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Role of L-shell single and double core-hole production and decay in m-fold (1 � m � 6)
photoionization of the Ar+ ion
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Multiple ionization of the Ar+(3s23p5) ion by a single photon has been investigated in the photon-energy
range 250–1800 eV employing the photon-ion merged-beams technique. Absolute partial cross sections were
measured for all Ar(1+m)+ product-ion channels with 1 � m � 6 covering a size range from several tens of
Mb down to a few b. Narrow 2p-subshell excitation resonances were observed in all channels up to quadruple
ionization at a photon-energy bandwidth of 52 meV. Double excitations involving a 2p and a 3s or 3p electron
were also studied at high resolution and the measurements of the broad 2s excitation resonances directly showed
their natural widths. Contributions of direct photo double ionization (PDI) to the production of the highest final
Ar ion charge states are revealed, with PDI of the 2s subshell being mainly responsible for the production of
Ar7+. The experiment made use of the PIPE setup installed at beamline P04 of the PETRA III synchrotron
light source of DESY in Hamburg. The measurements were supported by theoretical calculations to identify
the main contributions to the observed cross sections. Comparisons of theory and experiment show remarkable
agreement but also hint to additional ionization mechanisms that are not considered in the theoretical models such
as core ionization accompanied by excitations with subsequent Auger decays leading to net m-fold ionization
with m � 4.
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I. INTRODUCTION

Interactions of photons with neutral atoms and molecules
are receiving ever increasing attention [1] due to their funda-
mental nature and their importance in numerous applications.
Steady improvement of brilliant light sources providing vac-
uum ultraviolet (VUV) and x-ray radiation at high intensities
has facilitated substantial progress in many directions of pho-
ton science. One such direction is the extension of the target
species in photon-matter interaction to electrically charged
atoms and molecules. Ions can be produced in plasmas, gen-
erated by high-intensity laser shots or in a trap where atoms
or molecules are exposed to high-density, energetic electron
beams. In both scenarios, the ionic targets typically comprise
several components at a time such as ions in different charge
states. Absolute cross sections cannot generally be measured
using these techniques ([2] and references therein).

Isotopically pure targets consisting of ions with given
charge, mass, and energy can readily be made available in
the form of an ion beam. However, the particle densities

*Alfred.Mueller@iamp.physik.uni-giessen.de

achievable in such a beam are typically below 106 cm−3 which
is equivalent to a gas target at a pressure of several 10−8 Pa
(=10−10 mbar) and thus correspond to ultrahigh vacuum. The
disadvantage of low-ion density in an ion beam can be par-
tially overcome by employing a long photon-ion interaction
length. The method of choice is the merged-beams technique
[3] where the photon beam is coaxially immersed within an
ion beam over a length that may reach more than 1 m. This
technique can directly provide absolute cross sections for
individual photo processes that lead to the removal of one
or several electrons and it is also suitable for investigating
fragmentation of target (molecular) ions.

While experiments on the detachment of negative ions
require relatively low energies that can be provided already
by lasers of visible and UV wavelengths [4,5], merged-beams
studies on photoionization of positive ions were exclusively
facilitated by the development of sufficiently brilliant syn-
chrotron radiation sources. First merged-beams experiments
on positive ions were limited to the measurement of cross
sections greater than 5 Mb [6] where 1 b = 10−24 cm2. The
first two decades of experimental studies on photoionization
of positive and negative ions following the pioneering work
of Lyon et al. [7] on Ba+ were comprehensively reviewed

2469-9926/2021/104(3)/033105(21) 033105-1 ©2021 American Physical Society

https://orcid.org/0000-0002-0030-6929
https://orcid.org/0000-0002-1228-5029
https://orcid.org/0000-0002-6952-3550
https://orcid.org/0000-0003-3337-1740
https://orcid.org/0000-0002-0700-3875
https://orcid.org/0000-0002-0891-9180
https://orcid.org/0000-0002-6166-7138
https://orcid.org/0000-0003-3101-2824
https://orcid.org/0000-0001-8318-9408
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevA.104.033105&domain=pdf&date_stamp=2021-09-09
https://doi.org/10.1103/PhysRevA.104.033105


A. MÜLLER et al. PHYSICAL REVIEW A 104, 033105 (2021)

by Kjeldsen [8]. Since then, the sensitivity of merged-beams
arrangements and the brilliance of available synchrotron radi-
ation facilities were further improved [2,9,10]. With this study
the lower limit of measurable cross sections has been pushed
down to the level of 2 ± 1 b.

Multiple photoionization of ions is typically associated
with small cross sections and requires comparatively high
photon energies. Because of these reasons early experiments
with ions concentrated on single ionization. With the con-
struction of third-generation synchrotron light sources the
situation started to change. In particular, merged-beams ex-
periments with negative ions facilitated the observation of
multiple detachment. Due to technical reasons these experi-
ments did not provide access to single detachment and in most
cases they were restricted to the observation of double de-
tachment. However, the formation of high final charge states
(up to fivefold detachment) was also observed ([11,12] and
references therein). Along with the developments in multiple
photodetachment of negative ions, measurements on multiple
photoionization of positive ions have also become feasible
[8,10,13–15].

Multiple photoionization of Ar ions has been studied previ-
ously by Blancard et al. [14] in the energy range 250–280 eV.
Absolute cross sections for single, double, and triple ion-
ization were measured at the SOLEIL synchrotron radiation
facility for the Ar+ ion. Covington et al. [16] investigated
valence-shell single photoionization of Ar+ in the energy
range 27.4–60 eV. Single and multiple ionization of Ar+

by electron impact has also been investigated [17–22]. Most
recently, direct photo double ionization (PDI) of the Ar+ M
shell by a single photon in the energy range 60–150 eV has
been addressed [23]. The experimental work by Covington
et al. and Blancard et al. has stimulated theoretical investiga-
tions of photoionization of Ar+ in which R-matrix techniques
were employed [24].

Experimental results similar in nature to this work have
been obtained for neutral Ar atoms. A wide energy range from
44 to 1300 eV was covered in relative ion-yield measure-
ments by Saito and Suzuki [25]. The observed yields were
then normalized to known total cross sections and thus put
on an absolute scale. The energy resolution and energy step
widths in this experiment were not sufficient to resolve fine
details in the cross sections. And although a gas target could
be employed with pressures ≈9 × 10−4 Pa, the sensitivity of
the measurements was relatively limited with the smallest
observable cross sections (with uncertainties of about 50%)
being of the order of 500 b. A detailed analysis of the results
could not be provided due to the lack of suitable theoretical
support.

The present project primarily aims at the detailed under-
standing of the influence of single and double L-shell vacancy
formation in the photoabsorption by an Ar+ ion. For this
purpose all the accessible final charge states up to Ar7+ were
measured with high precision and good accuracy. Comparison
of the present experimental results with different theoretical
calculations supports the determination of branching ratios
for the decay of intermediate core-hole states in Ar+, Ar2+,
and Ar3+ populated in single-photon absorption by an Ar+

ion. It is worth noting that the present measurements start-
ing from Ar+ ions in their ground configuration can also

be used to check previous experimental attempts [26,27] to
determine the charge-state distribution of argon ions result-
ing from the removal of a 2s electron from neutral Ar. The
excitation 2s → 3p in the Ar+(3p−1) ion and the direct 2s
ionization of neutral Ar produce the identical intermediate
configuration Ar+(2s−1) that can subsequently decay by a
multitude of different Auger processes and their combinations
populating different final charge states up to Ar5+. While the
previous experiments employed coincidence Auger-electron
spectroscopy to infer the final charge-state distribution of the
decaying Ar+ ion, the present results are based on the direct
observation of the ionic product channels.

In a recent publication Wang et al. [28] presented a theoret-
ical study on the cascade decay processes of the 1s core-hole
state of the Ar+ ion. The deexcitation trees were constructed
by extensive level-to-level calculations. Inevitably, the de-
cay of the initial K-shell vacancy populates levels with L-
and M-shell holes which are relevant to this study on mul-
tiple photoionization of the Ar+ ion near and above the
L-shell ionization threshold. Hence, some of the predictions
by Wang et al. on intermediate decay processes involving
L-shell vacancies and occurring during decay cascades fol-
lowing K-shell ionization of the Ar atom may be tested by the
present experimental results.

This paper is organized as follows. The Introduction is
followed by a description of the experiment and the rel-
evant experimental parameters. In the theory section three
different kinds of calculations applied in the interpretation
of the experimental data are briefly described: The Hartree-
Fock method with relativistic corrections was used to obtain
photoabsorption cross sections; the Jena Atomic Calculator
(JAC) was applied to calculate level energies and transition
rates; a recently developed theoretical model for the calcu-
lation of nonsequential photo double ionization was applied
to obtain PDI cross sections for combinations of L- and M-
shell electrons. The results section is divided in subsections
discussing the total photoabsorption cross section of the Ar+

ion, the average charge and individual charge-state fractions,
branching ratios for the decay of vacancy levels populating
different final charge states of the Ar ion, comparison of
the experimental data for m-fold ionization with the results
of theoretical calculations for single and double core-hole
production by photoionization, and detailed spectra of single-
and double-excitation resonances in the energy range 250 to
about 350 eV. A summary and outlook section provides a brief
overview of the main findings and implications of this project.

II. EXPERIMENT

The measurements were performed at the PIPE (Photon-
Ion spectrometer at PETRA III) end station [9,29,30] of
beamline P04 [31] at the PETRA III synchrotron radiation
facility of DESY in Hamburg. The photon-ion merged-beams
technique [3,32] was employed to obtain detailed photon-
energy scans of ion yields resulting from net single and
multiple photoionization of Ar+ as well as absolute cross
sections for the associated reaction channels. The experi-
mental setup and procedures have been described in detail
previously [29,30]. Here, a brief overview of the experimental
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arrangement is given and details specific to the present mea-
surements are provided.

The Ar+ ions were produced in an electron-cyclotron-
resonance (ECR) ion source. For this purpose Ar gas was
leaked into the plasma chamber via a sensitive thermoelectri-
cally controlled valve. Ions produced in the ECR plasma were
extracted towards ground potential by a voltage of 6 kV and
a beam of ions with different masses and charge states was
formed. This beam was passed through an analyzing dipole
magnet by which 40Ar+ ions were selected. The isotopically
pure 40Ar+ beam was transported to an electrostatic spherical
50◦ deflector which merged the ion beam with the counter-
propagating photon beam. Ions and photons could interact
with one another over a length of 1.7 m. The ion beam was
deflected from the photon-beam axis by the double-focusing
demerger dipole magnet (bending radius Rmag = 1 m) and
collected in a large Faraday cup located inside the magnet
chamber. The product ions were also deflected by the same
magnet and directed towards the detector chamber that is
mounted under an angle of 90◦ with respect to the photon
beam axis [30]. Before entering the detector the product ions
were deflected by 180◦ out of the horizontal plane in order to
minimize background arising from stray charged particles or
photons. The high-efficiency detector has been described in
detail previously [33,34].

