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Auger decay of 4d inner-shell holes in atomic Hg leading to triple ionization
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Formation of triply ionized states upon the creation of 4d inner-shell holes in atomic Hg is investigated
by using synchrotron radiation of 730 eV photon energy and a versatile multielectron coincidence detection
technique in combination with multiconfiguration Dirac-Fock calculations. By carefully selecting Coster-Kronig
electrons detected only in coincidence with a 4d photoelectron, the Coster-Kronig spectrum has been extracted
and the corresponding branching ratios of the 4d hole have been determined. The results are found to differ
from previously established experimental ratios based on electron impact ionization but to agree now better with
theory. We also present an Auger cascade analysis of pathways leading to triply ionized states of atomic Hg upon
removal of a 4d inner-shell electron.
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I. INTRODUCTION

Multielectron coincidence spectroscopy is an important
method for studying electron correlations in atomic and molec-
ular systems. To fully understand the nature of inner-shell hole
induced Auger cascades, it is important to obtain information
on all electrons emitted in the decay process. Kinetic-energy
resolved coincident detection of several electrons can give
information on the relations between all the different decay
pathways in multiple ionization events. Such events typically
involve emission of Auger electrons whose energies and
intensities carry vital information on the decay pathways. From
these pathways, the final charge state ratios can be estimated
and the relaxation of the electron density that eventually
cause molecular fragmentation and Coulomb explosions can
be explained in detail [1–3].

Electron rearrangement is expected whenever an inner-shell
vacancy is created. Depending on the shell structure of the
electron hole state, single or multiple Auger decays leading
to multiply charged states can be expected. To probe the
electron correlations involved in Auger cascades, one must
generally detect Auger electrons over a comparatively large
kinetic-energy range at the same time. This is often a limiting
factor for conventional electron spectroscopy techniques.
However, the magnetic bottle technique [4] is highly efficient
for coincidence studies as it collects essentially all electrons
emitted in a solid angle of 4π and over a wide range of
kinetic energies. The high collection efficiency of a magnetic
bottle in combination with the high flux and energy resolution
offered by synchrotron radiation sources makes a perfect
match for studying Auger cascades following the creation
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of an inner-shell hole. Several examples of double and
triple ionization studies of rare gas atoms using a magnetic
bottle spectrometer have already been published [2,5–8].
These studies demonstrate the wealth of information that can
be obtained from this kind of experiment. However, apart from
some studies on, for instance, double and triple ionization of
Cd [9,10] and studies on Auger decay pathways leading to
multiply charged states in Hg [11–14] upon the formation of
shallow inner-shell vacancies, the extent of studies on multiple
ionization of metal atoms based on coincidence techniques is
still very limited.

In this work, we present results on Auger cascades in metal
atoms induced by inner-shell hole formation. In particular, we
investigate triple ionization of atomic Hg upon creation of a
4d hole by using a magnetic bottle spectrometer and soft x-ray
synchrotron radiation of primarily 730 eV photon energy. By
carefully selecting Auger electrons detected in coincidence
with a 4d photoelectron, candidate pathways for the main
Auger channels leading to the experimentally observed Hg3+

final states are identified with the aid of multiconfiguration
Dirac-Fock (MCDF) calculations. Furthermore, it has been
shown that the decay of the 4d hole states is significantly
influenced by the 4d−1 → 4f −1(nl)−1 Coster-Kronig (CK)
process [15]. The CK process corresponds to an Auger process
where the hole state is filled by an electron from a higher
subshell with the same principal quantum number. These
decay processes occur on very short time scales, sometimes
causing large broadening (∼25 eV; for comparison 1 eV
corresponds to ∼600 attoseconds) in the electron spectra
[16]. As part of the Auger cascade analysis, we present a
study of the 4d−1 Coster-Kronig (CK) process in Hg based
on photoelectron-Auger electron coincidence measurements.
This allows us to estimate the relative group intensities of
the 4d−1 → 4f −15d−1, 4d−1 → 4f −15p−1, and 4d−1 →
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FIG. 1. Energy-level diagram of atomic Hg for different charge
states. The arrows indicate possible transitions leading to the first
three charge states. The level regions of Hg3+ are labeled based on
spectral structures studied in subsequent figures.

