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Systematic measurements on single and triple Auger decay in CO and CO, after the creation of a C 1s
or a O 1s core vacancy show that the percentage of triple Auger decay is on the order of 1072 of the
single Auger decay in these molecules. The fractions of triple Auger decay are compared with triple
Auger fractions for carbon atoms and some noble gas atoms, and are found to follow a linear trend
correlated to the number of valence electrons on the atom with the initial core vacancy and on its
closest neighbours. This linear trend for the percentage of triple Auger decay is represented by a
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Multielectron processes upon the relaxation of a core vacancy
in atomic and molecular systems are of great interest for many
fields in physics. Auger decay is the most common non-radiative
process in which a system relaxes after the creation of a core
vacancy, and the full understanding of this process is important in
fields such as plasma physics* and astrophysics.>* The single
Auger (SA) decay of a system, in which one electron from an outer
shell fills the core vacancy while another electron is ejected into
the continuum, results in a final doubly charged ion product and
two electrons in the continuum. For higher order Auger decay,
such as double Auger (DA) and triple Auger (TA) decay, the relaxa-
tion processes are more complex because of increased multi-electron
interaction and an increased number of possible intermediate and
final triple and quadruple hole states, respectively. The DA decay
after creation of a core vacancy in atoms has been interpreted both
theoretically™® and experimentally,”® and the relative extent of DA in
atoms can be estimated from ion mass spectra.”* In molecules,
multiple Auger decay is even more complex and has only recently
been studied experimentally'®>™> in a few cases for DA decay.
Molecular vibrations and dissociation mechanics come into
play, as well as larger systems with higher number of valence
electrons, which greatly increases the difficulty to interpret
multiple Auger decays.

Studies of triple Auger decay are still very limited, with just a
few experimental”'®'” and theoretical®**’ investigations on
atoms. The relative abundance of triple Auger decay in atoms
can be estimated from previous studies on ion mass'' and
multi-electron spectroscopy.”'” However, the relative abundances
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predictive equation TA = 0.13-N,e — 0.5.

of triple Auger decay in molecules have, to our knowledge, never
been investigated theoretically or experimentally.

We here present a systematic investigation on the relative
abundance of triple Auger decay in CO and CO, after C 1s and O
1s photoionization. The present investigation is based on the
combination of synchrotron radiation and a magnetic bottle
time-of-flight spectrometer, which is especially suitable for
multi-electron coincidence studies because of its very high
electron collection and detection efficiency over a large electron
kinetic energy interval. The main focus of this investigation is
to establish the extent of triple Auger compared to single Auger
decay in small, relatively common molecules, complementing
our previous studies'*"® on the relative abundance of double
Auger decay.

Experimental

The experiments were carried out at beam line UE56-2 PGM-2 of
the electron storage ring BESSY-II at the Helmholtz Zentrum
Berlin. The electron storage ring was operated in single bunch
mode with a ring cycle period of about 800.5 ns for the electron.
The Auger decay measurements were performed with a magnetic
bottle time-of-flight electron spectrometer, which has been
described in detail before (see ref. 28), so here we recount only
the specific arrangement and relevant information for the present
study. The magnetic bottle collects essentially all electrons over a
large kinetic energy interval that are emitted in an ionization
event, and guides them through a 2 m long flight tube towards
a microchannel plate (MCP) detector. The flight time of the
electrons are measured in reference to the synchrotron radiation
pulses, and registered in multi-coincidence to each ionization
event. The flight times of the electrons are converted to kinetic
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energy by a comparatively simple formula given in ref. 28. The
calibration of the flight time to energy conversion is based on
well-known Auger and photoelectron lines of Kr, Ar, and Ne.**
The resolution of the spectrometer ranges from about 50 meV at
low (1 eV) kinetic energies to about 10 eV for electrons with a
kinetic energy of 600 eV.

The collection and detection efficiency, which hereafter,
in brief, is termed as the composite quantity ‘“collection
efficiency”, was kept strictly unchanged throughout all the
measurements by keeping all the physical parameters like
the electric and magnetic fields constant once optimized for
the relevant kinetic energy range. The absolute value of the
collection efficiency also depends on the gain of the MCP
detector (typically with a detection efficiency of 55-65%), deter-
mined by the applied voltage, and on the settings of the gain
and discriminator levels in the detector electronics, all of which
were kept constant.

