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Photoionization and subsequent Auger decay of a K 2s vacancy
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The photoionization and subsequent Auger decay of the 2s subshell in vapor phase potassium are investigated
using multielectron coincidence spectroscopy with synchrotron radiation. This method, capable of detecting
multiple particles simultaneously, enables a comprehensive description of all cascade decay paths of the K
2s vacancy. It establishes, at each step of the 2s cascade decay, whether the outer 4s electron is a spectator
or participates in the decay. The study determines the populations of the cascade final state and the different
ionization rates. Experimental findings are compared with theoretical predictions derived from the multiconfig-
uration Dirac-Fock approach and previous observations of cascade processes in argon, emphasizing differences
attributed to the presence of an additional 4s electron. The research contributes to our understanding of the

electronic structure of potassium and quantum mechanical transition processes.
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I. INTRODUCTION

Electron spectroscopy is a well-established method for
studies of electronic structure. Since its inception in the 1960s
by Turner [1] and Siegbahn [2], there has been continuous
development of experimental techniques as well as theoret-
ical methods. Modern radiation sources, such as the next
generation multibend achromat magnetic lattice storage ring
synchrotrons (e.g., MAX IV in Sweden [3]) and free electron
lasers (see, for example, Ref. [4]), along with novel coin-
cidence analyzers [5], enable the research of various, direct
and indirect, multielectron processes arising from single or
multiphoton excitations and ionizations.

Over recent decades, magnetic bottle based multielectron
coincidence spectroscopy has been applied to a plethora of
studies. These range, for example, from spectroscopy of the
ionic state in multiply charged atoms [6-8] to direct dou-
ble ionization studies [9-11], hollow molecules [12,13], the
search for Cooper pair formation [14], and attosecond electron
spin dynamics [15].

Potassium belongs to the alkali metal group, which means
that its electronic configuration is like rare gas argon, except
for one additional outer shell electron, i.e., [Ar] 4s. Studying
the effect of a single electron above the closed shell structure
provides fundamental knowledge of valence electron corre-
lation. In argon, the 2s photoelectron spectrum consists of
a single relatively wide peak corresponding to a short-living
25! (2S) photoionization final state (I" = 2.25 £ 0.5eV) [16]).
In potassium, the 2s photoelectron line is divided into two
components, (S) and (*S), reflecting the coupling between
the remaining 2s core electron and the outer valence 4s
electron.

In Ar, the vacancy in the 2s subshell can decay by
emitting an Auger electron through the highly efficient
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LiL, 3sM Coster-Kronig Auger decay process, in which a 2p
electron fills the same shell hole while a valence shell electron
is ejected [17-21]. A similar situation can be expected in
potassium. However, the role of the outer 4s valence electron
remains a question: Does it remain a spectator during Auger
relaxation, or is it involved in the decay?

Previously, Palaudoux er al. [22] studied photoionization
from the K 3s subshell and investigated the spectroscopic
properties of the 3s' (15) and (3S) states. In their spectrum,
the ('S) and (*S) components were well separated in energy
(AE = 350meV), and the lifetimes of the states were found
to be remarkably different due to the electron correlation
effects. The subsequent Auger decay of the K*3s! states has
also been studied. Indirect experimental information exists on
the K+3s! states from ion yield measurements [23,24], and the
Auger decay of the K*3s!(!S) state was observed in K*/He
collisions [25]. K*3s' cross sections were calculated by
Kupliauskiene [26].

In the present study, we investigate the photoionization of
the 2s subshell in initially neutral atomic potassium and the
subsequent Auger decay cascade paths of the 2s' states using
synchrotron radiation and a magnetic bottle spectrometer. The
aim is to describe exhaustively all K 2s decay paths and the
populations of cascade final states with different ionization
rates. The experimental findings are compared with theoret-
ical predictions obtained from the multiconfiguration Dirac-
Fock (MCDF) approach, as well as previous observations of
corresponding cascade processes in argon, emphasizing dif-
ferences attributed to the presence of an additional 4s electron.

II. EXPERIMENTS

The experiments were carried out at the French national SR
laboratory SOLEIL (Saint-Aubin, France) using the ultrahigh
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resolution soft x-ray PLEIADES beamline (9—1000eV). At
this beamline, soft x rays with any polarization can be gen-
erated using an Apple II type permanent magnet HU80 (80
mm period) undulator, starting from 60 eV [27]. The storage
ring operated in single bunch mode, providing a light bunch
in every 1184 ns.

A magnetic bottle time-of-flight spectrometer called HER-
MES (high energy resolution multielectron spectrometer)
[12,28,29] was utilized to detect all electrons emitted in co-
incidence following the absorption of a single photon. In this
spectrometer, electrons are repelled from the ionization area
by an inhomogeneous field of a strong permanent magnet
(0.7 T) (magnetic mirror configuration). They are then guided
through a 2-m-long solenoid (I mT) towards the detector,
which consists of microchannel plates (MCPs). A phosphor
screen is used to visualize the electron impact image, aiding in
optimizing the position of the permanent magnet in the ioniza-
tion region. The time of flight for each electron is recorded by
a time-to-digital converter with discretization step of 120 ps.
Calibration and conversion to kinetic energy were achieved
by measuring He 1s photoelectron spectra at different photon
energies.