4f −2 CK transitions, schematically illustrated in Fig. 1,
from coincidental detections of two, three, four, and five
electrons associated with a single ionization event using
primarily the photon energy of 730 eV, and 840 and 950 eV
photons for cross-check purposes. These results are discussed
and compared with previous theoretical and experimental
results [15].

II. EXPERIMENT

The experiments were carried out at beamline U49/2-PGM-
2 of the BESSY-II storage ring in Berlin, Germany. The storage
ring was operated in single bunch mode at approximately
1.25 MHz repetition rate. To minimize the risk of detecting
slow and fast electrons originating from different light pulses,
the repetition rate was reduced further to about 78 kHz by
a synchronized mechanical chopper [17]. This corresponds
to a detection window for electron flight times up to about
12 μs, which is sufficiently long for extracting even the
slowest electrons. To minimize the risk of several ionization
events per light pulse, the radiation flux was adjusted to
yield an electron count rate that implies a probability of
an ionization event of less than ∼1% per light pulse. This
makes single and multiple ionization events caused by a single
photon distinguishable. In particular, it allows the selection
of individual electrons involved in the formation of specific
charge states and their correlations with other electron kinetic
energies. Liquid Hg was evaporated using a thermostatically
controlled oven similar to the device used in Ref. [18], heated
to about 60 ◦C.

The magnetic bottle spectrometer [4] collects essentially all
electrons emitted from an ionization event in the interaction
volume by using a divergent magnetic field created by
a ∼1 T strong permanent neodymium iron magnet. The
divergent shape of this strong magnetic field is shaped by a
soft iron conical pole piece to guide the electrons towards
the about 2-m-long flight tube which is surrounded by a

solenoid. The solenoid current of typically 1.5 A produces
a weak, axial, homogeneous magnetic field that couples
to the strong field, producing in this way the “bottleneck”
shape of this spectrometer type. Inside the flight tube, the
axial field guides the electrons on spiral trajectory towards a
microchannel plate (MCP) detector located at the other end
of the tube. The total collection-detection efficiency is about
50%–60% and is mainly limited by the detection efficiency of
the MCP.

III. DATA ANALYSIS

The energies of the 4d hole states lie high up in the Hg+

continuum, and are thus expected to decay efficiently into
higher charge states by Auger decay (cf. Fig. 1). Our data show
decays to Hg3+, Hg4+, and Hg5+. A direct consequence of
the 50%–60% collection-detection efficiency is that data sets
of k-coincidentally recorded electrons can include electrons
from ionization events producing higher charge states than
Hgk+. We call these “false” coincidences. Specifically, in the
case of triple events these false coincidences may originate
from ionization events releasing more than three electrons, but
where only three were recorded. This can cause false patterns
and confuse, for instance, the triple ionization spectrum. The
influence of false coincidences from the production of n-fold
ionized states in the data sets of k-coincidentally detected
electrons relates to the binomial distribution

B(n,k,fe) =
∑
n>k

(
n

k

)
f k

e (1 − fe)n−k, (1)

where fe is the collection-detection efficiency, i.e., the prob-
ability of recording one electron. From tabulations of the
ionization thresholds in Hg [19], the binding energy of a 4d

hole in Hg+ is less than the energy required to produce charge
states higher than Hg7+. Furthermore, a rough theoretical
estimate of the charge-state production from the decay of a
4d hole suggests that about 1.1% leads to Hg2+, 22% to Hg3+,
55% to Hg4+, and 22% to Hgn+, where 5 � n � 7. According
to Eq. (1), the probability to detect a quadruple decay as a
false triple decay is B(4,3,fe) ≈ 0.25–0.35. If we consider
only the contribution of false triples from the charge-state
production of Hg4+, we expect about 16%–20% of the detected
events in the triples data to belong to triply ionized states
that do not decay further by Auger electron emission. False
coincidences from events leading to higher charged states than
Hg4+ are neglected due to our incomplete knowledge on the ion
yields.