Treatment of false coincidences and background

At the count rate used in the present work, there are about
2-4% accidental coincidences in the measurements, because of
the relatively high count rate (~3 kHz) chosen for the experi-
ment. Under these coincidence conditions, a rate of only about
10° TA decay events per hour is obtained. Even though the
accidental coincidences are just a few percent of the total, SA
and DA events still contaminate the quadruple ionization data
because of the low rate of TA events. Accidental coincidences
affect the DA signal the most, because of the large overlap
between the DA and SA spectra.

Many unwanted coincidences are true coincidences derived
mainly from SA electrons detected at the same time as a
spurious electron of low (0-5 eV) kinetic energy. These “low
kinetic” electrons stem mostly from fast Auger or photoelectrons
from another ionization events about 0.8-3 s after the true event
that reach the MCP detector within the same time window as the
electrons from a relevant Auger event. The amount of such false
coincidences in each run can be estimated and carefully sub-
tracted from the DA and TA ionization spectra. Although most of
the false coincidences are subtracted in this way, the percentage
of DA obtained from these measurements will not be as accurate
as in our previous study'® because of the relatively large energy
overlap between the SA and DA ionization spectra. The TA spectra
are not affected as much as the DA spectra because of the high
energy required for quadruple ionization, resulting in a smaller
energy overlap. Even though it is a small overlap the accidental
coincidences will make a small contribution to the constant
background in the TA spectra from both SA and DA, which
introduces minor contributions to the relatively large error bars
for the percentage of TA to SA decay.

Major sources of false and unwanted coincidences are the
secondary electrons released by primary photo- or Auger electrons
that collide with surfaces in the spectrometer. These must be
minimized during the measurements or subtracted in the data
analysis afterwards. The largest contributions of these unwanted
coincidences in the TA data can be traced back to SA and DA
events, where primary Auger electrons hit a surface and generate
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secondary electrons while the associated photoelectron is detected
normally. The secondary electrons generated are of rather low
energy, contributing to the coincidence signal at high apparent
triple or quadruple ionization energies. Their effect can be greatly
reduced by selection of events with total electron energy sums
corresponding to the correct energy range for the relevant Auger
electrons. But if a photoelectron from a single or multiple Auger
event hits a surface and generates secondary electrons, while the
corresponding Auger electrons are detected in the usual way, the
summed electron energy is likely to be in an acceptable energy
range for the Auger event. This problem can be ameliorated
by selection of Auger events coincident with another electron in
an acceptable energy range for ionization of the core electron.
By such stratagems the majority of the unwanted and accidental
coincidences are subtracted from the spectra.

Primary electrons may also lose energy in inelastic collisions
with gas or surfaces, but still reach the detector. After back-
ground subtraction, the resulting “tails” can have total inte-
grated intensity of the order of 10-20% of the primary triple
Auger peak. These tails add to the total uncertainty for the
percentage of triple Auger obtained in this study, explaining
the relatively wide error bars in the numbers of TA events in the
spectra. Much of the background on the lower ionization side
of the triple Auger spectrum could be removed by subtracting
the amount of SA and DA present (and the respective tail)
from the TA spectra, which is estimated as 2-4% in each
measurement from the amount of accidental coincidences.
After the subtraction of accidental coincidences, a background
level to the triple Auger spectrum was estimated from the
background in the quadruple ionization coincidence map.
The background level was estimated by taking the coincidence
counts on the sides of the photoelectron line over a total energy
range equal to that of the photoelectron line. The total back-
ground subtracted amounted to about 10-15% of the TA
counts, and this is fully accounted for in the final uncertainty
of the fractions of TA.