The relative energy resolution of the spectrometer is es-
timated to be AE/E = 1.6% for electron kinetic energies
E > 1 eV. The overall detection efficiency is deduced by
comparing, at different excess energies, the number of Auger
electrons of the argon 2p hole detected with and without
coincidence with the 2p photoelectron. The obtained value
is 65% £ 5%, remaining constant for electrons with less
than 100 eV kinetic energy and slightly decreasing for higher
kinetic energies. This allows effective detection of up to five
electrons in coincidence. The experimental data were obtained
without using a mechanical chopper [30], as the detection of a
fast 25 photoelectron with a defined time of flight enables the
reconstruction of the time sequence of all electrons produced
in a 2s photoionization event.

To handle potassium, which is an alkali metal that reacts
violently with moisture, an inert atmosphere (N, gas) was
employed. Potassium vapor was generated using a resistively
heated oven designed and constructed at LCPMR. The vapor
was then effused through a heated tube, 1 mm in diameter and
15 mm in length, to maintain collimation of the vapor beam.
The oven was covered with a water-cooled jacket to prevent
heating of the permanent magnet [22].

III. CALCULATIONS

The eigenenergies of the ground and different ionized
states of K were calculated using the well-known multicon-
figuration Dirac-Fock (MCDF) method. The MCDF method
is described in detail elsewhere (see, e.g., [31], and references
therein), but the main principles are also summarized here.
The radial wave functions of the one-electron spin orbitals
were obtained using the GRASP92 program. The optimization
of the radial wave functions was performed using the average
level (AL) scheme, in which the average energy of the atomic
state functions (ASFs) is minimized. The ASFs for bound
states were obtained by diagonalizing the Hamiltonian matrix
in the basis of JJ/-coupled antisymmetric configuration state
functions (CSFs) with the RCI program [31].

The Auger decay process is dealt with by the two-step
model, where the number of emitted Auger electrons is pro-
portional to the product of the initial 25 core ionization cross
section and the relative Auger component rate. The Auger
decay intensity is given by

2
2 Z[Aq.fA Zp.v chCﬁUM}L;(Jf, J,s)
n =
B Palp)

where Pg(Jg) is the total decay rate and Qg(Jg) is the
[W(J;)) — |W(Jp)) photoionization cross section. The sub-
scripts i, B, and f refer to the initial, intermediate, and final
electronic states, respectively. M ;‘ﬁ” in Eq. (1) is the Coulomb

matrix element (¥, (Jr)eala ja; Jgll Z%;l 1/7mnll¥n(Jg)). The
Auger decay intensities were calculated using the AUGER
component from the RATIP package. For more details about
the AUGER program, see Refs. [32-34], and references
therein.

Q(p), (1)

IV. RESULTS AND DISCUSSIONS

The photoionization and the first step of the subsequent
Auger decays of the K atom can be described as follows:

K+h — KTQ2sH) + €,
{K2+ 2p~'v7") + e; (LLM, LLN)

2 —1,—1 - ’ @
K* (v"v) + e; (LMM, LMN)

where v represents the valence 3s, 3p, and 4s shells.

The first emitted electron is the photoelectron released
from the 2s inner shell. After photoionization, the electronic
transition in the K™ ion leads to emission of an Auger electron
e, . The obtained K** (2p~'v~!) and K** (v~'v!) states
thus formed can further decay in a cascade process by emis-
sion of further Auger electrons, leading to K3*, K**, K3 or
even possibly K* final states. This is because the ionization
thresholds of K3t (81.77 eV), K** (142.69 eV), K>t (225.35
eV), and K®F (324.79 eV) [35] are below the 2s ionization
threshold that we measure at 385.3 eV (see below).Thus the
decay path following the K 2s photoionization may lead ener-
getically up to five Auger steps, although we experimentally
observed only up to four coincident Auger events and failed
to detect decay to K®* states. Note that, in addition, the shake
type of process may lead to the promotion of the outer 4s
electron to the 5s or 6s shell during any of the steps in the
path. The mixing of the 3d type orbitals is also observed and
predicted by the calculations. This is often referred to as the
“3d orbital collapse” [36].

A. 2s photoelectron spectrum

The experimental 2s photoionization spectrum presented
in Fig. 1 shows a wide, strong peak found at a binding energy
of 385.3 & 0.2 eV and a less prominent structure at around
391.6 + 0.2 V. Fitting the spectrum with superposition of two
components using the SPANCF curve fitting macro package
developed by Kukk et al. [37] revealed Lorentzian linewidths
of 2.6 eV £ 0.2 eV and 2.3 eV £ 0.3 eV for the main and
satellite lines, respectively. A Gaussian linewidth of 1.2 eV
was used to reflect the experimental resolution. The SPANCF
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FIG. 1. K 2s photoionization spectrum measured at 460 eV pho-
ton energy corresponding to an excess energy of 74.7 eV (top)
and the corresponding theoretical prediction (bottom). Prediction
includes energies and intensities of the transitions (bars) and con-
voluted line profile to match the experiment. On top, experiment
data points are fitted with a procedure including PCI distortion [37].
For the fitting procedure a 1.2 eV Gaussian contribution was used,
reflecting the experimental resolution for electrons of ~75 eV. The
fitting procedure gave an estimation of 2s binding energy and life-
time; see text.

fitting procedure includes the PCI (Post Collision Interaction)
distortion, as the 2s photoelectron of around 75 eV kinetic
energy is followed by two Auger electrons: the first with ~50
eV and the second with ~200 eV. This kind of PCI due to the
second Auger electron is known and was studied, for example,
in Ref. [38].

