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Quantitative ion yields from photoionization of gaseous CO have been measured with time-of-
flight mass spectrometry and photoion-photoion coincidence techniques using synchrotron radia-
tion from 270 to 360 eV and from 515 to 615 eV, in the region of C 1s and O 1s excitation and ion-
ization. Dissociative multiple-ionization efficiencies, ion-branching ratios, and the relative yields of
all possible ionization reactions are derived. The distributions of kinetic energies released to the
(C*+07%) and (C** +0™) pairs are measured. Very large contributions of symmetric dissociative
double ionization producing C* and O* are found, even in the region of the 1s—7* resonances.
The results are discussed in the context of the autoionization and Auger electron spectroscopy of
core-excited CO and with the aid of recent calculations of the potential curves of CO>*. The rela-
tionship between the present results and those for photon-stimulated desorption following core exci-
tation and ionization of solid and chemisorbed CO is explored.

I. INTRODUCTION

The possibility of selective bond breaking in a polya-
tomic molecule through photodissociation involving
core-excited states is receiving considerable attention at
present.! ~® In principle one might suppose that selective
fragmentation could result from preferential breaking of
the bonds closest to the core-excited atom, possibly as-
sisted by population of a localized antibonding molecular
orbital. In practice fragmentation frequently occurs at
bonds distant from the core-excited atom”® and thus the
selectivity is considerably less than expected. The photo-
ionization dynamics, in particular the relaxation of the
core-hole state to dissociative, multiply ionized valence-
hole states, determines the details of the fragmentation
reactions. Furthermore, complications arise when the
core-hole relaxation and the dissociation occur on over-
lapping time scales.”~!* Both the electronic decay and
the ion production must be studied in detail in a number
of test cases in order to acquire an understanding of the
physical mechanisms and thus to develop means for pre-
dicting situations in which selective fragmentation
through core excitation can be achieved. As part of this
process we have studied the ionic fragmentation of core-
excited CO in some detail.

One of the principal models for fragmentation follow-
ing core ionization of molecules is that of a “Coulomb ex-
plosion”'* in which the charge repulsion in two-hole
states produced from the core-hole Auger decay results in
two energetic fragment ions. For CO the major process
of this type is
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In addition, triple ionization associated with the decay of
shake-off states can produce (C2* + O%) or (C* + O**)
pairs. We have used photoion-photoion coincidence
(PIPICO) techniques'® to investigate the yields and ion
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kinetic energy releases involved in these processes in the
C 1s and O Is spectral regions. The derived ion kinetic
energies are compared to previous estimates'®~!® and to
values predicted from the ab initio calculations of the po-
tential curves of CO?* states which lead to (C*+0%)
atomic ion limits.!® The latter comparison helps in iden-
tifying which CO?* states and thus (C* +O) limits are
populated in the core-hole relaxation through the ob-
served kinetic energy released to the ion pair.

The electronic relaxation of the core-hole states of CO
has been studied in considerable detail recently through
electron-electron coincidence techniques,?®?' through
electron spectra recorded at selected photon ener-
gies,''®22 and by Auger electron-ion coincidence spectra
obtained with broadband photoionization around 300
and 1200 eV.>* The autoionization spectrum of the C
1s7* state of CO (287.4 eV) has been interpreted by
Freund and Liegener** with the aid of Green’s-function
calculations. A very extensive analysis of the vibrational-
ly resolved features in the photoelectron,?® x-ray emis-
sion,?¢ Auger,9 autoionization,’ and core-excitation?”2®
spectra has been presented by Correia et al.” Reference 9
also gives a rather complete summary of earlier inner-
shell spectroscopic studies of CO, which are not com-
pletely cited here. We have interpreted our quantitative
ionic fragmentation measurements with the aid of these
results.

There is considerable interest at present in the yields
and mechanisms of ion desorption from surfaces follow-
ing core excitation and ionization by electron impact
(ESD) or soft x-ray photoabsorption (PSID). Several
PSID studies of CO adsorbed on transition-metal sur-
faces?® 32 have observed K-shell ion yield spectra with
desorption onsets greatly delayed relative to the K-shell
absorption spectrum. In the proposed interpretation of
these differences Jaeger and Stohr?>* assumed that the
O™ yield of free CO follows the O 1s absorption spec-
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trum. This is confirmed in the present work. In addition,
improved understanding of photoionization fragmenta-
tion in the free molecule assists the determination of the
role of the substrate in modifying these processes.

Ionic fragmentation of gaseous CO in the carbon K
shell has been studied previously both by (e,e + ion), the
electron-ion coincidence simulation of photoionization
mass spectrometry (PIMS),'®3334 and by synchrotron
PIMS using both quadrupole? and time-of-flight
(TOF)'®3° mass analyzers. However, the C ls results
cover a very restricted energy range while the only mea-
surements of ionic fragmentation following O 1s excita-
tion and ionization of which we are aware are the PIMS
at 930 eV (Ref. 16) as well as previously unpublished
mass spectra at 534 (Ref. 34) and 550 eV,>*3% the results
of which are quoted in this paper. The O™ yield from
both C 1s and O 1s photoionization of a multilayer solid
film of CO has been measured®® and shows greater simi-
larity to the gas phase absorption than to the surface
chemisorbed O™ yield spectrum. However, differences
between the solid film and gas phase ion yield spectra
were noted in the C 1s region so the possibility of even
greater differences in the O ls region existed prior to the
present study. Our measurements of ionic fragmentation
following O 1s photoionization are compared in detail
with the PSID of adsorbed CO.?°~3?

This paper is organized as follows. Section II deals
with experimental details such as the monochromator,
energy scale calibration, flux normalization, the ion
time-of-flight spectrometer, and our procedures for col-
lecting mass and ion-ion coincidence spectra. Section III
presents our results in detail. Section III A, dealing with
the noncoincident measurements, includes a comparison
of the true absorption and total ion yield spectra (Sec.
III A1), presentation of the partial ion yields (Sec.
IIT A 2) and branching ratio spectra (Sec. III A 3), in each
case comparing our results to earlier work. Section III B
deals with the ion-ion coincidence results in two subsec-
tions. In the first (III B 1) quantitative ion-pair yields and
dissociative multiple-ionization efficiencies are derived,
while in the second (III B 2) kinetic energy release distri-
butions are determined from the PIPICO peak shapes.
In Sec. III C the partial ion and ion-pair yields are com-
bined to derive the relative contributions of all possible
photoionization reactions of CO in the separate excita-
tion and ionization channels. The physics of the elec-
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tronic processes leading to ionic fragmentation following
core ionization (Sec. IV A) and excitation (Sec. IV B) of
free CO are then discussed, followed by comparison of
our results with those for PSID of surface-adsorbed and
solid CO (Sec. IV C). Finally, in Sec. IVD we comment
on the possibilities of site- and/or state-selective ionic
fragmentation following core excitation and ionization.

II. EXPERIMENTAL

A. The monochromator

The toroidal grating monochromator (TGM) used in
these experiments was recently installed on the A62 beam
line at the Anneau de Collisions d’Orsay (ACO) storage
ring in Orsay. Based on the principles outlined by
Himpsel et al.,’’ this TGM was designed for high-flux
efficiency and medium resolving power (A/AA~2500) in
the 200-700 eV photon-energy range, with reasonable
performance extending up to 1000 eV. The synchrotron
radiation continuum is dispersed using one of three ion-
etched, platinum-coated, holographic, toroidal gratings
without aberration correction. These are interchangeable
under vacuum and have optimum performance ranges of
200-300 eV (800 grooves/mm), 300-450 eV (1200
grooves/mm), and 450-750 eV (1800 grooves/mm). Fig-
ure 1 is a schematic of the monochromator in its present
configuration. For reasons of overall dimensions and
available space, the monochromator is mounted without
an entrance slit so that the optical source is defined by
the size of the electron bunch in the storage ring. In this
situation the resolving power is source-size limited. The
measured resolution (~0.5 eV at 200 eV, 2 eV at 500 eV,
and 3 eV at 700 eV) is compatible with the typical 1-mm
dimension of the ACO electron beam. In its future in-
stallation on “super ACO” a more conventional mount-
ing will be used (prefocussing toroidal mirror, entrance
slit, grating, exit slit, postfocussing toroidal mirror, ex-
periment). This will improve the energy scale stability
and allow the resolution to achieve the nominal design
performance.

The absence of an entrance slit means that the photon
energy scale drifts whenever there are changes in the
electron orbit in the storage ring. We frequently observe
small shifts (< 0.5 eV at 300 eV) in the energy scales be-
tween spectra recorded during a single fill and larger ones
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FIG. 1. Schematic of the 10-m TGM monochromator as mounted on line A-62 at the Anneau de Collision d’Orsay (ACO).
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(up to 10 eV) between fills. Thus we have normalized
each spectrum individually, using either the well-known
values for the 7* resonances®® or, for the Ar flux mea-
surements, the structure in the incident photon flux,
which arises from photoabsorption by carbon and oxygen
contaminants on the optics. The energies of these latter
features are found to be highly reproducible, independent
of the gas studied. For calibration we use values of 284.7
eV and 290.0 eV for the two C 1s minima and 537.0 eV
for the O 1s minimum (Fig. 2). The 5.3-eV separation of
our two C 1s features differs significantly from that of 6.3
eV reported by Arvanitis ez al.’° for the BESSY SX-700
monochromator, suggesting that the chemical identity of
the carbon contaminant can differ among monochroma-
tors.