The demerger magnet generally allows one to select the
mass and the charge state of the product ions so that in-
dividual reaction channels can be directly investigated, for
example, by measuring the yield of certain product ions as
a function of the photon energy. In the present case with Ar+

parent ions, the product channels were defined by selecting
and detecting the photoionized ions Ar2+, Ar3+,..., Ar7+. The
associated absolute cross sections σ1,m+1 for m-fold photoion-
ization populating the final Ar ion charge states Ar(1+m)+ with
m = 1, 2, . . . , 6 are determined from

σ1,m+1 = Rm+1qevion

εφphIionFL
, (1)

where Rm+1 is the Ar(1+m)+ signal rate, q the initial ion
charge state, e the elementary charge, vion the ion velocity
in the photon-ion interaction region, ε the efficiency of the
product-ion detector, φph the photon flux, Iion the primary-ion
current, and FL the so-called form factor [3]. The photon flux
is measured by using a calibrated photodiode. Due to the wide
range of photon energies different gratings had to be employed
and φph varied considerably. At about 250 eV, measurements
were carried out at 19-meV resolution with a monochromator
exit-slit setting of 20 μm and φph ≈ 8 × 1011 s−1. At the same
energy but with a 160-μm exit slit, the photon flux was φph ≈
1013 s−1. The highest photon flux of almost 1014 s−1 was
reached at about 600 eV with the exit slit opened to 1500 μm.
At 1800 eV still more than 1012 s−1 could be obtained.

The Ar+ parent-ion current Iion depended on the degree
of collimation. It reached up to 800 nA but was typically
300 to 600 nA during photon-energy scans. For the absolute
measurements the ion beams were collimated more tightly to
a diameter of at most 1 mm with a typical ion current Iion ≈
25 nA. For determining the form factor FL the interaction
length L had to be defined and the beam overlaps [32] quan-

tified. A drift tube with length L = 50 cm has been mounted
along the photon-beam axis and centered at the object distance
of the double-focusing demerger magnet. The interaction re-
gion was defined by applying a voltage to the drift tube so
that ions changing their charge state inside the tube gain
or lose kinetic energy by passing through the tube. In the
present case −100 V were applied. The product ions Ar(1+m)+

formed inside the interaction region thus experienced a net
energy loss of m × 100 eV. They were easily separated by
the demerger magnet from the 6-keV ions produced outside
the interaction region. By three movable pairs of horizontal
and vertical slits mounted along the interaction region, the
overlap of the photon and ion beams [29] was quantified
and the form factor determined. Typical numbers obtained in
the present absolute cross-section measurements were in the
range FL ≈ 5000–7000 cm−1.

Counting rates Rm+1 ranged from several tens of thousands
per second to about 1 in 40 seconds. The dark count rate of the
detector was of the order of 0.02 Hz. Its efficiency for atomic
particles like the present Ar(1+m)+ ions is ε = 0.97 ± 0.03
[34]. In order to obtain sufficient counting statistics for the
experimental results described in this paper, about 42 shifts of
8 h each with photon beam on target were necessary.

The energy scale for the present measurements was par-
ticularly scrutinized because resonance positions obtained
within this project showed a systematic deviation from res-
onance energies published previously by Blancard et al. [14].
The nominal (set) photon energies provided by the monochro-
mator control system were compared with the 2p resonance
energies measured for neutral Ar below the L edge, the C and
O K edge 1s → π∗ resonances in neutral CO, the 1s → π∗
group of vibrationally resolved resonances in neutral N2, and
the near-K-edge region of neutral Ne. For this purpose, the
P04 online diagnostic unit [35] was employed. In this unit, the
photon beam is passed through an effusive gas target which
is surrounded by 16 time-of-flight electron spectrometers all
in a plane perpendicular to the photon-beam direction. At
the center of the spectrometer arrangement the calibration
gases are injected through a capillary. Electron count rates are
recorded as a function of the set photon energy and, thus, the
resonance spectra are obtained.

In the range 244 to 250 eV, the measured resonance ener-
gies were compared to the reference energies at the Ar L edge
determined by King et al. [36]. At energies near 287.5 eV
the first two carbon K-edge 1s → π∗ resonances in neutral
CO were observed and their energies compared to the liter-
ature values of Tronc et al. [37]. Near 400 eV the 1s → π∗
group in neutral N2 was measured with high resolution and
compared to the results of Sodhi and Brion [38]. Around
534 eV the oxygen K-edge 1s → π∗ resonances in neutral
CO were measured and their energies compared to the results
of Sodhi and Brion [38]. The K-edge region of neutral Ne
was scanned in the energy range 865–870 eV and the results
were compared to the corrected data obtained previously by
Wuilleumier [30,39].

The differences �E between the resonance energies ob-
served at the beamline and the reference energies from the
literature could be described by a linear function of the pho-
ton energy Eph (�E ≈ 0.16 eV − 6.6 × 10−4 × Eph, energies
in eV). The energy scale of the present measurements was
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calibrated accordingly. In addition, the Doppler effect caused
by the velocity of the ions towards the incoming photons [40]
was corrected for.

The uncertainty of the present experimental energy scale is
mainly determined by the uncertainties quoted for the refer-
ence energies from the literature. They are 10 meV at about
244 eV, 20 meV at about 287 eV, 20 meV at about 400 eV,
90 meV at about 534 eV, and 200 meV [30] at about 867 eV.
Considering that the uncertainties claimed in the literature are
often overly optimistic [30,40], an uncertainty of the 2p → n�

transition energies of 30 meV is estimated for the narrow
absorption resonances occurring in the Ar+ ion in the energy
range from 250 to 265 eV.

The systematic uncertainties of cross sections obtained
by merged-beams experiments at the PIPE setup have been
discussed in detail previously [29]. The total systematic un-
certainty is estimated to be 15%. Statistical uncertainties vary
substantially depending on the final ionization channel ob-
served. The statistical uncertainty can be at or below the level
of 0.1% at the peaks of strong resonances and may be larger
than 50% for small cross sections, e.g., in the threshold region
of sevenfold ionization.

III. THEORY

A. HFR calculations

The Ar+ L-shell photoabsorption cross sections for the
2P3/2 and 2P1/2 initial states were modeled by ab initio
configuration-interaction (CI) calculations on the basis of the
Hartree-Fock method with relativistic extensions (HFR) ap-
plying the Cowan code [41]. The theoretical approach has
been described in detail previously [42] in connection with the
2p-shell excitation of atomic chlorine which is isoelectronic
with the Ar+ ion.

For describing the Ar+ ground state, the CI expansion was
chosen to include the excited configurations 3s23p3n�2 (with
n�2 = 3d2, 4s2, 4p2), 3s23p44p, and 3s13p53d1 in addition to
the initial configuration 3s23p5.

The direct photo single-ionization cross sections for the
removal of a 3p or a 3s valence electron and for the ionization
of a 2p or a 2s inner-shell electron were calculated from
the dipole matrix elements 〈�ε�|er|�(2P3/2,1/2)〉 for the 2P3/2

and 2P1/2 initial levels. The wave function �ε� represents the
residual Ar2+ ion and the ionized electron with kinetic energy
ε and angular momentum � = s, p, d . Due to the open 3p shell
in Ar+ this results in different ionization thresholds corre-
sponding to the different possible LS terms of the core-excited
Ar2+ ion which can be seen, e.g., in Fig. 16 for the case of 2p
ionization (resulting in 2p53s23p5ε� final states).

The configurations included in the CI expansion for de-
scribing the 2p−1 core-excited states are given in Table I.
Single, double, and higher multiple excitations of 3s and 3p
electrons are taken into account. For single excitations, Ry-
dberg orbitals ns and n′d with principal quantum numbers
n up to 6 and n′ up to 5 are included. Double excitations
are accounted for by including configurations where either an
additional 3s or an additional 3p electron is excited into a 3d ,
4s, or 4p orbital. Furthermore, multiple excitations are added
in the cross-section calculations by promoting two or three 3s

TABLE I. List of configurations used in the HFR-CI calculations.

Single excitations

[2s22p53s23p5](3d1, 4d1, 5d1, 4s1, 5s1, 6s1);
2s12p63s23p6; 2s12p63s23p54p1;
2s12p63s23p55p1; 2s12p63s23p56p1

Double excitations
2s22p53s23p33d3; 2s22p53s13p53d2;
2s22p53s13p54s2; 2s22p53s13p64p1;
2s22p53s23p43d14p1; 2s22p53s23p44s14p1

Multiply excited configurations
2s22p53s13p43d24p1; 2s22p53p43d34p1;
2s22p53s13p44s24p1; 2s22p53s13p43d14s14p1;
2s22p53p43d24s14p1

or 3p electrons into 3d , 4s, and 4p orbitals. All possible LS
levels from these configurations are taken into account.

For the 2s−1 excitation resonances, a smaller CI expan-
sion without double and multiple electron excitations has
been used to keep the overall calculations manageable which
include all possible Auger decays of the excited levels pop-
ulated in the calculations. The linewidths of the resonances
are calculated from the lifetime of the core-hole resonances
resulting from the Auger transition rates into various final
doubly charged ionic states. The Auger lifetimes have been
calculated for all singly and doubly excited states calculating
the LM1M1, LM1M2,3, and LM2,3M2,3 spectator and LM2,3X ,
LM1X (X = 3d-5d, 4s-6s, 4p) participator Auger transition
rates into ε(s, p, d, f ) electron continua. The direct 3s and 3p
ionization is also included for these channels. For the direct 2p
ionization the 2p53s23p5ε(sd ) and 2p53s23p44pε(sd ) chan-
nels are taken into account. The typical line widths calculated
from the Auger transition rates are of the order of 20 meV
for the 2p core-hole levels. They are significantly larger (up to
several eV) for the 2s core-hole levels because these can decay
via fast L1L2,3M Coster-Kronig processes. The HFR calcu-
lations result in cross sections for nonresonant and resonant
photoabsorption by the Ar+ ion.

B. Modeling atomic cascades

To model the relaxation of inner-shell excited or ion-
ized atoms, detailed computations of the level structure
and transition rates are needed for different charge states
in order to predict all the resonance energies, thresholds,
or even final ion charge-state distributions. Such cascade
computations were performed using the flexible toolbox pro-
vided by the Jena Atomic Calculator (JAC) that integrates
different processes within a single framework and ensures
good (self-)consistency of generated data. The JAC toolbox
[43] is based on the multiconfiguration Dirac-Hartree-Fock
(MCDHF) method [44,45] and, hence, is suitable for atoms
and ions with rather arbitrary shell structures as well as for
describing numerous atomic processes. This toolbox is based
on Julia, a relatively new programming language for scien-
tific computing, that brings together high performance and
productivity in developing such tools [46]. Below, we make
use of the JAC toolbox to calculate the energies, lifetimes,
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and branching ratios needed to estimate ion distributions fol-
lowing the relaxation of inner-shell vacancies produced in
different excitation and ionization processes that contribute to
the total photoabsorption by Ar+ ions.

To analyze atomic cascades more systematically, JAC

has recently been enlarged for modeling different cascade
schemes, i.e., relaxation scenarios, such as the stepwise de-
cay of an (inner-shell) excited atom via photon or electron
emission [47]. In JAC, the implementation of these cascade
schemes is based on so-called pathways, which refer to se-
quences of two or more levels, and how they are subsequently
occupied in the course of the relaxation. Obviously, a very
large number of such pathways may naturally occur in the
deexcitation of deep inner-shell holes. For a stepwise decay
of an atom or ion, we start from either one or a few ex-
cited electron configurations which then decay by different
user-selected atomic processes, including autoionization and
photon emission, until a given number of electrons is released
and/or the ions cannot further decay to any lower level.