Many of the Auger pathways leading to Hg4+ are expected
to go stepwise via the different charge states and thus also
via Hg3+. If the three recorded hits are the electrons emitted
during the first three steps of the ionization process, the
event should be interpreted as either the formation of a
stable state in Hg3+ or as a snapshot of the cascade at the
charge stage Hg3+ but where the system later relaxes further
by either radiative transitions or Auger decay. Such false
coincidences may cause intensity discrepancies between the
calculated and experimental spectra. In contrast, if one (or
more) of the three detected electrons comes from the fourth
(or later) step in the ionization process, the event may cause
false additional structures in the triples data when higher
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charge states are energetically accessible. Effects from both
of these mentioned scenarios are important to keep in mind for
the results presented below.

IV. THEORY

We carried out calculations of the charge-state production,
the population of the final states, and the electron spectra in
order to provide guidance for interpreting the experimental
data. Our computations assume sequential Auger decay of
the inner-shell holes that are created by direct ionization of
the 4d shells. This model is very similar to the one previously
employed in Ref. [10]. Due to the large number of intermediate
states we are unable to provide a thorough analysis of possible
shake-up transitions as was done in Ref. [10].

We employ the MCDF method [20] to generate approximate
wave functions and to compute the corresponding energy spec-
trum that is needed for our analysis. The wave function � for a
fine-structure level with parity P and total angular momentum
J is represented as a superposition of N configuration state
functions � (CSFs),

�(γ,P,J ) =
N∑

i=1

ci(γ )�(γi,P,J ), (2)

of the same P and J . The CSFs are jj -coupled superpositions
of Slater determinants, which are uniquely specified by
P , J , and a set of additional quantum numbers γi . The
single-electron orbitals are variationally determined with a
self-consistent procedure based on the Dirac-Coulomb Hamil-
tonian as implemented in the GRASP2K package [21]. The
expansion coefficients ci(γ ) are computed by the configuration
interaction method [22] that solves the eigenvalue problem
Hc = Ec, where c is the vector of the expansion coefficients
and H is the Hamiltonian.

Once the wave functions are obtained for all three charge
states under consideration, we utilize the RATIP package [23]
to compute the photoionization cross sections and Auger
transition rates. For the photoionization of neutral Hg, the
PHOTO component of RATIP is utilized to compute the cross
section σij for ionizing the ground level i of neutral Hg to a hole
state j in Hg+, that is subsequently used to compute the relative
population Pij of Hg+. In the next step, the Auger decay
rates �j→k of these autoionizing states to the fine-structure
levels k of Hg2+ are computed for all energetically allowed
transitions using the AUGER component of RATIP. These rates
are again combined to obtain the branching ratio of a decay
from fine-structure level j in Hg+ to level k in Hg2+ as
given by Pjk = �j→k/

∑
n �j→n. Similarly, the branching

ratios Pkl for the second Auger decay from Hg2+ to Hg3+

are computed. These branching ratios are found to be less
sensitive to uncertainties due to neglected electron correlation
contributions than the absolute transition rates.

In the next step, these decay probabilities are combined
to the total probability of a specific decay path that consists
of the photoionization followed by two sequential Auger
decays, as PijPjkPkl . These transition probabilities include, in
principle, all information about the occurring decay processes.
However, the wealth of information is too sophisticated for a
detailed comparison with experimental data, such that further

processing of the computed data is necessary. In this model,
we also neglect direct double Auger processes that are a
higher-order process and thus weak, as well as radiative losses
due to fluorescence.