Determination of the electron collection efficiency

The combined collection-detection efficiency, f., was determined
over the full energy range from single Auger decay measurements
on neon, argon, and krypton. The method used for determining
the collection efficiency is explained in detail in ref. 15. The
efficiency, which is fitted with a second order polynomial to the
data points, is close to 55% at low kinetic energies and goes up to
65% at around 300 eV, before dropping slowly down to about
39% at an electron energy of 780 eV. One of the main sources
of uncertainty for the percentage of the amount of Auger decay
originates from the uncertainty in the collection efficiency and
from the fit. When the collection efficiency is known it is possible
to subtract the amount of TA that is present in both the SA and DA
spectrum, as well as the amount of DA in the SA spectrum, which
has been taken into account for in the uncertainty.

By plotting the kinetic energies of the electrons against each
other in coincidence maps, we find that the energy sharing
between the first and second TA electrons is highly asymmetric,
as also occurs in DA decay.>**" Only in a negligible fraction of

This journal is © the Owner Societies 2019


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9cp01415b

Open Access Article. Published on 17 April 2019. Downloaded on 12/6/2025 1:12:43 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

PCCP

TA events do two of the electrons share their total kinetic energy
equally. This is in agreement with the theoretical work on direct
triple Auger decay in atoms by Liu et al.,>” who conclude that
the probability density for equal energy sharing between the
three Auger electrons is very small, while one fast and two
slower electrons are favoured. No clear asymmetric energy
sharing with the third electron and any of the other two
electrons can be seen in the coincidence maps, which may be
explained by the third electron mainly having a low (2-10 eV)
kinetic energy. Since a large part of the TA intensity is concen-
trated at the low and high ends of the energy distribution, the
common collection efficiency for the three electrons may be
approximated as the geometric mean of the electrons at high
respectively low energy in the distribution, just as in the case of
double Auger decay.'*"*

Results and discussion
Characteristics of the spectra

The triple Auger electron coincidence spectra (quadruple
ionization) for CO and CO, after C 1s and O 1s photoionization
can be seen in Fig. 1 and 2, respectively. In the figures the
ionization energy is plotted as the photon energy minus the sum
of the total kinetic energy of the four electrons emitted in the
photoionization and Auger processes. In these spectra the back-
ground has been subtracted and the relevant TA data were selected
as described above. From the figures it is possible to estimate the
onset for quadruple ionization after a C 1s core hole formation as
about 125 and 115 eV for CO and CO,, respectively. The onset for
quadruple ionization after the creation of a O 1s hole can be
estimated as about 105 and 95 eV for CO and CO,, respectively.
However with the limited experimental resolution and statistics,
the accuracy of these onset values is estimated as +5 eV.
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Fig. 1 Triple Auger electron coincidence spectra (quadruple ionization),
associated with the C 1s photoelectron line, for CO and CO, taken at a
photon energy of 311 eV. Accidental coincidences and background have
been subtracted from the spectra and incorporated in the 2o error bars.
The red and black arrows mark the estimated onset and lowest vertical
quadruple ionization energies, respectively.
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Fig. 2 Triple Auger electron coincidence spectra (quadruple ionization),
associated with the O 1s photoelectron line, for CO and CO, taken at a
photon energy of 565 eV. Accidental coincidences and background have
been subtracted from the spectra and incorporated in the 2o error bars.
The red and black arrows mark the estimated onset and lowest vertical
quadruple ionization energies, respectively.

The dissociation processes for CO and CO, following or
leading up to quadruple ionization after photoionization or
Auger decay have not been studied in detail, so the direct and
indirect electronic pathways are mostly unknown. Quadruply
ionized CO has two known fragmentation channels, namely
co'™ - C* + 0* and CO™ — C*" + 0","® 2% with the first
channel being much more intense than the second.”’ The
enthalpy of formation, in the electronic ground states, for the
C** + 0”" channel is about 95.5 eV and for the C** + O channel
it is about 108.3 eV.***® With a total kinetic energy release
(KER) of about 40 eV and 30 eV for the respective channels,'®>°
the vertical quadruple ionization energy to the progenitor states
of these dissociation pathways may be estimated as about
135 eV and 138 eV. The two dominant dissociation channels
for CO,*" are the CO,*" —» C*' +20"?* and the CO,*" — CO*" +
0" — 0" + C" + O*" fragmentation channel,” with the latter
channel being the only one showing evidence of two step
fragmentation. The enthalpy of formation, in the electronic
ground states, for the C*>* + 20" channel is about 79.5 eV and for
the O** + C* + O channel it is about 90.2 eV.*>** The total KER
for these channels was obtained by Wang et al,”' with the
lowest KER for the C** + 20" fragmentation being about 42.5 eV
and for the O*" + C* + O channel about 43 eV. This gives a
vertical quadruple ionization energy of about 122 eV and 133 eV
for formation of the respective progenitor states.