In practice, the large number of different measurements
and observations in studying atomic relaxation processes
makes it unfeasible to implement cascade models for each
individual experiment or setup separately. Moreover, from a
physics viewpoint, many of these observations, e.g., photon,
electron, or ion distributions, can be readily traced back to the
same single-step processes and, hence, make a recalculation
of the underlying amplitudes unnecessary. In JAC, we therefore
distinguish between cascade computations and simulations
[47]. While the cascade computations are performed with the
goal to calculate and compile the many-electron amplitudes
and rates for all steps of the cascade, the simulations then
make use of these (precompiled) data in order to derive the
ion, photon, or electron distributions, or any other informa-
tion, if needed.

In Sec. IV, the results of such cascade simulations are
presented. The calculations were performed to estimate the
ion distributions resulting from different inner-shell excita-
tions. Because of the complexity of these cascades, however,
the quantum-mechanical representation of the fine-structure
levels needs to be simplified quite drastically by reducing
the amount of interelectronic interactions accounted for in
the calculations. Often, several tens of thousands or even
more transition amplitudes are required already for a midsize
cascade in contrast to most standard atomic-structure calcula-
tions. To establish a hierarchy of useful approximations, JAC

therefore differentiates between several cascade approaches
for the representation of the atomic state functions (ASF)
involved. For Ar+, unfortunately, we were only able to apply
the simplest, i.e., the so-called average single-configuration
approach, in which all ASF are approximated by single-
configuration state functions (CSF) and by the orbitals of the
initial levels. This approach neglects all configuration mixing
between the bound-state levels and restricts the computations
to just the Coulomb interaction among the electrons as well
as a single set of continuum orbitals for each step of the
cascade [48]. These limitations are likely the main reason
for the discrepancies of the predicted ion distributions, when
compared with the measurements.

Until the present time, the main focus in developing JAC has
been placed on the integration of a large number of atomic

processes and cascades in order to describe atomic behavior
within different environments. As discussed at length in the
description of the code [49], an improved representation of
the fine-structure levels will allow for more detailed cascade
simulations in the future.

C. Modeling direct photo double ionization

Direct, or simultaneous, ejection of two electrons from
an atom by a single photon is facilitated by two principal
mechanisms [50]. In the so-called two-step one (TS1) mech-
anism, the primary photoelectron is ejected and, on its way
out, it knocks off a secondary photoelectron. The alternative
shake-off (SO) mechanism is the result of the sudden removal
of the photoelectron and the associated change of the effective
core charge for the other electrons. With a certain probability,
one of these electrons may be shaken off to the continuum.

The presently employed theoretical model treats the TS1
mechanism as described in detail in [51]. In the present appli-
cation, the model considers the TS1 process as a sequence
of the single photoionization of Ar+ followed by electron-
impact ionization of the residual Ar2+ ion. The approximation
is made that the energy is conserved between these two
stages while the virtual ionization and excitation processes are
ignored:

σ 2+
γ ,2e(ω) = σ+

γ ,e(ω) × σe,2e(ω − Ip). (2)

Here Ip is the ionization potential for removal of the primary
photoelectron. The cross sections are labeled by the inci-
dent projectile (the photon γ or electron e) and the number
of ejected electrons (for single e and double 2e ionization
channels). Unlike in the earlier theoretical works [52–54],
which employed the lowest-order perturbation theory, the
present theory is not perturbative. It includes many-electron
correlations both in the single photoionization and the
electron-impact ionization calculations. The σ+

γ ,e(ω) term is
evaluated using the random-phase approximation with ex-
change (RPAE) [55]. The σe,2e(E ) term is calculated by
solving the integral equation for the reducible self-energy part
of the one-particle Green’s function [56] in the single-dipole
channel:

σe,2e(E ) = Im�J=1(E ). (3)

Numerical implementation of the RPAE and inelastic scat-
tering (SCAT) techniques is provided by the ATOM suite of
programs [57].

The present theoretical approach is applicable both to
neutral and electrically charged atoms. The accuracy of the
calculations is expected to be somewhat reduced in cases
where electron correlations are particularly important, e.g.,
in processes involving the valence shells of negative ions
or neutral atoms. A comparison of the present theory for
valence-shell PDI of neutral Ar with experiments shows
quite reasonable agreement, with minor deficiencies in the
low-energy region. For positive ions and especially with
increasing ion charge states, the outer-shell electrons are
more tightly bound by the Coulomb field of the ionic core
and the role of many-electron correlation decreases. This
diminishes the effect of the virtual intermediate states that do
not conserve energy and are neglected in the present model.
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As a result, the accuracy of the calculations for the Ar+ ion
should be quite satisfactory as demonstrated for the M-shell
PDI of Ar+ [23].

For the present Ar+ L-shell photoionization project, cross
sections for PDI were calculated for all possible pairs of
electrons with one from the 2s and 2p subshells and one from
the 2s, 2p, 3s, or 3p subshells. For the combination of one
electron from the 2s and one from the 2p subshell the present
model gives different results for the combinations 2s + 2p
and 2p + 2s depending on whether the 2s or the 2p electron
absorbs the incoming photon. Within the present PDI model,
the total cross section for the removal of one electron from the
2s and one from the 2p subshell is given by the sum of the two
contributions 2s + 2p and 2p + 2s.

IV. RESULTS

A. Photoabsorption: Experiment and theory

In the present experiments, absolute partial cross sections
σ1,m+1 for m-fold photoionization of Ar+ were measured with
m ranging from 1 to 6. In the investigated energy range 250
to 1800 eV the excitation of the parent ion produces at least
one vacancy in the L shell. The relaxation of such a vacancy
by photon emission is very unlikely in comparison with the
probabilities for Auger decays. Without any change of the
parent-ion charge state, it leads to Ar+ product ions and emit-
ted photons, which is an absorption channel that could not
be observed in the present experiments. Cascade calculations
employing JAC (see Sec. III B) predict branching ratios be-
tween 0.0013 and 0.017 for the radiative stabilization of the 2p
vacancy levels produced in the Ar+ ion by the excitation of a
2p electron to the 3d subshell. The present experiments could
address the production of charge states up to Ar7+ but showed
no measurable signal of Ar8+ so that it is safe to assume that
the total absorption cross section of the Ar+ ion can be well
represented by σabs = ∑6

m=1 σ1,m+1.
The stacked sum of the partial photoionization cross sec-

tions is shown on a logarithmic scale in Fig. 1 as a function
of the photon energy Eph. In order to emphasize the low-
energy region especially in the range 250–270 eV where sharp
resonances occur in the absorption spectrum, the difference
Eph − 249 eV is shown on a logarithmic scale, as well. The
first tick labeled 1 thus corresponds to Eph = 250 eV.

The range of the partial cross sections σ1,m+1 measured
within this project spans approximately eight orders of mag-
nitude. Statistical uncertainties cause the noisy character of
the smallest cross sections. In the single, double, triple, and
quadruple ionization at energies below 270 eV, spectra of
partly resolved narrow resonances are seen that are associated
with excitations of a 2p electron to one of the possible levels
in the M, N , O, ... principal shells. The measurements in the
energy range up to 270 eV were performed at a photon-energy
bandwidth of 52 meV. At higher energies up to 300 eV the
resolving power was reduced. However, the structures in the
cross sections were identical for bandwidths between 52 and
175 meV. Resonances at yet higher energies associated with
excitation of a 2s electron have widths of more than 2 eV and
were measured at energy spreads not exceeding 400 meV. As
a consequence of these findings, the cross sections presented
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FIG. 1. Overview of the experimental results. The total photoab-
sorption cross section of the Ar+ ion in the energy range 250 to
1800 eV is shown as the sum of the individual stacked contributions
σ1,m+1 of single (m = 1) and multiple (m = 2, 3, 4, 5, 6) photoion-
ization. The subscript “1, m + 1” characterizes the initial and final
charge states of the Ar ion. The contributions of the different partial
cross sections to the overall sum, i.e., the photoabsorption cross
section, are differently shaded and appropriately labeled.

here for photoabsorption by the Ar+ ion may be considered
as the results of measurements all taken at 52 meV photon-
energy spread. Details of the shapes of the measured cross
sections are discussed in the following subsections where also
the physical mechanisms causing the specific energy depen-
dencies of the partial cross sections are elucidated.

Figure 2 shows a comparison of the present experi-
mental photoabsorption cross section with the measurement
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FIG. 2. Comparison of the present total experimental photoab-
sorption cross section (solid black line) of the Ar+ ion with the result
of Blancard et al. [14] (solid gray line). The latter curve has been
vertically offset by −15 Mb to allow for easier comparison. The inset
shows the systematic deviation of resonance energies ES

ph obtained by
Blancard et al. at SOLEIL and the present energies EP

ph obtained at
PETRA III. The solid curve in the inset is a fit to the experimental
energy differences.
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published by Blancard et al. [14]. Apart from the higher res-
olution of the present measurement (52 meV photon-energy
spread versus 140 meV) and the resulting differences in peak
heights, the two spectra are very similar. A closer look reveals
that the absorption cross section measured by Blancard et al.
at 270 ± 1 eV is 2.92 Mb while the present result is 3.73 Mb.
The ≈22% difference of the previous measurement from the
present one is well within the combined mutual uncertainties.
However, a previous comparison with R-matrix calculations
by Tyndall et al. [24] suggested that the cross sections mea-
sured by Blancard et al. are slightly too low. This observation
is supported by the present theoretical results (see below).

The inset in Fig. 2 reveals a systematic deviation of the
energy axes of the present experiment at PETRA III and
the measurements by Blancard et al. [14] which were car-
ried out at the SOLEIL synchrotron radiation facility. The
associated energies of selected resonances are at EP

ph in the
present PETRA III experiment and at ES

ph in the previous
experiment at SOLEIL. The inset shows differences ES

ph − EP
ph

as a function of EP
ph. Over an energy span of about 10 eV the

overall deviation between the two data sets is almost 180 meV.
On the basis of the careful and repeated energy calibration
of the present measurements we believe that the uncertainty of
the photon-energy axis in the experiments of Blancard et al.
is larger than quoted. The uncertainty of the present energy
axis is estimated to be ±30 meV, the quoted uncertainty of
the Blancard et al. energies is ±40 meV.

For understanding the structures observed in the measured
cross sections for m-fold photoionization it is elucidating to
take a closer look at threshold energies of processes that
can contribute. Table II shows calculated threshold energies
for the removal of one or two electrons from the L and M
shells of the Ar+ ion. Subshell vacancies listed in the first
column of the table are produced by direct single or double
ionization or by single ionization plus excitation. The second
column provides the energy ranges of the levels within each
associated vacancy configuration. The level energies were
calculated employing JAC. The fourth column is based on
calculations with the Cowan code in HFR approximation and
is meant to provide a reference for assessing the reliability of
the present JAC results. The accuracy of these JAC calculations
is expected to be of the order of few eV. The third column
shows the threshold energies obtained from the PDI model.
In this theory, fine-structure effects are not considered and,
therefore, the threshold energies are configuration-averaged
energy differences. The calculated PDI energies are typically
at the high end of the present JAC level-energy ranges.