This observed linewidth is slightly larger than the lifetime
broadening I' = 2.25 £ 0.5 eV of the corresponding peak in
the Ar 2s photoelectron spectrum [16]. This may be attributed
to the increased number of Auger channels in K due to the
presence of the additional 4s electron. To interpret the spec-
trum, the K 2s photoelectron transition was modeled with the
MCDF method. For the ground state of K, a single configu-
ration approach was used. To describe the singly ionized K
2s! state, the MC calculations included a basis set consisting
of nonrelativistic configurations 1s22s' 2p%3s?3p®ns! (n =
4—6) and 152 2s' 2p° 35? 3p° 3d. These calculations gave the
ionization energies of 386.37 and 386.63 eV for the 2s!
(!S) and (°S) states, respectively. Thus, the predicted en-
ergy difference of the states is AE = 260 meV, which cannot
be resolved in the experiment. According to our calcula-
tions, the weaker structure observed at a binding energy of

392.4 eV originates from the transition from the K ground
state to the 2s'5s satellite states. The transition probability to
the next 2s'6s is so weak that it cannot be extracted from the
background in our experiment.

The linewidths for the 2s'4s (1S) and (3S) states
were calculated by using the nonrelativistic configu-
rations 252 2p5 35! 3p6(3d, 4s, 55, 6s)1, 252 2p5 352 3p5
(3d, 4s, 55, 65)", 252 2p° 352 3p* 3d ' (4s, 55, 65)', 25%2p° 352
3p*4s'(5s, 65)!, 2522p°3s* 3p*5s'6s', and (s, 3p)°
(4s,3d, 55)", (3s,3p)’3d'(4s,5s)", 353 p°, and 3s'3p°.
The wave functions were first computed using these basis
sets without configurations including the 5s and 6s orbitals.
In the second step, the 5s and 6s radial wave functions were
calculated using the full basis set while keeping the other
wave functions fixed. The obtained linewidths for the 2s'4s
(*S) and (3S) states are 2.84 and 2.87 eV, and 2.83 and 2.85
eV for the 2s'5s (1S) and (3S) states, respectively. This is
consistent with the experimental finding that they are wider
than the linewidth of the Ar 2s photoionization of 2.25 eV.
The prediction also seems to slightly exceed the observed
linewidth of 2.6 eV.

B. Auger decay of 2s vacancy
1. Overview of the Auger decay of K 2s vacancy

The complete K 2s coincident Auger spectrum is presented
in Fig. 2. It is obtained by the histogram of all electrons
detected in coincidence with a 2s photoelectron. In the low
energy region between ~20 and 75 eV, L;L, 3;M(N) Coster-
Kronig lines are observed. Transitions Li MM (N) are observed
at energies above 250 eV kinetic energy and are partially
overlapped by Auger cascade transitions. The spectrum ap-
pears complex due to the overlapping of multiple decay paths,
with the most intense one being the second step L, sM-MMM
Auger lines present in the peak at 220 eV.

Compared to the Ar 2s case (Fig. 1 in Ref. [20]), the
complete Auger spectrum shows similarities but also notice-
able differences. Extra peaks appear due to the presence of
the single 4s electron, resulting in lines such as L;L, 3N and
LiMN. Additionally, sharp peaks at low kinetic energy are
observed due to the emission of the 4s outer electron in further
decay steps. It should be noted that the width of the Auger
transitions corresponds to 2s lifetime broadening, which is
estimated in this experiment to be 2.8 eV for the first step
of the cascades. The Auger emissions in further steps of the
decay path exhibit different widths depending on initial and
final state effects specific to each transition.

2. Final K"* populations reached by the decay of the K 2s vacancy

Auger spectra of the decay of the K 2s vacancy, involving
one, two, three, and four Auger electrons, are presented in
Fig. 3 and compared to corresponding spectra of Ar [20].
These spectra were obtained from coincidence events that
involved one to four electrons detected in coincidence with
a 2s photoelectron. They have been plotted as a function of
the total kinetic energy of the Auger electrons. The structure
of the spectra reveals the K" states populated by the Auger
decays. According to the model described in [29], taking into
account the estimated electron detection efficiency (~65%), it
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FIG. 2. The complete spectrum of all Auger electrons associated with the decay of the K 2s vacancy obtained by considering all electrons
detected in coincidence with a 2s photoelectron. The measurement was carried out at 460 eV photon energy. Right: 300 meV discretization
step. Left: 30 meV discretization step to reveal sharp, low energy lines. The observation of electrons in the range of 80-150 eV was prevented
due to spurious weak true coincidences of 2p and 2p satellite lines with associated Auger lines that are emitted in the Ar 2s kinetic energy
range.

