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The partial photoionization cross sections for the four lowest-lying states of CO; have been measured with
synchrotron radiation between 20 and 40 eV. The results are compared to previous photoemission
measurements at discrete photon energies as well as fluorescence measurements using continuous radiation.
The interrelation between photoemission and fluorescence data is discussed. The existence of four weak states
of COJ with binding energies between 22 and 37 eV is verified. The dominant part of the photo-current at
40 eV is found to be associated with low-lying ionic states.

I. INTRODUCTION

Photoemission has proven to be a very powerful
tool for the study of the electronic structure of
gases and solids and their interactions with each
other. One of the most significant technical de-
velopments has been the increasing use of synchro-

. tron radiation which is a polarized intense continu-
um light source.! Studies of gases and solids are
closely related as an understanding of the photo-
electric properties of chemisorbed molecules must
be based on an understanding of the same proper-
ties of the free molecule.? The present paper,
which deals with the CO, molecule, is one of a se-
ries devoted to the study of the photoemissionspec-
tra of simple gases using synchrotron radiation.3®
It is hoped that this work will provide some insight
into the basic mechanisms for interaction of pho-
tons with molecules and in addition serve as ref-
erence data for surface studies.

The two quantities that are most easily acces-
sible for study with photoemission are the ioniza-
tion potentials (electron binding energies) and the
strength of the transitions to various ionic states
(the partial cross sections). In most cases ioniza-
tion potentials”' ® are determined using only a few
photon energies, usually Hel (fw=21.2 eV) or He I
(40.8 eV) for valence orbitals” and Mg Ka (1254 eV)
or Al Ka (1486 eV) for core levels.® Cross-section
determinations should, on the other hand, ideally
be performed continuously as a function of photon
energy. Conventional continuum light sources (e.g.,
the Hopfield continuum) have only sufficient inten-
sity toallow a determination of partial cross sections
below approximately Zw =20 eV. To measure par-
tial cross sections one has to be able to discrim-
inate between different states of the ion, e.g., by
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determining the energy of the outgoing electron.
With conventionally designed electron energy ana-
lyzers this means that a high-intensity continuously
variable stable light source is needed. Synchrotron
radiation from electron storage rings fulfills all
these requirements.*

Partial photoionization cross sections can of
course also be studied with discrete line sources.®
However, especially above 25 eV, such sources
are often weak and widely separated in energy. An
alternate method to determine partial photoioniza-
tion cross sections is (e, 2¢) spectroscopy.!® A
third method that has been proposed is to study the
fluorescent decay (when present) between different
excited ionic states and the ground state of the
ion.!! There does not appear to exist a consensus
in the literature as to the basic mechanisms in-
volved in this process in CO,.'*''* This question
will be discussed in relation to our results in Sec.
Iv.
The four lowest-lying states of CO," are the X
®Il, state (adiabatic ionization potential 13.79 eV),
A?TL, (17.72 eV), B?Z,’ (18.08 eV), and C*Z,*
(19.40 eV).” In one-particle terms, these states
correspond to the removal of an electron from the
1m,, 1m,, 30,, and 40, orbitals. The vibrational
progressions of the A and B states overlap and
these states are not resolved separately in our
spectra (see Fig. 1). There are also several high-
er-lying states. These are much weaker than the
low-lying states in the 20 <7Zw < 40-eV range.

II. EXPERIMENTAL

A. Synchrotron radiation as a continuum light source

As discussed earlier,* synchrotron radiation has
great advantages for studies of partial photoioniza-
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FIG. 1. Photoelectric energy-distribution curves for
CO, for three difference photon energies. The adiabatic
ionization potentials of the four lowest-lying states are
indicated with arrows. The dashed line represents an
estimated background. The three curves are not nor-
malized in height relative to each other. Note the
movement of the second peak towards lower binding
energy as the photon energy is increased. This is due
to an increase of the cross section of the A state rela-
tive to the B state.