Theoretical approaches towards photoionization of atoms
primarily determine the photoabsorption cross section. At
relatively low photon energies, that are just slightly above
the lowest ionization energy, the cross sections for absorption
and single ionization are almost identical. In the present case,
where multiple ionization plays an important role, the results
of the theoretical calculations have to be compared to the
experimentally determined absorption cross section. For the
present energy range, two separate R-matrix calculations have
been published [24,58], the more recent work being restricted
to energies below 270 eV. Photoabsorption by Ar+ ions was
also calculated within the previous L-shell photoionization

TABLE II. Threshold energies of processes that may contribute
to the present multiple-ionization cross sections of the Ar+(3s23p5)
ion. The energies are given in eV relative to the ground level of the
parent Ar+ ion. JAC stands for the Jena Atomic Calculator. The PDI
model calculations provide configuration-averaged energies, while
the other calculations yield level-to-level energy differences. In the
table the lowest and highest excitation energies within the different
vacancy configurations are given. Direct single ionization of subshell
n� produces a vacancy n�. Direct single ionization of subshell n� plus
excitation n′�′ → n′′�′′ is characterized by n�, n′�′ → n′′�′′ in the first
column. PDI of subshells n� and n′�′ is characterized by n�, n′�′ in
the first column.

Subshell vacancies JAC PDI model Cowan code

2p 262.1–269.2 274 262.8–270.1
2p, 3p → 3d 279.0–299.7 281.3–300.7
2p, 3p → 4s 284.1–296.5 287.3–297.8
2p, 3p 305.2–321.1 319 306.7–317.1
2p, 3s 324.3–341.5 339 326.3–339.1
2s 344.4–345.4 349 343.6–344.0
2s, 3p 393.2–399.7 395 387.4–393.8
2s, 3s 403.2–424.5 414 405.1–415.1
2p, 2p → 3p 522.7–544.4 522.3–539.9
2p, 2p → 3d 542.2–578.6 541.3–574.9
2p, 2p → 4s 551.3–575.8 549.4–569.8
2p, 2p 567.5–587.6 593 569.2–589.5
2s, 2p 637.0–666.2 668 639.7–668.2
2s, 2s → 3p 683.9 685.0
2s, 2s → 3d 705.0–718.3 705.8–719.7
2s, 2s → 4s 715.1–715.6 714.3–714.8
2s, 2s 732.1–732.4 741 734.1–734.3

study of Blancard et al. [14]. The results were restricted to
the energy range 248 to 272 eV. Within the present project,
calculations have been performed using the HFR approach
described in Sec. III A. The cross sections calculated in great
detail for energies up to 445 eV are complemented with
simpler calculations covering direct single ionization for re-
moving an electron from one of the subshells of the L or M
principal shells. PDI of the M and L shells provides only a
very minor contribution to the total absorption cross section.

Calculated PDI cross sections are shown in Fig. 3 for all
combinations of two electrons, one from either subshell 2s
or 2p and one from subshells 2s, 2p, 3s, or 3p. The sum of
all individual cross sections σ2s,2s, σ2s,2p, σ2p,2p, σ2s,3s, σ2s,3p,
σ2p,3s, and σ2p,3p is less than a few percent of the experi-
mentally derived total photoabsorption cross section of Ar+.
Considering the systematic 15% uncertainty of the experimen-
tal cross sections, the PDI contributions can be neglected in
the theoretical modeling of the total absorption cross section
as far as the comparison with the present experimental data is
concerned.

Figure 4 shows a comparison of the total experimental
absorption cross section with the results of theoretical cal-
culations that do not comprise PDI. Only those theoretical
results are displayed that cover the whole energy range up to
1800 eV. The R-matrix calculation by Witthoeft et al. [58]
does not reproduce the resonance features well. However,
the overall smooth parts of the cross section agree with the
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experiment, given the uncertainty of the measured cross sec-
tions. The detailed HFR calculations are much better in
reproducing the fine details of the absorption cross section
(see also Figs. 5 and 6). The resonances associated with
2s → 3p and 2s → 4p excitations at ≈310 eV and ≈333 eV,
respectively, also show satisfactory agreement of the detailed
HFR theory with the experiment. The simpler HFR calcula-
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tions that are restricted to direct single photoionization of the
Ar+ ion do not include resonance contributions and therefore
cannot reproduce the 2p and 2s excitations seen in the exper-
iment. However, they are in good overall agreement with the
measured cross-section function outside the relatively narrow
resonance regions.

The Ar+ ion beam used in the experiment consists of ions
in the 3s23p5 ground configuration. The associated 2P term
involves two fine-structure levels with the total angular mo-
mentum quantum number J = 3

2 for the ground level and J =
1
2 for the metastable excited level with an excitation energy
of 0.177 eV [59]. The ion source with its radio-frequency-
heated electrons certainly produces ions in both levels. It is
reasonable to assume a statistical population of the two fine-
structure levels. The detailed HFR calculations provide the
absorption cross sections for each of these levels separately.
For comparison with the experiment a weighted sum of the
two contributions is calculated with a weight of 2

3 for the
J = 3

2 and 1
3 for the J = 1

2 component. The two contribu-
tions are shown by different shadings in the stacked plot of
the calculated absorption cross section in the lower panel of
Fig. 5. The darker (orange) shading shows the contribution
of the ground level, the lighter (cyan) shading of the cross
section, plotted on top of that, marks the contribution of the
excited fine-structure level. For comparison, the upper panel
shows the experimentally determined absorption cross section
measured at 52-meV energy resolution. The theory results
were accordingly convoluted with a Gaussian of 0.052-eV full
width at half-maximum (FWHM). Theory and experiment are
in remarkable agreement.

The resonances displayed in Fig. 5 are associated with 2p
excitations to ns, nd levels with principal quantum numbers
n � 3. The lowest 2p ionization threshold of the ground-
state Ar+ ion is expected at 262.8 eV according to the HFR
calculations and at 262.1 eV according to the JAC calcula-
tions. The highest threshold for populating a level within
the 2s22p53s23p5 configuration with a 2p electron removed
from the 2p subshell of Ar+ is predicted by the present JAC

calculation to be at 269.2 eV (270.1 eV according to the HFR
calculations). Thus, at energies above approximately 270 eV
and below the 2s excitation threshold at about 310 eV, all
resonances in the measured absorption cross section must be
due to multiple excitations, most likely double excitations
involving one 2p and one 3p or 3s electron. Figure 6 displays
the absorption cross section of Ar+ in the energy range 269 to
300 eV where such double-excitation resonances were found
in the experiment and in the detailed HFR calculations.

Two distinct window resonances at experimental photon
energies ≈270.6 eV and ≈272.6 eV are seen in both the mea-
sured and the calculated cross sections. These resonances
are slightly shifted to higher energies (by approximately
0.25 eV) in the calculations but are well reproduced in
size relative to the experiment. These window resonances
are most likely due to interference of 2s22p63s23p5 →
2s22p53s13p64p double excitations and 2p direct ionization
with their subsequent Auger decays. Their energy difference
of approximately 2 eV corresponds to the fine-structure split-
ting of the 2p−1 2P1/2,3/2 core vacancy. At energies between
279 and 288 eV strong window resonances are observed
both in the measured spectrum and in the HFR calcula-
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FIG. 7. Fractions Fξ of Arξ+ product ions in charge states ξ =
2, 3, . . . , 7 observed after absorption of a photon (with a given en-
ergy Eph) by the Ar+ ion (see text).

tions. They are probably related to double excitations to
2s22p53s23p43d4p or 2s22p53s23p44s4p configurations. Per-
fect agreement of theory and experiment in such a complex
mixture of numerous resonances cannot be expected, given
the uncertainties in calculated energies. However, the magni-
tudes of double-excitation resonances and their approximate
energies are well reproduced by the HFR calculations.

B. Charge-state fractions, branching ratios for 2p-hole decays,
and average product-ion charge

When an energetic photon is absorbed by an atom, one
or possibly several electrons are released. This is obviously
also true when the absorber is an Ar+ ion. In the present
experiment the charge state of each product ion is measured
approximately 6 μs after the absorption of the photon. This
time span is sufficiently long for the intermediate, highly
excited ion to completely relax and populate its final charge
state. The relative abundance or fraction Fξ of Arξ+ product
ions in charge state ξ is given by Fξ = σ1,ξ /σabs. The fractions
Fξ obtained in the present experiment are displayed in Fig. 7.

The lowest energy necessary to excite an L-shell electron
from the ground configuration of Ar+ is experimentally found
at about 250.8 eV. Immediately below that energy, direct sin-
gle ionization of the M shell determines the absorption cross
section. Hence, the average final charge state is ξ = 2 and the
associated fraction F2 is 1 for energies below 250.8 eV. Even
at about 100 eV where the cross section for direct M-shell
double ionization reaches its maximum of ≈70 kb [23], F2

is expected to be greater than 0.95. As soon as a vacancy in
the L shell can be produced, the fraction F3 increases and the
resonant character of L-shell excitation causes rapid variations
of all fractions Fξ with ξ = 2, 3, 4, 5 that are influenced by the
presence of an initial L-shell vacancy. At a photon energy of
about 270 eV, the cross section for direct single 2p-subshell
ionization reaches its maximum. There, the fraction F2 goes to
approximately 0.08 and F3 ≈ 0.85 dominates the charge-state
distribution. With increasing photon energy an increasing
number of reaction channels open up and the higher charge
states up to ξ = 7 show steep increases.
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Figure 8 shows charge-state fractions F L
ξ . The difference in

comparison with the fractions Fξ in Fig. 7 is that here only the
effect of L-vacancy production is considered. For this purpose,
the new partial cross section σ L

1,2 = σ1,2 − σ M
1,2 was calculated

by subtracting the calculated HFR cross section σ M
1,2 for direct

single M-shell ionization from the measured cross section σ1,2

while the other partial cross sections σ L
1,ξ = σ1,ξ remained

unchanged. The total L-shell absorption cross section is σ L
abs =

σabs − σ M
1,2. The symbols with different shadings for different

final charge states ξ were obtained by integrating the partial
cross sections σ L

ξ over photon-energy bins of 0.5 eV and
calculating the relative fractions F L

ξ from these numbers. By
this procedure, the effects of isolated resonances are averaged
out and the statistical uncertainties are reduced.

The fractions F L
ξ can be interpreted as branching ratios

for the decays of argon L-vacancy states. In particular, in the
energy range of Fig. 8 only 2p-hole states can occur either
produced by photoexcitation or photoionization of the 2p
subshell.

