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Abstract

Simulated (or measured) photoabsorption spectra often provide the first indication of how
matter interacts with light when irradiated by some radiation source. In addition to the
direct, often slowly varying photoabsorption cross-section as a function of the incident
photon frequency, such spectra typically exhibit numerous resonances and edges arising
from the interaction of the radiation field with the subvalence or even inner-shell electrons.
Broadly speaking, these resonances reflect photoexcitation, with its subsequent fluores-
cence, or the autoionization of bound electrons. Here, a (relativistic) cascade model is
developed for estimating the photoabsorption of (many) atoms and multiply charged ions
with a complex shell structure across the periodic table. This model helps distinguish
between level- and shell-resolved, as well as total photoabsorption, cross-sections, starting
from admixtures of selected initial-level populations. Examples are shown for the pho-
toabsorption of C+ ions near the 1s − 2p excitation threshold and for Xe 2+ ions in the
photon energy range from 10 to 200 eV. While the accuracy and resolution of the predicted
photoabsortion spectra remain limited due to the additive treatment of resonances and
because of missing electronic correlations in the representation of the levels involved, the
present implementation is suitable for ions with quite different open-shell structures and
may support smart surveys of resonances along different isoelectronic sequences.

Keywords: atom; atomic cascade; atomic structure; Jena Atomic Calculator; photoabsorption
cross-section; photoexcitation; photoionization; photoresonance; relativistic; shell-resolved
and total cross-sections

1. Introduction
Photoexcitation and ionization are ubiquitous in nature if matter interacts with ra-

diation. The combined effect of these two processes not only characterizes the loss of
radiation from a given light source [1,2] but also determines the evolution of chemical
reactions [3], the formation of plasma in different environments [4,5], the opacities of stellar
atmospheres [6,7], and the modification and regeneration of biological tissues [8], among
other impacts. Simulated (or measured) photoabsorption spectra, therefore, often provide

Atoms 2025, 13, 77 https://doi.org/10.3390/atoms13090077

https://doi.org/10.3390/atoms13090077
https://doi.org/10.3390/atoms13090077
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/atoms
https://www.mdpi.com
https://orcid.org/0000-0003-3101-2824
https://orcid.org/0000-0003-2441-4075
https://orcid.org/0000-0003-0316-0977
https://orcid.org/0000-0002-6166-7138
https://doi.org/10.3390/atoms13090077
https://www.mdpi.com/article/10.3390/atoms13090077?type=check_update&version=2


Atoms 2025, 13, 77 2 of 16

a first hint about how ions, atoms, and molecules interact with radiation and which subse-
quent emission or decay processes actually occur within a given environment. Moreover,
since many astrophysical plasmas are both dilute and far from thermodynamic equilibrium,
a total photoabsorption cross-section of ions is also essential for modeling the ionization
and thermal balances of various astrophysical objects [9,10].

Several elaborate and advanced theoretical methods have been developed in recent
decades in order to compute the photoabsorption of light by different materials [11,12].
They have shown that electronic structure theory is indeed effective and powerful, being
able to describe the interaction of atoms and ions with the radiation field and that the
correlated motion of electrons (beyond the Hartree–Fock level) may play a crucial role in
selected situations. Often, however, these methods deal either with small domains of pho-
ton energies, or even single resonances [13,14], or they only consider the role of relativistic
effects [15] and higher multipoles [16]. All these theoretical studies are typically based on
quite a detailed treatment of inter-electronic correlations. In this work, in contrast, we aim
to implement a basic cascade model to estimate the photoabsorption cross-sections as a
function of energy over a rather wide range of photon frequencies by additively including
contributions from different shells. This model is based on JAC, the Jena Atomic Calcula-
tor [17], and can be readily applied to distinguish between the non-resonant and resonant
parts of the cross-sections. Like for other cascade schemes of JAC [18], the present extension
of the code is quite easy to use and provides efficient control of various approximations,
shell structures, or admixtures of ions at different initial levels. It can also be applied to
compute the photoabsorption cross-sections of ions in initially metastable states, which
may occur in astrophysics.

This work is structured as follows. In the next section, we briefly recall the photoab-
sorption cross-section in terms of the many-electron amplitudes that connect the selected
initial levels of the atoms and ions with different final levels due to (i) the direct photoion-
ization of electrons and/or (ii) their resonant excitation with subsequent fluorescence or
autoionization. No other photon-matter-scattering process is known to be similarly relevant
to the 10–10,000 eV photon energy region of present interest. In Section 3, we then explain
how the photoabsorption cross-sections (spectra) can be tabulated (and displayed) for ions
with a given shell structure by dealing independently with the photoexcited and/or ionized
configurations. As an example, we analyze the photoabsorption cross-sections of carbon
ions near the 1s − 2p ionization threshold. We also discuss the photoabsorption of Xe 2+

ions in the photon energy range from 10 and 200 eV, which is relevant for ion thrusters
and propulsion systems. Both examples demonstrate how readily JAC can be utilized for
modeling photon absorption processes over a wide range of photon energies. Finally, a
short summary and conclusions are presented in Section 4.