EMISSION INTENSITY (Arbitrary Units )

tion cross sections. These advantages are of two
kinds: First, due to its tunability, synchrotron
radiation allows us to study branching ratios in a
much more systematic fashion than with conven-
tional light sources, i. e., at arbitrary photon en-
ergy. Second, with a continuous wavelength source
(as opposed to a line source) it is possible.to sac-
rifice resolution for intensity. The longest sweep-
ing time used in the present work (for the data to
be discussed in Sec. IIIC) was of the order of 30
min at a total experimental resolution of 0.6 eV.
This is to be compared with sweeping times of 4
to 5 days with a total experimental resolution of
0.07 eV for a comparable study with a line
source.'?

B. Energy-distribution curves and constant-ionic-state
measurements

The kinetic energy E,, of a photoemitted electron
is given by

Ey =Hw+E,~E] ; 1)

ion »

where 7w is the photon energy, E, is the total en-
ergy -of the neutral molecule in its ground state,
and E},, is the total energy of the ion in the ith ex-
cited state. In the most common type of photo-
emission experiment Zw is kept fixed and E,, is
swept. One then obtains information about the
quantity E, —Ei, for the various ionic states, that
is the ionization potentials, as well as the transi-
tion strengths for one photon energy at a time.

This type of measurement is referred to as an
energy-distribution curve (EDC). In another type
of experiment* '* the difference Zw — Ey. is kept
fixed, while Zw is swept. E,—EL, then corre-
ponds to a fixed ionic state. This measurement
then, in principle, allows us to measure directly
the partial cross section as a function of photon en-
ergy. This type of measurement is referred to as
a constant ionic state* or constant initial state'?
(CIS). This method is obviously very helpful in
following the rapid changes in photoionization cross
sections that occur, for example, at autoionization
lines.* .

The majority of the data presented in the present
paper are based on EDC’s. The cross-section in-
formation from the CIS’s is at present qualitative
and not quantitative in nature. This is due to the
fact that our spectra (CIS’s and EDC’s) are dis-
torted at low kinetic energies (<5 eV) by a back-
ground of low-energy electrons photoemitted by
light hitting the magnetic shield surrounding the
energy analyzer. This background is easy to sep-
arate out from the EDC’s but not from the CIS’s.
In addition, the CIS’s are distorted by spectral
variations of the photon flux from the monochro-
mator with wavelength. This distortion is approxi-
mately compensated for by dividing the measured
signal by the current from an Al photodiode which
intercepts the light beam from the monochromator
after the light has interacted with the gas. The
quantum efficiency of the diode varies with photon
energy.* Since the CIS data in this paper will only
be used to identify strong absorption lines, we have
not corrected them for either of these two distort-
ing factors.

C. Apparatus

The experimental setup has been described in
some detail elsewhere*' '* and will therefore only
be discussed briefly here.

Light from the 240-MeV electron storage ring at
the Synchrotron Radiation Center of the Physical
Sciences Laboratory at the University of Wisconsin
is dispersed with a 1-m horizontally mounted Seya-
Namioka monochromator. The wavelength resolu-
tion of the monochromator is externally variable in
steps between 1.6- and 16-A full width at half-max-
imum (FWHM). The photoemitted electrons are
energy anlayzed with a two-stage cylindrical mir-
ror energy analyzer. The angle between.the ana-
lyzer and the direction of the light beam is such
that a systematic geometry-dependent error is in-
troduced in the branching ratio measurement due to
the angular dependence of the photoelectrons.* This
is due to the fact that the analyzer does not inte-
grate over all emission directions. The error is



fairly small, however, as the collected solid angle
is large. If the true branching ratio is B, and the
angular asymmetry parameter is g, the measured
branching ratio B, is* '

B, ~By(1-0.168) . (2)

Earlier, we have estimated the magnitude of this
error for CO and N, at Zw=21.2 eV to be between
49% and 8%, depending on the ionic state. This is
well within the spread in published branching ratios
at this photon energy.* The 8 values for CO," have
been measured by Carlson et al. at Tw=21.2 eV to
be -0.2 for the X *II, state, + 0.7 for the A2I,, -0.5
for the B®Z,f, and +1.2 for the C2Z," states.'® As
the'A and B states are not resolved in our spectra,
we expect the difference between B, and B, to be
significant at Zw =21.2 eV only for the C state with
our geometry.