The energy spectrum of the emitted Auger electrons can
be obtained when the analysis is restricted to one or a range
of final levels l. The resulting set of possible decay paths
from the neutral initial state i to the triply charged final
state l and their corresponding probabilities allows one to
compute electron spectra from known transition energies. In
order to account for experimental and lifetime broadenings,
the computed spectra are convoluted with a Voigt profile. The
Gaussian broadening σ is chosen to resemble the experimental
resolution and the Lorentzian broadening γ is set by the
computed Auger transition rates. In the latter case, γ is
given by the sum of the total decay width of the initial
and final level γ = �i + �f . For the electron spectra that
arise in the formation of the low-lying final states of Hg3+

this yields very good agreement with the measured spectra,
while for the higher-lying final states (above the ionization
threshold for Hg4+) the agreement is rather qualitative. In this
region, we often observe large uncertainties in the computed
energies. This could affect the computed transition rates if
the calculated pathways include some energetically forbidden
decays or, conversely, exclude some decays that are actually
allowed.

When the probabilities are summed over all intermediate
states j and k, one obtains the relative population of a final state
l as Pl = ∑

j,k PijPjkPkl . A final-state spectrum (see, e.g.,
Fig. 4 below) is obtained by repeating this for all fine-structure
levels of Hg3+. When these population probabilities are again
summed over all fine-structure levels of one charge state that lie
below the ionization threshold of the next higher charge state,
an estimate for the charge-state production can be obtained, for
example, for Hg3+ as Br(Hg3+) = ∑

l Pl = ∑
j,k,l PijPjkPkl .

For the wave functions generated in this work, we included
all electron configurations into the expansion (2) that arise in
the two-electron Auger decay of the 4d hole configuration.
In addition, the higher-lying holes 5s−1, 4f −1, 5p−1, 5d−1,
and 6s−1 were included into the first ionization stage as they
have been found to influence the CK branching ratios in the
first Auger decay by configuration interaction. Therefore, our
wave functions are superpositions of 1 CSF for the ground
state of Hg, 10 CSFs for Hg+, 99 CSFs for Hg2+, and
578 CSFs for Hg3+. These expansions of the wave function
give rise to a total of ∼306 and ∼15 100 transitions for the
first and second Auger step, respectively. The next higher
charge state Hg4+ would involve a total of about 2900 CSFs
(fine-structure levels), giving rise to another ∼160 000 Auger
transitions. These numbers increase even further for the
Auger decay to Hg5+ making the computations of these
high charge states extremely demanding. Furthermore, the
number of intermediate configurations would exponentially
grow when shake-up transitions are included, which is the
primary reason why they are mostly omitted in the present
work. That is, only transitions between already occupied
configurations are considered, but not additional valence
shake-up states of the form 6s → 7s and 6s → 6p as
in Ref. [10].
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FIG. 2. Coster-Kronig spectrum associated with the decay of the
4d−1 states in atomic Hg. Three regions representing the decay into
mainly three different double hole configurations are marked. The
leftmost region shows predominantly decays to 4f −2, the middle
region to 4f −15p−1, and the rightmost region to 4f −15d−1.

V. RESULTS

A. Coster-Kronig decay of 4d hole states

According to previous studies of free Hg atoms [15], the
4d holes are expected to decay mainly by CK transitions
of the type 4d−1 → 4f −2, 4d−1 → 4f −15p−1, and 4d−1 →
4f −15d−1, as illustrated in Fig. 1. An experimental CK
spectrum obtained at the photon energy of 730 eV is presented
in Fig. 2. The three main groups of CK transitions are
labeled in this figure accordingly. To minimize the risk of
including shake-up transitions in the analysis, the coincidences
were limited to include only electrons that were measured in
coincidence with a 4d photoelectron falling within one FWHM
of a pseudo-Voigt profile fitted to the 4d photoelectron lines.
The general structure of the CK spectrum resembles those
previously measured by Aksela et al. [15] on free Hg atoms
as well as measurements by Matthew et al. [24] on the three
adjacent elements Ir, Pt, and Au in condensed form. These
studies have shown interesting discrepancies as compared
with predicted relative intensities between the CK groups. The
relative intensities derived experimentally by Aksela et al.
suggested the 4f −15d−1 group intensity to be stronger than
that of the 4f −2 group by about 14%–40%, while the results
of Matthew et al. showed an opposite relationship with the
4f −2 group being 50% stronger than the 4f −15d−1 group.

