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Mechanisms of Spontaneous Two-Electron Emission from Core-Excited States of Molecular CO
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We demonstrate that the observation of slow electrons emitted in the decay of molecular core-excited
states can be a sensitive probe of the double Auger processes, and that in combination with electron-
electron coincidence spectroscopy, it can provide clear insight into the mechanisms involved. The present
study identifies all cascade Auger paths from the C1s-to-Rydberg states in CO to final states of CO>*. One
pathway includes the first directly identified case of molecular level-to-level autoionization of a cation and

shows remarkable selectivity for a specific final state.
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Neutral core-excited states of low-Z atoms relax mainly
by electron emission (“‘resonant Auger decay’’), which has
been investigated intensively in rare gases [1]. It leads
predominantly to singly charged ions, but formation of
doubly charged ions by emission of two Auger electrons
(“resonant double Auger decay’’) also makes up a consid-
erable fraction of the total decay [2,3]. In resonant double
Auger decay, one of the two electrons is often slow, with a
kinetic energy typically less than 10 eV. Understanding of
the formation mechanism of such slow electrons is par-
ticularly relevant in radiation biology [4,5] and surface
photochemistry [6], because low energy electron collisions
play crucial roles in the chemical reactions involved there.

Both direct and indirect processes can contribute to
resonant double Auger decay [7]. In the direct process
(also called Auger shake-off), which is entirely due to
the electron correlation, two electrons are simultaneously
ejected and the available energy is continuously shared
between the two electrons. In the indirect process (cascade
Auger decay), two electrons are emitted sequentially with
distinct kinetic energies depending on the energy levels of
the initial, intermediate, and final electronic states in-
volved. Since the recent successful introduction of a new
multidimensional electron spectroscopy by Eland et al. [8],
the important role of indirect processes for producing low
energy electrons in the decay processes of core-hole states
is being revealed. The usefulness of detecting such slow
electrons has been clearly demonstrated in recent high-
resolution electron spectroscopic studies of rare gases ([9]
and references therein).

Resonant double Auger decay of molecules must be
expected to occur by analogy with this established process
in atoms and is indeed known to exist from mass spectro-
scopic studies of ions [10,11]. However, the molecular
process is much more complicated than the atomic one
because it can be influenced by nuclear motions at any
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stage of the decay. For example, singly charged molecular
ion states populated by the first electron emission can
undergo competition between second electron emission
and molecular dissociation. If one of the dissociating frag-
ments is excited, it may subsequently autoionize. By anal-
ogy with the atomic process, molecular autoionization
from intermediate superexcited cation states to molecular
dication states should exist; this process has often been
postulated, but has never been clearly observed directly.

In this Letter, we demonstrate that observation of slow
electrons emitted in the decay of molecular core-excited
states can be a sensitive probe of the double Auger pro-
cesses and that the mechanisms of the complicated mo-
lecular double Auger decay can be clarified by the
combined use of high-resolution electron spectroscopy
and electron-electron coincidence spectroscopy. We have
used two different experimental setups. High-resolution
electron spectroscopy using a hemispherical electron ana-
lyzer (Gammadata-Scienta SES-2002) was performed at
beam line 27SU [12] of SPring-8. Linearly polarized light
from a figure-8 undulator was monochromatized by a
grazing incidence monochromator and focused into a gas
cell. Electrons emitted parallel to the electric vector were
analyzed. The second experiment, electron-electron coin-
cidence spectroscopy, was carried out at the beam line
UES6/2-PGM1 [13] of BESSY II with a magnetic-bottle
electron spectrometer [8,14,15]. The storage ring was op-
erated in single-bunch mode, which provides 800.5 ns
periodic light pulses. Electrons were analyzed in energy
by their time of flight in the magnetic-bottle electron
spectrometer. The energy resolution of the spectrometer
was estimated to be AE/E ~ 1.5% (limited to AE ~
10 meV below 0.5 eV).

Figure 1 shows a two-dimensional (2D) map of slow
electron yields as a function of the photon energy in the
Cls Rydberg excitation region of CO, with the total ion
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FIG. 1 (color online). (a) Two-dimensional (2D) map of the
slow electron yields in the C1s-to-Rydberg range. The yields are
obtained in a 30 meV photon energy step and in a 25 meV
kinetic energy step. The energy resolution of the analyzer was
set to 63 meV, and the photon energy resolution to 100 meV.
(b) Total ion yield spectrum. (c) Top: Sum of the slow electron
yields in the Rydberg excitation region which is derived by
projecting the electron yields in the 2D map onto the horizontal
axis. Bottom: Slow electron spectrum at the Cls — 4pm(v = 0)
resonance.