The experimental chamber is pumped with a tur-
bomolecular pump. This pump contributes a sig-
nificantly smaller background of ions and electrons
than did the ion pump used in previous work.* The
gas is admitted tothe chamber via a capillary tube
of 1 mm diameter. The energy analyzer is care-
fully positioned at the intersection point of the light
beam and the gas beam from the nozzle. The pres-
sure at this point is estimated to be between 103
and 10~ torr. The differential pumping over the
slits in the monochromator isolates the experi-
mental chamber from the storage ring without the
use of windows.

The energy analyzer is run at a high pass energy
(E,=40 eV) in order to avoid distortion of the spec-
tra due to variations in collection efficiency with
electron kinetic energy.*'® The energy resolution
AE of this analyzer is roughly AE =0.008E,. This
means that we cannot clearly resolve the A and B
states in CO," since their adiabatic ionization po-
tentials only differ by 0.36 eV.” Some spectra
were, however, obtained at a lower pass energy
(E,=12 eV) to separate A and B. As the binding
energies of these states differ by less than 1 eV,
the transmission of the analyzer will not vary
greatly over the width of this band. Reasonably ac-
curate determinations of the ratio of the A and the
B states are thus obtained.

The signal from the energy analyzer was directly -

plotted with an XY recorder using a simple rate-
meter counting system. The data on the higher- . -
lying states presented in Sec. III C was, however,
obtained via signal averaging with a multichannel
analyzer.

III. RESULTS
A. Low-lying states of CO,*

Some representative energy distributions (EDC’s)
are shown in Fig. 1. The data are plotted as a
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function of binding energy to facilitate comparison
between data for different photon energies. As
mentioned above, the A and B states overlap in the
photoelectron spectrum and are not resolved sep-
arately here.

The area under the peaks in EDC’s such as those
in Fig. 1 were measured in order to calculate the
branching ratios. The results for the photon ener-
gy range from 20 to 40 eV are shown in Fig. 2.
Below 20 eV there are many rapid variations of the
cross sections due to autoionization. Some ex-
amples of this will be discussed in Sec. IIIC.

The total photoabsorption cross section for CO,
has been measured continuously between 180(~"70
eV) and 700 A(~18 eV) by Lee et al.}” The photo=
ionization efficiency () has been determined by
Cairns and Samson at more than 20 lines between
300(~40 eV) and 630 A(~20 eV).!® Their measure-
ments indicate a n value of 1 (within the experi-
mental error). We therefore take the photoioniza-
tion efficiency to be 100% between 20 and 40 eV.
Thus, by multiplying the branching ratios in Fig. 2
with the photoabsorption data by Lee et al.,'” we
obtain the partial photoionization cross sections
shown in Fig. 3.

The summed cross sections of the A and B states
vary quite appreciably over the range investigated.
The X state is roughly constant, showing some
weak structure. The C state increases from
threshold. Its cross sections atZw =40 eV is more
than twice the cross section at 7w =20 eV. It is
obvious from Fig. 3 that the significant fall off of
the total photoabsorption cross section between 20
and 40 eV (Ref. 17) cannot be attributed to the X or
to the C state.
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FIG. 2. Branching ratios for the three peaks in Fig.
1 as a function of photon energy. These branching ratios
contain a g dependence described by Eq. (2). The influ-
ence on the branching ratios from higher-lying states,
which is small, is not included in this plot (see Sec.
IIIC). Hence, the branching ratios for the X, A, B, and
C states will add up to 100% in this plot.
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FIG. 3. Partial photoionization cross sections for CO,.
These data .are not corrected for the variations of g
between different photon energies and different ionic
states. Neither is the (small) influence of higher-lying
states taken into account (see Sec. IIIC). Hence, the
cross sections for the X, A, B, and C states will add
up to the total photoionization cross section in this plot.