2. Theory and Computations
2.1. Energy-Dependent Photoabsorption Cross-Sections

Photoabsorption generally comprises all (quantum) processes of matter that annihilate
radiation from a light source and, subsequently, lead to the emission of light and particles
at various energies, including exotic processes, such as photoluminiscence, the scattering
of light, or even the creation or annihilation of (electron–positron) pairs. For neutral
atoms or multiply charged ions, as well as for moderate photon energies, however, the
photoabsorption can be considered synonymous with the sum of direct photoionization and
the (resonant) excitation of bound electrons due to their coupling to the radiation field. This
is summarized in Figure 1. In this approximation, the photoabsorption cross-section of ions
at the initial level i is usually expressed by the incoherent summation of the (non-resonant)
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partial photoionization cross-sections of bound electrons, as well as the photoexcitation of
the ion, with subsequent fluorescence and/or autoionization, as follows:

σ (absorption) (h̄ω; i) ≈ ∑
f

σ (ionization) (h̄ω; i → f ) + ∑
e, f ′

σ (excitation) (h̄ω; i → e) b(e → f ′), (1)

where σ (ionization) (h̄ω; i → f ) denotes the direct photoionization cross-section into any of
the allowed final levels f of the ion and σ (excitation) (h̄ω; i → e) denotes the photoexcitation
cross-section into a well-defined (many-electron) resonant level e as it may appear in the
interval [h̄ωmin, h̄ωmax] of given photon energies. Moreover, b(e → f ′) refers to the
branching fraction (probability) that the formation of the resonance levels e eventually
results in the population of some final level f ′, which is often similar as in the direct
photoionization. For a fixed photon energy, moreover, different final levels { f } may result
also in the emission of electrons with quite different kinetic energies. Typically, in addition,
the atoms and ions can be found initially in one of several levels {i} with a—more or
less—known level composition. For a given photon energy range, the sets of intermediate
{e} and final levels { f } can then be selected automatically by taking the electron–photon
interaction into account. While the selection of levels {i} and { f } is usually determined
by the preparation, resolution and goals that are made for some measurement, the set
{e} generally reflects the details of the electron–electron and electron–photon interaction
in matter. All these interactions eventually depend also on the nuclear charge, photon
frequency and intensity, the coupling of shells or, just in brief, the detailed electronic structure
of the irradiated atoms.

Even from this simplified viewpoint of photoabsorption, the three sets of bound-state
levels {i} , {e} and { f } make the calculation of simulated absorption spectra quite
demanding if requested for a wide domain of photon energies. In atomic structure theory,
each level α J ≡ α JP is hereby characterized by the total angular momentum J and parity
P as well as all further quantum numbers α that are needed for a unique specification
of the atomic fine-structure of the ions. With a proper representation of these levels, all
cross-sections and branching fractions in Equation (1) can be traced back to the many-
electron transition amplitudes for the photoexcitation and ionization of atoms as calculated
by the JAC toolbox mentioned above [17,18]. Indeed, the consequent use of these many-
electron amplitudes in the setup of the code distinguishes JAC from most other atomic
structure codes that have been described in the literature [19–21] and that might be used
for photoabsorption studies.

It is the definition (1) of photoabsorption that is often applied at synchrotrons
and many other light sources, regardless of further (minor, non-linear) contributions,
such as the coherent formation of Fano resonances [22,23], the photo-double ioniza-
tion [24] and other second-order electron and photon processes. The branching fraction
b(e → f ) in Equation (1) also enables one to restrict the photoabsorption cross-section to the
(instantaneous) emission of single fluorescence photons or (Auger) electrons independent of
any further coherent evolution of the bound-state electron density. In the present work (and
implementation), we shall resort to the definition (1) but clearly distinguish between the
non-resonant and resonant contributions to the photoabsorption cross-section, a user-given
resolution of the spectra, to be simulated, as well as to a (normalized) distribution of initial
levels that contribute to the overall photoabsorption cross-section ∑i wi σ (absorption) (h̄ω; i)
with ∑i wi = 1 . This simple parametrization of the photoabsorption of atoms and ions
also enables us to distinguish between level- and/or subshell-resolved as well as the total
photoabsorption cross-sections by just restricting the number of final levels f in the pho-
toabsorption cross-section σ (absorption) (h̄ω; i) ≡ σ (absorption) (h̄ω; i → { f }) + ∑e . . . . For
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the treatment of the resonances {e} , moreover, the natural linewidth function L(Ee − h̄ω),
as derived quantum mechanically, is simply replaced by a Gaussian resolution function
L(G) (Ee, h̄ω, Γ) which is solely characterized by the energy Ee and some typical width Γ,
which is taken to be constant in a given region of photon frequencies. An (experimentally)
constant Γ is assumed here, since the width of a resonance is determined by all its decay
channels, which cannot be treated explicitly.