yield spectrum measured together with the slow electron
yields. The 2D map exhibits horizontal stripes in the
Rydberg resonances. Such slow electrons can be produced
only by double (or multiple) Auger decay, and high dis-
crimination against the dominant single Auger decay is
achieved by setting the observation window to these low
energy electrons. While direct double Auger emissions
result in a continuous energy electron energy distribution,
sequential processes can produce discrete structures in the
energy distribution. In practice, knots of enhancement are
discernible in each stripe on the 2D map. The locations of
some of these knots are common to all different C1s-to-
Rydberg excitations. In order to closely inspect these dis-
crete structures, the slow electron yields on the 2D map are
projected onto the horizontal axis. Most of the peaks
observed in the resultant spectrum [Fig. 1(c)] can be as-
signed to autoionization of highly excited atomic oxygen
states into the ionic ground state O (*S) [16-18]. This
observation implies that dissociation of CO™" states formed
by first-step Auger decay and subsequent fragment O*
atom autoionization constitute a major path for the double
Auger decay of the Cls-to-Rydberg states. Such processes
where nuclear motion precedes electron emission have

been noted before [19]; their prevalence is quite surprising
and is still not fully understood.

In the 2D map (Fig. 1), we also find additional spots
appearing only on the 4p7(v = 0) resonance. These spots
are spaced at 0.24 eV intervals, as clearly seen in the
horizontal cut of the 2D map on this resonance [bottom
panel of Fig. 1(c)]. The constant intervals suggest that the
peaks correspond to vibrational levels of CO* or CO?*,
and are therefore associated with molecular autoionization
of CO" into CO**. Here, a question arises: why is the
molecular process enhanced only in the double Auger
decay of the 4pm(v = 0) state? In order to identify the
relevant resonant Auger process more exactly, we have
performed electron-electron coincidence measurements
by tuning the photon energy to the 4p7(v = 0) resonance.
Figure 2(a) shows kinetic energy correlations between the
two electrons ejected at this photon energy. The vertical
and horizontal axes of the energy correlation map corre-
spond to the kinetic energies of the fast and slow Auger
electrons, respectively. Here, the experimental resolutions
for the fast and slow electrons are of the order of 4 eV and
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FIG. 2 (color online). (a) Correlation map for kinetic energies
of electron coincidence pairs emitted at the 4pa(v = 0) reso-
nance. The coincidence data set is obtained at hy = 294.8 eV
with the photon energy resolution of 100 meV. Note that weak
vertical lines denoted by arrows are due to false coincidences.
(b) Resonant Auger spectrum on a CO* binding energy scale,
obtained by integrating the coincidence yields. The spectrum
shows only the resonant Auger structures relevant to slow
electron emission. (c) Slow electron spectra integrated for se-
lected binding energy ranges indicated on the correlation map.
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20 meV, respectively. The fast Auger electron spectrum in
Fig. 2(b), obtained by projecting the coincidence map onto
the vertical axis, shows the CO™ states involved in the
double Auger process. In this binding energy range, the
CO™ states are populated by ““spectator” Auger decay, in
which the initially excited Rydberg electron remains pas-
sive, but not necessarily unmoved.

The energy correlation map reveals that the molecular
autoionization peaks are related to a state of CO* lying
around a binding energy of 43 eV. In addition, the forma-
tion of O fragments is discernible at particular binding
energies and background is enhanced around the CO™
states lying above 55 eV. Direct double Auger decay
should appear as diagonal structures on the energy corre-
lation map because the sum of kinetic energies of the two
Auger electrons is constant according to the formation of
individual final CO** states. Diagonal structures due to the
direct double Auger processes are, however, hardly recog-
nizable in Fig. 2, which indicates that the double Auger
decay of the 4 pr state is dominated by cascade processes.
The same propensity is observed in double Auger decay of
the Cls — 7 state [20] and also of other C1s-to-Rydberg
states [21].

For a clear display of evolution of the second-step Auger
decay with relevant CO" states, coincidence yields inte-
grated in selected binding energy regions are plotted in
Fig. 2(c). Strong peaks due to atomic oxygen autoioniza-
tion are observed in the spectrum in the binding energy
range 35-40 eV, which is below the adiabatic double
ionization threshold (41.325 eV [22]) of CO. The forma-
tion of the O" fragments in the 35-40 eV binding energy
range is attributable to predissociation of CO™ states lying
below CO?*(X*II) into repulsive states correlating to
C* + O* limits, which is already known in valence double
photoionization [23]. The same CO™" states can hence be
produced via the first-step Auger decay from the 4p7(v =
0) resonance.

In the 45-55 eV binding energy range, autoionization
lines associated with formation of the O* fragments with
n = 3-4 are dominantly observed [see Fig. 2(a)]. The
formation of the O*[O" (*D)4d/4f] fragments is particu-
larly enhanced, as compared to the lower binding energy
range. This enhancement can be understood if the principal
quantum numbers of the precursor CO™ states populated
by spectator Auger decay are n ~ 4, and this principal
quantum number is conserved during the dissociation pro-
ducing the O* fragments. In the binding energy region
above 55 eV, an enhanced background is definitively ob-
served together with weak atomic oxygen lines. Molecular
autoionization from the CO™ states lying in this binding
energy range can populate numerous CO?" states with
repulsive potential energy curves; the background en-
hancements can be understood as due to such autoioniza-
tion of CO™.

