considering the experimental results, we
have no particular reason to believe that they play an im-
portant role in this case.

We now examine the data in Figs. 2—8 for the effects
of the e’ shape resonance. In doing so, we examine
separately the [’s, branching ratios, and partial cross sec-
tions, as each reflects the photoionization dynamics in a
different way. The B’s differ from the other two in that
they contain information on the phases of the continuum
wave functions. However, as seen in our earlier study'® of
valence-shell photoionization of SFg, the branching ratios
and partial cross sections also differ greatly in the way
they display photoionization features. In the upper
frames of Figs. 2—8, the gross shapes of the measured
curves agree reasonably well with theory, and the agree-
ment is excellent, in shape and magnitude, for the le”,
4e’, and la, channels. The e’ shape resonance plays sig-
nificant roles for all but the 1a, channel, so that one is
tempted to consider this indirect evidence that the role of
the e’ shape resonance in this spectral range is observed
and reasonably accounted for by the calculations. Turn-
ing to the branching ratios, we note fair to good agree-
ment between experiment and theory for all except the 4e’
channel. In particular, the broad maximum at Av~26 eV
in the 3e’ branching ratio and the rising branching ratio
at high photon energy for 4a represent direct evidence
for the e’ shape resonance in those channels. Using the
3e’ branching ratio data, one can place the resonance po-
sition at Av~26 eV, corresponding to a kinetic energy of
~6 eV, in accord with expectations. The surprising as-
pect of these results is the absence of an e’-induced peak
at hv~25 eV in the 4¢’ branching ratio. This will be dis-
cussed further below. The partial cross sections in the
bottom frames are presently available from theory only.
They show that the e’ shape resonance will emerge much
more clearly when presented in this form. In particular,
the peak at hv~25 eV in the 4e’ partial cross section is
predicted to have a much greater contrast ratio than the
same feature in the branching ratio. Similarly, the e’ res-
onance will be displayed more clearly in the partial cross
section than in the branching ratio for the le” and the
la; channels as well. For the 3e’ and 4a] channels, both
parameters display the resonance equally clearly, and, in

_ fact, these are the two cases in which the e’ shape reso-

nance can be observed in the present branching ratio data.
Recall that in the 3e’ channel, the a] shape resonance
also contributes to the resonant feature at hv~26 eV, as
discussed earlier.

The failure to observe in valence-shell properties a
final-state resonance well established in inner-shell spectra
is not at all unprecedented. In SFg, an e, shape resonance
causes an intense peak ~ 15 eV above the sulfur L, ; IP,
(see Refs. 2—7) but is absent from valence-shell partial
cross sections®® where its presence is predicted by theory.
An even more subtle example is the 40, ionization chan-
nel of CO, which was predicted®®—*! to access a strong o,
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shape resonance at ~20 eV kinetic energy. Nothing
resembling the predicted resonance feature was observed
in partial cross section measurements;*>* however, a
predicted dip in the B curve’”>3%404! at the resonance en-
ergy was subsequently observed experimentally,** giving
evidence that the “missing” resonance existed, even
though its manifestation in the partial cross section was
drastically reduced by some as yet unknown interaction.
So we add to this list the 4e’ channel in BF; which has a
B curve consistent with theory but fails to show the
branching ratio feature resulting from the presence of the
e’ shape resonance. :

Without further evidence, we can only speculate as to
possible causes for the missing e’ feature: First, it is well
known that multiple-scattering model calculations pro-
duce shapes resonance profiles that are too narrow and
too intense. Hence, effects such as intrachannel cou-
pling®> and/or averaging over vibrational motion®® will
tend to smear out and diminish a shape resonant feature.
Nevertheless, the feature should still be observable in the
partial cross section, even if it is absent from the branch-
ing ratio. This is certainly possible in the present case
since, if the total photoabsorption cross section peaks near
hv~25 eV, a flat branching ratio will produce a peak in
the partial cross section. Second, interchannel coupling
(either discrete-continuum or continuum-continuum) with
other underlying valence channels can significantly alter
the predictions based on an independent-electron theory.
For instance, continuum-continuum coupling is believed
to strongly influence valence-shell photoionization in
SFe.!° Such channel interaction can be expected to be
stronger among valence channels with their closely spaced
IP’s. The good agreement found for the B results tend to
argue against this possibility. Note that in SFg the B re-
sults!® showed very poor agreement between experiment
and theory for the affected channels. Third, vibronic cou-
pling has been shown®? to play a very important role in
photoelectron spectra of BF;. This and other vibrational
effects are excluded from the calculations® quoted here.
We do not know how to assess the importance of such ef-

fects at this time. Other possibilities clearly exist, but
these examples serve to indicate the types of mechanisms
which may be causing the reduction of certain shape reso-
nance effects in valence-shell spectra. Taken together, the
examples quoted in CO,, BF;, and SF¢ pose a major chal-
lenge to our understanding of shape resonance phenome-
na.

We conclude by suggesting future work to help clarify
the role of the e’ shape resonance in BF; photoionization
processes. Clearly it is very important to measure the par-
tial photoionization cross sections for the valence shells to
complete the comparisons begun in Figs. 2—8. This
would require the total photoabsorption cross section in
order to convert the present branching ratios to partial
cross sections, or that a constant-initial-state photoelect-
ron measurement be made on the valence shells of BFs.
New measurements at higher energy would also be very
valuable, both to complete the study of the e’ features at
the high-energy limit of the present data, and to investi-
gate the role of the e’ resonance in the inner-valence 3a
and 2e’ orbital whose energies are predicted to fall near
hv~40—43 eV.

Note added in proof. A recent experimental study by
Roy et al.* has provided clear evidence for the “missing”
o, shape resonance in the 40, channel of CO,, discussed
in the last section. It had been overlooked mainly because
it was smaller in amplitude and occurred at nearly 10 eV
lower energy than predicted by the most accurate calcula-
tions.
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