We have found that simultaneous measurement of the
photoionization yield of a Au surface placed in the pho-
toionization chamber (P ~1075-107° torr) is not an ac-
curate measure of the incident photon flux, particularly
in the C 1s region (see Fig. 2). It appears that carbon ad-
sorbed on the Au photodiode greatly increases its ioniza-
tion efficiency above 290 eV. Thus we have measured the
incident photon flux from the total ion yield spectrum of
Ar. Since the Ar ion yield varies smoothly in the C 1s
and O ls regions, this allows a correct determination of
the structured incident flux, once corrections for the
shape of the Ar absorption cross section®® have been ap-
plied. Since the CO and Ar measurements cannot be
made simultaneously, we make an additional correction
for the smooth decrease in the stored current over the
time of each measurement.

A further complication in the O 1s region is the pres-
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FIG. 2. Incident photon flux in the carbon and oxygen ls re-
gions as measured by a Au photodiode and by absorption-
corrected Ar ion yield signals.

A. P. HITCHCOCK et al. 37

ence of some diffuse light, suspected to be primarily of
energies less than 200 eV. This stray light distorts our
measurements by increasing the CO* and CO** yields,
since these are much more abundant at low photon ener-
gies. This effect was minimized by recording the O 1s
data with a 0.4-um aluminium filter in the light beam.
The Al preferentially absorbs the diffuse light and, for ex-
ample, reduces the CO™* branching ratio at 550 eV from
0.02 to 0.01.

B. Ion yields and photoion-photoion coincidences (PIPICO)

The apparatus and time-of-flight (TOF) techniques
used to obtain both mass spectra and ion-ion coincidence
(PIPICO) signals have been described elsewhere in con-
siderable detail.>*! Briefly, the TOF mass spectra are the
time histograms of ions arriving during the 2 us which
follow the onset of a pulsed extraction voltage ( + 480 V
at 50 kHz) applied to the first electrode of the extraction
zone (Fig. 3). The ions are detected at the end of the drift
region with a channel plate which is assumed to have
equal detection efficiency for all ions. The gas is intro-
duced into the spectrometer through a needle to form an
effusive jet. The pressure in the ionization region is es-
timated to be 10 to 100 times greater than the measured
chamber pressure of 1 10~° torr during the experiment.

The efficiency for extracting energetic ions from the
photoionization region was found to be sensitive to the
strength and duration of the extraction pulse. This is
demonstrated in Fig. 3 which plots the branching ratios
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FIG. 3. (Upper) schematic of the ionization region, time-of-
flight spectrometer, and the extraction pulse sequence em-
ployed. The leading edge of the pulse serves as the start signal
for the time-to-amplitude converter which is stopped by an ion
arriving during the high extraction voltage region of the pulse.
(Lower) branching ratios for ion production at hv=305 eV
measured as a function of A, the off time of the extraction pulse.
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at a photon energy of 305 eV for all ions as a function of
A, the off time of the extraction pulse. The decline in the
yield of the energetic atomic ions and the rapid increase
in the yields of the thermal CO* and CO?™ ions which is
observed with increased A is a result of the escape of the
more energetic atomic ions from the interaction region
during the absence of the extraction field. The branching
ratios (BR) shown in Fig. 3 are a function of the ion ki-
netic energy distributions which vary slightly over the
photon energies we have studied. At 305 eV the BR’s ap-
pear to stabilize for off times less than 1.0 us suggesting
that representative ion collection is obtained under these
conditions. Since our PIPICO measurements indicate an
average kinetic energy at 305 eV that is similar to that at
all other energies (see Sec. III B and Table III), we believe
that there is relatively little variation of our collection
efficiency over the ranges of photon energies studied.
The TOF mass spectra used to determine the partial ion
oscillator strengths were obtained using A=0.7 us with a
480-V, 50-kHz extraction pulse. These conditions were a
compromise between minimizing discrimination against
energetic ions while retaining a sufficient signal for good
statistics in reasonable time. The branching ratios were
found to be independent of reasonable variations in the
potential of the TOF drift tube (500-1200 V) and of a
small potential (—5 to 10 V) applied to the entrance grid
of the drift tube in order to reduce the penetration of the
TOF field into the ionization region. These potentials
were adjusted to optimize the mass spectral peak shapes.

III. RESULTS
A. Noncoincident measurements
1. Total ion yield spectra

Figure 4 presents the total ion yields measured in the C
1s and O 1s regions using continuous high-field extraction
[V(source)=750 V, Vl(acc)=1500 V]. These spectra have
been normalized by setting the 1s continuum intensity to
0.013 eV~! at 321 eV and to 0.0077 eV~ at 567 eV.
These values are the calculated atomic core ionization os-
cillator strengths,*” multiplied by the dissociative
multiple-ionization efficiencies (1, where we define 7 as
the number of ions produced per absorbed photon, in-
dependent of the ion charge) derived from the ion yield
and PIPICO results (Sec. IIIB1). The equivalence of
molecular and the sum of atomic inner-shell oscillator
strengths outside of the near-edge resonance region has
been demonstrated previously.*’ In Fig. 4 the total ion
yield spectra are compared to the corresponding C 1s and
O 1s absorption spectra, as derived from dipole-limit elec-
tron energy loss spectra.** The resolution of each absorp-
tion spectrum has been artificially degraded by multiple
three-point smooths until the full width at half maximum
of the ls—7* peaks was the same as in the total yield
spectrum.

In both the C 1s and O 1s regions, the total ion yield is
similar in shape to the true absorption spectrum but
differs quantitatively because of dissociative multiple ion-
ization (7 > 1) and because of variations in 7 with energy.
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FIG. 4. Total ion yield (dots) and photoabsorption spectra
(solid line) (Ref. 44) of CO in the C 1s and O Is regions. The
vertical lines followed by hatching indicate the location of the
ionization thresholds, the zero point of the indicated term value
scale. The absolute oscillator strengths were determined by nor-
malization at 25 eV above the ionization potential to calculated
atomic ls values (Ref. 42). The total ion yield normalizations
were additionally corrected for the dissociative multiple-
ionization efficiency (Table II). The absorption spectra have
been multiply three-point smoothed to give a 7* peak width
similar to that in the total ion yield spectra.
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Because of the resolution adjustment, Fig. 4 should be re-
garded as only semiquantitative. Analysis of the
unmodified spectra allows a more precise comparison of
the absorption and ion yield results. This provides a
check on the 7 values, which increase from ~1.15 at 280
eV in the valence continuum, to 1.3 at the 7* resonances,
and then to 1.7 in the 1s continua, according to our re-
sults (see Sec. IIIB1). The ratio of the integrated C
Is —7* oscillator strength (OS) to the integrated C ls
continuum between 300 and 320 eV is 0.49 in the total
ion yield but 0.74 in the absorption spectrum, consistent
with the variation in 7(OS: 0.74/0.49=1.51; 7:
1.70/1.27=1.34). The corresponding ratios of the O
Is —>7* and O 1s —continuum (545-565 eV) intensities
are 0.43 (ion yield) and 0.55 (absorption), again in reason-
able agreement with our derived dissociative multiple-
ionization efficiencies (OS: 0.55/0.42=1.28; 7: 1.71/
1.29=1.33). To our knowledge this is the first quantita-
tive observation and analysis of differences between ab-
sorption and ion yield signals for inner-shell excitation
and ionization of gases.
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2. Partial ion yield spectra

Sample time-of-flight mass spectra recorded at six
different photon energies are presented in Fig. 5. The
vertical scale of each spectrum has been normalized to
the total number of ions recorded in the same period to
facilitate intensity comparisons among the six spectra.
The mass resolution is somewhat lower in the spectra ob-
tained in the O 1s than in the C ls region because of
small differences in the extraction fields. The similar
magnitude of the C* and O signals from core ionization
provides further evidence for a representative collection
of energetic ions under the conditions used. The
I(C*)/I(O™) ratio is 0.90£0.05 in both the C Is and O 1s
ionization continua. Following Auger decay of the ls
states, a final charge state of at least 2 + must exist.
Since the yields of CO**, C**, and O?* are all very
small, symmetric dissociative double ionization produc-
ing C* and O" dominates. Thus a I(C*)/I(O™) ratio
close to 1 is expected in the 1s continua and should be ob-
served, if the discrimination against high kinetic energy
ions is not excessive and if the ion sampling is representa-
tive (see below). There are several processes which com-
pete with (C* +O™) pair production at photon energies
in the core ionization continua and which explain our ob-
servation of a I(C*)/I(O™") ratio somewhat lower than
1.0. These include the underlying valence ionization,
which produces ions of lower kinetic energy with a
I(C*)/I0™) ratio of 0.97(4); and the triple ionization
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FIG. 5. Time-of-flight mass spectra recorded with the indi-
cated photon energies (in eV) under conditions of high efficiency
for fast ions [V(source)=480, Vlacc)=800 V]. The intensity
scales are proportional to the counts per channel divided by the
total ion signal recorded in the same period.
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shake-off processes producing predominantly (C2* +0™)
with a yield of about 10% of the ls continuum signal
(Sec. III C). Finally there is a small discrimination of
about 7% against O% because of the earlier arrival of the
C™* ions from C* + O™ events.