This contradiction between the measured and theoretical
ratios motivated us to estimate the ratios once more but with
a different method. To minimize effects due to differences in
photon energies and potential overlap of photoelectron and
Auger electron lines from, e.g., 4p−1 → (nl)−1(n′l′)−1 transi-
tions, we based our estimates on measurements done at three
different photon energies, specifically 730, 840, and 950 eV.
After selecting coincidence events as explained above, the data
were examined in the form of two-dimensional histograms,
henceforth referred to as coincidence maps. Figure 3 shows
a coincidence map obtained at the photon energy of 730 eV.
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FIG. 3. Coincidence map reflecting the correlations of 4d pho-
toelectrons (horizontal axis) and Coster-Kronig electrons (vertical
axis). To highlight features in the map, a Gaussian smoothing filter
has been applied to each bin of the two-dimensional histogram.
Intensity projections of the coincidence map onto the horizontal and
vertical axis show the photoelectron spectrum and the Coster-Kronig
spectrum, respectively.

This map represents the distribution of correlations between
the kinetic energies of a 4d photoelectron (x axis) and a CK
electron (y axis), with a linear color scale representing the
relative counts of coincidence events. To estimate the relative
intensity of the CK transitions, the intensities of the relevant
islands in the map were integrated for each photon energy. The
same procedure was performed for all the data sets of double,
triple, quadruple, and quintuple events to reduce the risk of an
integration bias caused by the 50%–60% collection-detection
efficiency. Table I lists the intensity ratios based on all photon
energies together with one standard deviation.

The results are substantially different from those of
Aksela et al. [15] but agree better with the ratios of related
transitions in Ir, Pt, and Au measured by Matthew et al.
[24]. As already pointed out in Ref. [15], their discrepancy
from the results of Matthew et al. could be attributed to a
complicated background subtraction method and a varying
collection efficiency of their spectrometer over the region of
the CK electron kinetic energies. Another possible source
of discrepancy could be related to the use of comparatively
high electron impact energies (∼3 keV). Ionization of deeper
shells could lead to a biased population of the 4d hole

TABLE I. Intensity ratios of the 4d−1 CK groups presented
as averages with one standard deviation based on three data sets
obtained at the photon energies 730, 840, and 950 eV. Estimates on
the theoretical uncertainty are based on the deviation between the
different models.

Charge state Expt. (%) Theory (%) Transition

Hg+ 29.17 ± 0.96 30 ± 6 4d−1 → 4f −15d−1

17.75 ± 0.51 26 ± 6 4d−1 → 4f −15p−1

53.08 ± 1.11

{
32 ± 6
12 ± 3

4d−1 → 4f −2

4d−1 → 4f −15s−1
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states from decays of, for instance, 4p hole states by x-ray
fluorescence. Such bias is not present in our data as we
limit our data analysis to include only electrons which were
measured in coincidence with an identified 4d photoelectron.
As our 4d photoelectron coincidence measurements enable
us to expand the data into two dimensions, the possibility
of including background and population from deeper holes
is significantly reduced. A previous work based on data
recorded during the same experimental run time using the
same experimental setup have also shown that the collection
efficiency of our coincidence spectrometer does not vary
significantly over the CK electron kinetic-energy region [25].
The experimental 4d−1 → 4f −15d−1 group intensity agrees
well with the calculations, while 4d−1 → 4f −15p−1 and
4d−1 → 4f −2 deviate more. According to our calculations,
the 4f −15p−1 group is by far the most short lived of the three
groups. This can be understood in terms of the spatial extent
of the radial wave functions. Neither a 4f or a 5d hole can be
filled by an electron from within the same n shell. However,
a 5p hole can be filled by a 5d electron, leaving the 4f hole
as a spectator in a rapid 4f −15p−1 → 4f −15d−2 decay. The
large broadening from this decay is expected to cause overlap
with the 4f −2 group, leading to uncertain relative intensities
between these two CK groups. In addition, the 4f −15s−1 group
is expected to overlap strongly with the 4f −2 group and should
according to our calculations account for approximately 1/3
of the integrated intensity over the 4f −2 region. However, the
theoretical branching ratios depend heavily on the details of
the wave functions, which leads to rather large fluctuations in
the relative intensity of the CK groups. Nevertheless, the ∼1/3
ratio between the 4f −15s−1 group and the 4f −2 group remain
relatively stable.

