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Abstract: We review recent work on the photoionization of atomic ions of astrophysical interest
that has been carried out at the photon-ion merged-beams setup PIPE, a permanently installed end
station at the XUV beamline P04 of the PETRA III synchrotron radiation source operated by DESY
in Hamburg, Germany. Our results on single and multiple L-shell photoionization of Fe+, Fe2+,
and Fe3+ ions, and on single and multiple K-shell photoionization of C−, C+, C4+, Ne+, and Si2+

ions are discussed in astrophysical contexts. Moreover, these experimental results bear witness of the
fact that the implementation of the photon-ion merged-beams method at one of the world’s brightest
synchrotron light sources has led to a breakthrough for the experimental study of atomic inner-shell
photoionization processes with ions.

Keywords: photoionization; multiple ionization; many-electron processes; absolute cross sections;
synchrotron radiation

1. Introduction

Much of the baryonic matter in the Universe is in a plasma state. The interpretation of the
astronomical observations of cosmic plasmas requires a quantitative understanding of the quantum
processes that lead to the emission or absorption of photons and that govern the charge balance of
atoms and ions in a plasma. The photoionization and photoabsorption of atomic ions are important in
connection with radiation transport, e.g., in stars [1] or kilonovae [2] and whenever a cosmic plasma
is within the line of sight between the observer and a radiation source such as, e.g., a star, an X-ray
binary, or an active galactic nucleus. Absorption spectra that were recorded by X-ray telescopes
contain spectral signatures of the atomic ions contained in the plasma [3]. The most prominent
features are due to the cosmically most abundant elements. Next to hydrogen and helium these are
C, N, O, Ne, Mg, Si, S, and Fe [4]. The astrophysically motivated atomic-data needs concerning these
and other elements from the Periodic Table have been highlighted repeatedly (see, e.g., [5–10]).

Here, we briefly review recent progress in experimental photoionization that has been
accomplished while using interacting photon and ion beams at one of the world’s brightest
third generation synchrotron light sources. We present experimental cross sections for L-shell
photoionization of Fe+, Fe2+, and Fe3+ ions, and for K-shell photoionization of C−, C+, C4+,
Ne+, and Si2+ ions. In addition, we discuss the relevance of our results for the modeling of
astrophysical plasmas.

2. Experimental Technique

The photoionization of ions by a single photon requires photon energies that exceed the ionization
potential of the ion to be investigated. For stable atomic ions, these range from 10 eV for Ba+ to 132 keV
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for U91+ [11]. Thus, photon energies from the vacuum ultraviolet (VUV) to the hard X-ray bands are
needed for investigating photoionization of ions across the entire periodic table. Powerful laboratory
sources for these types of radiation are hot plasmas and synchrotron light sources, which both have
been used for photoabsorption and photoionization studies with atomic ions. The dual laser plasma
(DLP) technique [12] uses a laser-generated hot plasma as a back-lighter for absorption measurements
with ions in a second laser-generated plasma. In contrast to the broad spectral distribution of the
radiation from a hot plasma, synchrotron radiation has a much narrower photon-energy bandwidth
and it is freely tunable over large energy ranges. Moreover, modern third generation synchrotron light
sources provide a high photon flux, which is a prime necessity for experiments with dilute targets,
such as ions, whose mutual electrostatic repulsion entails low particle densities. The density of ionic
targets can be increased in ion traps, where the ion cloud can be compressed by external fields and
its density can be increased by applying cooling techniques. Nevertheless, the signal rates from such
arrangements are usually still rather low and, therefore, photoionization of trapped atomic ions has
been performed in only a few cases [13–18], so far.