Naively, one might expect that only C* would be
detected from the events producing (C* +O™) since the
lighter C* ion arrives before its heavier O" partner.
Strong discrimination against Ot would certainly occur
if the overall detection efficiency of the TOF spectrome-
ter approached 100%. However, a 50% transmission of
three grids in the TOF spectrometer, and a channel plate
efficiency for ion detection of about 14% (Ref. 45) com-
bine to limit the overall efficiency of the spectrometer to
about 7% (the evaluation of this figure is discussed in Sec.
IIIB). Under these conditions the O" from (Ct*4+0%)
events will be detected (with approximately 7% probabil-
ity) in the 93% of the events in which its C* partner is
not detected. Thus we believe our spectrometer provides
representative detection of both ions from dissociative
double ionization events, with a 7% bias in favor of the
lighter C* or C** ion. In systems with higher overall
efficiencies the problem of masking of the heavier ion
needs to be addressed.*

Time-of-flight mass spectra like those in Fig. 5 were
recorded between 270 and 360 eV and between 515 and
615 eV. The areas under the ion peaks and several back-
ground regions in each of these TOF mass spectra were
determined on line and saved for further processing. For
each ion the relative yield was derived by subtracting
background signals appropriately weighted for minor
nonlinearities in the background. These relative ion yield
spectra were then divided by the incident photon flux, as
measured by the absorption-corrected® total ion yield
signal of Ar (recorded separately), and corrected for the
decline of the ACO stored current during the multihour
acquisition of the partial ion yield spectra. An absolute
oscillator strength scale was then determined by normal-
izing the sum of the core continuum ion signals [i.e., after
subtracting underlying valence ionization signal v in the
C 1s region and (v + C ls) signal in the O 1s region] to
values of 0.0131 eV ! at 321 eV (C 1s) and 0.0077 eV~
at 567 eV (O 1ls). These values are the calculated core
ionization oscillator strengths for carbon and oxygen
atoms*? multiplied by n’s of 1.70 at 321 eV and 1.71 at
567 eV (Sec. III B 1). The partial ion yield spectra for the
C 1s and O 1s regions obtained in this manner are
presented in Figs. 6 and 7, respectively.

A minor systematic error in these results is the pres-
ence of small contributions from N* and N,* to the
(weak) m /e =14 (CO>*) and 28 (CO™) signals. This is
indicated by the N2* signal which is just barely apparent
in the time-of-flight spectrum at 516 eV (Fig. 5) where the
CO ionization signal is small yet the photon energy is
above the nitrogen K-shell threshold. Corrections have
not been made for this. In each of the mass spectra
shown in Fig. 5 a weak C signal (m /e =4) is observed,
with an intensity < 1% in C 1ls and <0.4% in O 1s. The
spectral dependence of this signal is not presented. The
C** ion yield spectrum in the O 1s region was similar to
that found for CO** (Fig. 7), i.e., the C** signal does not
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resonate at the O 1s —m* energy.

There are considerable differences between the present
results and most previous measurements of the ionic frag-
mentation following C 1s excitation in gaseous
CO.121718.33 1 particular, the parent ion yield is small-
er and the C* and O™ yields are larger than in almost all
previous work. These differences are consistent with ki-
netic energy discrimination effects. In experiments using
quadrupole mass filters, CO* yields up to 70% in the C
Is continuum have been reported."> We believe such
large values result from the escape of energetic atomic
ions from the quadrupole filter.

In general our results are in good agreement with the
most recent TOF measurements of Eberhardt et al.,'®?3
although our yields of the thermal ions are still slightly
lower. Our results at 550 eV, above the O 1s edge, also
compare well with those obtained at 552 eV by Sato
et al.*® and at 930 eV by Carlson and Krause,'® taking
into account the gradual increase of the C** and O**
yields at higher energy. We note that the mass spectrom-
eter of Carlson and Krause was designed to avoid
discrimination against high kinetic energy ions. Simula-
tions of our ion extraction fields indicate that all ions pro-
duced with less than 5 eV kinetic energy are collected and
that the collection efficiency declines to 50% only for
ions with kinetic energies greater than 12 eV. Although
our TOF spectra are still slightly distorted by kinetic en-
ergy discrimination, we believe that our results are a
better representation of the true ion yields than those
given previously. It is clear that great care is needed
when studying ion yields from core excitation since al-
most invariably these will involve high ion kinetic ener-
gies. For example, different levels of kinetic energy
discrimination may explain the substantial differences
that exist in the two published measurements of the ion
yields from core excitation of acetone.'>>

The partial ion oscillator strength spectra in the C 1s
region (Fig. 6) are compared to those derived from the
(e,e + ion) measurements.!” Since Kay et al.'’ present
only the sum of C* +0O™ and C?* +0O** signals we have
used their 305-eV branching ratios to derive the individu-
al (e,e + ion) atomic ion curves shown in Fig. 6. In gen-
eral the magnitudes and shapes are similar (within statist-
ical uncertainties) although, relatively, the oscillator
strength for atomic ions are higher and those for the
molecular ions (both CO* and CO?*) somewhat lower in
the present work, presumably reflecting less kinetic ener-
gy discrimination in our ion extraction procedures. Our
absolute oscillator strengths for the dominant atomic
fragment ions are all approximately 70% larger than
those reported earlier.!” This difference arises because we
believe that we have representative detection of all ions
and thus have used an absorption scale corrected for a
dissociative multiple-ionization efficiency of 1.7 (in the
continuum) whereas Kay et al.!” have assumed that the
sum of their ion signals would be identical to the absorp-
tion. If the (e,e + ion) spectrometer detects only one of
the two ions produced in dissociative double ionization,
as they state, then this assumption is reasonable. Their
I(C*)/I(O™) ratio, which was constant over the
296-310-eV energy range studied by (e,e + ion),'” is 1.3,
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almost 50% larger than the value of 0.9 we find for the C
Is continuum. This is consistent with a relatively strong
masking of the O by the C™ signal under the (e,e + ion)
extraction conditions. However, the O* yield is still
much larger than can be explained by underlying valence
ionization (the only channel producing OF without a
lighter C* or C?* partner), and thus 100% collection
efficiency (or, equivalently, 100% masking) was not
achieved.

3. Branching ratios

The branching ratio spectrum for each ion was derived
from its ion yield spectrum by dividing by the sum of all
partial ion yield spectra. These results are plotted in
Figs. 8 (C 1s) and 9 (O 1s). Table I presents the branch-
ing ratios at selected energies, derived from the high
statistics spectra of Fig. 5. There are minor differences
between the data of Table I and that reported in Figs. 8
and 9, in part because of the better statistical precision of
the TOF spectra recorded at selected photon energies and
in part because of small differences in the experimental
conditions. In Table I our results are compared with the
results of earlier gas phase measurements in the C 1s re-
gion,>1"18 O 15 region,**3* and at 930 eV.'®

In contrast to the essentially constant ion branching
ratios in the core ionization continua, there are large in-
creases in the C* yield, and significant decreases in the
C?* and O%* yields at the 7* resonances (Figs. 5, 8, and
9). The I(C*)/I(O™) ratio for the C ls7* state is 1.68(6)
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gion. Note that the right-hand scale is to be used for the dis-
placed O*, C**, and O** curves.

while that for the O ls7* state is 1.49(4). These rather
similar Z(C*)/I(O™) ratios indicate that the site of the
core hole in CO has relatively little influence on the final
ion distribution, in contrast to previous indications of
site-selective fragmentation and ionization in N,0,*
acetone,! and CF,CH; (Ref. 3) (see Sec. IV D for discus-
sion). We do note, however, that the O?* yield from the
O Is—7* and the C ls—7* transitions differ qualita-
tively in that the O ** yield from the O 1s —7* transi-
tion is essentially zero (Fig. 7).

All of the atomic partial ion yield spectra appear to
have the same shape in the 1s—o* regions between 298
and 315 eV and between 544 and 558 eV. This suggests
that the electronic decay of the ls—o* resonances and
the surrounding nonresonance continuum is the same. A
simplified model of the resonance is as a temporary lso*
state superimposed on the normal, direct ls ionization
continuum. From this viewpoint one might expect the
o* state to be coupled uniquely to the 1s continuum fol-
lowing the usual one-electron picture of shape reso-
nances.*® The intensity of the subsequent Auger decay
process and thus the ion yields are also expected to be
enhanced at the resonance energy. In this picture one as-
sumes that the primary photoelectron ejection, the Auger
decay, and the fragmentation of the doubly valence ion-
ized states are sequential events. If the resonance is
effective in exciting vibrational motion of the ls ionic
state or if fragmentation occurs before the Auger decay,
the partial ion yield could be quite different on and off
resonance. The absence of selective fragmentation pro-
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cesses at the C 1s—o* resonances suggests these condi-
tions are not met, as has been noted previously for the
much stronger and narrower f,, and e, resonances in the
S 2p spectrum of SF (Ref. 46) and also found for prom-
inent o* resonances in the C 1s and N 1s spectra of
CH,CN.8

There is a significant rise in the C** and O** yields at
energies above 320 eV and above 560 eV. This is most
clearly seen in Figs. 6 and 7, where the continuum shapes
of the C** and O** and the total ion spectra are com-
pared and the difference is shaded. The differences above
320 and 560 eV occur because of the opening of shake-up
and/or shake-off channels. These have increased C2*
and O?* yields as compared to the main C 1s and O 1s
channels. The clear observation of the shake continua in
these partial ion yield spectra supports the conclusion
that rather rapid rises in the shake processes can occur
above threshold and thus a rapid convergence from the
adiabatic to the sudden regime*>° can take place, at least
in certain cases. In principle, the cross sections for mul-
tielectron processes can be derived by comparing photo-
electron and Auger cross sections with absorption spec-
tra. Such a comparison has been reported recently for
CO.’! Unfortunately, the measurements were only made
up to 315 eV in the C 1s region. However, in the O 1s re-
gion, where the measurements extended from the O Is
threshold (542.0 eV) to 635 eV, the photoelectron main
line cross sections were significantly below the photoab-
sorption curve’? above 560 eV, consistent with our obser-
vations.