Figure 1. Overview of photoabsorption. Apart from (a) the direct photoionization of an electron
into the (free-electron) continuum, it can also be excited with (b) subsequent fluorescence, (c) au-
toionization or (d) by following step-wise decay cascades. Dependent on the experimental setup and
resolution, photoabsorption cross-sections can be distinguished for individual fine-structure levels
f of the photoion, the formation of vacancies in individual shells or by taking all final levels into
account that can be formed energetically due to the given photon field. See text for further discussion.

All standard computations of photoabsorption cross-sections are typically based on
the electric–dipole (E1) approximation. This restriction readily truncates the set of final
levels and the correlations that must be considered explicitly. While the E1 approximation
can be seen dominant for all photon energies h̄ ω ≲ 10 keV, we can readily go in JAC also
beyond this approximation by including amplitudes of higher multipoles (M1, E2, . . .) in
the summation over the photoionization and/or photoexcitation channels in expression (1).
Here, we shall not explain the details of these electron–photon interaction amplitudes
but refer the reader to the literature instead [25]. Very little is, however, known to date
regarding how these higher-multipole contributions, if at all, affect the photoabsorption
cross-sections over a wider range of photon energies.

2.2. Photoabsorption Cascades

For sufficiently weak radiation fields, as seen from Equation (1), the computation
of synthetic photoabsorption spectra first of all requires picking out and generating all
excited and final levels, which may result from absorbing a single photon at some possible
frequency within the given domain of photon energies. These final levels are formed owing
to the excitation or ionization of any of the bound electrons, as far this is energetically
possible, and by taking the well-known selection rules into account. Because of the quite
large number of final levels, this selection of final levels requires not only an automatic and
systemized procedure but also limits the amount of correlations in the quantum-mechanical
setup of the final states. For the sake of simplicity, we here restrict the treatment of these
levels to the absorption of a single photon, whereas the active electron may still come from
any energetically allowed shell. Often, moreover, the emitted electron leaves a vacancy in
an inner shell that is subsequently filled by autoionization or by photon emission following
the quantum jump of an outer electron.
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We can formalize (and simplify) the selection of final levels in the JAC toolbox by
treating the photoabsorption as the sum of two independent cascade steps: photoexcitation
and photoionization of an electron from any bound shell of the given atom. Since the
photons can formally interact with just a single electron, only single-electron excitations
of the initial—atomic or ionic—ground configuration need generally to be taken into
account. This restriction neglects the (so-called) shake-up and -off contributions to the
photoabsorption but keeps the treatment overall feasible as one can deal with all the
generated configurations separately. Indeed, such a simplified approach closely resembles
and benefits from the concept of cascade computations and simulations which have been
introduced already earlier into JAC [18,26]. With these simplifications in mind, the major
task is therefore to establish and implement a (new) photoabsorption cascade scheme in
which the excitation and ionization transition amplitudes are treated separately from each
other and are later combined only in course of the cascade simulations. Whereas such a
treatment includes fewer correlations right from the very beginning, when compared to
other more advanced methods [12,16], it is flexible and readily enables one to extract a
number of user-selected photoabsorption cross-sections.

Analog cascade schemes have been implemented before in JAC for the stepwise decay
of inner-shell holes [27,28] as well as for the radiative [29] and dielectronic recombination
plasma rate coefficients [30]. In practice, any cascade model divides the prediction of the
simulated spectra into (so-called) cascade computations for generating all of the underlying
many-electron transition amplitudes and subsequent (cascade) simulations used to compile
and extract the relevant data. In the computations, by default, the numerical evaluation
of transition amplitudes is limited to a single or just a very few configurations in the
configuration-interaction (CI) representation of the atomic levels involved. Different options
can later be chosen for the cascade simulations to analyze the various contributions to
the photoabsorption spectra. Because of the less-correlated representation of all atomic
levels, such a cascade approach to photoabsorption enables one to support a wide range of
shell structures of the initial ions, incident photon energies or interaction processes that
may eventually lead to the absorption of photons. When compared with other methods
that employ more advanced approximations to the photoabsorption, the representation of
atomic bound states usually is the main difference between the known implementations if
they are available at all to the public.

Any improved treatment of photoabsorption should be based of course on well-
correlated photoexcitation and ionization amplitudes. Other, more advanced computations
of photoionization cross-sections are therefore based on either the Breit–Pauli R-matrix [31]
and close-coupling approximation [32] or the relativistic distorted-wave method [33]. Apart
from the price of (rather) elaborate computations of all initial, inner-shell excited and final-
state levels, efforts must also address the handling of the electron continua for the outgoing
electrons. For most applications, in fact, such a correlated treatment of the photoabsorption
cross-sections and spectra is neither feasible nor typically necessary. Apart from the sheer
size of the computations, moreover, the understanding and interpretation of individual
contributions can easily be lost if the representation of the intermediate resonances is based
upon—the admixture of—too many configurations.