The photon-ion merged-beams technique [19–21] makes up for the diluteness of the ionic target
by providing a large spatial overlap between the photon beam and the ion beam. Corresponding
experimental setups were installed at several synchrotron light sources [19,22–28]. The most recent
development is the use of a XUV laser for a photon-ion merged-beams experiment in a heavy-ion
storage ring [29,30]. Figure 1 sketches the photon-ion merged-beams setup PIPE [27], which is
permanently installed at the variable polarization XUV beam line P04 [31] of the PETRA III synchrotron
light source operated by DESY in Hamburg, Germany. Different types of ion sources can be mounted,
such that a large variety of ion beams can be produced. In the past years, experiments at PIPE have
been performed with positive and negative atomic ions, small molecular ions, and endohedral fullerene
ions [32]. After extraction from the ion source, which is operated on a potential of typically 6 kV,
the ions are separated in the analyzing magnet according to their mass-to-charge ratio. Subsequently,
the selected ion beam is brought to a coaxial overlap with the photon-beam by adjusting the electrostatic
ion-optical elements of the ion beam line accordingly. The length of the overlap region is 1.7 m.
The demerging magnet separates the more highly charged product ions from the primary ions.
The demerging-magnet field strength is adjusted, such that one selected product-ion charge state is
directed onto a single-particle detector that counts the product ions, which hit the detector with keV
energies, with practically 100% efficiency. The combination of a large interaction volume, a record-high
photon flux (more than 1012 s−1 at 0.01% bandwidth across the entire 250–3000 eV P04 energy range),
and a highly efficient and largely background-free product-detection scheme provides a world-unique
sensitivity for photon-interaction studies with ionized matter in the gas phase.

photons

0 1 2 m

Figure 1. Sketch of the photon-ion merged-beams setup PIPE (Photon-Ion spectrometer at PETRA III).
Ion-optical elements, such as focusing lenses, beam deflectors, collimating slits and Faraday cup are
drawn in red color. This figure is a differently labeled version of Figure 2 from [33] (reproduced by
permission of the AAS).
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An asset of the merged-beam technique, which is particularly important for applications in
astrophysics, is its capability to provide absolute photoionization cross sections. To this end, the photon
flux, φph, at PIPE is monitored with a calibrated photodiode and the primary ion current, Iion,
is measured with a large Faraday cup that is located inside the demerging-magnet vacuum chamber
(Figure 1). From these experimental quantities and the measured product-ion count rate, R, the absolute
cross section can be calculated as

σ = R
q e vion

η Iion φph FL
, (1)

where qe and vion are the charge and the velocity of the primary ion and η is the detection efficiency
(usually η = 1.0). The factor FL quantifies the mutual spatial overlap of the ion beam and the photon
beam (see [27] for details). It is determined by beam-profile measurements using slit scanners that probe
the beam overlap at three different locations along the photon-ion interaction region. Figure 2 shows
beam profiles that are measured at its center. This procedure results in a systematic uncertainty of the
absolute cross-section scale of typically 15% at a confidence level of 90% [27].
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Figure 2. Measured horizontal (a) and vertical (b) beam profiles at the center of the interaction
region [33] (reproduced by permission of the AAS). The red full and blue dashed curves represent the
ion-beam (Ne+) and photon-beam profiles, respectively.

The systematic uncertainty of the P04 photon-energy scale is typically ±30–200 meV after a
calibration to absorption features in gases has been applied. As discussed in considerable detail in [33],
the remaining uncertainty is primarily due to the uncertainties of the calibration standards that are
currently available in the soft X-ray range. Considering the ppm accuracies that can be obtained at
hard X-ray beamlines with crystal monochromators, this situation for soft X-rays seems unsatisfying
and calls for better calibration standards. As proposed in [34] (see also below), few-electron ions
could serve this purpose since the theoretical uncertainties of photoionization-resonance positions
for such fundamental atomic systems are on the meV level if state-of-the-art atomic theory is applied
(see, e.g., [34–36]).

3. L-Shell Ionization of Low-Charged Iron Ions

A particular astrophysical data need was addressed in a sequence of measurements with the
low-charged iron ions Fe+ [37], Fe2+ [38], and Fe3+ [39]. These ions and neutral iron atoms form
the gaseous iron fraction in the interstellar medium [40]. Another fraction of iron is chemically
bound to interstellar dust grains. This fraction is an important parameter for tracing the evolution
of the stellar mass distribution and, more generally, of the chemical evolution of the universe [41].
The abundance of iron in the interstellar medium can be inferred from astronomical X-ray observations
of Fe L-shell features, and high-resolution data from X-ray satellites can be used to discriminate
between the gaseous and solid forms of iron in the interstellar medium [42]. This requires laboratory
data for L-shell absorption by solid iron compounds and by iron in the gas-phase. The available data
for solids have been compiled in [43] and 2p absorption of neutral iron vapour was experimentally
studied in [44,45]. However, data for L-shell photoionization of low-charged iron ions have not
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been available prior to our recent measurements at PIPE, except for relative cross sections for single
and double photoionization of Fe+ [18]. Further work on L-shell photoionization was only carried
out for the higher charge states Fe6+–Fe10+ [46] and Fe14+ [17]. In addition, a number of merged
beams experiments have been performed on valence shell photoionization of Fe+ [47], Fe4+ [48],
Fe2+–Fe6+ [49], and of Fe3+, Fe5+, and Fe7+ [50].