Reimer et al.’” have recently measured the photoemis-
sion cross sections between 300 and 400 eV for the pro-
duction of two C 1s shake-up satellites in CO. They find
~10% satellite contributions in this region. The partial
cross section for the 308-eV shake-up line is similar to
that of the C 1s main line but displaced by the additional
shake energy. Its maximum at 320 eV cannot be
matched easily to any of the partial ion yield features.
The higher-energy shake up at 315 eV has a cross section
which increases slowly but continually between 340 and
400 eV. Again this feature is not easily correlated with
the hatched regions in Fig. 6. The shake-off continuum
(threshold =318 eV) has an appreciable magnitude in the
390-eV photoelectron spectrum presented by Reimer
et al.>® Unfortunately its partial cross section was not
measured, but we expect it to be similar to the hatched
region in Fig. 7. The increased C** and O** production
that we observe above 320 eV in the C ls region is ac-
companied by a small drop in the C* yield (relative to
the total continuum shape). This is as expected since the
(C*+0%") channel is very weak and thus there is no
compensation, as appears to occur in the O signal,
where the reduced O% branching ratio from the relative
decrease in the (Ct 4 0O%) yield is replaced by O from
(C** +0%), produced preferentially in the shake-off con-
tinua. In the O 1s region the O™ yield above 560 eV
exceeds that of the scaled total ion yield, again evidence
for large amounts of decay to (C** +O) in the shake-off
continuum. The multielectron processes giving rise to
the enhanced C?>* and O?* yields above 320 and 560 eV
are discussed further in Sec. IV C.

1'53
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TABLE 1. Ion-branching ratios following soft x-ray photoionization of CO.
v C 1s7* Cls
140 eV 280 eV 287.5 eV 305 eV

Ion a b cl b cl a b cl a
co+ 0.47 0.153(6) 0.46 0.068(5) 0.17 0.085 0.030(4) 0.05 0.04
o+ 0.240 0.377(7) 0.26 0.324(7) 0.24 0.312 0.419(7) 0.35 0.40
(on 0.117 0.366(7) 0.22 0.546(8) 0.51 0.53 0.424(7) 0.45 0.31
co?* 0.028 0.013(2) 0.02 0.006(2) 0.02 0.025 0.011(2) 0.03 0.05
o+ 0.017 0.021(2) 0.01 0.014(2) 0.02 0.013 0.027(2) 0.03 0.05
C+ 0.063 0.070(3) 0.02 0.043(3) 0.05 0.049 0.088(3) 0.08 0.16
c3+ 0.001(4) 0.012(3) 0.013(4)
ot+C+ 0.36 0.74(1) 0.48 0.87(1) 0.75 0.84 0.84(1) 0.80 0.71
o 4.C** 0.08 0.091(5) 0.03 0.057(4) 0.07 0.06 0.115(5) 0.11 0.21
Cct/0t 0.49 0.97(4) 0.985 1.68(6) 2.1 1.69 1.01(3) 1.3 0.75
IC*)/I0*) 3.7 3.3(5) 2 3.47) 2.5 38 3.3(4) 2.7 3.4

Cls o is7* O 1s
516 534 550 930

Ion b b c2 b c2 d e
co* 0.021(6) 0.013(3) 0.04(3) 0.009(3) 0.13(4) 0.06 0.05(2)
ot 0.402(13) 0.369(6) 0.28(5) 0.435(8) 0.37(19) 0.38 0.40(2)
Cct 0.368(11) 0.551(7) 0.50(9) 0.419(7) 0.32(17) 0.38 0.34(2)
co?t 0.033(4)f 0.009(2) 0.05(3) 0.014(2) 0.02(7) 0.02 0.008(2)
o 0.044(5) 0.012(2) 0.06(3) 0.031(3) 0.06(8) 0.06 0.044(8)
c+ 0.128(7) 0.046(2) 0.08(3) 0.091(4) 0.10(9) 0.12 0.14(3)
c3+ 0.004(3) 0.000(1) 0.001(2) 0.008(4)
O++C* 0.77(2) 0.92(1) 0.78 0.85(1) 0.69 0.76 0.74
o 4C?+ 0.172(12) 0.058(4) 0.14 0.122(7) 0.16 0.18 0.184
ct/0* 0.92(6) 1.49(4) 1.8 0.96(3) 0.86 1.00 0.85
KC¥)/I0*Y) 2.9(5) 3.8(8) 1.3 2.9(4) 1.7 2.0 3.2

*Derived from peak integration of the time-of-flight mass spectra plotted in Refs. 18 and 23.

bThis work.

°From published (Ref. 17) (c1) and unpublished (e,e + ion) spectroscopy (Ref. 34) (c2).

4Unpublished TOF photoionization results (Ref. 35).

*Custom photoionization mass spectrometer, optimized for the quantitative collection of energetic ions (Ref. 16).
fSignificant contributions from N,?* are expected to contribute to the CO?* yield at 516 eV.

B. Photoion-photoion coincidences
1. Strong-field PIPICO

The relative strengths of dissociative multiple-
ionization processes were measured at six selected photon
energies by the PIPICO method. The PIPICO spectra
were recorded without an Al filter in the C 1s region and
with an Al filter in the O 1s region in order to reduce the
stray light. Two different ion extraction fields were used
for these measurements. Figure 10 presents the PIPICO
spectrum obtained with a high extraction field and
hv=305 eV, at the C 1so* resonance. Even under these
high-field conditions [V(source)=750, Wlacc)=1500 V]
there is some discrimination against high kinetic energy
ions as indicated by the double peaked line shapes. Three
possible signals from dissociative multiple ionization of

CO can contribute to the PIPICO spectra: (Ct+07),
(C** +0%), and (C*+0**). Of these, the (C*+O)
dominates, the (C*T+0O7™) is weak but well resolved,
while evidence for the (C* +0?2) signal exists in the 305
and 550-eV spectra, in the form of a shoulder on the high
ATOF side of the intense (C* +O™) signal.

The vertical lines in Fig. 10 indicate for each pair pro-
duction process the peak positions calculated from the
average kinetic energy released determined in the weak-
field PIPICO (Sec. III B2). The average kinetic energy
released in the C* +O?* process was assumed to be iden-
tical to that for the C** + O™ process. The good match
observed between the calculated C** +0O* peak position
and the shoulder on the (C* +OT) peak at 0.21-us time-
of-flight difference supports our assignment of this
feature to (C* +02*). An estimated upper bound to the
(Ct+0?") yield of 2% of the total ion-pair production
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FIG. 10. Photoion-photoion coincidence (PIPICO) spectrum
of CO recorded with strong extraction field at hv=305 eV. The
lines indicate the peak positions predicted for the experimental
conditions [V(source) =750, V{acc)=1500 V] and a total kinetic
energy equal to 14.8 eV for (C* +0*) and 25 eV for (C** +0O™)
and (C* 4+ 0%").

was derived from integration of the highest-energy por-
tion of the (C* +0O7%) PIPICO peak (hv=305 eV). The
weakness of the (C*+0?**) relative to the (C2*+07)
channel is consistent with the individual ion yields since
the C** signal (measured without coincidence) is stronger
than the O?* signal at all energies (see Figs. 6 and 7).
Kay et al.'” have also argued that the (C* +0?") chan-
nel is weak or nonexistent, based on their estimates of the
individual C** and O?* kinetic energies in the C Is re-
gion.
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In order to relate quantitatively the PIPICO intensities
at high extraction fields with the noncoincident ion
yields, a correction for the detection efficiency of the
spectrometer is required. The overall detection efficiency
is composed of a channel plate contribution of ~14%
combined with a probability for transmission through the
TOF spectrometer of ~50%. The ion-pair production,
N(pairs) relative to all ionization events, N(total) is relat-
ed to the experimental results through*!

N (pairs) 1
N(total) ~ (Ngngies/ZNpgirs)f —1

where N, is the total number of ions detected during
the same period that 2N ;. PIPICO events are detected;
N(pairs)/N(total) represents the fraction of all ionization
events that result in two ions and f is the overall detec-
tion efficiency of the spectrometer. We note that the un-
derlying valence ionization continuum contributes 20%
of the signal at 305 eV. If we assume that 84% of the C
1s ionization results in pair production (the maximum
value that avoids negative reaction yields—see Sec.
III B 3), then we derive a detection efficiency of 7.1%
from comparison of the PIPICO yields at 280 and 305
eV. With this detection efficiency, the relative propor-
tions of ion-pair production and the dissociative
multiple-ionization efficiency at each photon energy are
as given in Table II.