In the next section, we summarize how the photoabsorption cascade scheme is imple-
mented into the JAC toolbox in order to estimate photoabsorption cross-sections for many
ions from the periodic table as well as over a rather wide range of photon energies.

2.3. Implementation of Photoabsorption Cross-Sections Within the JAC Toolbox

The JAC toolbox has been designed to compute level energies, rates and cross-sections
for a wide range of atomic properties and processes [17]. Based on Dirac’s relativistic
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equation, this toolbox is suitable for most atoms and ions from the periodic table regard-
less of their detailed shell structure. Its general design makes JAC an excellent tool for
modeling atomic behavior and for quantitatively estimating the outcome of—current and
future—measurements. Apart from providing a rather general and easy-to-use toolbox
for the atomic physics community, a primary design goal has been to integrate different
interactions and processes within a single computational framework and, hence, to ensure
good self-consistency of the generated data [34]. The basic design of JAC has been described
elsewhere [17], and its code can readily be downloaded from the web [35].

Much of the recent emphasis in developing JAC has been placed upon the simulation
of atomic cascades. Apart from the step-wise decay of inner-shell excited atoms and
ions [36,37], we now distinguish between a number of cascade schemes [18] to model
several advanced scenarios from atomic or plasma physics, such as electron and ion
distributions [38], various kinds of plasma rate coefficients [30], or the properties of hollow
ions. Here, we expand these cascade schemes in order to account for the photoabsorption
of atoms and ions and to facilitate the analysis of future (merged-beam) photon-ion and
photon-surface measurements or, perhaps, even the diagnostics of plasma.

Several technical cascade approaches have been discriminated in JAC to keep the cascade
computations feasible, especially if a large number of transition amplitudes, levels and
pathways arise. These approaches determine internally how accurate the level structure is
modeled and, hence, which extent inter-electronic correlations are taken into account. For
the photoabsorption cascade below, we use by default a single-configuration representation.
However, apart from choosing the excited configurations automatically, no attempt is
internally made to check that all relevant amplitudes and data are indeed computed, nor
that all computed data are relevant for the subsequent simulation of the photoabsorption
cross-sections.

Internally, the JAC toolbox is based entirely on Julia, a modern programming language,
and greatly benefits from most of its features, such as (i) an expressive type system; (ii) Just-
In-Time compilation; (iii) features for parallelization; or (iv) multiple dispatch that refers to
the dynamic selection and execution of code [39,40]. These features have made JAC fast
enough to support extensive many-electron computations.

2.4. Data Structures Useful for Photoabsorption Studies

Well-chosen data types are crucial for modern implementations (of code) independent
of the given subject. Whereas the (central) role of these data types has been discussed
at various places, let us briefly compile here a few of these types that are specific to the
computation of photoabsorption cross-sections, which can be used to communicate the
data both to and within the program.

Most central to the computation of photoabsorption cascades and spectra, perhaps, is
the type Cascade.PhotoAbsorptionScheme <: Cascade.AbstractCascadeScheme. The
definition of this data type is shown in the upper panel of Figure 2 along with all of
its subfields that help to specify the physical parameters of the underlying model of
photoabsorption. These fields require the user to select and specify the initial level or
configuration of the atom or ion, the range of photon energies, the supposed excitation and
ionization processes, the multipole components in the expansion of the radiation field as
well as several other physical parameters. Here, we shall not discuss these subfields in
much detail but simply remind the user that the internal definitions and use of all data types
can be accessed at any time from JAC’s documentation [35] or by using Julia’s help facilities.
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Figure 2. Definition of the data structures Cascade.PhotoAbsorptionScheme (upper panel) and
Cascade.PhotoAbsorptionSpectrum (lower panel) for the calculation of photoabsorption spectra in
the Cascade module of JAC. A Cascade.PhotoAbsorptionScheme is one of the supported (cascade)
schemes for performing the Cascade.Computation’s; it enables the user to specify all physical and
technical parameters. A PhotoAbsorptionSpectrum, in contrast, provides the information for simu-
lating the partial or total photoabsorption cross-sections within a given interval of photon energies
and by applying some preselected resolution. See text for further explanations.