B. Comparison with other branching-ratio data

1. Fluorescence

A proposed alternate way of determining partial
photoionization .cross sections is to measure the
fluorescence when the excited ion decays to the
ground state by emitting a photon. This method is
obviously limited to excited states that decay by
photon emission. It is, for example, well known
that the C 23, state of CO," decays by fragmenta-
tion.®

Lee et al. have measured the fluorescence yield
for the A ®IT, - X *I, transition in CO,*.'* Carlsson
et al. have measured the yield for the B%Z '-X21I,
transition.?° We have added their results and com-
pare them in Fig. 4 to our branching ratio for the
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FIG. 4. Comparison of our data for the A and B states
(O) from Fig. 2 with other measurements. The full
curve is the fluorescence data by Samson and Gardner
(Ref. 21) for the sum of the A and B states. The dash-
dotted curve is the sum of the fluorescence data for the
A — X transition by Lee et al. (Ref. 19) and the B—~X
transition by Carlson et al. (Ref. 20). The crosses de-
note the photoemission data by Samson and Gardner
(Refs. 12 and 23).

A +B states. The agreement is quite good, espe-
cially at lower photon energies. The agreement
would be even better if we were to correct our data
for the influence of the higher-lying ionic states.
As we will show below, our data indicate that their
contribution to the total photoionization cross sec-
tion is less than 10% at 40 eV. Hence,. some, but
not all, of the difference between our data and the
fluorescence data would be removed. Also included
are the data for the total fluorescence yield (A ~X
plus B—~X) by Samson and Gardner.?. There is
little agreement with their data. The origin of this
discrepancy is not understood. We note that the
data of Samson and Gardner? also disagree with
those of Refs. 19 and 20.

2. Photoemission

In Table IA we compare our data at iw=21.2 eV
and 7w= 21.0 eV to those of Samson and Gardner'?
and Bahr ef al.?? at iw'= 21,2 eV. The agreement
with Samson and Gardner'? is good, whereas the
agreement with Bahr ef al.? is rather poor, es-
pecially for the X state. By decreasing the pass
energy we could obtain an estimate for the ratio
between the A and the B state at Zw= 21.2 eV.

The result was A/B= 0.7 in good agreement with
Samson and Gardner’ result 0.65+0.05.!* In
Table IB we also compare our data at Zw= 22.5
and 23.5 eV to Samson and Gardner’s'? data at
23.1 eV. The agreement is excellent.

In Fig. 4 we have also included the A+ B branch-
ing ratio measured by Samson and Gardner photo-
electrically at Zw=40.8 eV,'>2%2¢ Ag was the case
with the fluorescence data in this photon energy
range, their photoelectron branching ratio differs
very strongly from our data. We will show below
that this is due to the fact that they give very
large weight to the high lying ionic states, In
order to obtain a meaningful comparison at high
photon energies we have renormalized their data
so that the sum of the X, A, B and C states is
100%. This agreement is then quite good (Table
IC). Also shown are the (likewise-renormalized)
data by Potts and Williams, 2® which show a quite
different X /(A+ B) ratio.

C. High-lying states

Qur data at Zw= 40 eV show, in addition to the
four states discussed above, five higher-lying
states. They correspond to electron binding en-
ergies of 22.8, 27.3, 31.3, 35.1, and approxima-
tely 38 eV. The last state corresponds to emission
from O 2s derived orbital(s).?*?*2¢ The binding-.
energy determination of the last state is somewhat
uncertain due to the background problems discuss-
ed above. The four remaining peaks have to be
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TABLE I. Branching ratios for CO,".