Most of these previous studies only considered single ionization and in some cases also double
ionization. At PIPE, cross sections could be measured for m-fold photoionization of Fe+, Fe2+, and Fe3+

with m ranging from 1 to 5 and, in the case of Fe+ [37], even to 6. As an example, Figure 3 displays
cross sections for up to five-fold ionization of Fe3+ [39]. The cross-section scale spans several orders of
magnitude ranging from several Mb to below one kb. Such low cross sections can only be accessed
because of the high photon flux from the PETRA III synchrotron and because of the high selectivity and
practically background-free detection of the product ions in the PIPE setup. All of the cross sections
displayed in Figure 3 show the same resonance features, which are associated with the excitation
of a 2p or a 2s electron to a higher nl subshell. The two most prominent ones in the energy range
700–730 eV are due to 2p → 3d excitations. The separation of the two peaks corresponds to the
2p3/2 − 2p1/2 spin-orbit splitting amounting to about 15 eV. The resonances in the range 740–760 eV
are dominated by 2p→ 4d excitations according to atomic structure calculations that were carried out
in support of the Fe3+ experiment [39]. At energies below ∼770 eV, double ionization is the dominant
channel. That energy corresponds to the threshold for direct 2p ionization. The theoretical value for
the threshold energy is 766.9 eV [51]. In contrast to 2p excitation, which occurs below this threshold
and results in net double ionization, the 2p ionization process increases the ion charge state by one and,
consequently, net triple ionization is the dominant ionization channel once direct ionization becomes
energetically possible.

700 750 800 850 900

0.001

0.01

0.1

1

m=2

m=5

m=4

m=3
 

C
ro

ss
 s

ec
tio

n 
(M

b)

Photon energy (eV)

m=1

Figure 3. Experimental cross sections (1 Mb = 10−18 cm2) for m-fold ionization of Fe3+ ions in the
energy range 690–920 eV that contains the thresholds for 2p and 2s ionization [39]. The observed
resonance structures are associated with the excitation of a 2p or a 2s electron to a higher atomic
subshell and subsequent autoionization.

The charge state distribution that results from inner-shell ionization is rather broad as compared
to valence ionization, as can bee seen from Figure 3. This is due to the multitude of deexcitation
pathways that open up, once a L-shell hole is created. The deexcitation cascade involves radiative
and autoionization transitions. The theoretical calculation of these cascades and the resulting
product charge-state fractions is of considerable complexity. Already almost three decades ago,
such calculations were performed for astrophysically relevant ions, including iron, by Kaastra and
Mewe [52], who had to make simplifications to keep the computations tractable. Modern computers
allow one to follow cascades in more detail and to include also many-electron processes such as
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autoionization accompanied by shake processes. This approach, which was taken in our supporting
calculations for Fe+–Fe3+ [37–39], reproduced the experimental findings better than the earlier work
of Kaastra and Mewe, but still leaves room for improvement. We just mention here that cascade
calculations addressing L-shell ionization of Fe2+ were also carried out by Kučas et al. [53,54].
Their results are compared with our measured product charge-state fraction in [38].

Because all significant ionization processes have been measured, one can very well approximate
the Fe3+ absorption cross section by the sum of all cross sections for m-fold ionization with 1 ≤ m ≤ 5.
In Figure 4 (left panels), the experimental absorption cross section for Fe+–Fe3+ [37–39] are compared
with the widely used theoretical results of Verner et al. [51]. Their calculations comprised only direct
ionization processes and, therefore, do not reproduce the resonance features that are associated with 2p
(and 2s) excitation, which dominate the absorption cross sections below the 2p threshold and which are
important for inferring iron abundances from astronomical X-ray absorption spectra. The resonance
structures are significantly different for the different charge states, such that a discrimination between
these in the astronomical observations is feasible. As can be seen from the right panels of Figure 4, this is
also true for the higher iron charge states. The displayed ionization cross sections for Fe6+–Fe10+ [46]
were measured at the MAIA setup [28] at SOLEIL. They exhibit rather large statistical uncertainties as
compared to the data from PIPE. This is due to the lower photon flux at SOLEIL when compared to
PETRA III and also due to the fact that it is more difficult to obtain intense ion beams for more highly
charged ions.
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Figure 4. Left panels: Experimental cross sections (symbols) from PIPE for photoabsorption of
Fe+ [37], Fe2+ [38], and Fe3+ [39]. The uncertainty of the experimental energy scale amounts ±0.2 eV.
The light-shaded full curves are theoretical cross sections provided by Verner et al. [51]. The steps in the
theoretical cross sections occur at the computed thresholds for direct ionization of a 2p or a 2s electron.
The photoionization resonances that dominate the experimental spectra below the 2p thresholds were
not considered in the theoretical calculations. Right panels: Experimental cross sections for single
ionization of Fe6+–Fe10+ ions measured at SOLEIL [46] (reproduced by permission of the AAS).
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4. K-Shell Ionization of Light Ions