The lower panel of Figure 2 displays the definition of the type Cascade.Photo
AbsorptionSpectrum <: Cascade.AbstractSimulationProperty as one of the—simulated
or derived—properties that are implemented in JAC. This type specifies how the data from
the prior cascade computation are employed to generate the photoabsorption cross-sections
within a given interval of photon energies and with a preselected resolution. In practice,
this resolution is simply determined by the (list of) photonEnergies in the user-given
units. For the computation of partial photoabsorption cross-sections, moreover, a list of
shells should be provided to specify those shells from which contributions to the absorp-
tion cross-sections are requested. This concrete data type (property) is then given to the
Cascade.Simulation and helps the user select all desired contributions to the simulated
cross-section, the range of incoming photon energies, the atomic shells to be taken into
account or how the levels of the initial ions were populated prior to the photoabsorption.
JAC comprises in total about ∼250 of these data structures, most of which remain however
hidden to the user. A detailed description of these data types can be obtained also interac-
tively, for instance by ? Cascade.Simulation at Julia’s REPL, to recall the purpose of this
struct, along with the definition of all subfields.
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As outlined above, the two—computation and simulation—steps need always to be
performed independently in order to obtain useful photoabsorption spectra and data. These
two steps occur in the JAC toolbox in a manner quite analogous to the modeling of any
other cascade scheme. In practice, however, the detailed control of these steps requires
some insight from the user into the photoexcitation and absorption processes, which cannot
be fully formalized in advance.

3. Photoabsorption Cross-Sections for Singly and Multiply Charged Ions
Many experimental and theoretical (atomic) photoionization studies have been re-

ported in the literature. Despite this bulk of work and the quite detailed understanding
of the electron–photon interaction in electronic-structure calculations, however, the rapid
and reliable prediction of photoabsorption cross-sections and spectra have remained a
challenge for atomic theory. Difficulties arise (i) from the prior but necessary assignment
and generation of all resonantly excited e and final levels f in Equation (1), (ii) the insuffi-
ciently correlated representation of the ionic bound states as well as (iii) from the proper
coupling and account of the electron continua, which do contribute to either the direct or the
inner-shell related ionization. For medium and heavy ions, moreover, (iv) the relativistic
density contraction and the fine structure of levels need to be taken into account. Below,
we shall demonstrate by two examples how the photoabsorption of inner and/or valence
shells can be modeled in JAC by means of the photoabsorption cascade scheme. Quite
similar examples have frequently been discussed in astrophysics and at several places
elsewhere [7,41].

3.1. Photoabsorption of C+ Ions near to Their 1s → 2p Resonances

In astrophysics, carbon is known as the fourth most abundant element in the so-
lar system with a fractional abundance of about 10−2 relative to hydrogen. More than
100 carbon-bearing molecules have meanwhile been observed in the interstellar medium
via their rotational, infrared, and/or electronic transitions [42,43]. In addition, the photoab-
sorption of atomic carbon in the energy region below and near the 1s−1 threshold has been
observed by Chandra and XMM-Newton in a variety of X-ray binary spectra and have
enabled one to draw conclusions about the level composition and, hence, the temperature
of selected astrophysical objects [44,45]. In particular, the photoabsorption of C+ ions in
their low-lying 1s2 2s2 2p 2P ground and 1s2 2s 2p2 4P metastable terms have attracted
recent spectroscopic interest [46]. For photon energies 285 ≤ h̄ ω ≤ 326 eV, i.e., near to
and above the K-shell single-ionization threshold, Müller and coworkers [46] studied the
single, double and triple ionization of the C+ ion by photon irradiation at a synchrotron in
quite unprecedented detail.

In JAC, we can readily estimate the photoabsorption cross-sections of C+ ions in
their 1s2 2s2 2p ground configuration by following the script in Figure 3 for performing
cascade computations (upper panel) and simulations (lower panel). In these calcula-
tions, a Cascade.PhotoAbsorptionScheme has been specified for the three photon energies
h̄ ω = 285, 290, 295 eV to estimate the direct contribution to the photoaborption cross-
section for the excitation (ionization) of an electron from the 1s and 2s shells (fromShells)
into either the 2p or 3p shells (toShells) or directly into the continuum. From these shell
lists, all possible (five-electron) configurations are then generated automatically, and their
mean excitation energy is compared to the incoming photon energies. Within the given
interval 285 ≤ h̄ ω ≤ 295 eV of incoming photon energies, furthermore, the selected
photoexcitations are taken into account at their calculated resonance position. In the input
of Figure 3, the incorporation of the direct and resonant parts to the total photoabsorption
cross-sections is readily determined by the two logical flags calcDirect and calcResonant,
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respectively. Obviously, only those photoexcitation and ionization data are later available
for the simulation of cross-sections, which have been generated (computed) before. This is
in contrast to the subsequent simulations, in which parts of the generated data can be still
omitted from the simulated spectra by using some proper input script.

