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The spectral lines of iron ions, particularly the dominant neon-like Fe XVII charge state,
provide crucial diagnostics for the physical conditions of hot astrophysical plasmas in the X-ray
regime. However, the diagnostic utility of these lines are hampered by significant discrepancies
at the ~20% level between spectral observations, laboratory experiments, and theoretical
calculations of the astrophysically important Fe X VII transitions, an issue that has been observed
in numerous studies over several decades. Understanding the source of these discrepancies is
critical for the improvement of both theoretical atomic models and laboratory experiment data
on transition energies and cross sections of electron-ion processes, which themselves will be
key for comparison to observations from X-ray spectroscopy missions such as XRISM, Line
Emission Mapper (LEM), Arcus, and Athena. My dissertation encapsulates the main branches of
X-ray astrophysics by focusing on the use of theoretical models and experimental measurements

to further the diagnostic use, understanding, and interpretation of spectroscopic observations of



iron transition lines.

I modeled the effects of UV photoexcitation in O-type stars on a spectral line ratio of the Fe
XVII 3s — 2p transitions in an attempt to explain an anomalous value found for the X-ray spectra
of the O star Puppis. I conjectured that the strong UV field of Pup produces the observed
ratio by depopulation of metastable 3s excited states, and that the ratio can potentially be used as
an independent diagnostic of the radial distribution of X-ray-emitting plasma. Using the Flexible
Atomic Code (FAC) collisional-radiative model to model the effect of UV photoexcitation on the
Fe XVII lines, I compared the model calculations to archival spectra of coronal and hot stars from
the Chandra HETGS and XMM-Newton RGS. The calculations showed that UV photoexcitation
does not produce a sufficiently large dynamic range in the Fe XVII line ratio to explain the
difference in the observed ratio between coronal stars and Pup.

I used FAC to compute steady-state populations of Fe XVII states and calculate cross
sections for the dielectronic recombination (DR) and direct electron-impact excitation (DE)
line formation channels of Fe XVII, and benchmarked the model predictions with experimental
cross sections of Fe XVII resonances that were mono-energetically excited in an electron beam
ion trap (EBIT) experiment. I extended the benchmark to all resolved DR and DE channels
in the experimental dataset with a focus on the n > 4 DR resonances, finding that the DR and
DE absolute cross section predictions for the higher n complexes disagree considerably with
experimental results when using the same methods as in previous works. However, agreement
within ~10% of the experimental results was achieved by an approach whereby I doubly
convolve the predicted cross sections with both the spread of the electron-beam energy and the
photon-energy resolution of the EBIT experiment. I also calculated rate coefficients from the

experimental and theoretical cross sections, finding general agreement within 2 with the rates



found in the OPEN-ADAS atomic database.

Circling back to the Pup Fe XVII ratio, I probed the potential significance of the process
of resonant Auger destruction (RAD), which occurs when a photon emitted by an ion is absorbed
in a neighboring cooler part of the stellar wind by near-coincident inner-shell transitions of lower
charge state ions. The inner-shell excited ion then undergoes Auger decay, in which the energy
is transferred to an outer electron that is subsequently ejected from the atom by autoionization.
EBIT measurements at a synchrotron beamline determined that 3d — 2p transitions of the lower
iron charge state Fe VI is nearly coincident in transition energy with the Fe XVII 3G line, which
would enable possible destruction of Fe XVII 3G photons and thus a potential explanation of the
lower line intensity ratio found in Pup. Model calculations show a noticeable amount of optical
thickness for the Fe VI line, but the calculated X-ray line profile model does not show nearly
enough reduction of the Fe XVII 3G line to suggest that RAD by Fe VI lines is causing the ratio
anomaly in  Pup.

Finally, I introduce preliminary steps for the analysis of XRISM spectral observations of
Fe K lines from the starburst galaxy Messier 82. The key unsolved questions regarding M82
are what drives the hot wind and how much gas escapes the galaxy. Understanding the hot wind
requires accurate measurements of its energy content, which requires obtaining constraints for
the density, temperature, and velocity at the wind’s base. In order to sufficiently constrain the
hot component velocity, the 6.7 keV Fe XXV line width and center must be determined to better
than 10%. This accuracy requires an energy resolution E <5 eV, which can be achieved by
the high-resolution X-ray measurements with the XRISM Resolve calorimeter array. The M82
observation and subsequent analysis will confirm whether hot gas pressure is the primary driver of

the galactic wind by measuring the energy contained in the T ~ 10® K hot gas, and will constrain



the mass-loading rate by measuring the velocity of the superheated nuclear gas using the Fe XXV
line width.