Clearly, the decay of an L vacancy depends on the elec-
tronic environment. In principle, every excited level has its
individual decay probabilities and branching ratios for the
emission of electrons and photons. Since measurements are
hardly ever level resolved it is difficult to experimentally de-
termine branching ratios for individual levels. In this study we
decided to provide branching ratios for photon-energy bins as
displayed in Fig. 8. Even with 0.5-eV bins, structure is seen
in the branching ratios as a function of photon energy. This is
due to the variation of decay probabilities in different groups
of resonances. At energies between 250.5 and 252.5 eV the
associated L-shell excitation resonances appear to produce
slightly higher final charge states than the resonances between
252.5 and 256.5 eV. The resonances around 257 eV favor
again higher charge states.

TABLE III. Final charge-state distributions (branching ratios) of
argon ions after relaxation of an intermediate 2p-vacancy state popu-
lated via photoabsorption by an initial Ar+(3s23p5) ion. The interval
270–271 eV is assumed to provide the fractions that are due to direct
ionization of the 2p subshell. For this set of charge-state fractions
the standard deviations are given both for the present experiment and
the measurement by Blancard et al. [14]. The associated numbers in
parentheses indicate the uncertainties of the last digits of the entries
for the charge-state fractions.

2p−1 states Ar2+ Ar3+ Ar4+ Ar5+

Present expt.
250.5–252.5 eVa 0.658 0.321 0.0204 0.000125
252.5–256.5 eVa 0.770 0.218 0.0120 0.000074
269.0–272.0 eVb 0.0001(4) 0.906(2) 0.093(2) 0.00134(4)
Previous expt. [14]
≈255 ± 2 eVa 0.75 0.24 0.01
270.0–271.0 eVb 0.0(2) 0.91(4) 0.09(2)

EIMIc [60]
2p ionization 0.0004 0.778 0.222 0

Present theory
2p → 3d res.a 0.73 0.26 0.01
2p ionization 0.0007 0.86 0.13 0.01

Previous theory [61]
2p ionization 0.0005 0.9995

a2p excitation.
b2p ionization.
cElectron-impact multiple ionization.

With increasing excitation energy and growing admixtures
of direct 2p single ionization, the fraction F L

2 dramatically
decreases and the charge-state distribution shifts by almost
one unit. At energies above ≈269 eV the charge-state frac-
tions level off, staying constant for several eV until effects
of double excitations of the Ar+ parent ion set in at en-
ergies above 272 eV. For the energy range 269–272 eV
one can assume that essentially only direct 2p-subshell
ionization can take place (on top of direct ionization of
the M shell, the contribution of which was subtracted for
obtaining the charge-state fractions displayed in Fig. 8).
Accordingly, the fractions in that energy window can be
solely attributed to the decay of a single 2p vacancy in the
Ar2+(2p−13p−1) ion.

Table III summarizes these results in wider energy bins and
provides comparisons with theoretical results and with other
experiments. The comparison of the different results eluci-
dates that it is not straightforward to calculate exact branching
ratios for a moderately complex electronic structure. It is all
the more reassuring that the present measurement and the
previous photoionization experiment [14] provide consistent
results for the decay of a 2p vacancy in the intermediate
Ar2+(2p−13p−1) ion produced by direct ionization of Ar+.
Compared to the previous experiment, the present branch-
ing ratios have substantially smaller error bars. The high
confidence level of our branching ratios for the decay of
intermediate Ar2+(2p−1) states is supported by our detailed
analysis of the measured partial cross sections σ1,ξ in the light
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of calculations of individual ionization mechanisms (see the
following subsections).

At photon energies higher than 272 eV, where the contri-
bution of σ M

1,2 to the total absorption cross section is becoming
negligible and F L

2 is close to zero, the experimental frac-
tions Fξ are almost equal to F L

ξ for ξ � 3 and may therefore
also be interpreted as branching ratios associated with L-
shell hole-production mechanisms. However, the isolation of
specific excitation or ionization processes is complicated.
Contributions from direct 2p and 2s single ionization, double
excitations, inner-shell ionization with excitation, and direct
double-core-hole production overlap one another so that an
intermediate level populated by single-photon absorption can-
not be uniquely assigned to any of these processes.

With increasing photon energy Eph, intermediate excited
states can be populated that, on average, decay by the emission
of an increasing number m = ξ − 1 of electrons accompanied
by a shift of the charge-state distributions to higher ξ . Con-
sequently, there is an increase of the mean charge state ξ̄ =∑

ξ ξFξ of the Ar ions produced subsequent to the absorption
of a photon. Figure 9 displays ξ̄ as a function of the photon
energy. The average charge state increases, with fluctuations
caused by isolated resonances, from ξ̄ = 2 at 250 eV to ξ̄ =
3.35 at 1800 eV. The strongest increase is found at the onset of
direct single ionization of the 2p subshell. The increase of ξ̄ at
energies beyond approximately 300 eV is partly due to direct
2s ionization but can only be explained by the occurrence of
multielectron processes both in the population of the interme-
diate state after photoabsorption and in its subsequent decay.
Individual contributions of different photoabsorption product
states will be discussed in the following subsections.

C. Cross sections for net multiple photoionization of the Ar+ ion

In this section, the cross sections σ1,m+1 for net m-fold
ionization (1 � m � 6) of the Ar+ ion by a single photon are
presented and discussed in the light of theoretical calculations
for direct (nonresonant) photo single and double ionization.
The cross sections σ1,m+1 comprise all processes that form
Ar(m+1)+ ions after the complete relaxation of whichever
intermediate state of the argon ion is populated by the
absorption of a photon. The theoretical model cross sections

σ d
1,ξ (ξ = 2, 3, . . . , 7) are each represented by a sum of

contributions arising from direct single and double ionization
of all subshells that can be reached within the present
experimental photon-energy range: σ d

1,ξ = Bξ (3p)σ3p +
Bξ (3s)σ3s + Bξ (2p)σ2p + Bξ (2s)σ2s + Bξ (2p, 3p)σ2p,3p +
Bξ (2p, 3s)σ2p,3s + Bξ (2s, 3p)σ2s,3p + Bξ (2s, 3s)σ2s,3s +
Bξ (2p, 2p)σ2p,2p + Bξ (2s, 2p)σ2s,2p + Bξ (2s, 2s)σ2s,2s. The
quantities σn� are the cross sections for direct single ionization
of subshell n� and σn�,n′�′ stands for direct photo double
ionization involving two electrons, one from subshell n�

and one from n′�′. The associated quantities Bξ (n�) and
Bξ (n�, n′�′) are the branching ratios for stabilization of the n�

and n�, n′�′ vacancy states resulting in the population of the
Arξ+ product ions that are observed in the experiments.

By employing the JAC toolbox, a set of branching ratios Bξ

of single- and double-hole states in Ar+, Ar2+, and Ar3+ has
been obtained (see Table IV). In the following subsections,
the resulting model cross sections σ d

1,ξ are compared with the
experimental data. As to be expected, the agreement of the
model approach and the experimental cross sections is not
always perfect. The experimental results have a systematic
uncertainty of 15%, the calculated (HFR) cross sections for
direct single ionization of a given subshell in argon have
an estimated uncertainty of 5%, and a considerably larger
uncertainty has to be assigned to the calculation of PDI cross
sections. Of course, the calculated branching ratios are also
uncertain, mainly because of the limitation of the atomic-
state functions to single-configuration state functions (see
Sec. III B).

Assuming that the calculated cross sections are correct, an
attempt was made to adjust the branching ratios Bξ such that
the model cross sections σ d

1,ξ provide a reasonably good repre-
sentation of the experimental results. The adjusted quantities
Bξ are provided as numbers in parentheses in Table IV. They
include the branching ratios Bξ (2p) found for the decay of
a single 2p vacancy by scrutinizing the experimental cross
sections (see Sec. IV B). While these weight factors Bξ (2p)
can be considered to be accurate, the whole set of Bξ values is
not necessarily unique. However, in combination with the cal-
culated cross sections σn� and σn�,n′�′ it results in a remarkably
good representation of the measured cross sections σ1,ξ . Note
that

∑
ξ Bξ = 1 (with negligibly small deviations from unity

due to rounding effects) for any given vacancy configuration.

1. Net single photoionization

The cross section σ1,2 for net single ionization of Ar+ is
displayed in Fig. 10. Absolute measurements were carried
out and energy-scan data were taken at small photon-energy
bandwidths. As discussed in the context of Fig. 6 the exper-
imental energy-scan data can be considered to be taken at a
photon-energy resolution of 52 meV.

The normalized scans cover the energy range where 2p
and 2s excitations occur. The peak structure at around 280 eV
is due to 2p + 3� double excitations. The nonresonant part
of the cross section is modeled as a sum σ d

1,2 = σ3p + σ3s +
0.0007σ2p + 0.000 09σ2s of individual contributions, where
σn� is the cross section for direct single photoionization of
subshell n�. The weight factors resulted from the JAC calcu-
lations. The cross sections for direct single ionization of the

033105-11



A. MÜLLER et al. PHYSICAL REVIEW A 104, 033105 (2021)

TABLE IV. Branching ratios Bξ (n�) and Bξ (n�, n′�′) for the decay of individual vacancy states contributing to multiple ionization of the
Ar+ ion. These contributions to the production of the final charge states ξ arise from the decay of single- and double-hole configurations that
are given at the top of each column. Theoretical branching ratios calculated with JAC are displayed where available. Adjusted Bξ values are
provided by the numbers in parentheses. Missing entries indicate that no branching ratio greater than 10−5 was found. The adjusted Bξ values
for a 2p vacancy were taken from the detailed analysis described in Sec. IV B.

Product 2s2s 2s2p 2p2p 2s3s 2s3p 2p3s 2p3p 2s 2p 3s 3p

Ar2+ 0.00009 0.0007 1.0 1.0
(0.0001) (1.0) (1.0)

Ar3+ 0.0003 0.0003 0.0002 0.002 0.05 0.86
(0.20) (0.906)

Ar4+ 0.00007 0.0006 0.002 0.11 0.86 0.86 0.83 0.13
(0.08) (0.80) (0.97) (0.75) (0.093)

Ar5+ 0.0007 0.36 0.75 1.0 0.89 0.14 0.13 0.12 0.01
(0.49) (0.72) (0.96) (0.90) (0.20) (0.03) (0.05) (0.00134)

Ar6+ 0.24 0.64 0.25
(0.29) (0.50) (0.28) (0.04) (0.02) (0.002) (0.0002)

Ar7+ 0.76
(0.71) (0.01) (0.002)

different subshells were calculated by employing the HFR
theory. A 3p and also a 3s vacancy in the resulting Ar2+ ion
can only relax by radiative transitions. Hence, the branching
ratio for radiative decay is 1 in both cases.

The resulting model cross section is shown by the
short-dashed (violet) line in Fig. 10. It is in very good
agreement with the experimental data and can hardly be dis-
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FIG. 10. Net single photoionization cross section σ1,2 of the Ar+

ion. Energy-scan data (solid black dots) were taken at a photon-
energy resolution of 52 meV in the region of the 2p excitation
resonances while the energy range 270–360 eV was covered in a
scan at ≈170 meV bandwidth. The scan data were normalized to
absolute-cross-section measurements (solid blue circles with total
error bars). The short-dashed (violet) line is the sum of the HFR
results for direct M-shell single ionization (heavy-dotted gray line)
and a very small fraction of direct L-shell single ionization with Bξ

values that resulted from the JAC calculations. The solid (red) line is
the result obtained with the adjusted set of weight factors Bξ . Vertical
bars indicate the lowest threshold energies for the production of a 2p
and a 2s vacancy by direct ionization, respectively. For more details
see the main text.

tinguished from the calculated direct-M-shell-photoionization
cross section represented by heavy gray dots in Fig. 10.
Using branching ratios from the set of adjusted Bξ weight
factors shown as numbers in parentheses in Table IV produces
the (red) solid line. In this case (ξ = 2), it is almost indis-
tinguishable from the JAC HFR result. The branching ratio
B2(2p) = 0.0001(4) used in this case for radiative stabiliza-
tion of a 2p vacancy was inferred from the results of the
present measurement (see Table III).