Apart from the photoabsorption scheme, the radial grid must be specified initially
in the cascade computations, which is a choice that will affect all subsequent electronic-
structure calculations. Photoabsorption data are generated automatically for all levels from
the initial configuration(s). In the subsequent simulations (the lower panel of Figure 3),
we then need to provide the amplitude data from the first step, the photon energies (of
the usually much finer energy mesh) as well as the user-specified selection of the different
contributions. Here, we can also restrict the interval of photon energies and the population
of the initial fine-structure levels by providing their relative weights. Moreover, we may
overwrite the shells of the initial ions that do contribute to the photoabsorption, whereas all
occupied shells are taken into account if an empty shell list (Shell[] as default) is provided
in these simulations. Further technical parameters can be utilized (or could readily be
added to the code) to make such photoabsorption calculations feasible for an even wider
range of applications and for other useful restrictions.

# Photoabsorption of C^+ near to the 1s -> 2p resonances: Computation
calcDirect = true
calcResonant = true
fromShells = [Shell("1s"), Shell("2s")]
toShells = [Shell("2p"), Shell("3p")]
grid = Radial.Grid(Radial.Grid(false), rnt=4.0e-6, h=5.0e-2, hp=0.6e-2, rbox=10.0)
name = "Photoabsorption of C^+: Computation"
pScheme = Cascade.PhotoAbsorptionScheme([E1], [en for en = 285.0 :5.0 :295.0], Float64[],

fromShells, toShells, calcDirect, calcResonant, 0., 0.)
comp = Cascade.Computation(Cascade.Computation(); nuclearModel = Nuclear.Model(6.),

grid = grid, name = name, scheme = pScheme,
approach = Cascade.AverageSCA(),
initialConfigs = [Configuration("1s^2 2s^2 2p")] )

wb = perform(comp)

# Photoabsorption of C^+ near to the 1s -> 2p resonances: Simulation
calcDirect = true
calcResonant = true
name = "Photoabsorption of C^+: Simulation"
data = [JLD2.load("cascade-photoabsorption-computations.jld")]
energies = [en for en = 286.0 :0.2 :292.0]
property = Cascade.PhotoAbsorptionSpectrum(calcDirect, calcResonant, 0.1, energies,

Shell[], [(1,1.0)], Configuration[])
settings = Cascade.SimulationSettings(false, false, 0.)
simu = Cascade.Simulation(Cascade.Simulation(), name = name, computationData = data,

property = property, settings = settings)
wd = perform(simu; output=true)

Figure 3. Input to the JAC toolbox for the cascade computation (upper panel) and simulation (lower
panel) of the photoabsorption spectra of C+ ions, being initially in their 1s22s22p ground config-
uration. In the upper computations, the incident light is considered at the three discrete photon
energies h̄ ω = 285, 290, 295 eV in order to estimate the direct photoionization contribution to the
photoabsorption within the electric-dipole (E1) approximation, whereas all 1s, 2s → 2p, 3p excita-
tions (fromShells → toShells) are considered at their calculated resonance position in the interval
285 ≤ h̄ ω ≤ 295 eV. The simulations, in contrast, assume a much finer energy grid of ∆ E = 0.2 eV to
make both the direct and resonant contributions to the photoabsorption visible. The photoexcitation
and ionization amplitudes are first stored in the file cascade-photoabsorption-computations.jld
and later processed within the subsequent simulations. See text for further discussions.

Figure 4 displays the photoabsorption cross-section as function of the incident photon
energy in the energy range 286 ≤ h̄ ω ≤ 292 eV for C+ ions in their initial 1s2 2s2 2p
ground configuration. The left panel of this figure shows the simulated cross-sections
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for the two initial 2P1/2, 3/2 fine-structure levels as obtained from the present (cascade)
computations and simulations. On the right panel, the total photoabsorption cross-section
is shown as measured at the PIPE facility in Hamburg [46]. In these measurements, it was
supposed that about 90% of the ions are in the 2s2 2p 2P ground-term and the remaining
10% are in the 2s 2p2 4P metastable term. The simulated photoabsorption cross-section
for such an admixture of ground and meta-stable levels is shown as the red curve in the
left panel of Figure 4. Overall, a reasonable agreement is found between the measured
and simulated spectra despite all the visible differences. The calculated fine structure
of the 1s2 2s2 2p ground levels appears slightly larger than in the measurements owing
to the approximate representation. The single-configuration approach in the underlying
cascade computation here limits a more detailed comparison of individual resonances. No
further attempts have been undertaken to improve the position and intensities of individual
lines. In most photoabsorption spectra and for the excitation and ionization of subvalence
electrons, the fine structure can typically be neglected, at least, as long as the level splitting
is (much) smaller than the total width of the resonances.

Figure 4. Photoabsorption cross-section as the function of the incident photon energy in the energy
range 286 ≤ h̄ ω ≤ 292 eV for C+ ions in their initial 1s2 2s2 2p ground configuration. (Left panel)
Comparison of the simulated photoabsorption spectra for the population of the two 2P1/2 (Lev 1, blue
solid line ), 2P3/2 (Lev 2, green solid line) ground levels as well as for an initial admixture of the 2P
(90%) and the metastable 4P (10%) terms (red solid line). Both the direct and resonant contributions
are taken into account in this figure. (Right panel) Total photoabsorption cross-sections [data are
extracted from Figure 4 of Ref. [46]] measured at the PIPE facility in Hamburg (orange solid line). In
these experiments, it was supposed as well by Müller and coworkers that about 90% of the ions are
in the 2s2 2p 2P ground and 10% are in the 2s 2p2 4P metastable term.