By completing these works, I will have successfully contributed to the refinement and
advancement of theoretical, laboratory, and observational X-ray astrophysical data for iron

transition lines.
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Preface

Much of the work presented in this dissertation has been published in peer-reviewed
journals. Chapter 2 was published in The Astrophysical Journal as "Fe XVII 2p-3s Line Ratio
Diagnostic of Shock Formation Radius in O Stars" (Grell et al., 2021) and is presented with
minimal modifications. This work was also presented at the American Astronomical Society
winter meeting in 2021.

Chapter 3 was published in The Astrophysical Journal as "Laboratory Benchmark of
n > 4 Dielectronic Recombination Satellites of Fe XVII" (Grell et al., 2024) and is presented
with minimal modifications. The experimental research was funded by the Max Planck Society
(MPS), Germany. This work was also presented at the Atomic Processes in Plasmas and the
International School on Atomic and Molecular Data Evaluation conferences in 2023, and the
American Astronomical Society winter meeting in 2024.

Chapter 4 is an early draft of a paper currently in preparation for submission to The
Astrophysical Journal. We anticipate that this chapter will be submitted for publication soon
after the submission of this dissertation.

Most of the work discussed in this dissertation was supported by NASA’s Astrophysics

Program under NASA award No. 80GSFC21MO0002.
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Chapter 1: Introduction

1.1 History of X-ray Spectroscopy

The concept of energy forever changed in 1895 when German scientist Wilhelm Conrad
Roentgen rst observed and documented an unknown type of radiation that was released as
experimental discharge from a gas- lled tube (Ames, 1896). He discovered that ring streams of
this radiation through an organism's arms and hands created detailed images of the bones inside.
Unable to explain its physical nature, Roentgen coined this phenomenon as "X"-ray radiation.
This energy proved to be pivotal in the eld of medicine, as the advent of X-ray imaging machines
enabled the clinical diagnosis of bone fractures and diseases (Tubiana, 1996).

The elds of astronomy and physics would also expand considerably from the discovery
of this radiation. The rst hint of the existence of cosmic X-rays came in 1949, when radiation
detectors onboard rockets were launched above the atmosphere where they detected X-rays in the
form of photons, or particles of light, coming from the Sun (Friedman et al., 1951). This proved
to be just a preview of the Universe's high-energy environment, as a decade later a detector was
launched on an Aerobee sounding rocket and discovered X-ray radiation coming from Scorpius
X-1 using small-aperture Geiger counters (Giacconi et al., 1962), which is now con rmed as
the extrasolar X-ray source with the strongest apparent brightness (Chen, 2017). This technique
signaled the requirement for space-based X-ray detectors, as most X-ray radiation is absorbed
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by Earth's atmosphere. It also highlighted the need for more sophisticated detection methods, as
the limited observing time of this method made the identi cation and analysis of the observed
objects' nature very dif cult.

In order to unravel detailed physical conditions of these celestial objects, astronomers
developed technology in the form of satellite spectrometers to detect X-ray photons and retrieve
their spectral information. Spectral emission lines are produced when transitions of electrons
from upper to lower energy levels occur in speci ¢ elements, and the energy of the line center
indicates the level transition of the particular element involved. From these spectral lines, it is
possible to determine the elemental abundance, temperature, and other physical properties of the
observed objects. By collecting and modelling this information, the formation, evolution, and
interactions of X-ray emitting sources throughout the visible Universe can then be described.

The rst satellite launched for the purpose of X-ray observations wadtmeru X-ray
Explorer Satellite in 1970 (Giacconi et al., 1971kJhuru was responsible for performing the
rst mapping survey of the X-ray skyUhuru made use of proportional counters as detectors,
which detect X-ray radiation through high density xenon gas ionization (Glasser et al., 1994). In
addition to its all-sky survey, the most prominent achievementshoiru were the discoveries of
the X-ray binary (XRB) systems Centaurus X-3 (Giacconi et al., 1971a), Hercules X-1 (Schreier
et al., 1972), and Vela X-1 (Kellogg et al., 1973), which are binary star systems luminous in
the X-ray regime that typically consist of a neutron star orbiting a main-sequence or supergiant
star. Uhuru was also used to discover Cygnus X-1 (Oda et al., 1971), and its observations were
instrumental in the con rmation of the object as the rst discovered black hole.