The energies for the estimated vertical transitions in CO and
CO, fit reasonably well to the shoulders rising from the onset of
the quadruple ionization energies in Fig. 1 after C 1s photo-
ionization, but after O 1s ionization the onsets for quadruple
ionization are significantly lower than the estimated vertical
energies. This suggests a significant participation by indirect
dissociative decay pathways, with lifetimes greater than a few
fs, in both CO and CO, when an O 1s vacancy initiates the triple
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Auger decay. The true fractions of indirect and direct pathways
in CO and CO, cannot be estimated from the exisiting data, so
this study focuses on the total quantity of triple Auger decay by
all pathways. Many of the intermediate states in the energy
region for direct triple Auger decay will be highly dissociative
and consequently give rise to broad overlapping bands. The
total triple Auger decay fraction is the prime quantity that has
to be taken into account when, for example, interpreting ion
yield data upon Auger decay, or in evaluating the true fraction
of double Auger decay in simple molecules.'*">

Proportions of triple to single Auger decay and their
interpretation

The percentage of triple Auger decay in comparison to single
Auger decay, TA/(TA + SA), is obtained from the apparent amount
of SA and TA, which have to be corrected for the relevant
collection efficiency. The correction factor for the ratio between
TA and SA is given by the expression fuor = fo™/( for f ea-f o5), where
SA is the collection efficiency for the SA electron and fﬁlf/ez/63 are
the collection efficiencies for the three electrons emitted in the TA
process. The expression for the correction factor can be simplified
to fo = f2M(FI?, where the common collection efficiency for the
TA electrons is estimated as the geometric mean of the three
Auger electrons, as explained above. The correction factors for CO
and CO, are 3.45 and 3.14 for C 1s and O 1s vacancies, respec-
tively. The real error bars in these correction factors are very hard
to estimate because of all the underlying factors specific to each
triple Auger event. However, the statistical uncertainty for the
factors can be estimated to about +10%. The percentage of triple
Auger decay derived for CO and CO, upon C 1s and O 1s
photoionization can be seen in Table 1.
In Table 1 the percentages of DA to SA decay after ionization
of 1s in Ne, 2p in Ar, C 1s in CO, O 1s in CO, C 1s in CO,, and O
1s in CO, are presented as a benchmark for comparison to
previously obtained values. The percentage of DA obtained after

Table 1 Percentage of double and triple Auger decay compared to the
amount of single Auger decay in CO and CO,. The corresponding
percentages for the cases of Ne 1s and Ar 2p ionization are also included

Sample DA [%] TA [%]
Ne 1s 5.7 £ 0.5 0.38 £ 0.05
0.3”
Ar 2p 9.7 £ 0.8 0.4 £ 0.12
0.35°
Carbon 1s
CO 109 £ 1.6 0.82 £+ 0.17
9.2° + 0.8
CO, 171 £ 24 1.44 £+ 0.30
14.3°+ 1.3
Oxygen 1s
CO 9.4 + 1.3 0.89 £+ 0.19
9.2° + 0.9
CO, 10.5 £ 1.5 1.00 £ 0.21
9.7 £ 0.9

“ values obtained from ref. 9. © Values obtained from ref. 10. ¢ Values
obtained from ref. 14.
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Ne 1s is in agreement with our previously obtained values of
5.3% and 5.7%,'*' and it is also in line with the value of about
6% that Kanngiesser et al.’ obtained for Ne*" relative to the 1s
photoionization of Ne. For the percentage of DA decay in Ar, the
value of 9.7% is within the error bars of our previously obtained
value of about 9%"> upon 2p photoionization, and is in agree-
ment with the values of 9.1% and 9.4% that Lablanquie et al.”
obtained from photoionization measurements involving the
2ps; ' and 2py, " core holes, respectively. Saito and Suzuki''
obtained about 10% from their electron/ion coincidence measure-
ments, which is also still in line with our value.