Deep inner-shell photoionization of atomic ions has been reviewed five years ago by Müller [55].
This earlier review covers a large part of the data that were measured prior to the start of the
experimental program at PIPE in 2013. Table 1 provides a comprehensive compilation of merged-beams
studies on K-shell ionization of positive and negative atomic ions, which cover a time span of two
decades. In the present review, we concentrate on the recent results from PIPE for Ne+, C−, C+, C4+,
and Si2+ ions.

Table 1. List of published experimental cross sections for K-shell photoionization of atomic ions
with atomic numbers Z ≥ 2 from photon-ion merged-beams experiments at the synchrotron light
sources ALS (Berkeley, CA, USA), ASTRID (Aarhus, Denmark), PETRA III (Hamburg, Germany),
SOLEIL (Saint-Aubin, France), and SPring-8 (Hyogo, Japan). Columns 3 and 5 provide the experimental
photon-energy range and the year of publication, respectively.

Z Ion Energy Range (eV) Light Source Year Reference

2 He+ 80–140 ASTRID 2001 [56]
2 He− 38–44 ALS 2002 [57]
2 He− 43–44 ALS 2004 [58]
3 Li− 56–70 ASTRID 2001 [59]
3 Li− 56–66 ALS 2001 [60]
3 Li+ 149–181 ALS 2006 [61]
5 B− 187–196 ALS 2007 [62]
5 B+ 193–210 ALS 2014 [63]
5 B2+ 195–235 ALS 2010 [64]
6 C− 280–285 ALS 2003 [65]
6 C− 281–282 ALS 2006 [66]
6 C− 282–1000 PETRA III 2020 [67]
6 C+ 287–290 ALS 2004 [68]
6 C+ 286–326 PETRA III 2015 [69]
6 C+ 286–326 PETRA III 2018 [70]
6 C2+ 292–323 ALS 2005 [71]
6 C3+ 300–338 ALS 2009 [72]
6 C4+ 358–439 PETRA III 2018 [34]
7 N+ 399–406 SOLEIL 2011 [73]
7 N+ 390–435 PETRA III 2019 [74]
7 N+ 415–440 SOLEIL 2020 [75]
7 N2+ 404–442 SOLEIL 2014 [76]
7 N3+ 412–414 SOLEIL 2013 [77]
7 N4+ 421–460 SOLEIL 2013 [77]
8 O− 526–536 ALS 2012 [78]
8 O− 524–543 PETRA III 2016 [79]
8 O+ 525–540 SPRING-8 2002 [80]
8 O+ 526–620 SOLEIL 2015 [81]
8 O2+ 526–620 SOLEIL 2015 [81]
8 O3+ 540–600 SOLEIL 2014 [82]
8 O4+ 550–670 SOLEIL 2017 [83]
8 O5+ 561–570 SOLEIL 2017 [83]
9 F− 660–1000 PETRA III 2018 [84]

10 Ne+ 841–858 SPRING-8 2001 [25]
10 Ne+ 840–925 PETRA III 2017 [33]
10 Ne2+ 850–863 SPRING-8 2001 [25]
10 Ne3+ 853–873 SPRING-8 2001 [85]
14 Si2+ 1830–1880 PETRA III 2020 [86]