2. Weak-field PIPICO: Ion kinetic energy released
distributions

The PIPICO spectrum obtained at 305 eV with a weak
extraction field [V(source) =60, V(acc)=95 V] is shown in
Fig. 11 along with a simulation of this signal based on the
experimental conditions and the (C*+O%) and
(C**+07) kinetic energy released distributions
(KERD’s) at 305 eV (Table III). In the weak-field case

TABLE II. Dissociative multiple-ionization efficiencies () and PIPICO ion-pair yields.

Photon Pair partial yields
energy (eV) 7 (C+,0") (C**,0%) N(pairs)/N(total) Al filter
280 1.15 0.13 0.02 0.15 no
287 1.27 0.25 0.02 0.27 no
305 (1.70) 0.65 0.05 (0.70)® no
516 1.59°¢ 0.50 0.09 0.59 yes
534 1.29 0.27 0.02 0.29 yes
550 1.71 0.63 0.08 0.71 yes

a5 is defined as the number of ions produced per photon absorbed, independent of the ion charge.

®An overall detection efficiency of 7.1% was derived from the relative PIPICO yields at 280 and 305 eV,
based on a 20% valence contribution at 305 eV [measured from the total ion yield spectrum (Fig. 4)]
and assuming 84% ion pair production following C 1s ionization at 305 eV (thus the 0.70 pair yield at
305 eV is composed of 0.84*0.80=0.67 from C Is ionization and 0.15%*0.20=0.03 from valence ioniza-
tion). The other yields of dissociative multiple ionization were then derived from the measured
N(singles)/Z N(pairs) ratios, using this detection efficiency and the equation given in the text.

°The decrease in 7 (516 eV) relative to 7 (305 eV) reflects a relatively greater contribution of the under-
lying valence continuum p at 516 eV (where the C 1s ionization cross section has decayed considerably)
than at 305 eV (the maximum of the o * resonance). A proportion of 35% (v) and 65% (C ls) at 516 eV
with 7(y)=1.15 and 7 (C 1s)=1.84 gives consistent results at 305 and 516 eV.
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FIG. 11. Photoion-photoion coincidence (PIPICO) spectrum
of CO recorded with weak extraction field at h1v=305 eV. The
points are the experimental data while the solid line is the result
of a Monte Carlo simulation based on the experimental condi-
tions [V(source) =60, V(acc)=95 V] and the ion kinetic energies
for the (C*+0*) and (C?* +0O") pairs summarized in Table
III. The dashed line indicates the (C** +O™) contribution from
events in which the C>* ion initially moved away from the TOF
spectrometer.
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discrimination against high kinetic energy ions makes the
PIPICO peak shapes very sensitive to the kinetic energy
released distributions.*!

The total kinetic energies released to (C*4+O%) and
(C** +0™) ion pairs produced in dissociative double and
triple ionization were estimated from the peak shapes in
the weak-field PIPICO spectra by a simulation technique
in which the PIPICO signal was calculated by a Monte
Carlo method for the experimental geometry, applied
fields, and assumed multicomponent KERD’s. The aver-
age kinetic energy released (KER), the energy spread full
width at half maximum (FWHM), and the relative popu-
lation of each of the components was then varied until a
good fit to the observed PIPICO peak shape was ob-
tained.

The dominant (C™ 4+0O7) coincidence signals at all six
energies are shown in Fig. 12, in comparison with the cal-
culated peak shapes. The component of the (C?* +0%)
signal which underlies the (C*4+O™) signal (dashed line
in Fig. 11) has not been accounted for in the fits shown in
Fig. 12. Based on a simultaneous fit to both the
(C*+07%) and (C*>* +07) signals at 550 eV, the major
effect of this (C>** +O%) signal is to reduce the com-
ponent around 17 eV released kinetic energy in the
(C*+07%) KERD’s at 305, 516, and 550 eV. Simulations
of the (C** +O™) signals at 305 and 550 eV yield an aver-
age kinetic energy released of 25 eV with a two-
component distribution of (20 eV, 10 eV, 1.0) and (30 eV,
20 eV, 1.0) average energy, width, and weights, respec-
tively. The (C?>* +0O™) signal is negligible at the other

PIPICO INTENSITY (rel. units)

C 1s-n*400f
287 eV

N T N

O 1s-o*
550eV

o INPUNT PP PRI T
04 a6 08 1

DIFFERENCE IN TIME OF FLIGHT (pus)

FIG. 12. The weak-field PIPICO spectra in the region of the (C* 4+ O™) peak. The dots are the experimental data while the solid
lines are the results of Monte Carlo simulations based on the (C* +O™) ion kinetic energy release distributions summarized in Table
III.
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TABLE III. (C*+07) ion kinetic energy distributions from PIPICO.

Valence continuum

110 eV? 280 eV
E FWHM weight E FWHM weight
1.8 1.5 0.01 2.7 1.8 0.06
3.8 3 0.12
7.7 2.1 0.07 9.0 4.8 0.8
10.9 5.7 0.48
15.7 33 0.05 14 6.0 0.4
21.7 11.5 0.34 20 18.0 1.2
E(avg) 134 15.0
m* resonances
287 eV 534 eV
8.5 4.0 1.0 8.7 3.5 1.0
12.5 3.0 0.2 12.5 3.0 0.35
16.0 10.0 0.5 16.0 8.0 1.0
E(avg) 11.2 124
Inner-shell continua
305 eV® 516 eV 550 eV®
4.0 5.0 0.08 4.0 5.0 0.08 4.0 5.0 0.06
8.6 3.0 1.0 8.4 2.8 1.0 9.2 35 1.0
12.5 2.0 0.48 12.5 2.0 0.45 13.5 4.5 0.8
17.0 12.0 1.3 17.0 12.0 1.6 17.0 12.0 1.6
28 20.0 0.4 28.0 20.0 0.4 28.0 20.0 04
El(avg) 14.8¢ 14.9 15.0

2Reference 57.

"When both the (C*4+0%) and the (C2* 40) signals were simulated the fourth contribution was
modified to E(avg)=18.0, FWHM =12.0, and weight=0.4. All other components were required as in
Table III to provide the quality of fit shown in Fig. 10. Two components with E(avg), FWHM, weight
of 20 eV, 10eV, 1 and 30 eV, 20 eV, 1, respectively, were required to simulate the (C2* 4 O*) signal.

‘Kay et al. (Ref. 17) report average kinetic energies at 305 eV of 62 eV for O*, 8+2 eV for C*, 8+2
eV for C**, and 16+8 eV for O**. Thus they predict 1414 eV and 24+10 eV for the average kinetic
energy release in (C* +0%) and (C2* 4+ O*) processes. These values are in reasonable agreement with

the present results.

energies (see Table II). The ion kinetic energy distribu-
tions and the average KER derived from these simula-
tions are presented in Table III.

Ion KERD’s of the (C* +O™) channel formed by elec-
tron impact have already been reported. Brehm and de
Frenes®* using 150-eV electrons found an asymmetric dis-
tribution of (C* 4+0O™) energies, ranging from 3 to 25 eV
with a mean around 8 eV, while a careful study of the ki-
netic energy released during the decay of metastable
CO?** to (C*+07™) gave an average of 5.6(1) eV with 80-
eV impact® and 5.3(1) eV with 70-eV impact.’® These
values are significantly lower than ours and cannot easily
be compared given the different formation mechanisms.
However, it appears that soft x rays form more efficiently
higher-energy dissociative CO?* states, which produce
higher-energy atomic fragments. Lower-energy photons
will also populate more efficiently the lower-lying CO**
states, as shown by the KERD at 110 eV photon impact57
(see Table IIT). Fluorescence produced in the decay of
excited CO** states to the metastable CO** ground state
has been identified recently.®

The average energies of our KERD’s are also compara-
ble to the sums of the individual ion kinetic energies de-
rived from (e,e + ion),!” 930-eV PIMS,'® or from analysis
of the Auger-ion coincidence peak shapes.”> We note
that the sum of the C* and O* kinetic energies is not
constant at all Auger energies in the Auger-ion coin-
cidence measurements, but rather increases as successive-
ly higher-energy dissociative CO?* states are accessed
(see Sec. IV A and Fig. 13). There is a large jump from
16 to 32 eV average kinetic energy release on going from
56 to 72 eV binding energy in the C 1s Auger.”® [The
Auger kinetic energy (E,) can be converted to a binding
energy (E,) by substracting it from the core ionization
energy (E,): E,=E,—E,.] These higher-energy states
may correspond to CO** and thus to copious (C2* +0O)
production, which will increase the average O™ energy.

In the case of the (C** +O) process, our average ki-
netic energy of 25 eV derived from both the 305-eV and
550-eV PIPICO spectra is in agreement with that es-
timated from simple coulomb repulsion considerations
(2e2/RL, ~25 eV), as found by Kay et al.!” for the sum of
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FIG. 13. Schematic of Auger decay leading to (C*+O7).
The 1s potential curves are taken from the calculations of
Correia et al. (Ref. 9), while those for six representative dissoci-
ative CO?* states [1='3+(1), 2=311, 3=33", 4='A, 5='3",
6="2%(2)] are taken from the results of Wetmore et al. (Ref.
19). The symmetries and energies of the C* and O* limits
(A-E) are listed in footnote b of Table V. The widths of the
bars indicating the ion kinetic energy release are proportional to
the contributions of similar ion KER observed in our C 1s and
O 1s PIPICO measurements. A total of 32 CO** states leading
to the lowest four C* 4+ O™ limits are calculated by Wetmore
et al. Many more exist leading to C* + O states only a few eV
higher. Thus this figure is intended to depict the general mech-
anism for producing high kinetic energy (C*+O%) and is not
intended as an exact or complete description.

their estimated C>** and O™ ion kinetic energies. It also
agrees with the sum of the C2* (24 eV) and O* (8 eV)
average kinetic energies determined with 930-eV photo-
ionization,'® and with the average energies derived from
the O* and C?* signals measured in coincidence with
Auger electrons corresponding to the production of high
binding-energy states.”

