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We have measured the angular distribution of Carbon K-Auger electrons from fixed in space,

core-ionized, CO molecules in coincidence with the kinetic energy release of the C+ and O+

fragments . We find a very narrow ejection of Auger electrons in the direction of the oxygen and
an oscillatory diffraction pattern. Even for similar electron energies, the angular distribution
strongly depends on the symmetry of the final state. Our results do not support an earlier
study (Guillemin et al [1]) which claimed observation of a breakdown of the two-step model of
Auger and photoelectron emission.

The study of Auger decay from molecules still pur-
sues many open questions. One of the challenges results
from the number and complexity of the final states. The
many very broad overlapping structures in the Auger en-
ergy distribution often do not allow for a clear assign-
ment of the decay channel [2]. A second challenge re-
sults from the interaction of the Auger electron with the
molecular potential. Similar to photoelectrons [3, 4] the
Auger electron will be multiply scattered in the molecule
hence modifying Auger rates and angular distributions.
A third challenge was posed recently by the claim [1]
that even off-resonance the creation of a core hole by
photo-ionization and its subsequent Auger decay cannot
be treated as two independent steps (two-step model), as
has been commonly assumed [3, 5].

In the present letter we address these three challenges
by reporting an experiment on the Auger decay of car-
bon K-shell ionized CO+. We have measured the Auger
electron energy and angle in coincidence with the en-
ergy and angle of both fragment ions of the CO2+. Such
complete monitoring of the process results in a qualita-
tively new level of insight into the molecular Auger decay.
First the high resolution in electron energy and kinetic
energy release (KER) allows determination of the final
electronic states of the C+ and O+ fragments which in
turn helps to identify the molecular decay channel. Sec-
ond and more importantly, the measurement of the di-
rection of fragmentation often, a posteriori, determines
the molecular axis at the instant of Auger emission. We
therefore obtain Auger electron angular distributions in
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the molecular frame. These have, as we show below, a
very rich structure. It has been emphasized from the
theory side that the angular distributions from fixed in
space molecules are a key to deeper understanding of the
molecular Auger process [3, 7, 8]. Zähringer et al. have
shown that the Auger electron angular distribution can
be understood as resulting from two processes acting to-
gether. The symmetry of the molecular states involved
and their nonspherical electron density lead to a coarse
structure. On top of this a diffraction pattern from the
interaction of the Auger electron wave with the molec-
ular potential has been seen in the calculations. None
of these effects have been observed experimentally until
now [1, 9].

The experiment was performed at Bl 4.0 [10] of the
Advanced Light Source using the COLTRIMS technique
(Cold Target Recoil Ion Momentum Spectroscopy) [11].
The photon beam intersected a supersonic molecular gas
jet. The ionic fragments are collected by a static electric
extraction field (15 V/cm) with 4π solid angle accep-
tance and directed onto a 80mm diameter position sen-
sitive channel-plate detectors equipped with a delay-line
anode [12]. The electrons pass three regions of different
homogenous electrical fields separated by meshes. The
electron/ion extraction field of 15 V/cm over 2.9 cm is
followed by a deceleration region of 4.4 cm with a final re-
tarding voltage of -230V with respect to the interaction
point. The retarded electrons then drift over 11.5 cm
before they reach an 80mm diameter position sensitive
channel plate detector. A magnetic guiding field of 2.8
Gauss parallel to the electric fields yields an electron ac-
ceptance angle of 12 deg. With this deceleration scheme
we achieve an energy resolution of <1 eV for electrons
from 240-270 eV. A series of measurements in which the
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FIG. 1: Auger decay of CO+ from 305 eV photon absorb-
tion leading to C+ + O+. a) horizontal axis Auger elec-
tron energy, vertical axis kinetic energy release. The diag-
onal lines correspond to decays of the CO+ (C(1s)−1) ground
state to different final states of the ionic fragments: (A):
C+(2P) + O+(4S)(ground state), (B): C+(2P) + O+(2D),(C):
C+(2P) + O+(2P). b) Auger electron spectra corresponding
to (A) (B) and (C) final state (from top to bottom). The ar-
rows show the calculated mean energies for some states from
[6]. These calculated transitions have a width of 3-5 eV. The
regions I and II are gates used for figure 4, see text.

polarization vector of the linearly polarized light was ro-
tated in steps of 10 deg from parallel to perpendicular to
the spectrometer axis [10] has been performed. By this
rotation of the polarization vector we collected a data
set which covers all directions of the molecular axis and
the Auger electron with respect to the polarization and
to each other. In addition experiments for left and right
circular polarized light have been performed .