8000 —

4000

Ar 2s K2s

£ 6000 | 2+

3 3000 K

o

@ 2+

2 Ar

8 4000 |

3 2000

£

8 x1 x15
2000 1000

P

0 0
3+
Ar3+ X2 x1 h
x2 K"
4+
Ar x 10

x20
5+
5+ K
Ar x 40
I T T T T T T T T T
100 150 200 250 100 150 200 250 300 350
Auger kinetic energy or Sum of kinetic energies (eV) Auger Kinetic energy or sum of kinetic energies (eV)

FIG. 3. Auger spectra of decay of the Ar 2s (left) and K 2s (right) vacancies involving one, two, three, and four Auger electrons, represented
as a function of the total kinetic energy of the Auger electron(s). These spectra were obtained from coincidence events that involved detection
of two, three, four or five electrons, where the 2s photoelectron was detected in coincidence with —one to four other electrons. Intensities
correspond to the raw coincidence counts and have not been corrected here by detection efficiencies. The histograms are generated by plotting
the sum of the kinetic energy of the Auger electrons.
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TABLE 1. Relative abundances of multiply charged K"+ and
Ar"* ions [20] produced by deexcitation of the K 2s and Ar 2s holes.
Values are given in percentages (%).

Final ionic charge K 2s Auger Ar 2s Auger
+2 0.5 3
+3 56 89
+4 42 8
+5 1 0.3

is possible to extract from this data the probability of Auger
electron cascade processes involving n Auger electrons. The
overall comparison of the populations ending up in K" and
Ar"" ionic states after the completion of the Auger cascade
process is shown in Table I. Values for Ar** populations are
given in Ref. [20]. It is observed that a significantly larger
portion of the Auger cascades ends up populating quadruply
charged ionic states in K compared to Ar, where the major
portion of Auger cascades end up in Ar** final states [20].
This larger final ionization degree in the case of K compared
to Ar is due to the presence of the additional 4s electron in K,
which is easily ejected.

The energy levels of the K+, K**, K3*, K**, and K>*
states are presented in Fig. 4. All levels in the diagram
are referenced relative to the energy of the K 3p°4s' (25)
ground state. The energy levels of the K+ and K** states
are calculated by us while K* and K* are referenced
from the NIST Atomic Spectra Database [35]. K3t levels
include both calculated values and literature values taken
from NIST for comparison and verification of the accu-
racy of our calculated K3* energy values. The calculations
for the K3* energy levels utilized the configurations of
(3s3p)°(3d 45 55)", (3s3p)*3d' (4s55)", and (3s3p)°. K3+
states with a major contributing electron configuration of
(3s3p)*3d" (4s5s)" are not presented in Fig. 4 to enhance the
clarity of the displayed states.

3. LiMN and LiyMM Auger decays

Let us first study the valence Auger transitions, in which
the decay of the 2s hole implies two valence electrons from
the 4s, 3s, or 3p orbitals. Figure 5 deals with the associated
LiMN and LiMM Auger lines. Figure 5(b) shows the part of
the complete experimental Auger spectrum of Fig. 2, where
these Auger lines appear. The spectrum is plotted as a function
of the Auger kinetic energy (E;) and also of the energy of
the K?* final state (E},), using the relation: E, = E,(2s) — E,
where Ej(2s) presents the binding energy of the 2s hole.

In the theoretical prediction, shown at the top [Fig. 5(a)],
only the decay through the Li M N and L; MM transitions to the
lowest energy double ionized states is presented. The MC cal-
culations for the valence final states included nonrelativistic
configurations (3s, 3p)°(4s, 3d, 5s)', (3s,3p)’ 3d'(4s, 55)",
3523 p°, and 3s' 3p5. The calculated energies and intensities
are convoluted with a Voigt profile [red line in Fig. 5(a)], using
a Lorentzian linewidth of 2.4 eV and a Gaussian linewidth
of 4 eV, to simulate the experimental results. This predic-
tion aligns well with the experimental results below 100 eV
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FIG. 4. A schematic energy level diagram illustrating the ener-
gies of the K+, K>*, and K3+ states of interest. The energy levels are
referenced relative to the K 3p%4s (2S) ground state. Each horizontal
line in the diagram represents an individual state, and the major
electronic configurations are schematically labeled. The energy level
values for K+ and K+ are calculated (red lines), while the energy
level values for K** and K>+ are obtained from the NIST database
(black lines) [35]. K3t levels include both calculated values (red
lines) and references from NIST (black lines). Only notably popu-
lated K>+ states are included in the figure.

energies. The lowest state 3523 p° is clearly observed in both
theory and experiment. At around 60 eV energy, the the-
ory predicts intensity for the transition to the 3s' 3p® double
ionized states, while the experiment obviously shows more
intensity transferred to the 3523 p*4 s! states. On the opposite,
the two large peaks at energy around 90 eV agree in both
theory and experiment and are assigned to the 3s'3 p°4s!
group of states.

It is noteworthy that the energy of the lowest K3+ state
is 81.7 eV [35]. Therefore, all the populated double ionized
states above this energy decay through the second step Auger
process. This is clearly observed in Fig. 5(c), which represents
the e — e coincidence spectrum between two Auger electrons,
with the additional selection of the K 2s photoelectron. The
final triply ionized states form diagonal lines with defined
structures, representing the two observed Auger electrons
sharing the available energy. The projection on the left y axis
of the rightmost diagonal line [Fig. 5(d)] reflects the formation
of the K3+ 352 3 p* states, for which Ej; +Ej, is approximately
302 eV (where Ej; is kinetic energy of the ith Auger electron).