The comparison of the experimental data with the results
of the model calculations represented by the short-dashed
(violet) and the solid (red) lines in Fig. 10 shows that direct
single ionization of the M shell is the most important Ar+

single-ionization mechanism over most of the investigated
photon-energy range except for the region 250 to 270 eV
where 2p excitation resonances enhance the cross section by
almost two orders of magnitude. Much smaller peak struc-
tures arise from 2p + 3� double- and 2s single-excitation
resonances. Details of the resonance region are presented and
discussed in Sec. IV C 7.

2. Net double photoionization

The cross section σ1,3 for net double ionization of Ar+

is displayed in Fig. 11. Absolute measurements were car-
ried out and energy-scan data were taken at different narrow
photon-energy bandwidths. However, they are consistent with
an overall resolution of 52 meV (see above). The short-dashed
(violet) line in Fig. 11 is derived from HFR calculations
of σ2p for direct 2p and σ2s for direct 2s subshell ioniza-
tion accounting for the JAC branching ratios of decays of
the resulting vacancies via single-Auger processes. The re-
sulting model cross section is σ d

1,3 = 0.86σ2p + 0.05σ2s +
0.002σ2p,3p + 0.0002σ2p,3s + 0.0003σ2s,3p + 0.0003σ2s,3s.

The solid (red) line in Fig. 11 is obtained by using the
adjusted branching ratios given by the numbers in paren-
theses in Table IV. The resulting model cross section is
σ d

1,3 = 0.906σ2p + 0.2σ2s. The branching ratio 0.906 for a
single-Auger decay of a 2p vacancy in the intermediate
Ar2+(2p−13p−1) ion results from the present experiment (see
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FIG. 11. Net double photoionization cross section σ1,3 of the Ar+

ion. Detailed energy-scan data were taken at small bandwidths, all
consistent with a 52-meV resolution, in the regions of the 2p and 2s
excitation resonances. The scan data were normalized to absolute-
cross-section measurements (solid blue circles with total error bars).
The short-dashed (violet) line is the Bξ -weighted sum of 2s and 2p
HFR results representing the contribution of direct L-shell single ion-
ization. The weight factors Bξ were obtained by JAC calculations. The
solid (red) line is obtained with adjusted branching ratios Bξ from
Table IV. The heavy-dotted gray line is the contribution of 2p direct
ionization only. The vertical bar indicates the lowest direct-ionization
threshold of the 2s subshell. The onset of direct 2p ionization is
obvious from the model cross sections. For more details see the main
text.

Table III). The branching ratio 0.2 for the Auger decay of
a 2s vacancy was chosen although Kaastra and Mewe [61]
and Hahn et al. [60] suggested 0.0348 whereas JAC provided
B2(2s) = 0.05. The main criterion for the present choice was
an overall optimal agreement of the model cross sections with
the present experimental results for all product-ion charge
states ξ . Apart from that condition, constraints of the values
Bξ result from the condition that the total decay probability of
a given vacancy state is 1. Under these constraints, the present
choice of Bξ (2s) = 0.2 appears to be adequate although the
JAC-based model represents most of the experimental cross
section σ1,3 exceptionally well.

The heavy-dotted line in Fig. 11 is the contribution of 2p
direct single ionization with the weight factor 0.906 deter-
mined in the present experiment as described in Sec. IV B.
Obviously, the contribution of direct photoionization of the 2p
subshell with subsequent single-Auger decay dominates the
cross section σ1,3 by far, except for the energy region of the
2p and 2s excitation resonances. Excitation is not accounted
for in the simple model calculations that are restricted to direct
ionization of given subshells. Details of the resonance region
are shown and discussed in Sec. IV C 7.

3. Net triple photoionization

The cross section σ1,4 for net triple ionization of Ar+ is
displayed in Fig. 12. Absolute measurements were carried
out and energy-scan data were taken at different narrow
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FIG. 12. Net triple photoionization cross section σ1,4 of the Ar+

ion. Energy-scan data were taken at different photon-energy band-
widths, all consistent with a 52-meV resolution, covering the regions
of the 2p and 2s excitation resonances and beyond the 2s ionization
threshold. The scan data were normalized to absolute-cross-section
measurements (solid blue circles with total error bars). The short-
dashed (violet) line is the model cross section σ d

1,4 with branching
ratios based on the JAC calculations. The solid (red) line is the model
cross section with adjusted weight factors Bξ from Table IV. The
heavy-dotted gray line is the contribution of direct 2p-shell ionization
to the solid (red) line, the dashed line additionally includes the con-
tribution of direct 2s ionization. The vertical bars indicate the lowest
thresholds of direct single and double ionization of various subshells
as indicated. The gray-shaded area labeled 2p + 3p → 3d shows the
calculated energy range (see Table II) for direct 2p ionization plus
3p → 3d excitations. For more details see the main text.

photon-energy bandwidths, which are consistent with a
52-meV resolution (see above). The short-dashed (violet)
line in Fig. 12 is obtained by employing the JAC branching
factors in connection with the HFR and PDI calculations
for direct single and double ionization. It represents
σ d

1,4 = 0.13σ2p + 0.83σ2s + 0.86σ2p,3p + 0.86σ2p,3s + 0.11
σ2s,3p + 0.002σ2s,3s + 0.0006σ2s,2p + 0.000 07σ2s,2s. The
short-dashed line is somewhat above the experimental cross
section σ1,4, particularly already at energies beyond the 2p
ionization threshold. This trend continues in the region of the
cross-section maximum.

The solid (red) line in Fig. 12 is the model cross section
with adjusted weight factors Bξ as given by the numbers
in parentheses in Table IV. It represents σ d

1,4 = 0.093σ2p +
0.75σ2s + 0.97σ2p,3p + 0.80σ2p,3s + 0.08σ2s,3p. The heavy-
dotted line represents the contribution of direct ionization of
the 2p subshell (0.093 σ2p). The dashed line comprises the
contribution of the 2s subshell (0.75 σ2s) in addition. The 2p
and 2s contributions make up for most of the measured cross
section σ1,4. Additional contributions are needed, though, to
explain the experimental result. For energies beyond about
305 eV, PDI processes can be assumed to provide the miss-
ing cross-section contributions. The late onset of σ2p,3p at
319 eV is somewhat artificial since the PDI calculations
do not consider the fine-structure splitting in the intermedi-
ate Ar3+(2p−13p−2) ion in contrast to the JAC calculation
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presented in the second column and the HFR calculation
in the fourth column of Table II. In a more realistic PDI
calculation, the threshold region should consider the range of
level energies associated with the 2p and 3p vacancies and
would thus spread out the onset over a range of approximately
16 eV reaching down to about 305 eV.

Yet, the increase of σ1,4 starting at about 290 eV remains
unexplained by these considerations. Additional contributions
to σ1,4, that have not been calculated and therefore cannot
be quantified, might be due to processes involving direct
ionization of a core electron and simultaneous excitation of
a second electron either from the core or the valence shell.
Such ionization-excitation contributions have been considered
previously for atoms with a much simpler electronic structure
than the present Ar+ ion. Cross sections for ionization-
excitation processes have been calculated for the He-like
sequence [62–64] and turned out to be of considerable
magnitude.

The apparent onset of an additional triple-ionization chan-
nel at about 290 eV in the experimental cross section σ1,4

may indicate contributions of ionization-excitation processes
characterized as 2p, 3p → 3d (see Table II). Direct ioniza-
tion of the 2p subshell plus excitation 3p → 3d features the
lowest threshold energy of such processes in the present en-
ergy range. The configuration 2p−13p−23d supports a total of
154 levels each of which is reachable from either the 2P3/2

ground level of Ar+ or the first excited level 2P1/2. Hence,
308 transitions with their individual cross sections are to be
considered to contribute to σ1,4, just from that configuration
alone. The thresholds for reaching these levels span the range
indicated by the gray-shaded box in Fig. 12. As Table II
shows, the onsets of the associated cross sections span the
energy range from about 279 to 300 eV. Excitation to 4s
instead of 3d adds another manifold of possible contributions,
and excitations to other subshells n� are also possible. The
high density of thresholds involved in ionization-excitation
processes together with the finite-energy resolution of the
experiment and the finite width of the intermediate excited
levels can be assumed to produce a relatively smooth cross
section as observed in the experiment. We are confident there-
fore that ionization-excitation contributions are important in
the present cross sections for net multiple ionization of the
Ar+ ion. The fact that the magnitude of these contributions is
unknown implies substantial difficulties to infer a unique un-
ambiguous set of branching ratios Bξ (n�, n′�′) (see Table IV)
adjusted to the present experiment. Only the branching ratios
Bξ (2p) provided in Tables III and IV can be considered to be
of high reliability.

4. Net fourfold photoionization

The cross section σ1,5 for net fourfold ionization of
Ar+ is displayed in Fig. 13. Absolute measurements were
carried out and energy-scan data were taken at different
narrow photon-energy bandwidths consistent with a
52-meV resolution (see above). The short-dashed (violet)
line in Fig. 13 represents the model cross section σ d

1,5 =
0.01σ2p + 0.12σ2s + 0.13σ2p,3p + 0.14σ2p,3s + 0.89σ2s,3p +
1.0σ2s,3s + 0.75σ2p,2p + 0.36σ2s,2p + 0.0007σ2s,2s based on
the JAC branching ratios B5. This model cross section greatly
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FIG. 13. Net fourfold photoionization cross section σ1,5 of the
Ar+ ion. Energy-scan data were taken at different photon-energy
bandwidths, all consistent with a 52-meV resolution, covering the
regions of the 2p and 2s excitation resonances and beyond the 2s
ionization threshold. The scan data were normalized to absolute-
cross-section measurements (solid blue circles with total error bars).
The short-dashed (violet) line is the model cross section σ d

1,4 with
weight factors B5 obtained by the JAC calculations. The solid (red)
line is the model cross section with adjusted weight factors. The
heavy-dotted line is the contribution of direct 2p-shell ionization
(0.00134σ2p), the dashed line additionally includes the contribution
of direct 2s ionization. The dashed-dotted line represents the contri-
bution of direct double ionization of the 2p subshell. The vertical bars
indicate the lowest thresholds of direct single and double ionization
of various subshells. For more details see the main text.

exceeds the experimental result. In particular, the contribution
of direct photoionization of the 2p subshell is overestimated
(by a factor ≈7). The associated weight factor from the
JAC calculations is B5(2p) = 0.01 while the analysis of the
present measurements (see Sec. IV B and Table III) provided
B5(2p) = 0.001 34. This discrepancy is the main reason
for introducing a set of adjusted branching ratios Bξ for all
product-ion charge states ξ . One has to keep in mind in this
context that for each vacancy configuration the sum of the
associated branching ratios must be unity

∑
ξ Bξ = 1. We also

note that charge-state fractions lower than 1% calculated by
using the JAC toolbox have an enhanced relative uncertainty
which gets amplified in a comparison where the contribution
of a percent fraction (in this case of direct 2p ionization)
makes up for a substantial part of the investigated cross
section (σ1,5 in the present case).