In the PIPICO spectra recorded with a strong extrac-
tion field the peaks are less double peaked at the 7* reso-
nances than at other energies, indicating that fewer high
kinetic energy ions are produced in the autoionization of
the 1s7* state than in the continuum. This difference is
observed more clearly in the weak-field PIPICO spectra
(Fig. 12). The (C* +0OT) peak has a smaller asymmetry
and the average of the KERD is about 3 eV smaller at
287 and 534 eV than at the other energies (see Table III).
There are also differences in the (Ct +O™) peak shapes
between 305 and 550 eV, the o* resonances in the C 1s
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and O ls continua (Fig. 12). The biggest change here is
an increase from the C 1s to the O lso* resonance in the
spread of the component of the ion kinetic energy distri-
bution around 13 eV. Although the average KER is fair-
ly similar at all energies above 280 eV, the variation in
the PIPICO peak shapes shows that there are variations
in the coupling of the different core-excited states to indi-
vidual dissociative CO>* states. The combination of
selective core excitation by tuned photoionization and
Auger-ion coincidence will allow a more precise investi-
gation of these different decays.

C. Relative contributions of the ionization reactions

Ions can be produced from photoionization of CO ac-
cording to the following reactions:

Process Ionization
single
hv+CO—CO™* (a)
hv+CO—C*+0 (b)
hv+CO—-C+0* (c)
double
hv+CO—CO?** (d)
hv+CO—C2t+0 (e)
hv+CO—-C+0* 43)
hv+CO—C*+0* (g)
triple
hv+CO—CO** (h)
hv+CO—C3*t+0 ()
hv+CO—C+0*+ ()
hv+CO—C2t 4+ 0% (k)
hv+CO—C*+0%* 1))

Since each atomic ion can be produced by more than
one process there is not a simple 1:1 relationship between
the relative contributions of the above ionization reac-
tions and the observed ion-branching ratios. Processes
(g), (k), and (1) produce more than a single ion and thus
are responsible for the greater than unit dissociative
multiple-ionization efficiencies. Based on the negligible
CO**, C3*, 03, and (C* +0?**) yields (Figs. 5 and 10),
we have assumed h =i =j=/=0. We have combined
our quantitative ion yields (Table I) with the 7 values de-
rived from the PIPICO measurements (Table II) in order
to derive the relative contributions of the above reactions
in the valence continuum, at the C 1s ad O 1s7* reso-
nances and at the o* resonances in the ls ionization con-
tinua. Our results are summarized in Table IV. The
overlap of electronic states has been accounted for in the
derivation of the values listed in Table IV. For example,
the PIPICO and individual ion signals at 550 eV have
been divided into contributions of 65% O 1s, 28% C 1s,
and 7% v, based on extrapolations of the valence and C
1s continua in the total ion yield spectrum and on the re-
action yields derived at lower energies. The values re-
ported in Table IV are in good agreement with those de-
rived independently from branching ratios determined



37 IONIC FRAGMENTATION OF K-SHELL EXCITED AND IONIZED CO

2461

TABLE IV. Relative importance of CO ionization reactions following high-energy photoabsorption.

Relative yield®

v C Ism* o is7* Cls O 1s
Reaction products 280 287 534° 305/516° 5344
(a) CO+ 0.18 0.09 0.02 0.00 0.01
(b)) C*+0 0.29 0.44 0.53 0.03 0.09¢
(c) C+0O* 0.28 0.12 0.22 0.00 0.02
(d) Cco** 0.02 0.01 0.01 0.03 0.02
(e C**+0 0.06 0.04 0.02 0.11 0.07
H C+0** 0.02 0.02 0.00 0.07 0.05
(gg CT+0O™* 0.13 0.25 0.19 0.69 0.66
(k) C**+0* 0.02 0.02 0.01 0.08 0.09
*Derivation (assuming h =i =j =/ =0; R represent the branching ratios of Table I): a=7nR(COY),

b=7R(C*)—g, c=79RO*)—(g +k), d=mR(CO**), n=1+4+g+k, e=nR(C**)—k, f=nR(O*),

g =N,/N7(C*+0%),and k =N, /N7(C** +07).

®The values derived from the above equations have been corrected for underlying 4% (v) and 16% (C
1s) contributions (estimated from the backgrounds in the total yield spectrum), using the (v) and (C 1s)

values given in this table and 7(C 15s)=1.84.

°The values quoted are the average of the relative yields derived from the 305- and 516-eV data. The
values listed include corrections for an underlying 20% (u) contribution using 7(O 1s7*)=1.19.
9These values include a correction for an underlying 28% (C 1s) and 7% (v) (based on the total yield

spectrum), using (O 1s)=1.71.

°In principle, b and ¢, the branching ratios of reactions (b) and (c), should be zero for 1s. This unrealist-
ically large value indicates residual errors in the dissociative multiple ionization efficiency estimates.

from the ion yield spectra (Figs. 6 and 7) after back-
ground subtraction. Thus they represent our best esti-
mates for the ion production following each of the elec-
tronic processes, although a relatively large uncertainty is
associated with the less populated reaction pathways (see
footnote e of Table IV); this uncertainty arises largely in
the estimate of 7 for which it is difficult to provide quan-
titative error estimates.

From this analysis one observes that the ionic fragmen-
tation pathways are remarkably insensitive to the location
of the core hole. In contrast, very large differences are ob-
served among the valence v, 7* resonances and ls ioniza-
tion, consistent with the known substantial differences in
their electronic decay processes. In addition there are
smaller but significant differences between the C 1s and O
Is7* resonances in the contributions of reactions produc-
ing C*, 0%, and (C* +0O™). Our results for s ionization
are discussed in relation to the Auger electron and
Auger-ion coincidence spectra in Sec. IV A while the
fragmentation following autoionization of the ls—w*
states is discussed in Sec. IV B.

IV. DISCUSSION

A. 1s continua— Auger processes

(C*+07™) production dominates both core ionization
continua and thus we first focus attention on the coupling
of the 1s ion states with the CO?* dissociative curves.
Some of the potential curves relevant to the Auger decay
processes giving rise to the energetic (C* +O7) ion pairs
are plotted in Fig. 13. The 1s potential curves were taken
from the calculations of Correia et al.’ while a selection
of the results of Wetmore et al.!® have been adopted for
the dissociative CO?™* curves leading to Ct+0O™*. Asin-

dicated by the arrows in the figure, if one assumes that
autoionization occurs on a much shorter time scale than
dissociation, the difference in energy between the dissoci-
ative potential curve in the Franck-Condon region (i.e., at
the equilibrium geometry of ground-state CO,
1.08 <R <1.18 A) and the relevant C* +O™ dissociation
limit determines the kinetic energy released to the ion
pair. Although there are many more CO** states in this
energy region, we have selected representative states
which match the main Auger electron energies and which
give predicted ion kinetic energies close to the maxima in
the KERD’s determined from the weak-field PIPICO.
This approach is somewhat arbitrary and relies on as-
sumptions (absence of curve crossing, system deposited
on the Franck-Condon part of the CO?* potential curves,
... ) that need to be tested. Comparison with the direct
observation of the CO?* states formed at threshold is
essential and is in progress.*”">

Of the 11 states specified in detail by Wetmore et al.,"
only the lowest-energy states of *Il and 32~ symmetry (2
and 3 in Fig. 13), decay to the lowest-energy C*(*P)
+0O7*(*S) limit, in which both fragment ions are found in
their ground states. The ion kinetic energies released in
vertical transitions to these curves are 5.0 and 7.4 eV ac-
cording to the Wetmore et al. calculations' (see Table
V). According to the KERD’s derived from the weak-
field PIPICO, there are very few events which produce
ion pairs with less than 7.5 eV in the 1ls continua. Thus
the combination of our results and the CO?* calculations
indicate that, in the absence of curve crossings, the ls
states decay predominantly to excited C* and/or O%,
particularly to the C*(3P) + O*(*D) limit (B) which lies
3.3 eV above the lowest C*(*P) + O*(*S) limit (A). Most
excited OT states are metastable with very long
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TABLE V. (C*+0O%) ion kinetic energy releases predicted
from calculated CO** curves.

BE* KER® width?

state eV) limit® eV) (eV)
Is+_1 41.9 B 2.7 0.2
M 41.6 B 2.3 0.2
1 41.0 A 5.0 0.2
3z~ 43.4 A 7.4 3.0
I3+_2 48.4 C 7.4 1.4
'A 47.0 B 7.7 2.5
33+ 48.7 B 9.4 0.6
A 49.9 B 10.6 2.0
'3~ 51.1 B 11.8 1.0
I3+ -3 58.6 C 17.6 1.2
Is+_4 60.4 D 19.1 1.0

*Binding energies (BE) refer to the energy of the CO’* state at
the equilibrium geometry of ground-state CO. They are deter-
mined by adding 35.4 eV to the energies given by Wetmore
et al. (Ref. 19).