In Fig. 5(d), the y projection clearly shows sharp lines
between 0 and 13 eV, resulting from the release of the 4s outer
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FIG. 5. LiMN and LiMM decay. (a) Theoretical K 2s Auger
spectrum associated with decay to K>* valence states. The calcula-
tions are represented by bars and convoluted with a Voigt profile (red
line) to simulate experimental data. The energies are referenced rela-
tive to the K 3p°4s ground state. (b) Experimental data, representing
the complete Auger spectrum in this energy region, from Fig. 2. (c)
Auger-Auger coincidence map obtained through three electron co-
incidences (the 2s photoelectron and two Auger electrons). A linear
scale is used for the color encoding. (d) Projection of the intensity
on the rightmost diagonal line, corresponding to the formation of the
K3* 352 3p* ground states, defined by a sum of the kinetic energies
of the two Auger electrons in the 295-310 eV band.

electron in the last step of the Auger decay, according to the
following process:

LiM M, 325" — K> (35'3p7'4s") + e4(~290eV),
My My 3N — K3 (3p724s%) + exn(~0to 13eV), (3)

Additionally, a broad band around 40 eV is observed in
Fig. 5(d), associated with an Auger electron with a kinetic
energy of ~260 eV. The broadness of the 40 eV band, in
contrast to the sharpness of the lower energy lines, suggests
that the 40 eV electrons are emitted in the first step of the
Auger cascade. The process involved is as follows:

LiLy 3My 325" — K> (2p~'3plds') 4+ ex (~ 40eV),
M>3My 3N — K3 (3p~245%) + eqr (~260eV).  (4)

This process corresponds to a Coster-Kronig transition in
the first step. Thus, in the current experiment, the order of the
electron ejection can be inferred. In the first case [Eq (3)],
emission of a high kinetic energy electron is followed by a

slow (sharp) transition, while in the latter case [Eq. (4)], the
first, low kinetic energy electron belongs to a rapid (broad)
Coster-Kronig transition. Due to the selection of configura-
tions in the MC calculation (only valence transitions), the
Coster-Kronig channels are not included in the prediction
of Fig. 5(a), explaining the difference between theory and
experiment.

The calculated spectrum in Fig. 5(a) is dominated by the
K>+ 35! 3p~! configuration. The 3p~'4s! and 3s'4s' con-
figurations are also clearly observable. This is consistent
with Ar [20], as the transitions to 3s'3p~! are the most
intense ones. The state predicted at around 123 eV energy
is highly mixed, consisting of 3s°3p%4s!, 35! 3p*3d! 4s',
and 3s' 3p*3d! 4s°5s' configurations. Its experimental ob-
servation is complicated due to the superposition of the
Coster-Kronig channel mentioned above [Eq. (4)]. However,
it can tentatively be assigned to the coincident structure seen
at (270 eV, 10 eV) in Fig. 5(c), suggesting that the decay of
this mixed 3s° 3p° 4s! states occurs to the excited K3+ 3s! 3p°
final state, according to the following reaction:

LiM M, 2s" — K* (3s72) + e41 (~270eV),
MMy 3N — K3 (3s'3p71as!) + €45 (~10eV).  (5)

The involvement of the 3d orbital is a typical signature
of the “3d collapse,” i.e., readaptation of the orbital to the
charge of the core electron configuration (2s'). The transi-
tions to the K>* final states involving the emission of the
4s electron (35%3 p> and 3s' 3p®) are naturally unique to the
K case due to the presence of the 4s electron. The state
35°3p° 3d! 4s! is predicted to obtain intensity but is challeng-
ing to distinguish experimentally from the population through
the Coster-Kronig channel.

As a summary, based on our observations, in the single
Auger decay to final K?>* states, the outer 4s electron is
preferentially a spectator, populating the 35?3 p*4 s' and low
energy 3s'3 p°4 s! levels. However, in approximately 30% of
the cases, the 4s electron can also participate, populating the
K2+ 3523 p’ states.

4. LiL,3M and LiL, 3N decays: Spectroscopy of intermediate
K>+ 2p~'v~! core-valence states revealed beyond
the lifetime broadening

The Coster-Kronig path involving the 2p level [as written
in the second line of Eq. (2)] is recognized as the domi-
nant decay mechanism for the 2s hole. The corresponding
K> 2p~!v~! states, reached through this pathway, are re-
vealed in the kinetic energy range of ~20-75 eV in the 2s
Auger spectrum in Fig. 2. However, the broadening of the
peaks caused by the 2s lifetime prevents a detailed iden-
tification of these K2* states. To overcome this limitation,
the multielectron coincidence experiment offers a unique op-
portunity to resolve states that extend beyond the natural
widths of the transitions. This approach has been described
in Refs. [19,39], and is demonstrated in the two-dimensional
(2D) plot presented in Fig. 6(a). The figure displays electron-
electron coincidences between the L;L, 3M (N) Auger lines
(vertical axis) and the faster photoelectron (horizontal axis),
considering coincidence events involving the detection of
three electrons: the two mentioned above and a third electron
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FIG. 6. Decay of 2s and 2s satellite to K** 2p~'v~! states. (a)
2D map of electron-electron coincidences when the electron pair is
detected with a third electron of 200 — 250 eV, corresponding to the
energy range of the Auger electron emitted in the last step of the cas-
cade decay. A log scale is used for the color encoding. The diagonal
line on the top left corner, with no coincidence counts, corresponds to
the blind zone where our experiment is unable to detect electrons of
too close energies. The three zones (2s Sat, 2s, and Bgd) indicate the
ranges used to extract the signal from the 2s satellite, from the 2s,
and to estimate the background. In (b) the red curve represents the
projection of the 2D map onto the x axis, displaying the peaks of the
2s photoelectron. It is similar to the noncoincidence photoelectron
spectrum of Fig. 1.

with an energy range of 200—250¢eV, corresponding to the
second step Auger process. The projection of the coincidence
map onto the x axis reproduces the 2s photoelectron spectrum,
depicted as a red curve in Fig. 6(b).