The Einsteinobservatory (Giacconi, 1980) was the next major satellite launched in 1978
with a primary focus on extrasolar X-ray observatioEsnsteinwas the rst mission to utilize
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high-resolution focusing optics for observations, making use of the rst space-based fully
imaging X-ray telescope as well as a high-resolution mirror assembly and imager, imaging
proportional counter, and three separate spectrometers: a solid state spectrometer, focal plane
crystal spectrometer (FPCS), and objective grating spectrometer (OGS). The proportional
counter enabled a wider eld-of-view (FOV) and moderate energy resolution to allow the
detection of fainter sources. The FPCS and OGS enabled images of both point-like and
extended sources, while the low-throughput spectrometers offered the rst opportunities for
high-resolution spectroscopic analysis of extrasolar X-ray sources. However, the FPCS and
OGS were not very sensitive with an effective area of ordér 0L cn?, and thus were most
useful for the brightest X-ray sources such as XRBs (Vrtilek et al., 1991). The mission was also
responsible for the rst high-resolution spectral studies of supernova remnants (SNRs) including
Cassiopeia A (Murray et al., 1979). Despite its shortcomings, the overall succ&ssstdin
demonstrated that X-ray spectroscopy missions were just as vital to the eld of astrophysics as
missions focused on the optical and ultraviolet wavebands (Clark, 1982).

The advent of diffraction grating spectrometers onboarddhandraX-ray Observatory
(Weisskopf et al., 2000) and th¥-ray Multi-Mirror Mission (XMM-Newton) Observatory
(Jansen et al., 2001), both launched in 1999, provided the greatest advancement of the eld
to date. Chandracarries both the High Energy Transmission Grating Spectrometer (HETGS)
and Low Energy Transmission Grating Spectrometer (LETGS), covering an energy band of
0.1 - 10 keV, and enabling a 0:5%spatial resolution as well as a spectral resolving power
of R 1000. The spectral images are readout by its focal plane imaging detectors for each
individual photon. Chandra is equipped with two primary imaging detectors: the Advanced
CCD Imaging Spectrometer (ACIS) composed of silicon charge-coupled device (CCD) cameras
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that convert incoming X-rays to photoelectrons in order to measure the photon energy, and
the High Resolution Camera (HRC) consisting of microchannel plates (MCP) which amplify
photon signal and provide spatial information to construct detailed maps of the observed source.
Similarly, theXMM-Newtonmission is equipped with the the European Photon Imaging Camera
(EPIC) and Re ection Grating Spectrometer (RGS) to achieve high-resolution spectroscopy.
EPIC, which is composed of two metal-oxide-silicon CCD arrays and one pn CDD with a
different chip geometry, takes advantage of the ftl 012 keV energy range c{MM-Newtors
mirrors as well as a moderate angular resolution 6f (Struder et al., 2001). The RGS, which
covers an energy range of30 2:5 keV, consists of arrays of grazing incidence re ection grating
plates to produce large dispersion at the plate groove densities, in order to match the instrument's
angular resolution. The RGS provides slightly lower spatial resolution and spectral resolving
power compared t€handrg but provides a much higher throughput with an effective area of
1500 cnt at 1 keV (Jansen et al., 2001). The grating spectrometers for both missions are
subject to spectral / spatial confusion for extended sources (Flanagan et al., 2003). However,
because of its superior angular resolutionCieandrg the RGS is better equipped to produce
high-resolution spectra of extended objects, which is advantageous for observations of galaxy
clusters, supernova remnants, and elliptical galaxies (Kaastra, 2017).

These speci cations have enabled a plethora of key discoveries and studies by both
missions (Paerels & Kahn, 2003; Santos-Lleo et al., 2009; Wilkes et al., 2022). Some of the
most prominent achievements Bhandrainclude the detection of the resolved structure of the
Cassiopeia A supernova remnant (Weisskopf & Hughes, 2006), the accretion of protoplanetary
disk material onto T Tauri stars (TTS) (Kastner et al., 2002; Brickhouse et al., 2009), resolved X-
ray jets in galactic and extragalactic sources (Schwartz, 2010), and out ows from ultra-luminous
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X-ray sources (ULXs) (Pinto et al., 2016f{MM-Newtonis responsible for the major discovery

of the lack of cool X-ray emitting gas in the cores of galaxy clusters (Tamura et al., 2001a,b;
Peterson et al., 2001; Kaastra et al., 2001; Sakelliou et al., 2B02)1-Newtoralso enabled the
discovery of an abundance anomaly in the stellar coronae of cooler stars known as the inverse
rst-ionization potential effect, a new class of Type 1 supernovae with young and massive
progenitors, and unresolved inner shell lines from low iron charge states in AGN out ows (Sako
et al., 2001).