B. Formation of Hg3+ states

The two-hole states formed upon decay of the 4d holes
still reside rather high up in the Hg2+ continuum and are
thus expected to decay further by Auger electron emission. To
study the decay of the two-hole states leading to Hg3+, we
formed a final-state histogram of the kinetic energies of three
electrons detected in coincidence, selecting again on the 4d

photoelectrons. This histogram, displayed in Fig. 4, represents
a final-state spectrum based on triple coincidence counts per
triple ionization potential (TIP). Here,

TIP = hν − (ε1 + ε2 + ε3), (3)

where εi are the kinetic energies of the three electrons, and
hv the photon energy, which was 730 eV. The spectrum shows
the relative population of the final states in Hg3+ upon decay
of a 4d hole state. The Hg3+ ground state is expected to be
located at TIP = 63.65 eV and the ground state of Hg4+ at
112.20 eV [19] above the ground state of neutral Hg. The
spectrum in Fig. 4 shows five main features where only the
first feature is energetically forbidden to decay into higher
charge states. The experimental peak positions and assigned
configurations are given in Table II. The positions of each
feature were estimated by least-square fits of pseudo-Voigt
profiles to the data by assuming a linear background. For
comparison, a theoretical spectrum generated by simulating
the two-step Auger cascades based on MCDF theory has
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FIG. 4. Experimental spectrum of Hg3+ produced by ionization
of 4d electrons using 730 eV photons and subsequent emission of
two Auger electrons. The red dashed curve represents a theoretical
final-state spectrum based on MCDF calculations of Auger cascades
leading to Hg3+.

been superimposed. The theoretical final-state spectrum was
broadened with Gaussians of 1 eV width and the intensities
were normalized to match peak A in the experimental
spectrum. The candidate configurations for the five main
features found with aid of these calculations are presented
in Table II. It should be noted, however, that the labeled
configurations are not the only configurations available at these
energies. Auger pathways leading to different configurations
at these energies are allowed but they are not significantly
populated according to our calculations. Approximately 90%
of the intensity of peak A is expected to be from transitions
to the 5d−3 states. The lack of observable pathways leading
to final-state configurations based on 6s holes, such as the
5d−16s−2 ground-state configuration of Hg3+, is thought to be
related to small orbital overlaps and low statistical weight for
4f −1 → 6s−1 transitions compared to, e.g., the 4f −1 → 5d−1

transitions.
As can be seen in Fig. 4, the theoretical spectrum agrees

well with peaks A, B, C, and E, while it apparently does not
populate states located at the position of peak D. The energies
of these highly excited states are uncertain, which explains
the shift in the position of peak E. Tests with differently
optimized wave functions show that the population of peak
B is very model dependent, while A, D, and E show more
consistent results. This could be due to the large contribution
of low-energy transitions that cannot be computed accurately
due to a lack of precise spectral information. According to
the calculated energy states, peak D could be associated with
either the configuration 5s−15d−2 or 5p−25d−1 or with both
of them. To investigate further how these states are possibly
populated, we expanded the triple ionization spectrum into
a two-dimensional coincidence map displayed in Fig. 5. In
this figure, the horizontal axis shows the triple ionization
spectrum, and the vertical axis shows the kinetic energies of
the (two) Auger electrons measured in coincidence with a 4d

photoelectron, which are involved in the formation of each final
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TABLE II. Auger cascade pathways of the 4d hole states leading
to triply ionized states in atomic Hg. The pathways were identified
by comparison of the experimental data to the MCDF calculations.
The labels in column 2 refer to the notations used in Figs. 6 and 7 and
the positions in column 5 to the final-state peaks in Fig. 4. Column
4 presents within parentheses calculated relative intensities for some
of the lines.