The solid (red) line in Fig. 13 represents σ d
1,5 =

0.001 34σ2p + 0.05σ2s + 0.03σ2p,3p + 0.20σ2p,3s + 0.90
σ2s,3p + 0.96σ2s,3s + 0.72σ2p,2p + 0.49σ2s,2p with the
adjusted branching ratios Bξ (the entries in parentheses in
Table IV). The heavy-dotted line represents the contribution
of direct ionization of the 2p subshell (0.001 34 σ2p). The
dashed line comprises the contribution of the 2s subshell
(0.05σ2s) in addition. At the maximum of σ1,5, the 2p and
2s contributions make up for about 50% of the measured
cross section. A great deal of the cross section at energies
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beyond 400 eV can be rationalized by PDI contributions. The
relatively narrow peak feature around 410 eV is interpreted to
be mainly due to direct ionization of the 2s and 3� subshells.
As discussed in connection with Fig. 12, ionization-excitation
contributions are likely to occur at energies approximately
above 290 eV. Their overlap in photon energy with PDI
contributions hinders the determination of branching ratios
from the experiment. The peak in the model cross section σ d

1,5
at about 350 eV is indicative for a possible overestimation of
B5(2p, 3s). The 20% contribution was chosen to reproduce
the higher-energy region of σ1,5 which might also be feasible
by introducing realistic ionization-excitation contributions.
These, however, are not available.

The bump in the measured cross section σ1,5 at energies
between approximately 550 and 800 eV is not obviously re-
produced in the model cross section σ d

1,5. Its shape follows the
calculated PDI cross section σ2p,2p for direct double ionization
of the 2p subshell which is shown as the dashed-dotted line
in Fig. 13. Nevertheless, the assumed 72% contribution of
σ2p,2p, although being part of the σ d

1,5 model function, does not
show up as a distinct feature. The reason is the too steeply de-
creasing model “background” cross section σ d

1,5 − 0.72σ2p,2p

which does not include the ionization-excitation processes
that probably contribute to the measured cross section σ1,5.

5. Net fivefold photoionization

The cross section σ1,6 for net fivefold ionization of Ar+ is
displayed in Fig. 14. Absolute measurements were carried out
and energy-scan data were taken at different narrow photon-
energy bandwidths, all consistent with a 52-meV resolution.
The short-dashed (violet) line in Fig. 14 represents the model
cross section σ d

1,6 = 0.24σ2s,2s + 0.64σ2s,2p + 0.25σ2p,2p

obtained by calculating branching ratios B6 with the JAC

toolbox and combining them with HFR and PDI calculations
of direct single and double ionizations. The JAC calculations
do not predict any sizable contributions of direct 2�3�′ double
ionization to the cross section σ1,6. This may indicate that
almost all of the “background” cross section producing signal
below ≈600 eV is due to ionization-excitation processes.
The solid (red) line represents the model cross section
σ d

1,6 = 0.0002σ2p,3p + 0.002σ2p,3s + 0.02σ2s,3p + 0.04
σ2s,3s + 0.28σ2p,2p + 0.50σ2s,2p + 0.29σ2s,2s with adjusted
weight factors (the entries B6 in parentheses from Table IV).
Single ionization of the L shell with subsequent Auger
cascades does not contribute with any significance to the
production of such high final charge states. The dashed
line shows the contribution of the doubly ionized 2s
subshell (0.29σ2s,2s). The dotted line represents the PDI
contribution involving a 2s and a 2p electron (0.50σ2s,2p)
and the dashed-dotted line stands for PDI of the 2p subshell
(0.28σ2p,2p). The two contributions resulting from 2p + 2p
and 2s + 2p PDI with subsequent Auger electron emission are
approximately equally responsible for most of the measured
cross section σ1,6. The contribution from direct double
ionization of the 2s subshell is very small. The sum of the
latter three contributions is displayed by the dark solid (blue)
line in Fig. 14. The cross-section model calculations are in
quite good agreement with the experimental results. They
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FIG. 14. Net fivefold photoionization cross section σ1,6 of the
Ar+ ion. Energy-scan data were taken at different photon-energy
bandwidths, all consistent with a 52-meV resolution. The scan data
were normalized to absolute-cross-section measurements (solid blue
circles with total error bars). The short-dashed (violet) line is the
model cross section σ d

1,6 with branching ratios B6 from the JAC cal-
culations. The lighter solid (red) line is the model cross section with
adjusted branching ratios. The darker solid (blue) line is the contribu-
tion of PDI of the Ar+ L shell. The dashed, dotted, and dashed-dotted
lines are the PDI contributions arising from σ2s,2s, σ2s,2p, and σ2p,2p,
respectively. The vertical bars indicate the lowest thresholds of direct
double ionization of various subshells. The gray-shaded areas la-
beled 2p + 2p → 3p and 2p + 2p → 3d show the calculated energy
ranges (see Table II) for direct 2p ionization plus 2p → 3� excita-
tions. For more details see the main text.

show that σ1,6 is dominated by PDI producing two vacancies
in the L shell.

Different from the result of the JAC calculations, the shoul-
der in the experimental cross section σ1,6 at energies below
approximately 600 eV can partly be explained by PDI involv-
ing one L-shell electron and one M-shell electron. As in the
case of σ1,4, the model calculation σ d

1,6 does not reproduce the
smooth energy dependence of the cross section σ1,6 between
the PDI thresholds. This is particularly obvious in the energy
region below 600 eV. In that region, ionization-excitation
processes with removal of a 2p electron and excitation of
a second 2p electron to one of the 3� subshells have their
thresholds, indicated by the gray shaded areas in Fig. 14. One
has to assume that for all PDI pairs 2�′, 3�′′ there are infinite
series of excitation transitions that may contribute to σ1,6.
However, the result of the PDI calculations for two L-shell
electrons represented by the solid (blue) line leaves little space
for such “background” cross-section contributions, at least in
the energy region beyond 600 eV.

6. Net sixfold photoionization

The cross section σ1,7 for net sixfold ionization of Ar+ is
displayed in Fig. 15. Absolute measurements were carried out
and energy-scan data were taken at different narrow photon-
energy bandwidths, all consistent with a 52-meV resolution.
The short-dashed (violet) line in Fig. 15 is the model cross
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FIG. 15. Net sixfold photoionization cross section σ1,7 of the
Ar+ ion. Energy-scan data were taken at different photon-energy
bandwidths, all consistent with a 52-meV resolution. The scan data
were normalized to absolute-cross-section measurements (solid blue
circles with total error bars). The short-dashed (violet) line is the
model cross section σ d

1,6 = 0.76σ2s,2s using the JAC weight factor
B7(2s, 2s) from Table IV. The solid (red) line is the model cross
section with adjusted weight factors B7. The dashed-dotted line is the
contribution of PDI of the 2s subshell with the adjusted B7(2s, 2s) =
0.71. The inset shows a blowup of the double-L-shell ionization
threshold region. The solid data points were generated from the
fine-scan data (small open circles in the main figure) by averaging
over 5-eV bins. The vertical bars indicate the lowest thresholds of
direct double ionization of various subshells as indicated. For more
details see the main text.

section σ d
1,7 = 0.76σ2s,2s with the weight factor B7(2s, 2s) =

0.76 from the JAC calculation. It is in quite good agreement
with the experiment at photon energies beyond approximately
800 eV but does not reproduce the cross section at energies be-
low ≈730 eV. The solid (red) line represents the model cross
section σ d

1,7 = 0.002σ2p,2p + 0.01σ2s,2p + 0.71σ2s,2s. The ad-
justed weight factors of the direct double-ionization cross
sections are the branching ratios in parentheses from Table IV.
The dashed-dotted line shows the contribution of the doubly
ionized 2s subshell (0.71σ2s,2s). The contribution arising from
direct double ionization of the 2s subshell is responsible for al-
most all of the measured cross section σ1,7. The contributions
from direct double ionization involving two 2p electrons or
one from the 2s and one from the 2p subshell are both small.

The inset of Fig. 15 highlights the sensitivity of the present
experiment. The cross sections between 600 and 645 eV are
only 1.8 b on average with total uncertainties of less than
0.4 b. The vertical bars show the lowest threshold energies
(see Table II) calculated for the production of two holes in the
2p subshell (2p + 2p) and one hole in the 2s and another in
the 2p subshell (2s + 2p). The solid (red) line represents the
PDI model with cross sections calculated for the configuration
average rather than individual double-core-vacancy levels.
Considering the difference between the lowest threshold and
the configuration-averaged double-ionization onset the ex-
perimental data obviously show the opening of the 2p + 2p
and the 2s + 2p double-ionization channels. The associated
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FIG. 16. Experimental cross sections for Ar+ in the photon-
energy range of the 2p excitation resonances: net single ionization
(a), net double ionization (b), net triple ionization (c), and net quadru-
ple ionization (d). All spectra were measured at a photon-energy
resolution of 52 meV. The solid (red) lines with light gray shading
represent the contributions of direct ionization of the 2p subshell
calculated on the basis of the HFR theory. The calculated absorption
cross sections were multiplied with the branching ratios provided in
Table III for “2p ionization.”

measured cross sections are only a few b and hence their
measurement required the unprecedentedly high sensitivity of
this photon-ion merged-beams experiment.

7. Resonance contributions

This section highlights the regions where pronounced res-
onances occur in m-fold ionization. In particular, resonant
excitation of the 2p and the 2s subshells are expected in the
energy ranges 250–270 eV and approximately 300–350 eV,
respectively. In addition, contributions of double excitations
at energies beyond 270 eV were to be expected. In the energy
region of interest (270 to 300 eV), such double excitations
involve one electron from the 2p subshell and one additional
electron from either the 3s or the 3p subshells.

Figure 16 displays the measured spectra for net single,
double, triple, and quadruple photoionization of Ar+ in the
energy region where a 2p electron can be excited to the 3d
subshell or to the ns or nd subshells with n = 4, 5, 6, . . . . The
intermediate excited states, all with a vacancy in the 2p sub-
shell, can decay by cascades of Auger decays. The experiment
shows that up to four electrons can be ejected from Ar+(2p−1)
core-hole levels. The branching ratios for these decays differ
from one another by large factors as discussed already in
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FIG. 17. Experimental cross sections for Ar+ in the photon-
energy range of the 2p + 3� double-excitation resonances: net single
ionization (a), net double ionization (b), net triple ionization (c), and
net quadruple ionization (d). The spectra in different energy regions
were measured at different photon-energy resolutions ranging from
52 meV to at most 400 meV. Vertical lines indicate positions of
resonances.