4.1. K-Shell Photoionization of Ne+

X-ray emission and absorption lines of singly charged neon are frequently encountered in the
spectra recorded by X-ray observatories. They originate from a variety of cosmic objects, such as
stellar coronae, X-ray binaries, supernova remnants, the interstellar medium, galaxies, and active
galactic nuclei (see, e.g., [87]). Figure 5 shows experimental cross sections for single, double, and triple
ionization of Ne+ ions [33] that contain prominent resonance lines associated with the excitation of
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a 1s electron to a higher np subshell. As discussed above already for iron, here the absorption cross
section can also be well approximated by the cross-section sum over the different final ion charge states.
In Figure 5d, the experimental absorption cross section thus derived is compared to state-of-the-art
theoretical results of Gorzcyca et al. [42,88,89] and Witthoeft et al. [90]. At energies above 900 eV,
i.e., at energies well above the threshold for direct K-shell ionization, where the cross section in the
displayed energy range is essentially flat, all of the results agree excellently with one another. However,
there are significant discrepancies concerning the photoionization resonances.
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Figure 5. Cross sections for (a) single ionization, (b) double ionization, and (c) triple ionization of Ne+

ions [33] measured with a photon energy bandwidth of 500 meV. The experimental cross section in
panel (d) is the sum of the cross sections displayed in panels (a–c). It represents the Ne+ absorption
cross section, which is compared with the theoretical cross sections of Gorczyca et al. [42,88,89]
and Witthoeft et al. [90]. Panel (e) presents a comparison between the theoretical results with a
high-resolution measurement (113 meV photon-energy bandwidth) of the cross section for double
ionization (multiplied by a factor of 2) over a narrower energy range. For the comparisons,
the theoretical cross sections were convolved with gaussians with full-widths-at-half-maximum of
500 meV in panel (d) and 113 meV in panel (e).
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As detailed in [33], accurate resonance positions, resonance widths, and resonance strengths
could be retrieved from the measured absolute cross sections. Even more detailed information
on Auger transition rates and fluorescence yields could be obtained, in particular, for the
1s 2s2 2p6 2S1/2 → 1s2 2s2 2p5 2P1/2, 3/2 Kα transitions. The theoretical resonance positions differ from
the experimental ones by much more than the ±0.2 eV uncertainty of the experimental energy scale,
as can be seen in Figure 5d,e. Moreover, there are also discrepancies concerning resonance widths and
fine-structure splittings not only between experiment and theory but also between both state-of-the-art
theoretical calculations. This is most probably due to different computational approximations of the two
different approaches, e.g., by choosing different, naturally limited sets of basis states in close-coupling
calculations whose convergence is not always obvious. Clearly, experimental benchmarking is vitally
needed for the accurate location of resonance lines and, thus, for their unambiguous identification in
absorption and emission spectra from astronomical observations. One should also be aware of the
fact that accurate line strengths are required for inferring elemental abundances from astrophysical
line spectra. At the current level of theoretical accuracy, these quantities apparently also need to be
checked against laboratory results.

4.2. K-Shell Photoionization of Carbon Ions: C−, C+, C4+

Carbon is the fourth most abundant element in the Solar system [4]. High charge states of carbon
such as C4+ occur in many of the cosmic objects mentioned in the introduction. In our vicinity,
C4+ is found in the solar wind, where its abundance has been shown to significantly depend on
photoionization by the solar EUV and X-ray radiation [91]. Lower-charged carbon, in particular C+,
plays a decisive role in the interstellar chemistry [92]. In fact, most of the molecules that have been
detected in the interstellar medium to date are organic [93]. Some of these carbon containing molecules
are negatively charged [94]. However, the atomic ion C− has not been detected in any cosmic object.
Potentially, this could be due to a lack of corresponding atomic data, since the K-shell absorption cross
section has become available for a wide range of photon energies only recently [67] (see below). As can
be seen from Table 1, merged-beams experiments on K-shell ionization of carbon ions were carried out
at the ALS and at PETRA III (PIPE) covering the charge states -1, 1, 2, 3, and 4. In addition to this work
on carbon K-shell ionization of atomic ions, there are also related studies with the carbon containing
molecules CH+ [95], La3N@C+

80 [96], and Sc3N@C+
80 [97], which are not discussed here.