X, A, +BE,* Cut

A. Tw=21.2¢eV :

Bahr et al. (Ref. 22) 14.5 80.4 5.1

Samson and Gardner (Ref. 12) 22.6 73.9 4.3

This work 25.0 67.6 7.4

This work Fw = 21.0 eV) 26.5 67.7 5.8
B. 7w =23.1eV : ¢

Samson and Gardner (Ref. 12) 26.6 65.6 7.8

This work ? 24.8 67.4 7.8
C. hiw=40.8 €V ’

Samson and Gardner (Refs. 12 and 23) ? 26.1 57.4 16.5

Potts and Williams (Ref. 25) P»¢ £46.7 41.1 12.1

This work w = 40.0 eV) 30.8 52.4 16.7

2 Average of values obtained at Zw = 22.5 and 7w = 23.5 eV,

b Renormalized values (see text).
¢ “Band strengths.”

classified as shake-up peaks.?® The strongest one,
with a branching ratio of ~ 2%, is the one at 27.3
eV. The 31.3- and 35.1-eV peaks are of roughly
equal strength, ~1%. The 22.8-eV state is quite
weak with a branching ratio of less that 0.5%.

In Table II we compare our data with those ob-
tained at Zw= 40.8 eV by Gardner and Samson!®?2
and by Potts and Williams.?® The latter data are
in very good agreement with ours, especially if
one considérs that the peaks under study are quite
broad and weak and it is somewhat difficult to ac-

. curately determine their maxima. Also included
in Table II are the electron-spectroscopy-for-
chemical-analysis (ESCA) data by Allan et al?®
The origin of the peak at 27.9 eV in the ESCA
spectrum is of some interest. It was attributed to
an X -ray satellite by Allan et al.?® It may be that
one cannot exclude the possibility of a weak state
at ~27.2 eV hidden underneath this satellite.

Samson and Gardner have determined the
branching ratios for the states with binding ener-
gies above 38 eV at Ziw= 40,8 eV to be 61.5% 1222
Our data are in serious disagreement with this

value, We estimate the state at 38 eV to have a
branching ratio of not more than 5% at Zw= 40 eV.

Our intensity estimates for the high-lying states
are in reasonable agreement with those of Potts
and Williams®® as far as the relative strength of
these states are concerned. Our absolute esti-
mates are, however, roughly a factor of 2 lower
than theirs. ‘ '

D. CIS spectra

The CIS spectra are extremely helpful in follow-
ing rapid changes in partial photoionization cross-
sections.* A particularly interesting region is the
one in the X I, state between Zw= 15.5 and 7w
= 18 eV (Fig. 5). (These data were obtained with
a wavelength resolution Ax=1.6 A.) The curve
shown in Fig. 5 is the original data without
smoothing. In this photon-energy range there
are Rydberg states converging both to the A state
and to the B state. Using available optical data,
the structure in the partial photoionization cross
section have been assigned (see Fig.5). Our data

TABLE II. Observed high-lying states of CO,".

Rw Vertical ionization potential (eV)
Gardner and Samson .
(Refs. 12 and 23) 40.8 oo 26.6 s s 384 40.0
Potts and Williams
(Ref. 25) 40.8 22.6 27.2 314 35.3 38.5 s
Allan et al. (Ref. 26) 1253.6 .. 27.9(?) 32.5 37.6
This work 40.0 22.8 27.3 31.3 35.1 ~38
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FIG. 5. CIS spectrum for the X I, state of CO,"
between 15.5 and 18 eV. The pass energy of the energy
analyzer was 40 eV and the wavelength resolution
1.6-A FWHM. The identification of the structure follows
Henning (Ref. 27) and Tanaka and Ogawa (Ref. 28). An
alternate labeling has been suggested by Lindholm
(Ref. 29).

are, after allowance is made for the difference
in wavelength resolution, .- in good agreement with
the high-resolution, fofal photoionization data
by Cook et al.*®

The CIS’s have also been used to obtain confirm-
ation of the finer details in the partial photoion-
ization cross sections in the region below 30 eV.
The full lines in Fig. 3 are interpolations based
on CIS data.