The total energy available in the decay of the core ion-
ized CO+ is shared between the Auger electron, the KER
and internal electronic excitation energy in the ionic frag-
ments. The correlation between Auger energy and kinetic
energy release is shown in Fig. 1. Each of the final ionic
states leads to a diagonal line (constant sum of KER and
electron energy) in Fig. 1a. The electronic ground state
and the two first excited states are indicated by solid
lines. The figure confirms earlier findings [2, 6, 14–16]
that the narrow peak in the Auger spectrum at around

FIG. 2: Correlation diagram for CO2+ from [13]. For clarity
only those states are shown which are discussed in the text.
The Franck Condon region of C(1s−1) is indicated by the ver-
tical lines. The brackets on the right indicate the asymptotic
ionic states as in Fig. 1. The asymptotic energies (at infinite
internuclear distance) are 35.4 eV, 38.7 eV and 40.4 eV for
A,B and C respectively) (from [14]).

250.5 eV results from a decay to the second 1Σ+ po-
tential curve (see the correlation diagram Fig. 2) which
then couples to the first 3Σ− curve leading to the ionic
ground states. This corresponds to a dominant peak at
10 eV in the KER spectrum [17, 18]. Similarly the struc-
ture around 251-255 eV Auger energy corresponds to a
decay to the first 1Π and 1Σ+ state which finally decays
to C+(2P) + O+(2D).

Practically all KER above 10 eV yields fragment ions
in the first two excited states of the O+ ion (O+(2D) and
O+(2P)). The calculations of Cederbaum et al. [6] and
Schimmelpfennig and Peyerimhoff [16] allow an assign-
ment of the dominant channels in this region. The area I
in fig. 1a has contributions from transition to 1Π, 3Π and
1∆ with a decay width of 0.83, 0.23 and 0.968 a.u. [16]
(see also fig 2.). The only 1Σ+ state in this region decays
exclusively to the C+(2P)+O+(2P) final state (region II).
In regions of the spectrum where several states overlap,
the simultaneous measurement of KER and Auger energy
thus allows separation of a channel containing electrons of
only one symmetry. The additional weak features 3-6 eV
to the right of line A results from the decay of excited
CO+.

We now investigate the electron angular distributions
for some of the decay paths. A particulary clean case
is the narrow 1Σ+ line (B state) at around 250.5 eV.
For this line Guillemin et al. [1] have recently reported
that, at a photon energy of 305 eV as used in our study,
the angular distribution of the Auger electron depends
on the direction of polarization of the photon which cre-
ated the K-hole. This would indicate a breakdown of
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FIG. 3: Angular distribution of Auger electrons from the nar-
row 1Σ+ line at 250.5 eV (B-state) (see Fig. 1). The orien-
tation of the molecule is horizontal with the oxygen to the
left as indicated. a-c linear polarized light, the polarization
vector is indicated by the double arrow. (d) circular polarized
light, propagating into the plane of the figure.

the widely accepted independent two-step model (see e.g.
[3, 5] ). This model plausibly assumes that if the Auger
electron and photoelectron have very different energies,
one can treat the first step of core level photoionization
and second one of core hole Auger decay as independent
processes, i.e. that the Auger decay has no memory of
how the K-hole was produced. Our data are shown in
Fig.3 for linear polarized light with the polarization vec-
tor at 0, 45 and 90 deg to the molecular axis as well as
for circularly polarized light. We do not observe the ef-
fect reported in [1]. Our Auger angular distributions are
polarization independent and hence are consistent with
the two-step model. Our measured distributions are only
weakly structured. We argue that this is a consequence
of the failure of the axial recoil approximation. In a pre-
vious study of the photoelectron angular distribution co-
incident with a KER of 10 eV [18], we have shown that
the CO2+ for these decay channels lives long enough to
rotate at least partially before fragmenting. In fact, the
potential well in the second 1Σ+ supports at least two
vibrational states which can be seen in a high resolution
KER spectrum [17, 18].