The diagonal structures in the two-dimensional coinci-
dence map correspond to the K>+ (2p~'v~!) core-valence
states. As indicated in Eq. (2), the total kinetic energy of
the two electrons is given by Ei = E| + E; = hv—F (K*H),
which is perceived as several diagonal structures in the 2D
coincidence map. Therefore, each of these diagonal structures
corresponds to the population of a certain K>+ (2p~'v™")
core-valence state. These core-valence states are found to
be populated differently by the decay of the 2s hole, the 2s
satellite hole, and also outside of these “resonances,” due
to a direct core-valence double photoionization path. The
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—— Raw Auger
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— @hv=400eV
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FIG. 7. LiL,3M and L, L, 3N Coster-Kronig decays. (b) The con-
ventional 2s Auger spectrum is broadened by the 2.6 eV lifetime
broadening of the 2s hole. The experimental spectra (b)—(d) and cal-
culated spectrum (a) represent the overall contribution of the decay
of the K 2s main states to final states with 2p~'v~! configurations.
Coincidence spectroscopy allows for the detection of populations
with resolution beyond natural lifetime broadening, as demonstrated
in (c,d). The energies are referenced relative to the K 3p%4s ground
state.

diagonal population of these doubly ionized states, resulting
from the decay of the 2s hole, is presented in Fig. 7(c). The
signal has been selected within the “2s” zone in Fig. 6(a),
while subtracting a background estimated in the “Bgd” zone.
Figure 7 provides a comparison of the spectroscopic infor-
mation regarding the K** (2p~'v~!) core-valence state, as
deduced from the conventional K 2s Auger spectrum [panel
(b)] and from this “subnatural linewidth Auger-photoelectron
coincidence spectroscopy’” method [panels (c), (d)]. The im-
proved resolution achieved by using a lower photon energy
(and thus a slower photoelectron) is evident when comparing
Fig. 7(d), measured with a photon energy of 400 eV, and
Fig. 7(c), measured at 460 eV.

The double ionized K>+ 2p~!lv~! states were modeled
in Fig. 7(a) using the multiconfigurational approach with a
basis that included nonrelativistic configurations 2s?2p° 3s!
3p°(3d, 4s, 55, 65)", 2522p° 3s23p°(3d, 4s, 55, 65)', 252 2p°

013108-7



J. SORONEN et al.

PHYSICAL REVIEW A 109, 013108 (2024)

f~ 1000
— 800
— 600
— 400

~ 200

Jl\ﬂ..}h N‘MM Do :20

390 380 360 340 330
Energy (eV)
2p%3s%3p'3d'as’  2p3s'3p’6s’  2p°3s'3p%s'2p°3s%3p s’ 20°3s73p s’
2s main | ” " |
2p°3s%3p3d"  2p°3s%3p°3d’
50 —
40 —
@
> 30
* 204
10—
0- 1
2p"35%3p"3d 58" 2p°3573p*3d '4s 2p°3s '3p°6s’ 2p%3s'3p%s'2p°3s°3p°5s’  2p°3s%3p s’
2s sat I 20735 '3p%s " ” | 5. 2 5. 1
P 38 3p 58 2p°3s%3p°3d
5, 20 55 1
20%3s"ap%5s" 2p%3s%3p%es’ | |
4 2p°3s%3p*3d'ss’ R
2p°3s%3p4s'5s’
e 3
k=)
* 24
. Ll
0l ,,LML, . ) RN 1 11 [| AN
390 380 370 360 350 340 330
Energy (eV)

FIG. 8. L,LM: Experimental (top) and calculated (bottom) pop-
ulations of the K>+ 2p~'v~! core-valence states populated by the
decay of K 2s main and satellite states. The energies are referenced
relative to the K 3p®4s ground state.

3s23p*3d'(4s, 55, 65)',  25%2p° 352 3p*4s'(5s, 65)!, and
252 2p° 352 3p* 55! 6s!. The calculations were initially per-
formed without the Ss and 6s orbitals. In the second step, the
5s and 6s radial wave functions were calculated upon these
while keeping either of the 5s or 6s and the wave functions
obtained in the first step of the calculation fixed. Agreement
between our calculations [Fig. 7(a)] and our measurements
[Figs. 7(c) and 7(d)] is excellent.

a. Comparison of the formation of K>+ 2p~'v~! core-
valence states by decay of the 2s and 2s satellite vacancies.
Experimental and calculated core-valence states of K2t
2p~'v~! populated by 2s hole decay are shown in Fig. 7 and
compared to contributions from 2s satellite lines in Fig. 8.
Good agreement is observed between the experimental and
theoretical spectra. The predicted energy shows an offset of
approximately 1.5-2.5 eV, which is typical for this type of
calculation. For the 2s satellite, the main peaks appear to be
shifted towards higher energies compared to the 2s decay,
possibly because the final states are 2p~'3p~!5s instead of
2p~'3p~14s, as in the case of 2s decay.