®The symmetries and energies (eV, relative to the v =0 level of
the CO ground state) of (C* +O™) limits are

A: Ct(2P)+07(*S), 36.0; B: C*(*P)4+0O*(’D), 39.3;

C: C*(?P)+07*(?P), 41.0; D: C*(*P)+0O*(*S), 41.3;

E: C*(*P)+0*(’D), 44.6 .

“The mean value of the kinetic energy release (KER) is given by
the difference between the vertical binding energy and the atom-
ic ion limits.

dThe widths are the differences in the potential curves at the CO
ground-state Franck-Condon turning points (1.08 and 1.18 A).

(~10°-10* s) radiative lifetimes and therefore do not give
rise to experimentally detectable fluorescence. Neverthe-
less, the O*(*S) state can be distinguished from the
O™ (D) state by their specific reactivity with neutral mol-
ecules. According to recent studies of Ot +N, reac-
tions,%¢! the *S state of O produces NO* whereas the
D state of Ot gives N,*. Thus photoionization mass
spectrometry of CO-N, mixtures may provide a means to
demonstrate the copious excited Ot production which is
expected from the comparison of our KERD’s and the
calculated CO** potential curves.

A rather important secondary channel in the C 1s and
O 1s continua is dissociative triple ionization producing
(C?* +0™). According to our analysis (Table IV) about
half of the C** produced at the o* resonances in the Is
continua arises from this process. According to the
Auger-ion coincidence measurements,?> C2* production
only occurs for states with binding energies above 58 eV
in the O 1s Auger decay (corresponding to the spectrum
taken at point D in Fig. 7 of Ref. 23). From the relative
intensity of D (~10% of all O 1s Auger) it would appear
that this state by itself could explain the 7% contribution
of C2* 40 [reaction (¢)] that we observe. It is only
Auger decay to states of higher binding energies (> 65
eV) that can produce the (C** +0O™) ion pairs. This is
consistent with the increase in the sum of the C?* and
O™ kinetic energies observed on going from D (Auger en-
ergy of 58 eV) to E (Auger energy of 72 eV). It is also
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consistent with the thermodynamic threshold for
(C2* +0™) production [~47 eV (Refs. 18 and 62)] and
the large exothermicity of the fragmentation (Table III).
In the C 1s continuum, a similar pattern emerges, with
the CO?™ states at 48 and 62 eV binding energy (points C
and D in Fig. 7 of Ref. 23) dissociating to produce
(C** +0) and the higher-energy states such as E (=72
eV) producing (C** 40O7) pairs. An increase in the sum
of the C** and O kinetic energies is also observed on
going from D to E in the C Is Auger-ion coincidence
measurements.”

B. 1s —7* resonances — autoionization

There is a large yield of single ionization [processes (a),
(b), and (c)] and a relatively low yield (20-25%) of
(C*40™) pairs at both 1s—7* resonances. This is a
surprising observation since it is opposite to the situation
found in Xe (Refs. 15 and 63) and Kr (Ref. 63) atoms and
in different molecules, like Si(CH;), (Ref. 4) or CH;Br,’
where the decay of resonances below the first inner-shell
ionization threshold efficiently results in double ioniza-
tion. On this point the CO situation is rather similar to
argon.®* The ion yield at the C 1s —7* resonance in CO
can be explained with the aid of the deexcitation electron
spectrum (DES) of Eberhardt et al.?? reproduced in Fig.
14. This spectrum is divided into three zones: the nor-
mal autoionization processes leading to stable CO* show
up in region I, while those leading to dissociative CO*
states producing (C* 40) or (C + O™) contribute to re-
gion II. In the third region, delimited by the CO**
threshold around 41.5 eV,%% deexcitation to the double
ionization continuum is energetically possible. The rela-
tive preponderance of zones I and II over zone III has the
consequence that single ionization dominates at the
1s —m* resonances. The potential curves involved in the
decay at the ls—7* resonances are represented only
schematically in Fig. 14, since little information is avail-
able on them® or on the spectroscopy of the dissociative
excited CO~ states.5%66:67

The quantitative details of the C 1s (Refs. 18, 20, 21,
and 22) autoionization electron spectrum recorded at the
m* resonances are consistent with our ionization reaction
yields, as outlined below. The DES spectrum shows
peaks arising from electronic decay in which the 7* elec-
tron either participates or remains a spectator. The par-
ticipator processes include decay to the stable 5o, 1,
and 4g states of CO™* [peaks 1-3 with ~17% of total in-
tensity, as measured from integration of the published
DES (Ref. 22)] as well as to the dissociative 3¢ state of
CO™* (peak 4 with ~10% of the total intensity). The
spectator processes involve decay to two hole-one particle
(2h-1p) states and produce five prominent peaks, labeled
(D1-D5) by Eberhardt et al.?? Of the latter, D1-D3
(~42%) have binding energies below 41 eV (the effective
onset for CO?** production) while D4 and D5 (~31%)
have binding energies above 41 eV.

The 17% yield of stable CO™ states (region I, Fig. 14)
is in reasonable agreement with our observation of a 9%
contribution to reaction (a), that of CO* production
(Table IV), if we take into account the relatively large un-
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FIG. 14. Schematic of the autoionization of the C 1s7* state,
including the postulated two-step autoionization producing
(C*4+0%). The experimental autoionization spectrum is taken
from Eberhart ez al. (Ref. 22). Features 1-4 correspond to par-
ticipator decay to the X232, A %I, B2Z, and C states of CO*.
Features D1-D5 are spectator decay to 2h-1p states (see Refs.
22 and 24 for dominant configurations). The CO* potential
curves in dashed lines are hypothetical, while solid lines are
used for the calculated ground-state, C 1s7*, CO* (Ref. 9), and
CO** (Ref. 19) potential curves. The scheme at the bottom
represents the sequence of events leading to (C*+O™) along
with suggested, characteristic time scales. According to our
analysis only CO* is produced in region I, primarily (C* +0),
with some (C + O™) in region II, and predominantly (C*+0%)
in region III of the autoionization of the C 1s—r* state.

certainties associated with our branching ratios, and with
the integration of Eberardt’s deexcitation spectrum. The
intensity in region III, above 41 eV binding energy,
amounts to 31% of the total autoionization signal. This
is quite similar to our estimate of a 25% contribution of
(C*+07) pair production at the C 1s—7* resonance,
CO?** states with dissociative curves leading to C* +0*
(see Fig. 14). The processes involved here include double
resonant Auger (two electrons ejected simultaneously
with a continuous kinetic energy distribution of each
electron) or two-step autoionization (two electrons eject-
ed sequentially, each with well-defined kinetic energies);68
since the C 1s autoionization spectrum exhibits rather
well-defined bands (D4,DS) we favor the two-step au-
toionization picture for (C* +O™) production, as depict-
ed schematically in Fig. 14.

According to Table IV, the (C* +O) final ion state is
populated in 44% of the decays of C ls7*, while the
(C + O™) final state contributes only 12%. The strong
preference for production of C* at the C 1ls7* state must
arise in the dissociation of the CO™ states corresponding
to peaks D1, D2, D3, and/or 4 (3g) which represent 17,
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18, 7, and 10% of the total autoionization, respectively
(region II, Fig. 14). D1 is assigned to the [(5¢ 5¢ 27),
(50 1w 2m)], while D2 is assigned to the [(4o 50 2w),
(5¢ 1 2m)] configurations.’*?* On the basis of binding
energles, the D1 and D2 2h-1p satellites are identical to
the C and D states identified in valence ionization studies
of CO*.% The C state (and thus D1) is known to predis-
sociate exclusively to (C* +0), whereas the D state (D2)
decays to both (C* +0) and (C + O™), as do the valence
ionized states at energies corresponding to D3 and 4 (la-
beled G and O 2s in Ref. 69).%%~7! The branching ra-
tios deduced for (C* +0) and (C + O™") production of
each of these states from (e,e + ion) and (e,2e) experi-
ments,® as well as the relative areas of the DES peaks
predict a (C* 4 0) yield of 35% and a (C + O™) contribu-
tion of 17%. This is in reasonable agreement with the
449% contribution of process (b) producing C*, and 12%
contribution of process (c) producing O™, deduced from
the present measurements (Table IV).

We note that the C* and O yields were approximate-
ly equal when measured in coincidence with the autoioni-
zation lines using broadband 300-eV photoionization
spectrum A of Fig. 8 of Ref. 23. Although the majority
of the electron signals at A arise from autoionization of
the C 1s7* state, the equal C* and O* Auger-ion coin-
cidence yield is not necessarily inconsistent with our ob-
servation of a large excess of C* production at the C
Is —7* resonance because of the smearing of the Auger
electron energy scale by the ion extraction field, which
mixes in the normal C 1s Auger processes, dominated by
(C*4+0™). Our 287-eV PIPICO measurements confirm
the suggestion of Eberhardt et al.?® that a portion (25%)
of the C* and O™ signal they see at A arises from decay
to (C*4+0™) of the C 1s7* state, populated by the low-
energy wings of the 300-eV undulator radiation.