Figure 6 showcases some of the highlights obtained from photon-ion merged beams experiments
with atomic carbon ions at PIPE. The displayed absorption and ionization cross sections for C−, C+,
and C4+ are distinctly different from one another. This allows one to discriminate between these
ions in astronomical X-ray absorption spectra. The spectra of the positive ions are dominated by
photoionization resonances of primary ions being initially in the ground level or in a long-lived
excited metastable level. The C+ ion beam contained a 9:1 mixture of ions in the 1s2 2s2 2p 2P ground
term and in the metastable 1s2 2s 2p2 4P term [70]. The C4+ beam was a mixture of C4+(1s2 1S0)
and C4+(1s 2s 3P1) ions with the metastable fraction amounting to 0.105 [34]. In the C− beam,
all ions were initially in the 1s2 2s2 2p3 4S ground term. Unfortunately, there is no general method for
determining the fraction of metastable ions in an ion beam (for special cases see, e.g., [98–100]). For C+,
the ion-beam composition was inferred from a detailed comparison between measured and calculated
absorption cross sections. This approach is somewhat dissatisfying since it relies on the accuracy of
the theoretical methods, which is generally difficult to assess. In exceptional cases, one can relate the
experimental photoionization cross sections to experimental cross sections for the time inverse process
of photorecombination by employing the principle of detailed balance [63,72,101]. This method could
be applied to C4+ while using the measured absolute cross section for photorecombination of C5+ ions
from a storage-ring experiment [102].
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Figure 6. Experimental cross sections for photoabsorption and (multiple) photoionization of C− [67]
{panels (a,b)}, C+ [70] {panels (c,d)}, and C4+ [34] {panels (e,f)}. The C+ and C4+ ion beams were
mixtures of ground-level and excited metastable ions (see text). For each measurement the experimental
photon-energy bandwidth ∆E is specified. The left panels provide overviews, the right panels feature
cross-section details that were measured partly with significantly smaller photon-energy bandwidths.
For a better display of the data in panel (b), a smooth cross section was subtracted that represented
the direct ionization of a 1s electron (see [67] for details). The full black lines in panels (b,d,f) result
from resonance fits to the experimental data. The uncertainty of the experimental photon-energy scale
is ±200 meV for C−, ±30 meV for C+, and (depending on photon energy) ±40 meV up to ±50 meV
for C4+.

Figure 6a displays the C− absorption cross section. Only two relatively weak resonance features
can be discerned. Generally, negative ions support less resonances than positive ions because the
potential that binds the extra electron in a negative ion is comparatively shallow. Nevertheless,
a number of hitherto mostly unknown resonances were discovered in the C− photoionization cross
sections measured at PIPE, as can been seen in Figure 6a,b. From a fundamental point of view,
investigations of negative ions are interesting because their structure and dynamics is governed by
strong correlation effects [103]. The 1s2 2s2 2p3 4S→ 1s 2s2 2p4 4P resonance at about 282 eV (Figure 6a)
was already experimentally studied earlier by Walter et al. [66]. These authors found that it can
be well described by an asymmetric Breit–Wigner line shape, which, in addition to the resonance
itself, accounts for the K-shell ionization threshold that occurs just 0.1 eV below the resonance energy.
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The broader resonance peaking at ∼287 eV (Figure 6a) is outside the experimental energy range of
the earlier work. It has been tentatively assigned to 1s2 2s2 2p3 4S→ 1s 2s2 2p2 3p 4P excitations [67].
The weak resonances at higher energies that are only visible in the experimental cross section for net
triple ionization (Figure 6b) could not be unambiguously assigned. They exhibit asymmetric Fano
line shapes that are caused by quantum mechanical interference of the resonance channel with direct
1s + 2s double ionization, which sets in at about 310 eV [67]. We just mention here that also double
core-hole creation by direct 1s + 1s ionization was observed in the five-fold ionization channel of the
C− experiment.

Additionally, for C+ and C4+, the most prominent resonances in the cross sections displayed
in Figure 6c–f are associated with 1s → np excitations with n ≥ 2. The resonance structure
is more complicated for C+ than for C4+ because of the larger number of open subshells and
the correspondingly larger number of fine-structure levels of the excited C+(1s 2s2 2p np) and
C+(1s 2s 2p2 np) configurations as compared to the C4+(2s np) configurations. The latter are exclusively
excited from the metastable C4+(1s 2s 3P1) ions. Their excitation from the C4+(1s2 1S0) ground level
would be very much less efficient, since this requires the simultaneous rearrangement of both electrons
and the required photon energy would be almost 300 eV higher.