Both the theoretical and experimental spectra show that
the transition from initial states 2s'4s populates mainly
25%2p° 352 3p° 4s' and 252 2p° 3s' 3p° 4s' final states. In the
case of the 2s satellite, the main peaks appear to be shifted
towards higher energies as the transitions from the 2s'5s

3p*3d'as’ 35'3p*(3d 4s)'  3s°3p’(3d 4s)’
n |

0, 6
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FIG. 9. K3+ states populated by double Auger decay of the K
25 vacancy, from Fig. 3, together with calculated K3+ energy levels
(black bars) and major contributing configurations. The energies are
referenced relative to the K 3p®4s ground state.

satellite states populate primarily 2s%2p’3s>3p’ 5s' final
states, as confirmed by our calculations. However, regardless
of whether the initial state is 2s'4s or 2s'5s, the populations
of the K+ states by the 2s hole decay are very similar. It does
not significantly affect the overall shape of the spectrum, as
the outer electron remains a spectator in the process, clearly
seen in Fig. 8. This similarity is also evident in the com-
parison with Ar 2s vacancy decay, where aside from minor
additional structures caused by spin-orbit splitting, the over-
all structure of the spectrum is also very similar to the Ar
case [20].

The calculated shakedown probability from 2s'5s states is
approximately 14%. On the other hand, in the Auger decay
of the K 3s hole, the outer electron actively participates in
the decay process, leading to the predominant population of
3p° 4s' states, which is clearly different compared to decay of
the K 2s hole [22].

5. Cascade decays of the K 2s vacancy to K** final states
by emission of two Auger electrons

In Sec. IV B we observed that L; M N valence Auger tran-
sitions end up in K2* final states, while L; MM valence Auger
transitions often initiate cascade decays to K3* final states,
in which the outer 4s electron is ejected in the final step
of the cascade. Now let us investigate the main source of
formation for K3+ final states, which occurs through L, L, sM
Auger transitions. In Fig. 3, the decay of the 2s hole to K3+
states was analyzed by examining three electron coincidences
involving the 2s photoelectron and the two subsequent Auger
electrons. The spectrum of the K3 states was represented as a
function of the sum of the kinetic energies of these two Auger
electrons, E4; + E4,. Figure 9 represents this spectrum as a
function of the energy E,(K3*) of the K3+ states, as obtained
from

Ep(K*") = Ep(2s) — (Ea1 + Ex). (6)

The energy levels of the K3 states were calculated to aid in
the interpretation of the experimental spectrum. Calculations
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FIG. 10. Double Auger decay of the K 2s vacancy. (a) An Auger-
Auger coincidence map as obtained by three electron coincidences
(the 2s photoelectron and the two Auger electrons). A logarithmic
scale is used for color encoding. (b) Spectra of low energy Auger
electrons released in the double Auger decay to the indicated K3+
final states.

were performed using configurations (3s3p)°(3d 4s5s)",
(3s3p)*3d' (4s5s)!, and (3s3p)°. By comparing the
experimental spectrum in Fig. 9 with the calculated values
and literature references [35] for the energy levels of K3*
states, the assignment of stable final states for K3+ (which are
below the K** threshold at 142.7 eV [35]) can be proposed.
Based on this analysis, peak A corresponds to 3s?3p*
states, peak B corresponds to 3s' 3p° states, and D and C
correspond to 3s23p° (4s3d)", 3s°3p°, and 3s'3p* (3d4s)!
states.

The energy correlations between the two Auger electrons
are shown in Fig. 10, which provides an extended view of
Fig. 5(c). In this presentation, the K** states appear on di-
agonal lines with a fixed energy sum along the diagonal. On
the right side of the figure is the projection on the y axis
of the four zones in the electron-electron coincidence map,
corresponding to the K3+ final states A—D, which were as-
signed in Fig. 9.

As discussed in Sec. IV B above, sharp lines in A and B in
Fig. 10 indicate the ejection of the 4s electron in the final step
of the cascade. However, for the more intensively populated C
and D bands, a broad band prevails. C is mainly populated by
the L;L, 3M> 3 path, as shown by the low energy Auger band
of approximately 40 eV. In the last step, a ~240 eV Auger
electron is emitted, resulting in the formation of the K3+ C
state. This state can be described with mixed configurations
where the 4s level is occupied. The situation is similar for the
formation of K3+ D final states, except that the dominant path
is now L;L, 3M;, as shown by the low energy Auger band of
around 25 eV. In the final step, a ~235 eV Auger electron is
emitted. In conclusion, in the double Auger decay process, the
4s electron is a spectator for most of the cascade process and
remains in the final ion.
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distribution of any emitted Auger electrons.