The values of 9.4% and 10.5% for the DA percentage in CO
and CO, after O 1s photoionization, respectively, are within the
error bars of our previously obtained values of 9.2% and
9.7%,"* respectively. The amount of DA decay in CO and CO,
obtained after C 1s photoionization are about 20% larger than
what might be expected from previous measurements."* The
amount of DA obtained in the present study will be less
accurate because of the relative large number of accidental
coincidences present in the data. Even though a majority of
these accidental events can be subtracted in the data analysis, it
still adds to the uncertainty of these values.

As a further benchmark, our value of 0.4% for TA decay in Ar
after 2p photoionization can be compared to the value 0.18%
obtained by Lablanquie et al.” The rather large difference in the
values may be understood by the fact that our value is obtained
from integrating TA coincidence counts over a larger energy
interval (140-170 eV) than shown in the figure over the triple
Auger decay presented in the work of Lablanquie et al.” Our
larger interval includes structure in between about 152 and
165 eV, which is not fully present in the ref. 7. If only the
structure in the interval between 140-155 €V is integrated we
obtain about 0.28 + 0.1% which is more in line with the
indicative value of 0.18 & 0.1% of Lablanquie et al.,” considering
their measurement was blind to Auger electrons with kinetic
energies in the 80-95 eV range. Furthermore, Saito and Suzuki'*
obtained 0.35% Ar"" from Auger decay after 2p ionization, which
is in very good agreement with our value to the precision of the
error bar.

Our value for the percentage of TA decay in Ar after the decay
of a 2p vacancy is also close to the yield of 0.38% triple Auger
decay in neon obtained by Kanngiesser et al.® after 1s ionization,
which may be expected because of the similar number of available
valence electrons for the Auger decay. Saito and Suzuki obtained a
slightly lower value of 0.3% for the percentage of TA in Ne after 1s
ionization. The percentage of TA decay in Ne is smaller than in Ar,
which may be expected because of the smaller amount of DA
decay in Ne compared to Ar (references 14, 15 and therein).

The percentages of triple to single Auger decay in CO and
CO, after C 1s ionization obtained in the present work are
0.82% and 1.44%, respectively, and after O 1s ionization the
percentages are 0.89% and 1.0%, respectively. Compared to the
percentage of DA in CO and CO, after the decay of a C 1s and O
1s vacancy decay, respectively, it seems that the amount of TA is
on the order 10" of the amount of DA decay. This gives the
general trend for CO and CO, where the ratios for SA: DA: TA

This journal is © the Owner Societies 2019
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are on the order of 1:107':1072, for both C 1s and O 1s
photoionization. The TA/(TA + SA) ratio increases when the
number of available valence electrons for the Auger process
increase, which is reminiscent of our related finding in the case
of DA decay.'*"®

Miiller et al.'® found ratios of single- to double- to triple-
Auger decay rates in the order of 1:107>: 10 * in atomic carbon
after the creation of a 1s core vacancy, which was later sup-
ported theoretically by Zhou et al.>® It may not be surprising
that they observe a very low fraction of triple Auger decay in the
case of C atoms, as this is the smallest system where the
production of triple Auger decay after a K-shell vacancy is
possible. The numbers of decay pathways will be very limited
in such a system, as the final state will always have the 1s
electron configuration. The percentage of TA decay in atomic
carbon after 1s ionization is about 0.0129%, with an uncertainty
of about 50% for the amount of triple Auger decay.