C. Comparison of ion yields from photoionization
of gas, solid, and chemisorbed CO

The photon-stimulated ion desorption spectra (PSID)
of surfaces in the region of core excitation frequently
closely resemble the corresponding photoabsorption spec-
tra. Thus, for example, the Ot yield from MgO surfaces
reproduces all details of the O Is spectrum of MgQ.”?
This has been explained by Knotek and Feibelman (KF)"3
in terms of Auger decay to dissociative two-hole states
which produce ions with sufficient energy to escape the
surface before reneutralization. The KF model appears
to be particularly applicable to ionic materials but it is
also frequently proposed as a general model for ion
desorption of chemisorbed molecules by high-energy elec-
tron or x-ray photon impact. However, for CO and NO
on Ni(100),>* CO on Cu(100),* and CO and NO on
Ru(100),%? the O* yield spectrum in the inner-shell re-
gions of the CO or NO molecules exhibits an almost com-
plete quenching of the “‘discrete” excitation structure and
suppression of the near continuum such that the major
onset of O ion desorption is 20—30 eV higher than that
in the corresponding ls photoabsorption spectrum of the
isolated molecule. The absence of desorption signal in
the near-edge region has been explained**>""7* in terms of
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efficient reneutralization of normal core-excited and
core-ionized one-electron states of the molecule through
charge transfer from the metal substrate. The delayed
onset of the O* desorption signal is then associated with
the opening of secondary, high-energy multielectron exci-
tation channels’ which decay to valence states with three
or more valence holes. These shake-up and shake-off
states are not as effectively relaxed by charge transfer
from the metal and thus fragmentation and ion desorp-
tion can occur before reneutralization.

Comparison of the present O 1s results to those for the
photodissociation of CO adsorbed on metal surfaces?®~>!
confirms that the delayed onset of O" production is a
surface-specific effect. Our results also provide further
insight into the multielectron mechanism. The 560-eV
threshold for the deviation between the shapes of the O**
and C?* partial yield spectra and that of the total ion
yield spectrum (Fig. 7) is identical to the location of the
rapid onset of O* desorption’~*? and to the shake-off
threshold in x-ray photoemission spectroscopy (XPS) of
free and chemisorbed CO.” Thus the multielectron
states giving rise to increased yields of O**, and probably
(C** +07), in free CO above 560 eV could be the same
as those leading to O" PSID in chemisorbed CO. Fur-
thermore, Jaeger et al.?>*" suggested that multielectron
states in the C 1s continuum are much weaker than in the
O 1s continuum in order to explain the weak?%3° or ab-
sent3!'32 O+ desorption in the C K shell. Our results sup-
port this speculation in that the deviation from the total
ion yield curve is much less in the carbon K- shell O**
partial ion yield spectrum (although similar in the C**
channel) (Fig. 6). We note that there is considerable
disagreement as to the identity of the multielectron
process(es) active in PSID. Jaeger et al.**° argue in
favor of (O 1s3g). Although this is supported by
Ramaker’s calculations,”® it does not seem consistent
with the present gas phase results, if one assumes that the
enhanced O%* and/or C?* yields in free CO correspond
to signals from states leading to O PSID. This is be-
cause the threshold for (O 153¢) shake off will be above
580 eV [IP(O 1s5)=542, IP(30)=39 eV plus correlation
energy, where IP stands for ionization potential]. [We
note that the additional increase in the O** curve above
580 eV (Refs. 29 and 30) is likely from (O 1s3g) shake
off.] The proposal of Treichler et al.>"*? for (O 1s50)
shake off is in better agreement with the 560-eV threshold
for enhanced O?* production in free CO since
IP(50)=14eV.

If reneutralization is not selective one might expect the
A* yield from PSID (where A represents any atomic
fragment) to be proportional to the 42 yield in the free
molecule. However, the higher yield of C2* than O**
and the greater contributions of (C?>*+0O) production
from shake off that we observe in free CO contrasts with
the relatively greater yields of O than C* in PSID of
chemisorbed CO.3%3! This suggests that the intrinsic in-
tramolecular decay processes are not directly reflected in
the PSID yields. The reversal of the O*-C* yields in
PSID relative to their proposed (C*+0%*) and
(C?*+ +0) precursors’! may be related to a lower rate of
reneutralization of O?* than C?* hole states by the metal
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substrate, since the substrate is farther from the O than
the C atom in CO bonded carbon end down. Alternative-
ly, the O PSID could arise from the (C2* +0O¥) dissoci-
ative triple ionization, in which case the relative C**
yields would be the appropriate monitor since the O7 sig-
nal from multielectron processes will be difficult to deter-
mine against the large O" yield from the dominant
(C* 4+07) production. Again this hypothesis leads to in-
consistencies between the gas and surface results since
the C?* signal is seen in both the C 1s and O 1s regions,
whereas OF PSID is only found above the O 1s edge. As
with the first hypothesis, preferential reneutralization at
the carbon end could provide a means of reconciling the
observations for ion yields from gas and chemisorbed CO.
Finally, for CO bonded carbon end down perpendicular
to the surface, the initial C* (or C?>*) trajectory in
Coulomb explosions of CO* or CO>* will be into the
surface. This means that it is very unlikely that a C* ion
can escape before reneutralization.

Treichler et al.3! observe relatively large yields of CO*
from CO/Ru(100) [and NO™* from NO/Ru(100) (Ref.
32)] which follow the excitation spectra, including the 1s
continuum shape. Since there is negligible CO* produc-
tion in either the C ls or the O 1s continuum of free CO
(Figs. 6 and 7), this signal must arise indirectly through
surface modifications of the dissociative double ionization
processes which dominate the decay of the 1s states of the
free molecule. The weak C* and O** PSID from O s
photoionization of CO/Ru(100) (Ref. 31) are very similar
to each other and exhibit the same delayed onset (560 eV)
as O™ PSID, indicating that they arise primarily from
shake-off processes. In contrast, a small O™ signal is ob-
served below 560 eV (Refs. 29-31) which is associated
with (C* +O™) events which are incompletely reneutral-
ized.

In their studies of the photodesorption of solid CO
Rosenberg et al.* observed that C* and O* production
dominates at all energies, with the only other ions report-
ed being CO™*, C,0%, and (CO),™, all with yields less
than 10% of that of O*. The absence of C2* and O**
PSID signals®® suggests that there may be reneutraliza-
tion processes in the solid similar to those in chemisorbed
CO on metals® 3! since C>* and O®* are observed with
significant yields in the 1s continua of the free molecule.
The I(C")/I(O™) ratio in both the C 1s and O 1s regions
of the PSID of solid CO is between 3.8 and 4.6. This is
much larger than the 0.9 to 1.7 I(C*)/I(O ™) ratios we ob-
serve for photofragmentation of CO in the gas phase. Ki-
netic energy discrimination by the TOF analyzer used for
the PSID measurements®® cannot explain the larger
I(C*)/I(O7) ratios in the solid since, if present, it would
artificially reduce the I(C*)/I(O™) ratio because of higher
discrimination against the faster C* ion (see Fig. 3).
Thus, both the types of ions produced and the modified
I(C*)/I(O™) ratio provide clear evidence that ionic frag-
mentation following core excitation differs between solid
and gaseous CO. We suggest that the differences between
the'solid and gas I(C*)/I(O™) ratios are related to greater
C* than O" mobility in a matrix of solid CO and thus a
higher C* escape probability, rather than arising from a
fundamental difference in the initial electronic excitation
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or intramolecular relaxation between the free molecule
and the weakly interacting van der Waals solid. The
I(C*)/IO7) ratio curves from the PSID of the solid
show prominent peaks at both 7* resonances,® exactly as
observed for free CO (Figs. 8 and 9). Thus, although
there is modification of the gas phase ion yields, possibly
from the preferential mobility of C*, the enhanced C*
production at the #* resonances persists through the de-
tails of the ion escape.

D. Comments on site- and state-selective processes
in the decay of inner-shell states

From Table IV and the similarity of Figs. 8 and 9, it is
clear that the ionic fragmentation of CO following core
excitation and ionization is not particularly site selective.
This suggests several comments in relation to recent re-
ports on this subject.l‘6 Obviously in a diatomic mole-
cule, in which only one bond can be broken, the only
selective aspect could be the number of positive charges
on the atomic fragments. In both the C 1s and O 1s spec-
tra of CO, C>* and O** are found with only small inten-
sities and are produced in a ratio of 2.7(5) at all energies
outside of the 7* resonances. In contrast, the main decay
channel is (C* +0O™), independent of the location of the
initial excitation. The decoupling of the initial, localized
core excitation from the observed ion yields arises be-
cause, irrespective of the site of the core hole, the elec-
tronic decay produces the same multihole valence states,
which by nature are “‘spread” over the whole molecule.
Moreover, in the case of the 7* bound resonance, the ex-
cited electron is in an antibonding C-O orbital which also
“smears out” the core-hole localization. However, there
is a dramatic difference between the core resonances and
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the underlying valence ionization continuum. Indeed
direct single ionization is not as efficient as core resonant
photoionization at producing fragmentation, which is
why the CO™ yield is relatively much larger around 280
eV than at higher energies (Fig. 8).

In larger molecules, the same effects will occur, except
that more “big” fragments will be produced in valence
than core ionization. This is indeed what has been found
in acetone near the C 1s edge.""> Consequently, the site
selectivity of fragmentation following core excitation,
which is of great interest for large polyatomics, is still an
open question. So far the available results suggest that
the electronic relaxation pathways are not generally selec-
tive.!~® This may not be true in cases where a core-to-
bound resonance dissociates rapidly, before autoioniza-
tion or resonant Auger’ decay occurs, or in very big mol-
ecules in which the damage around the core-excited atom
is kept at a distance significantly smaller than the overall
size of the molecule.
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