Several advancements were expected with the ill-fatgédmi mission (Takahashi et al.,
2016) launched in 2016, which was equipped with a wide-band microcalorimeter as the detector
(Kelley et al., 2016; Porter et al., 2018). A traditional microcalorimeter consists of a mercury
telluride absorber that absorbs incoming X-ray photons through the photoelectric effect, a
thermometer that measures the temperature rise of the absorber, and a cryogenically-cooled
heat sink that collects the heat and cools the system back down to its equilibrium temperature
(Moseley et al., 1984; McCammon, 2005). Microcalorimeters achieve better broadband width
and higher efciency than grating spectrometers. Having high-resolution spectra for both
point sources and spatially extended sources enabled by its soft X-ray spectrometer (SXS),
a calorimeter arrayHitomi was able to determine the most accurate measurement to-date of
the velocity turbulence in the Perseus cluster by measuring spectral line broadening (Hitomi
Collaboration et al., 2018). The instrument also enabled high spectral resolution of iron transition
lines for both clusters and point sources, as well as broadband sensitivity over the 0.3 - 100 keV
band (Kaastra, 2017). However, these strengths could not be realized due to the abrupt end of
the mission.

Spectroscopic efforts will continue to advance with ¥iRay Imaging and Spectroscopy
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Mission (XRISM recently launched in 2023XRISMs Resolve detector is a microcalorimeter
array that delivers a 5 eV FWHM energy resolution in the 0.3 - 12 keV bandpass (Tashiro
et al., 2018). The futurdthenamission will achieve an even better energy resolution &f5

eV FWHM with its X-ray Integral Field Unit (X-IFU) transition-edge sensor (TES) calorimeter
(Barretetal., 2016), as well as an improved angular resolution df® and a larger total number

of pixels, which will all improve the imaging capabilitieXRISMandAthengs capabilities will
enable the detection of even fainter lines than those observé&hbagdrg XMM-Newton and

Hitomi.

1.2 Atomic Processes in X-ray Spectra

Spectrometers have proven to be effective probes of astrophysical plasmas from which
the X-ray photons originate. The Universe is lled with a variety of forms of ionized plasma
which accounts for most cosmic baryonic matter (Ezoe et al., 2021). 80% of the baryons in
the visible Universe are considered to reside in hot plasmas (Fukugita et al., 1998) in the form
of highly charged ions, primarily residing in and around stars, galaxies, and clusters as well as
the photoionized intergalactic medium and circumgalactic medium (Shull et al., 2012; Hitomi
Collaboration et al., 2017). Extreme objects in the Universe such as white dwarfs, neutron stars,
and supermassive black holes are studied by observing the plasmas which fall into or ow out
from their deep potential wells.

In order to interpret the X-ray spectra of these objects, the emission and absorption
mechanisms occurring in the plasmas must be understood. The spectra of optically thin plasmas,

meaning plasmas with low optical depths in which the probability of photons being scattered or



absorbed are low, consist of both line and continuum components (Mewe, 1999). Continuum
X-ray emission is primarily generated via a process called bremsstrahlung ("braking radiation"),

caused by deceleration of an electron in the electrostatic eld of an ion

X +e (E)! XT+e (E)+ (1.1)

where X represents the iong represents the charge stae, represents the electrons,
represents the released photon, &jdand E; represent the kinetic energies of the electron
before and after the collision respectively. To satisfy energy conservation, the electron’s kinetic
energy loss from the deceleration is released back into the system as a photon. Since the
deceleration of the electron can vary continuously, the energy of the emitted photons can also
vary continuously, resulting in the X-ray emission having a distribution of photon energies and
thus a continuum spectrum. Bremsstrahlung is dominant at higher temperatures of a few keV
where line emission is much weaker, as abundant elements are mostly fully ionized. For further
reading on bremsstrahlung, see Rybicki & Lightman (1979, Chapter 5).

X-ray line spectra are produced by transitions of electrons from high to low levels of
highly charged ions. Most observable ion spectral lines in the high-energy regime appear in
X-ray spectra as a result of transitions into therk=(1) and L = 2) electron shells, which
are the two closest shells to the nucleus and require the most energy to excite or ionize. X-
ray spectra from celestial objects contain an abundance of spectral lines from highly charged
ions, which provide valuable plasma diagnostics to probe a range of astrophysics. However,
understanding the atomic physics underlying X-ray emission and absorption is imperative for

robust interpretation of the spectra. All relevant atomic processes that could be populating or de-



populating a spectral line must be accounted for. These processes primarily consist of radiative

decay, excitation, ionization, and recombination.