IV. DISCUSSION

The ratio of the A %I, and B*Z,* partial cross
sections at Zw= 21.2 eV is of some interest. Us-
. ing fluorescence measurements Wauchop and
Broida determined an A/B ratio of 1.47,% where-
as Lee and Judge obtained A/B= 2.7.'' Gentieu
and Mentall®? obtained 2.2 and other measure-
ments3¥3* also indicate an A/B ratio larger than
1 in fluorescence. These results are to be con-
trasted with the photoelectric value by Samson
and Gardner of A/B= 0.65x0.05.'% It was, there-
fore, somewhat surprising that the sum of the
cross sections for the A®II, and B *%* states was
almost the same in fluorescence!! and photoemis-
sion'? (25.6 and 24.2 Mb, respectively).
To resolve this puzzling situation Samson and
Gardner postulated that a perturbation existed be-
tween the A and B states.!? The effect of this per-

turbation was suggested to be a crossover from the
Bto the A state, in such a manner that the total
A+ B population remained constant, but the ratio
A/B was changed. No specific mechanism was

" suggested for this crossover. This is potentially

an important suggestion as it implies that photo-
electron spectroscopy and fluorescence measure
different quantities. As stated by Samson and
Gardner,'? if such a crossover occurs, it will
most likely do so regardless of the mechanism for
the initial population of the A and B states, i.e.,
independent of the photon energy. If one knows the
crossover rate at one photon energy and the photo-
electric A/B ratio at another, one should then be
able to calculate the fluorescent A/B ratio at the
second photon energy.

Samson and Gardner'? suggested a crossover
rate of 55% for the B state to the A state in order
to reconcile their photoelectric A/B ratio with the
data by Lee and Judge!! at Zw=21.2 eV. They then
predicted an A/B ratio for fluorescence (A4/B);
of 3.4 at 40.8 eV.}? By using the data by Lee et
al.'® for the A state and by Carlson et al.2° for the
B state, we obtain the experimental value for
(A/B)f which is 1.7. This disagrees with the pre-
diction.

Samson and Gardner'? saw additional support for
the crossover mechanism from their measure-
ments of the total A+ B fluorescence yield at Zw
=40.8 eV, which was in quite good agreement
with the sum of their photoelectric branching ra-
tios for the A and B states at this photon energy.
However, as shown in Fig. 4, our photoelectric
data do not agree with those of Samson and
Gardner.!? '

We conclude that there is scant experimental
evidence for a crossover mechanism as suggested
by Samson and Gardner.'? The fact remains, how-
ever, that the published A to B ratios for photo-
emission and fluorescence are quite different
both for Zw=21.2 and Zw=40.8 eV. Also, there
is at least an apparent agreement in Fig. 4 be-
tween our A+ B branching ratios and the sum of
the fluorescent yield data for the two states. It
seems that additional experimental data is needed
to clarify the origin of these observations.

V. SUMMARY

We have presented systematic branching ratio
and partial photoionization cross-section data for
CO, between 20 and 40 eV photon energy. The
cross-sections are fairly smooth in this energy.
range, showing few signs of the dramatic reso-
nance effects we have observed in CO,* N,,* and
SFe.° At photon energies overlapping those of con-
ventional light sources, good agreement is obtain-
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ed with some, but not all, earlier photoelectric
data as far as the low-lying states are concerned.
We have verified the existence of four weak states
(shake-up satellites) with binding energies between
22 and 37 eV. In contrast to some earlier re-
ports,!*2 we have found that in the entire photon
energy range under study, the main part of the
photocurrent is associated with low-lying ionic
states. - '

We have also discussed the relationship between
fluorescence and photoemission branching ratio
data. While the experimental situation is not quite
clear, especially as far as the fluorescence data

are concerned, it seems unlikely that the cross-
over mechanism postulated by Samson and
Gardner'? can be successfully used.
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