3.2. Photoabsorption of Xe2+ Ions Due to Excitations from Different Valence Shells

The photoabsorption of xenon in the 10–200 eV energy range has been frequently
analyzed in atomic and molecular physics for its application in vacuum ultraviolet (VUV)
spectroscopy as well as in astro and plasma physics. At synchrotron light sources, for in-
stance, xenon’s well-explored absorption spectrum has been utilized to calibrate monochro-
mators and detectors. In particular, the strong 4d giant resonance has often been explored
to test and validate (benchmark) quantum many-body theories, such as the random-phase
approximation without and with exchange [47,48]. While several outer-shell (valence) exci-
tations primarily occur due to 5p → ns/nd Rydberg series in the 10–20 eV region, a set
of autoionizing resonances and inner-shell excitation due to 4d → εℓ photoexcitations
dominate the photoabsorption for 20–120 eV. The strong 4d−1 shape resonance (giant
resonance) has a broad peak and is today a known hallmark of xenon [49–51]. This spectral
feature has sometimes been interpreted as a collective excitation of the 4d electrons by using
arguments from the classical electron gas. In contrast to this behavior, however, most other
discrete absorption lines due to different bound–bound transitions remain sharp and well
defined in high-resolution spectra.
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Xenon has been applied also in spacecraft ion thrusters and propulsion systems. As a
noble gas, it does chemically not react with other thruster components and, hence, may
simplify material selection and maintenance [52,53]. Moreover, neutral xenon atoms are
rather heavy and have a relatively low ionization energy of 12.13 eV, which reduces the
electrical power needed to operate the ion thrusters. A similar interest arises from the
emission spectra of planetary exospheres or comet tails as well as in high-temperature
plasma devices, such as tokamaks or Z-pinches, where xenon has been applied to study
radiative energy losses via inner-shell excitations. For all these applications, it has been
found essential to better understand the behavior and radiation characteristics of xenon
ions in multiple and high charge states.

From the viewpoint of atomic theory, xenon ions (Xe, Z = 54) still have a reasonably
simple shell structure. The low charge states of xenon Xe q+, q = 1, . . . , 5 all exhibit an
open 5p valence shell along with the closed 4d 10 5s2 subvalence core. For a wide range of
extreme ultraviolet (XUV) photon energies, the absorption spectra of Xe q+ ions therefore
show a great number of (unresolved) resonances, the so-called unresolved transition array
(UTA), that can hardly be classified separately [54,55]. For the Xe+ and Xe 2+ ions, for
example, Anderson and coworkers [56] measured partial and total absolute cross-sections
for the photoionization at selected photon energy intervals and compared them with
calculated data as obtained by the random phase approximation.

As a second example, we shall therefore compute the photoabsorption, respectively
the photoionization, of Xe 2+ ions in the 5p 4 3P2 ground level over the photon energy
range 10–200 eV. Apart from the direct photoionization of the 4d + 5s + 5p (sub-)valence
electrons, the photoabsorption spectrum is mainly determined by overlapping resonances
due to the excitation of these electrons at characteristic positions in the spectrum. For
these reasons, emphasis needs to be placed on both the photoexcitation and ionization of
electrons. Here, we shall not discuss the (Julia) input to this example, which follows similar
lines as above, but instead will demonstrate how different assumptions can be readily
made and compared with each other in calculating the photoabsorption cross-sections with
regard to the (inner) shell contributions.

Indeed, our cascade approach to the photoabsorption of atoms and ions enables us to
selectively analyze contributions from the photoexcitation and ionization for (i) individual
electron shells (fromShells, toShells), (ii) the partial-wave character of the outgoing
electrons or (iii) for the superposition of different initial levels. For further details about the
corresponding input, we refer the reader to the documentation of JAC and its help facilities.
In the figures below, we make use of these (selected) features to distinguish different
contributions to the overall photoabsorption, for instance, by displaying shell-resolved
cross-sections, in which the occupation of selected shells is lowered by ‘1’ if analyzed with
regard to its leading configuration of the initial and final levels. Explicitly, the left panel
of Figure 5 compares the partial photoionization cross-section from the 5s + 5p valence
electrons (blue line) with those from the 4d (green line) and the 4s + 4p core electrons (cyan
line). In the right panel of Figure 5, we compare instead the partial 4d (blue lines) and
total photoionization cross-section (red lines) by including the contributions of all shells as
obtained in (solid lines) and velocity gauge (dashed lines). Resonant contributions to the
photoabsorption are not included in this figure. The restricted wave function expansion in
our cascade approach still prevents a closer agreement between the two gauges. Naturally,
other classes of inner- and valence-shell excitations could be analyzed in a similar way.