Sec. IV. Cross sections for net single photoionization at an
energy resolution of 52 meV reach up to about 30 Mb, for
net double photoionization they are down to approximately
8 Mb at their maximum, for net triple photoionization they
do not quite reach the maximum of 0.5 Mb, and quadruple
ionization resonances are generally smaller than about 4 kb.
No measurable signal could be found for net quintuple ion-
ization in the energy range below 270 eV. We also note that
the probabilities for multiphoton absorption are too small to
produce measurable signals. This aspect of experiments at the
PIPE setup has been discussed in detail previously [65,66].

Figure 16 also displays model cross sections for the pro-
duction of Arξ+ ions from Ar+ on the basis of HFR cross
sections for direct 2p single photoionization multiplied with
experimentally derived branching ratios from Table III. There
are a number of individual thresholds for direct 2p photoion-
ization associated with specific Ar2+(2p−1) core-hole levels.

Figure 17 shows the measured spectra for net single, dou-
ble, triple, and quadruple photoionization of Ar+ in the energy
region 268–292 eV where a 2p electron and, simultaneously, a
3s or a 3p electron can be excited. Although such double exci-
tations had to be expected, it is surprising to see how strongly
they affect the different photoionization cross sections. The
natural widths of the resonance features in the investigated
energy range are apparently greater than 400 meV: Convolu-
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FIG. 18. Experimental cross sections for Ar+ in the photon-
energy range of the 2s excitation resonances: net single ionization
(a), net double ionization (b), net triple ionization (c), and net quadru-
ple ionization (d). Vertical lines indicate the positions of the 2s → 3p
and 2s → 4p resonances.

tions of the calculated HFR cross section with Gaussians of
52 to 170 meV FWHM do not show significant differences in
the resulting convoluted spectra (confer Fig. 6).

While double-excitation resonances in the channel of net
single photoionization add to the size of the cross section,
most resonance features seen in net double, triple, or quadru-
ple ionization are window resonances. That is, the associated
amplitudes of resonant excitation and direct ionization de-
structively interfere with one another and, thus, dips in the
cross section are observed. These are particularly strong at
energies around 280 eV. In the single-ionization channel there
is hardly any contribution from direct 2p ionization with
subsequent Auger decays present and, hence, there is no part-
ner channel for resonances to interfere with. Therefore, the
double-excitation resonances show no obvious sign of inter-
ference and just add to the observed single-ionization cross
section.

Figure 18 displays the measured spectra for net single,
double, triple, and quadruple photoionization of Ar+ in the
energy region 290–360 eV where a 2s electron can be
excited to a np subshell with n = 3, 4, 5, . . . . The interme-
diate excited states, all with a vacancy in the 2s subshell,
can decay by cascades of Auger decays. Ejection of up to
four electrons from Ar+(2s−1) core-hole levels has been ob-
served. The 2s-excitation resonances are quite broad. The
large widths of more than 2 eV are caused by the opening of
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TABLE V. Final charge-state distributions (branching ratios) of
argon ions after relaxation of an intermediate 2s-vacancy state pop-
ulated via 2s photoexcitation of an initial Ar+(3s23p5) ion. The
numbers in parentheses behind the entries for branching ratios show
the uncertainties of the last one or two digits. The present results
may also be compared with branching ratios obtained from direct
ionization of the 2s subshell in neutral argon populating the identical
intermediate Ar+(2s−1) configuration.

Excitation Ar2+ Ar3+ Ar4+ Ar5+

This expt.
2s → 3p 0.034(2) 0.87(3) 0.091(4) 0.00084(9)
2s → 4p 0.020(9) 0.57(3) 0.40(2) 0.0088(9)

This theory
2s → 3p 0.06 0.85 0.09 0
2s → 4p 0.05 0.95 0 0

Ar 2s → ∞
Expt. [26] 0.01(4) 0.89(3) 0.10(2) -
Expt. [27] 0.03 0.89 0.08 0.003
Theory [61] 0.0361 0.9634 0 0
Theory [67] 0.042 0.934 0.025 0
Theory [27] 0.05 0.95 0 0
Theory [68] 0.035 0.887 0.075 0.0026

Coster-Kronig decay channels when a 2s vacancy is formed.
Again, measurements were carried out at different photon-
energy bandwidths between 52 and 400 meV. The 2s
resonance features are much broader than the experimental
bandwidths so that the 2s resonances were essentially ob-
served with their natural widths.

The branching ratios for the decays of 2s vacancy levels
in Ar+ produced by excitations 2s → 3p, 4p into different
final channels, characterized by the final charge state of the
argon ion, substantially differ from one another. In order to
assess these branching ratios, the peak areas of the 2s → 3p
excitation resonances at about 310 eV and of the 2s → 4p
resonances at about 333 eV were determined and the branch-
ing ratios inferred. Uncertainties of the peak areas arise from
statistical uncertainties and from difficulties with isolating the
2s resonances from all the other cross-section contributions
(the “background”). The experimentally inferred branching
ratios are shown in Table V. The results of the present JAC

calculations for the 2s → 3p and 2s → 4p resonances are
also provided in this table. While the branching ratios for the
2s → 3p excitation resonance are in fairly good agreement
with the experiment, the JAC calculations for the 2s → 4p
resonance underestimate the probability to produce Ar4+ by
Auger decays subsequent to the initial photoexcitation pro-
cess. In particular, the experimental spectra show a strong shift
of the relative importance of the 2s resonances from 2s → 3p
dominating in the single ionization of Ar+ to 2s → 4p dom-
inating in triple and quadruple ionization of Ar+. This trend
is not reproduced by the calculations. This may be attributed
to the fact that the cascade processes are considerably more
complex for the intermediate Ar+(2s−13p−14p) ion with three
open shells produced by 2s → 4p excitation compared to
Ar+(2s−1) with only a single electron in the open 2s shell
produced by 2s → 3p excitation.

The intermediate Ar+(2s−1) configuration observed in the
present experiments through its resonant 2s → 3p contribu-
tions to the measured cross sections σ1,ξ of the Ar+ ion is
identical to the configuration produced by direct 2s ioniza-
tion of the neutral Ar atom. In previous experiments [26,27]
the decay of this 2s-hole configuration has been investi-
gated by coincident Auger-electron spectroscopy. From these
measurements the final charge-state fractions of argon ions
produced by Auger decays of the Ar+(2s−1) configuration
were inferred. The results are also shown in Table V. Previous
theoretical treatments [27,61,67] of this problem provided
results that are also included in Table V. A very recent com-
prehensive calculation by Liu et al. [68] is in remarkably
good agreement with the charge-state fractions experimen-
tally inferred by Lablanquie et al. [27]. A comparison of
the data obtained from Auger spectroscopy measurements
[26,27] with the results of the present experiment shows good
agreement for the lower final charge states Arξ+ up to ξ = 4.
However, for the production of Ar5+ ions the present prob-
ability is about one third of the previous results obtained by
Lablanquie et al. [27] and Liu et al. [68]. Brünken et al. [26]
could not find evidence for the production of Ar5+ at all.

The observation of the 2s → 3p resonance contribution to
the measured cross section σ1,5 (see Fig. 18) is an unambigu-
ous signature of Auger decays releasing four electrons from
the intermediate Ar+(2s−1) ion. The uncertainty of the peak
area relative to the 2s → 3p resonances in the cross sections
σ1,ξ with ξ = 2, 3, 4 is only about 10% and thus cannot ex-
plain the observed differences.

V. SUMMARY AND OUTLOOK

Absolute cross sections for single and multiple photoion-
ization of Ar+ ions have been measured in the energy range
250 to 1800 eV. All accessible final channels from Ar2+ to
Ar7+ were investigated in great detail. A large range of cross-
section magnitudes from 1 b to 30 Mb could be covered.
The smallest cross section that could be measured with an
acceptable uncertainty was approximately 2 ± 1 b.

Detailed energy scans were performed at photon-energy
bandwidths corresponding to an effective resolution of
52 meV. These measurements showed distinct 2p → n� ex-
citation resonances in the photon-energy range 250–270 eV,
numerous 2p, 3� → 3�′, n�′′ double-excitation features in the
photon-energy range 270–300 eV, and few 2s → np reso-
nance peaks at photon energies up to about 350 eV. Total
photoabsorption cross sections of the Ar+ ion in the photon
energy range 250–1800 eV were inferred from the experi-
mental data. Comparison of these results with Hartree-Fock
calculations including relativistic corrections shows good
agreement.

The partial experimental cross sections σ1,ξ for the produc-
tion of Arξ+ (ξ = 2, 3, . . . , 7) from Ar+ could be employed
to determine the average charge of the product ions after
absorption of a photon by an Ar+ ion. Branching ratios for
the production of different final ion charge states by cascades
of decay processes could be experimentally determined for
a number of hole states produced in the photoabsorption by
the Ar+ ion. Particularly reliable results were obtained for the
decay of a 2p vacancy in Ar2+(2s22p53s23p5).
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A self-consistent set of product-ion charge-state distri-
butions was calculated for 2s and 2p single core-hole
and 2s + 2s, 2s + 2p, 2p + 2p, 2s + 3s, 2s + 3p, 2p + 3s,
2p + 3p double-vacancy configurations including at least one
L-shell core hole. All these configurations are relevant to
photoabsorption by Ar+ in the present photon-energy range.
In addition, the cross sections for producing all these single-
and double-hole states were calculated using different theo-
retical models. The results are in very favorable accord with
the experimental cross sections. In particular, it is shown that
direct photo double ionization starts to play a role in the pro-
duction of Ar4+, double-L-shell ionization is responsible for
most of the cross section σ1,6, while σ1,7 is almost exclusively
determined by the process of direct photo double ionization of
the 2s subshell and subsequent emission of four electrons.

For fully explaining the observed cross sections σ1,ξ with
ξ = 4, 5, 6, 7 it is necessary to consider higher-order pro-
cesses such as ionization with excitation and direct photo
double ionization. Given the relative complexity of the Ar+

ion, ionization-excitation calculations were not attempted
in this study. Nevertheless, the overall agreement of a
combination of several theoretical contributions, including
calculations of cross sections for direct single and double
ionization as well as extensive computations of associated
decay cascades, with experimental cross sections measured on
an absolute scale is remarkable.

Important improvement of the theoretical calculations both
of direct double ionization and of decay cascades may be
expected when the different theoretical approaches are ex-
tended by considering the contributions of individual levels
rather than configuration averages. Moreover, cascade calcu-
lations should include Auger processes involving more than
two electrons. It would also be desirable to tackle the problem
of ionization-excitation contributions to multiple ionization

induced by photoabsorption. All these improvements and ex-
tensions will greatly enhance the complexity of the theoretical
calculations, however, their implementation is not impossible.
On the experimental side, it would be highly desirable to in-
clude the observation of emitted electrons. This is particularly
difficult given the low-particle density of a typical ion beam.
Nevertheless, earlier attempts to register electron emission
in photon-ion interaction experiments have been successful
in a few special cases. Higher densities in the primary-ion
beam can probably be achieved by employing specialized ion
sources. By switching to ions with a smaller number of elec-
trons some of the complexity and difficulties can be removed.
As a result, one may expect a better quantitative understanding
of, e.g., direct photo double ionization processes.
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