To visualize better and to qualitatively understand the result
of this study, and to compare it more easily to previous TA
decay studies on atoms, the percentage of triple Auger decay
given in Table 1 and the literature values for C and Ne (from
ref. 9 and 16) are plotted in Fig. 3 versus the number of nearest
neighbouring valence electrons available for the Auger process.
The reason for plotting the proportion of TA decay in this way is
based on a simple model supported by Fermis’s golden rule,
and is explained in more detail in our previous works on the
relative amount of DA decay in molecules."" In molecules the
nearest neighbouring valence electrons are all the valence
electrons on neighbouring atoms within a range of less than
2 A from the atom with the initial core hole. This distance is
arbitrarily chosen to be less than 2 A because this is about the
0O-O distance where the contribution from the inter-atomic
transitions in the Auger process may be neglected according
to the theoretical investigation by Wormeester et al>*> This
simplistic treatment of the percentage of the TA decay will,

TA = 0.13-Ny - 0.5

o === . -

2 5 8 11 14 17
Nve
Fig. 3 Percentage of triple Auger decay as a function of the closest
neighbouring valence electrons. The linear fit (black dashed line) marks
the trend for the percentage of TA decay, with a 90% confidence interval
(grey dashed lines).
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of course, not include all of the decay pathways and will therefore
only be indicative for the general trend for the TA decay.

In Fig. 3 a linear trend for the amount of TA decay can
be discerned similarly to what was previously seen for the
percentage of DA decay in a large numbers of relatively simple
molecules.'® The linear trend obtained in Fig. 3 is of the form
TA = 0.13-Ny. — 0.5, and may be used to get an indicative value
for the percentage of TA decay in other atoms and molecules.
The value of zero percentage TA decay at 3.8 nearest neighbouring
valence electrons seems to fit well with the fact that the carbon
atom has 4 electrons available for the Auger process which is the
smallest system able to produce TA decay. Even though the linear
trend fits well to the data points in Fig. 3, it should be noted that
the amount of data on triple Auger decay is still very limited and
more measurements are needed to further explore this trend and
to assess to what degree atoms and molecules follow the same
linear trend.

At the present time, theoretical investigations on TA decay
are limited to one study by Liu et al,”” which is based on
calculations with many-body Green’s functions for triple Auger
decay in the C atom after 1s ionization. They predict that the
dominating mechanism for direct triple Auger decay is double
knock-out (KO), which is more than one order of magnitude
larger than knock-out plus shake-off (SO) or SO + KO, and more
than two magnitudes larger than double SO. Sophisticated
theoretical TA decay studies on molecules similar to the inves-
tigation of DA decay in atoms by Amusia et al.”> will most likely
be highly complex; a major problem stems from the need to
represent multiple electrons in the continuum and possibly
dissociation processes. However, a better understanding of the
triple Auger process may help to understand and interpret
complex deexcitation mechanisms following highly excited
atoms initiated by intense FEL pulses. For small systems such
as the carbon atom, the amount of TA decay may be insignificant,
but according to the linear trend seen in Fig. 3 the percentage of
TA decay could be expected to be on the order of a few percent for
larger atoms and molecules. If the trend for TA decay follows the
linear trend up above 50 valence electrons, similar to what we
could see in our previous studies for the percentage of DA
decay,"*"® the percentage of TA would surpass 6%. Therefore it
would be highly interesting to have additional experimental and
quantum chemical investigations on a larger number of systems
and for more complex atoms and molecules.

Conclusions

We have investigated the abundance of triple Auger decay
in molecules by means of a highly efficient multi-electron
coincidence spectroscopy technique based on a magnetic bottle
spectrometer. The relative proportion of triple to single Auger
decay in CO and CO, after C 1s and O 1s photoionization was
obtained from experimental quadruple and double ionization
spectra, which were carefully corrected in respect to the electron
detection and collection efficiency. The measurements show that
the triple Auger decay amount to about 0.82% and 1.44% upon
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the creation of a C 1s vacancy in CO and CO,, respectively, and
upon the creation of a O 1s vacancy about 0.89% and 1.0% TA
decay was obtained for CO and CO,, respectively. These values
were compared to previously obtained values for the percentage of
triple Auger decay in the carbon atom and some noble gas atoms,
where it was found that the percentage of triple Auger decay
seems to follow a linear trend correlated to the number of valence
electrons available for the Auger process. Interestingly, the noble
gas atoms, and the CO and CO, molecules seem to follow the
same linear trend, based on which one can expect that for systems
with a larger number of valence electrons the percentage of triple
Auger decay may become significant, up to several percent of the
amount of single Auger decay. There is surely a compelling case
for further investigation of this subject with additional experi-
ments and quantum chemical calculations.
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