We cannot definitely explain why the the results ob-
tained in [1] diverge so strongly from our more complete
measurements. However, we note that the reported re-
tarding potential of 7Ṽ in front of the ion detector used
in [1] would not have allowed detection of the O+ or C+

fragments from the 1Σ+ state since each has less then
6 eV kinetic energy.

We have also investigated the angular distribution of
electrons in the region between 251 and 255 eV which
corresponds to the transition to the first 1Π and 1Σ+

state. They are referred to as X̃ and Ã state in [1]. This
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FIG. 4: Angular distribution of Auger electrons from CO+.
(a) from region I Fig.1a, (b) region II Fig. 1a. (a) corre-
sponds to the CO+(1Σ+) → CO2+(1∆,3 Π,1 Π) transition. b)
corresponds to a CO+(1Σ+) → CO2+(1Σ) transition. c) same
data as in b) 0 deg corresponds to emission in direction of the
carbon. The full lines in all figures are a fit of Legendre poly-
nomials to guide the eye. Other lines in c) are results of a
multiple scattering calculation for an S electron wave starting
at the carbon center in CO2+. Dashed: both vacancies in
the CO2+ at C(2p), dotted: one vacancy each at C(2p) and
O(2p). The absolute height of the calculation is arbitrary.

angular distribution, not shown here because of limited
space, is also completely polarization independent. Since
also here the CO+ ion is known to rotate before decay
[18] the angular distribution is almost without structure.
This distribution is in agreement with the corresponding
data in [1].

Figure 4 shows the Auger electron angular distribu-
tions for the regions I and II in Fig. 1a. For this high
KER the axial recoil approximation is known to be valid
[18]. The transition to the 1Π, 3Π and 1∆ in region I
shows an emission mainly perpendicular to the molecu-
lar axis, as one expects for a Π wave. The intensity is
significantly shifted to the direction of the oxygen center.

A completely different pattern is found in fig. 4b,c for
the transition to the third 1Σ+ state, located along line
C region II in fig. 1a. It shows a very narrow peaked
emission of the electrons along the molecular axis in the
direction of the oxygen (fig 4b,c). Such emission into the
direction of the neighboring atom is known from pho-
toelectron diffraction as ’forward focussing’ [19]. The
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screened Coulomb potential next to the source of a pho-
toelectron wave can act as a lens which collects a large
amount of the electron flux into the forward direction.
This analogy suggests that the Auger electron wave does
not emerge from a delocalized orbital spread over the
whole molecule. In order for such a strong focussing to
happen the electron wave must have emerged from a lo-
calized region close to the Carbon nucleus.

A close inspection of this pattern on a logarithmic scale
(fig 4 c) shows an oscillatory structure. This is due to a
diffraction of Auger electron wave in the two center po-
tential as has been reported in the theoretical study of
Zaehringer [7]. To support this interpretation we have
performed a multiple scattering calculation using spher-
ical potentials (see [20] for calculational details). In this
model we have launched an S-wave from the carbon cen-
ter in the CO2+ potential. In one model calculation we
have located both CO2+ vacancies in a 2p orbital of the
carbon center; in a second calculation, one vacancy at
carbon 2p and one at oxygen 2p. The position of the
minima and maxima in both cases roughly coincide with
the observed structure. Clearly this is not an appropri-
ate model to describe the Auger decay, it serves only the
heuristic purpose of identifying the physical origin of the
observed oscillatory pattern.

In conclusion our data provide a new level of insight
into the molecular Auger decay. These electrons are emit-
ted highly anisotropically. An extremely narrow jet of
electrons along the molecular axis is found for a Σ tran-
sition. The symmetry of the transition is reflected in
the angular distribution and a fine structure of electron
diffraction is observed. Our experimental rehabilitation
of the two-step model, previously questioned, reopens the
road to a theoretical treatment of the molecular Auger
decay with standard, non-time-dependent techniques.
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