The careful evaluation of the measured data allows for one to extract a considerable amount of
detail concerning resonance parameters and deexcitation pathways. For example, the measurement of
the strengths and widths of the C+(1s 2s2 2p2) resonances in the single, double and threefold ionization
channels provided unambiguous evidence and quantitative results for the elusive triple-Auger process,
which is a manifestation of a genuine four-particle interaction [69,70]. The widths (and asymmetry
parameters) of narrow resonances can be extracted from high-resolution measurements by fitting
(Fano-)Voigt line profiles [104] to the measured data (Figure 6b,d,f). Moreover, high photon-energy
resolving powers E/∆E facilitate the separation of individual fine-structure components, as shown
in Figure 6f for the C4+(2s 2p 3P) resonance, where E/∆E = 25,800 was reached [34]. This result is
unique, since the fine-structure of resonance terms associated with deep inner-shell excitations has not
yet been resolved in any other photoionization experiment with ions.

The original paper on the photoionization of C4+ [34] also comprises state-of-the-art theoretical
calculations using relativistic many-body perturbation theory (RMBPT) [105] with quantum
electrodynamical (QED) additions [106]. An in-depth discussion of these calculations is beyond
the scope of the present review, but we want to point out that the C4+ photoionization resonances were
calculated with an exceptionally high accuracy at an estimated uncertainty of the resonance energies
of less than ±1 meV. At present, such an accuracy can only be achieved for few-electron ions where
the description of electron-electron–interaction effects is well under control. At the given level of
theoretical uncertainty of resonance energies for He-like ions, these resonances can be potentially used
to establish new photon-energy calibration standards that are up to two orders of magnitude more
accurate than what is currently available in the soft X-ray range, as is discussed in detail in [33,34].
Like many other technical applications, the field of X-ray astronomy will certainly greatly benefit from
such a development.

4.3. K-Shell Ionization of Silicon Ions

K-shell photoabsorption by silicon is used to trace its abundance in the interstellar medium,
where it is, to a large part, contained in dust particles [107]. Only a small fraction of the interstellar
silicon is expected to be in the gas-phase. Recently, it has been suggested that gas phase absorption
data for silicon ions are required for an accurate modelling of the astronomically observed Si K-edge
absorption features [108]. This has motivated theoretical work on the photoabsorption of silicon atoms
and ions [90,109–111]. At PIPE, we have recently measured cross sections for single and multiple
photoionization of low-charged Si+, Si2+, ans Si3+ ions. Figure 7 shows preliminary results for the
K-shell photoionization of Si2+([Ne] 3s2 1S0) [86]. The experimental cross section, which has not yet
been put on an absolute scale, has strong resonance contributions associated with 1s → 3p and
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1s → 4p excitations. A more careful, currently ongoing analysis will reveal whether there are also
smaller contributions from excitations to higher shells. The cross-section rise at energies above 1860 eV
is caused by direct 1s ionization. The theoretically predicted threshold energy for this process is
1852 eV [51], which is in reasonable accord with the experimental finding when considering the fact
that a photon-energy calibration has still to be applied to the experimental energy scale. It should be
pointed out that PIPE is currently the only photon-ion merged-beams setup where photon energies
beyond 1000 eV available.
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Figure 7. Experimental cross section for K-shell triple ionization of Si2+. These preliminary data
from [86] are not on an absolute cross section scale, and the photon energy scale has not been
calibrated, yet.

5. Conclusions and Outlook

It is fair to state that the implementation of the photon-ion merged-beams technique at a
world-leading synchrotron beamline has led to a breakthrough for experimental inner-shell ionization
studies with ions. The high sensitivity of the PIPE setup allows one to measure cross sections on a
sub-kilobarn level and, thus, to gain insight in multiple ionization processes in unprecedented detail.
This facilitates the observation of rare multi-electron processes, such as, e.g., the triple-Auger process.
At present, the merged-beams method is the only experimental approach that can independently
provide absolute cross sections, which is of particular value for the application of atomic cross-section
data in astrophysics. A draw-back is that the ion beams are often mixtures of ground-level and
excited metastable ions and that there is no general method to quantitatively determine the ion-beam
composition. In special cases, these can be inferred, e.g., by applying the principle of detailed balance
to comparisons with experimental cross sections for photorecombination, which is the time inverse
process of photoionization. In general, the use of state-prepared ion beams is desirable. Photoionization
experiments with state-prepared ions in traps have been demonstrated, but the associated particle
losses seem discouraging. Moreover, trap-based methods cannot generally provide absolute cross
sections. Another route towards state preparation is taken at ion storage rings, where photon-ion
merged-beams experiments with portable XUV light sources based on high-harmonic generation are
currently being devised. In the foreseeable future, synchrotron based photon-ion merged-beams setups
will continue to deliver the bulk of experimental data on the photoionization of ions [112].
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