0

6. Cascade decays of the K 2s vacancy to K** final states
by emission of three Auger electrons

In the cascade decays of the K 2s vacancy to K** final
states, three Auger electrons are emitted, and it is possible to
represent energy correlation between them using a Dalitz plot
[29] if the sum of their kinetic energies Ey is fixed. Referring
to the spectrum of the K** final states in Fig. 3, two distinct
bands of K** states can be identified: the more intense band
with Eg = 240 eV can be assigned to a 3523 p* configuration,
while the weaker band with Eg = 220 eV is associated to
a 3s'3 p* configuration. The corresponding Dalitz plots are
represented in Fig. 11. Full explanations on Dalitz represen-
tation can be found in [29]. Briefly, the energy correlation
between the three electrons appears in an equilateral triangle.
Each point of the triangle represents a triplet of electrons, of
kinetic energies given by the distances to the three sides of the
triangle, giving rise to a highly symmetric figure. A noticeable
property is that projection of the Dalitz plot on the vertical
(symmetry) axis of the triangle gives the energy distribution
of the three Auger electrons. It is represented on the right side
of Fig. 11.

The decay process in K is clearly different compared to
the decay of Ar 2s [29], due to the presence of the additional
4s electron. The probability for the 2s hole decay through the
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emission of three Auger electrons in K was determined to be
429% (refer to Table I), which is over five times larger than in
the case of Ar 2s triple Auger decay. In the Dalitz plots of Ar
[29], it was observed that the last two Auger electrons emitted
in the cascade are often emitted simultaneously, resulting in
horizontal bands in the Dalitz plot. In K, only a faint occur-
rence of such a process is observed for decay to the excited
K** state [Fig. 11(b)]. The dominant decay in K involves a
three-step cascade process. In the first step, a Coster-Kronig
Auger decay occurs, where the 2s hole is replaced by a 2p
hole, leading to the appearance of two prominent bands at
approximately 40 and 25 eV in the Auger spectrum (Fig. 11,
right). Subsequently, in the second step, the 2p hole is filled,
accompanied by the emission of an Auger electron with an
energy of approximately 200 eV. This is the same path that has
been observed previously (Sec. IV B) for decay through the
emission of two Auger electrons to K3* final states. However,
in this case, the resulting K37 states are excited states located
above the K** threshold, and they decay by emitting a low
energy, less than 20 eV, Auger electron. Calculations in Fig. 9
suggest that these high energy K3+ states maintain occupation
of the 4s level. Consequently, we can deduce that the outer 4s
electron remains as a spectator during the beginning of the
Auger decay but is released in the final step of the three-step
cascade to K** final states.

V. CONCLUSION

Photoionization from the K 2s subshell in initially neutral
atomic potassium and the subsequent Auger decay cascade
processes have been investigated using magnetic bottle multi-
coincidence spectroscopy with synchrotron radiation.

The decay paths following K 2s photoionization have
been comprehensively described obtaining the population of
the cascade K"* (n =2 — 4) final states. The experimental
findings were compared with theoretical predictions obtained
from the multiconfiguration Dirac-Fock (MCDF) approach,
as well as previous observations of corresponding cascade
processes in argon. These comparisons highlight differences
attributed to the presence of an additional 4s electron.

In the 2s photoelectron spectrum, a prominent peak cor-
responds to the 2s' (18) and (3S) states. However, due to the
small energy difference between these states (predicted AE =
260 meV), they cannot be resolved in the experiment. The
experimental linewidth of the states is measured to be 2.6 eV
+ 0.2 eV, which is slightly wider than the corresponding
linewidth of Ar 25 (I' = 2.25 £ 0.5 eV) [16]). Additionally,
the 2s photoelectron spectrum exhibits a weaker structure
attributed, according to our calculations, to transitions to K
2s!'5s satellite states. The transition probability to the next
2s5'6s states is so weak that it cannot be extracted from the
background in our experiment.

In the single Auger decay to final K>* states, the outer
4s electron primarily acts as a spectator, populating the

3523 p*4s' and low energy 3s'3 p’4s' levels. However, in
approximately 30% of the cases, the 4s electron can also
participate, populating the K>* 3523 p° states.

LiMM valence Auger transitions often initiate cascade de-
cays to K37 final states, where the outer 4s electron is ejected
in the final step of the cascade. However, the main source of
formation for K3* final states is the LiL 3M Coster-Kronig
transitions. The broadening of the peaks caused by the 2s
lifetime prevents a detailed identification of these K>* states.
To overcome this limitation, the multielectron coincidence ex-
periment offers a unique opportunity to resolve states beyond
the natural widths of transitions. Experimental and calculated
K?>* 2p~'v~! core-valence states, populated by 2s hole de-
cay, are shown and good agreement is observed between the
experimental and theoretical spectra. In the double Auger
decay process to the K** final states, the 4s electron acts as
a spectator for most of the cascade process and remains in the
final ion.

Dalitz plots were used to analyze the K 2s triple Auger
decay to K** states. The experimental results have been
compared to predictions obtained with the MCDF method,
revealing good agreement between the experimental findings
and theoretical calculations. In the Auger cascade processes,
a notable observation is that a significantly larger portion of
the Auger cascades lead to quadruply charged ionic states in
potassium compared to argon. In contrast, a major portion of
the Auger cascades in argon end up in Ar** final states [20].
This larger final ionization degree in the case of K compared
to Ar arises from the presence of the additional 4s electron in
K, which is easily ejected.

In general, notable differences have been observed, primar-
ily attributed to the presence of an additional 4s electron above
the closed shell electronic structure of rare gases. It has been
observed that the outer 4s electron predominantly acts as a
spectator during the Auger decay process and is eventually
emitted in the final step of the Auger cascade. This study
represents a continuation of research focused on obtaining
fundamental information regarding the electronic structure
and quantum mechanical transition processes in the potassium
atom [22].
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