The energy resolution of electron-electron coincidence
spectroscopy is not sufficient to clearly identify the CO*
state relevant to the molecular autoionization seen around

the binding energy of 43 eV. On the other hand, conven-
tional electron spectroscopy can locate such CO™" states
with high resolution. Figure 3(a) shows a high-resolution
resonant Auger spectrum at the photon energy correspond-
ing to the 4p7r(v = 0) resonance. The spectrum exhibits a
strong peak at a binding energy of 43.05 eV; because of the
close agreement in binding energy, the peak can be iden-
tified with the CO* level relevant to the molecular auto-
ionization. The peak width is around 100 meV, which
corresponds exactly to the experimental resolution. It
seems probable that the natural width of the CO™ state at
43.05 eV is less than 50 meV, taking into account the errors
in estimating the experimental resolution. This CO™ state
is assigned as the v = 0 level of a Rydberg-type CO™ state
[CO**(d'S) + 5p] whose population comes from Auger
shake-up behavior of the Rydberg electron [24]. The mini-
mum of the inner well on the potential curve of the
Rydberg-type CO* state lies close to the equilibrium nu-
clear distance of the CO™* (1s7!) state, and the same situ-
ation can reasonably be assumed for CO(1s~'4pr); thus,
only the vibrational ground level of the CO™ intermediate
state is noticeably populated from the initial 4p7r(v = 0)
resonance [25]. By the same argument, the (v = 1) level
should be populated from the (v = 1) resonance.

The potential energy curve of the Rydberg-type CO™
state is depicted in Fig. 3(b), as well as the calculated
curves of CO?>" states [26]. Here, we assume that the
potential energy curve of the Rydberg-type CO™ state is
parallel to that of the CO>*(d'3) state [27]. This CO™
state is energetically allowed to autoionize into the low-
lying three bound X°I1, a'3, and b'II states of CO*". The
calculated FC factors for the autoionization into these
CO?* states are plotted in Fig. 4, for comparison with
the slow electron spectrum associated with the CO™ state
in the binding energy range of 42-44 eV. The FC factors
were calculated by assuming Morse potentials for the
relevant CO™ and CO?" states, where the spectroscopic
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FIG. 3 (color online). (a) High-resolution resonant Auger
spectrum measured at the 4par(v = 0) resonance. The energy
resolution of the analyzer was set to 78 meV, and the photon
energy resolution to 60 meV. (b) Potential energy curves of the
Rydberg-type CO*[CO**(d'2) + 5p] (dotted line) and CO**
states (solid lines).
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FIG. 4 (color online). Bottom: Second-step electron spectrum
derived from the correlation map in Fig. 2, which is associated
with fast electrons corresponding to the binding energy region
between 42 and 44 eV. The vertical bars in the spectrum indicate
autoionization lines of O* fragments. Top: Calculated Franck-
Condon factors for different final states.

constants determined by Piittner et al [28] are used. Note
that, although the general shapes of the potential energy
curves are far from pure Morse potential form, the vibra-
tional distributions of the CO*" states in the Cls normal
Auger spectrum are reasonably reproduced [28]. One can
see in Fig. 4 that the molecular autoionization peaks in the
slow electron spectrum are unambiguously assigned to the
autoionization into the v = 0—4 levels of the CO*"(a'Y)
state. The fit confirms this first direct observation of level-
to-level autoionization in a cation. The populations of
higher vibrational levels are enhanced relative to those in
the FC analysis, which may be attributable to insufficient
accuracy of the potential energy curve assumed for the
CO™ state. Alternatively, autoionization from the outer
well range, which can be accessed by tunneling, might
populate high vibrational levels. In contrast, peaks corre-
sponding to the autoionization into the other two CO>*
states are hardly detectable in the slow electron spectrum in
Fig. 4. The autoionization of this Rydberg-type CO™ state
populates the final CO?>* (a'3) state with strong specificity,
for which no reason can yet be given. The lack of any
similar process associated with the (v = 1) resonance is
also surprising, but might possibly be explained if the
intermediate state decays rapidly by a tunneling process.
In the decay of the Cls — 4pm(v = 0) state, level-to-
level molecular autoionization from CO* into CO?>* show-
ing a remarkable electronic specificity has been unambig-
uously revealed. To our knowledge, this is the first directly
identified case of molecular level-to-level autoionization of
a cation. The spectra show that other CO* intermediate
states populated by the first-step Auger decay dissociate
into fragment pairs C* + O* instead of autoionizing in the
molecular range. This is the common fate of superexcited
states of many small molecular ions, formed at photon
energies below inner shell thresholds [29]. The reason for

the exceptional behavior of the CO™ [CO**(d'S) + 5p,
v = 0] level is not yet understood, but may be connected
with its stability.
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