Peak Label Initial config. Final config. Position (eV)

A 1 5p−1
3/25d−1

2 5p−1
1/25d−1

3 4f −15d−1 90.7
4f −1 6s−1

4 4f −15d−1

5d−3

5d−3

5d−3 (94%)
5d−26s−1 (6%)
5d−26s−1

⎫⎪⎪⎪⎪⎬
⎪⎪⎪⎪⎭

5 4d−1
5/2 4f −15d−1

6 4d−1
3/2 4f −15d−1 (85%)

4d−1
5/2 4f −16s−1 (8%)

4d−1
5/2 5p−15d−1 (7%)

7 4d−1 5p−15d−1 (80%)
4d−1

3/2 4f −16s−1 (20%)
8 4d−1

3/2 5p−15d−1

B 1 4f −15d−1

2 4f −15d−1
5p−15d−2

5p−15d−16s−1

}
138.2

3 4d−1
5/2 5s−15d−1

4 4d−1
5/2 4f −15d−1

5 4d−1
3/2 4f −15d−1

C 1 4f −15p−1
3/2

2 4f −15p−1
1/2 186.7

3 4f −2

4f −15d−2

4f −15d−2

4f −15d−2

⎫⎬
⎭

4 4d−1 4f −2

5 4d−1 4f −15p−1

D 1 5s−15p−1

2 4f −2

4f −2

5s−15d−2

5s−15d−2

5p−25d−1

⎫⎬
⎭ 210.5

3 4d−1 4f −15s−1

4d−1 4f −2

4 4d−1 4f −2

4d−1 5s−15p−1

5 4d−1 5s−15p−1

E 1 4f −15s−1

4f −2

4f −15p−15d−1 (43%)
4f −15p−16s−1 (15%)
4f −15p−15d−1 (36%)
4f −15p−16s−1 (6%)

⎫⎪⎪⎬
⎪⎪⎭

245.0

2 4d−1
5/2 4f −2 (63%)

4d−1
5/2 4f −15s−1 (37%)

3 4d−1
3/2 4f −2 (51%)

4d−1
3/2 4f −15s−1 (49%)

state. As seen in Fig. 5, only the peaks A and B in the triple
ionization spectrum can be associated with the decay of the
4f −15d−1 states, which is in line with theoretical calculations.
The formation of peak C seems to be associated with the
decay of states associated with two intermediate double hole
configurations, namely 4f −15p−1 and 4f −2. Peaks D and E
are both associated with structures at energies similar to the
4f −2 states. The identified candidate pathways leading to the
five final states are also given in Table II.
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FIG. 5. Map of single Auger electrons (vertical axis) measured
in coincidence with selected 4d photoelectrons and presented with
the corresponding triple ionization final states (horizontal axis). A
Gaussian smoothing filter has been applied to each bin of the two-
dimensional histogram to highlight features present in that map.

C. Final-state peaks A and B

By selecting the electrons involved in the formation of
the two lowest final state peaks A and B in Fig. 4, two
corresponding single electron spectra based on the two Auger
electrons emitted in the decay of the 4d hole states was
extracted. These two experimental spectra are presented in
Fig. 6 together with our simulated spectra. The peak labels are
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FIG. 6. Comparison of experimental and theoretical single-
electron spectra associated with the two Auger electron kinetic-energy
ranges producing peaks A and B in Fig. 4. The solid black curves
display the experimental kinetic energies detected in coincidence with
both a 4d photoelectron and a triple ionization energy corresponding
to peaks A and B in Fig. 4, respectively. The red, dashed curves
denote the simulated spectra with arbitrarily normalized intensities
and a broadening using a Voigt profile based on the corresponding
lifetime width and experimental resolution. The labeled peaks refer
to the calculated positions of the transitions presented in Table II.
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FIG. 7. Same as Fig. 6 but for the formation of peaks C, D, and
E in Fig. 4. The solid black curves display the experimental kinetic
energies detected in coincidence with a 4d photoelectron and which
comply with the triple ionization energies of peaks C, D, and peak
E, respectively. The red, dashed curves correspond to the simulated
spectra with similar normalization and broadening procedure as in
Fig. 6. The labeled peaks refer to the calculated positions of the
transitions presented in Table II.