Figure 6 compares the total photoabsorption spectrum of Xe 2+ ions in the photon
energy region 10–200 eV. The total cross-section from measurements (orange line) are
compared with computations in which the direct and resonant contributions were simply
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added in velocity (pink dashed line; +30 Mb) and length gauge (red solid line; +60 Mb),
respectively. For the sake of visibility, the synthesized spectra are each shifted by +30 Mb.

Of course, similar computations can also be performed also for other charge states
and/or elements. While the present implementation supports straightforward access to
the photoabsorption spectra (in different approximations), it usually provides a reasonable
though still incomplete agreement with available measurements and will not overcome
all the challenges associated with inner-shell phenomena. For heavy ions with a complex
and often open-shell structure, the deviations between the simulations and experiment
can usually be attributed to (a) their shell structure with nearly degenerate d- and f -shells,
(b) the approximate representation of the photoexcited and ionized levels in expression (1),
(c) the simplified treatment of the electron continuum as distorted waves as well as (d) to
the single-configuration approach in the underlying cascade model with all the “missing”
correlations. However, these limitations indicate once more the challenge and intricacy in
predicting useful photoabsorption spectra over a large range of photon energies. In practice,
the applied cascade scheme clearly helps to reduce previous difficulties in generating a
sufficiently large number of final states and in dealing with good ranges of (incoming)
photon energies.

Figure 5. Selected contributions to the photoionization of Xe 2+ ions in their 5p4 3P2 ground level in
the energy region 10–200 eV. (Left panel) The partial photoionization cross-section from the 5s + 5p
valence electrons (blue solid line) is compared with those from the 4d (green solid line) and 4s + 4p
core electrons (cyan solid line). The total photoabsorption cross-section (red solid line) comprises the
sum of all three contributions. All results are shown in the length gauge in this left panel. (Right
panel) Partial 4d (green lines) and total photoionization cross-section (red lines) for the ionization of
an electron from the 4s + 4p + 4d + 5s + 5p shells in length (solid lines) and velocity gauge (dashed
lines). No resonant contributions to the photoabsorption are yet included in this figure. For the sake
of visibility, all the total cross-sections are shifted by +10 Mb.

Figure 6. Total photoabsorption spectrum of Xe 2+ ions in the photon energy region 10–200 eV. Total
cross-section from measurements (orange line) are compared with computations by adding the direct
and resonant contributions in velocity (pink dashed line; +30 Mb) and length gauge (red solid line;
+60 Mb), which are each shifted by +30 Mb for the sake of visibility.
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4. Summary and Conclusions
For several decades, the photoabsorption of atoms and ions has been a key tool to better

understand light–matter interactions in many research areas. Apart from quick estimates
of selected features in the absorption spectra, detailed computations of (photoabsorption)
cross-sections over a wide range of photon energies are required in order to model the
behavior of matter under different circumstances with applications in nuclear fusion, X-ray
generation, and other fields. Here, we have implemented and discussed a relativistic
cascade model within the JAC toolbox for estimating the photoabsorption of several, if not
most, atoms and ions with complex shell structures across the periodic table. This model
helps (i) distinguish between level- and shell-resolved as well as total photoabsorption
cross-sections (ii) by assuming a predefined initial level population of the ions. It also
supports (iii) the account of the (relativistic) fine-structure splitting, (iv) fast access as well
as (v) the choice of user-defined units in evaluating the cross-sections.

Examples are shown especially for the photoabsorption of C+ ions near their 1s − 2p
excitation threshold and for Xe 2+ ions in the photon energy range 10–200 eV. The input
script for C+ ions illustrates how easily these calculations can be performed by the current
implementation. While the accuracy and resolution of the predicted photoabsortion spectra
remain limited in such a cascade model, mainly because of the additive treatment of
resonances and the neglect of certain correlations, the present implementation is suitable for
most ions and, hence, allows surveys of resonances along different isoelectronic sequences.
Further advancements of this cascade approach to photoabsorption might refer in the
future to a faster diagonalization of the (large number of) Hamiltonian matrices and a more
efficient treatment of the continuum orbitals.

Modern photon-ion spectroscopy has revealed many additional features beyond those
associated with the—direct or resonant — ionization of individual electrons from neutral
atoms. For example, the photon-ion merged-beams method [57] helps compensate for a
low target density by providing an elongated interaction region of about 1 m length where
the photon and the ion beams move coaxially. Such merged-beam experiments with ions at
synchrotrons allow, for example, to resolve photo-double ionization and various shake-up
and shake-off processes to the photoabsorption of ions even if these contributions can often
be neglected in the total absorption spectra [58]. For these processes as well, the JAC toolbox
provides a powerful framework to analyze ongoing experiments.
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