based on the calculated spectra and summarized in Table II.
The calculated line intensities were broadened with a Voigt
profile, defined by a Lorentzian width set by the calculated
transition rates and a Gaussian width set by the experimental
energy resolution, which follows approximately 
ε ∼ ε/50.
Generally, the theoretical results seem to agree fairly well with
the experimental kinetic energies in the two single-electron
spectra, but the experimental spectrum of single electrons
involved in the formation of final-state peak B shows a
structure at about 40–50 eV, which is not reproduced in the
theoretical spectrum. This feature could be an artifact that is
caused by overlapping electrons involved in the formation of
final-state peak A (see Fig. 5).

The agreement between the experimental and theoretical
spectra in Fig. 6 and of peaks A and B in Fig. 4 suggests
that the possible contribution of false coincidences from
events producing higher charge states is still negligible. This
conclusion is further supported by a brief analysis of the
experimental quadruple data where the counts in the 4d−1 →
4f −15d−1 CK group are significantly fewer compared to the
counts in the 4d−1 → 4f −2 group.

D. Final-state peaks C, D, and E

The Auger cascades that lead to the peaks C, D, and E
all involve the decay of the 4f −2 states. In addition, the
decay of the 4f −15p−1 states also contribute to peak C,
but less prominently. Figure 7 presents the single-electron
spectra associated with each of the three final-state peaks.
The agreement with theory is seemingly worse than for those
of final-state peaks A and B. The primary reason for this
relates to the uncertainty in the computed energy levels which
is considerable for these highly excited states. The 4f −2 group
is shifted toward lower energies, which leads to higher energies

for the correlated transitions labeled as 3 in the formation
of peak C in Fig. 7. A possible consequence of the shift in
the computed energies is that the strong transitions leading
to final-state peak D could become energetically forbidden.
Specialized computations optimizing the highly excited part
of the energy spectrum could circumvent this problem, but this
will inevitably degrade the spectra associated with final-state
peaks A and B.

Furthermore, it is clear from the quadruple coincidence data
that a significant portion of the 4f −2 states decays further to
at least Hg4+. Therefore, the states associated with the peaks
C, D, and E decay likely by further Auger electron emission.
However, if a large portion of the 4f −2 states is expected to
lead to Hg4+, it is likely that a false final-state peak appears in
the triple ionization spectrum consisting of the combination
of a 4d photoelectron, a 4d−1 → 4f −2 CK electron, and
the last of the remaining two Auger electrons. This could
also explain why peak D appears in the experimental triple
ionization spectrum but is completely absent in our theoretical
spectrum.

VI. CONCLUSIONS

Triple ionization electron coincidence data of atomic Hg
upon decay of 4d inner-shell holes have been obtained using a
magnetic bottle spectrometer and synchrotron radiation at the
photon energies 730 eV, 840 eV, and 950 eV. Auger cascades of
the 4d hole states were traced by the use of correlation analysis
of electron kinetic energies measured in coincidence and
with support of multiconfiguration Dirac-Fock calculations.
Branching ratios of the 4d−1 Coster-Kronig decay groups were
obtained and compared to previous theoretical and experimen-
tal works, where we find our results to be in much better
agreement with theory. The coincidence detection technique
applied in the present work removes possible population bias
of the 4d holes and significantly reduces integrated background
noise that could have possibly plagued previous conventional
spectroscopic data. The second step of the Auger cascade has
been interpreted by comparison to calculated Auger cascades
resulting in the identification of several candidate pathways.
The results presented here are expected to be of considerable
interest for future studies on, for instance, Coulomb explosion
of Hg-containing molecular systems or clusters.
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