1.2.1 Radiative Transitions

Emission lines are formed when a system undergoes radiative decay, in which an electron
in an excited state drops down to a lower energy level and the energy is released as a photon.
The two predominant decay mechanisms are known as stimulated emission and spontaneous
emission of photons. Stimulated emission occurs when an excited ion is exposed to a photon
with resonant energy, which causes the upper state to decay. The excited ion can also decay
back to the ground state by means of spontaneous photon emission. The probabilities of these
mechanisms are de ned by the Einstein coef cients of stimulated emi€joand spontaneous
emissionA respectively, where andl refer to the upper and lower levels involved.

Absorption lines are formed when X-ray photons from a hot plasma pass through a cooler
component along the observer line-of-sight. As a result, the observed radiation ux is reduced
due to the photons being absorbed and re-emitted in random directions. The probability of this
mechanism is de ned by the Einstein coef cient of photon absorpBgnas the inverse process
of stimulated emission.

For excited ions having multiple decay mechanisms, the relative intensities of the
competing decays are called branching ratios. Each ratio is a measure of the probability that a
particular decay path will occur, and therefore the sum of branching ratios for an ion equals one.

A useful parameter that can be derived from the decay mechanisms is the oscillator

strength, which is proportional to the Einstein coef cient of spontaneous emisgi@s
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where g, and g, represent the degeneracy levels of the lower and upper (excited) states
respectively, o represents the electric constant, represents the electron mass, e represents
the electron charge, arld, represents the oscillation frequency. Both oscillator strengths and
branching ratios are important parameters for determining transition probability estimations in

astrophysical plasmas.

1.2.2 Excitation

Collisional excitation (CE) is the process where an electron or ion collides with an atom or
molecule and the collision causes an increase in the internal energy of the ion. This subsequently
leads to a bound electron in the ion being excited from one level to a higher one. In the case
of direct electron-impact excitation (DE), the ion interacts with a free electron with a discrete
kinetic energy and part of the kinetic energy is transferred to the ion. This process can be denoted

as

X% +e | X@ +e (1.3)

whereX(@) represents the excited state of the ion. The electron energy of the incident electron
after the collision is equal to its original kinetic energy minus the energy difference between the
nal and initial states of the bound electron. The top panel of Figure 1.1 shows a diagram of the
DE process. DE is the dominant line formation process in collisional plasmas which are further

discussed in Section 1.2.6. The inverse of this process is collisional de-excitation, in which the
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electron radiatively decays back to its original state and a photon is subsequently emitted, thus
leading to line formation.

An atom or ion may also be excited by photon absorption in a resonant process called
photoexcitation. In this process, a bound electron is resonantly excited by a photon if the energy
of the incoming photon matches the difference between the nal and initial state of the bound
electron. The bottom panel of Figure 1.1 shows a diagram of the photoexcitation process. This

process can be denoted as

X+ 1 X (1.4)

Resonant excitation (RE) describes a situation following a process known as dielectronic
capture, in which the capture of a free electron by an ion with the simultaneous excitation of
a bound electron gives rise to a doubly excited quasi-bound state. One of the electrons is
subsequently ejected through autoionization (described in Section 1.2.3) and the other decays
to a lower lying excited level, thus leaving the ion in an excited state. Because it is a resonant
process, the bound electron can only be excited to an upper level if the energy of the captured
electron equals the difference between the lower and upper energy levels. Figure 1.2 shows a

diagram of the RE process.

1.2.3 lonization

In the process of collisional ionization (CI), a free electron inelastically collides with the
bound electron of an atom. If the kinetic energy of the colliding electron exceeds the binding

energy of the bound electron, the latter is emitted from its shell and the atom becomes positively
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Figure 1.1: Top) Direct electron-impact excitation (DE) process. An free electron collides with

a bound electron in the Ln(= 2) shell, which excites the bound electron to the M=( 3)

shell. The free electron loses an equivalent amount of kinetic energy in the colliBiottorh)
Photoexcitation process. A photon is absorbed by a bound electron in the L shell, which excites
it to the M shell. Since it is a resonant process, the photon has the same amount of energy as the

transition.
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Figure 1.2: Top) Resonant excitation (RE) process beginning with dielectronic capture, in which
a free electron is captured into the N£ 4) shell while a bound Lr(= 2) shell electron is
simultaneously excited to the N shellBdttom) One of the electrons is then ejected through
autoionization and the other decays down to then™ 3) shell.
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ionized. The top panel of Figure 1.3 shows a diagram of the CI process. The process occurs as

X® +e | XO@ D 4 20 - (1.5)

An atom or ion can also be ionized by means of photoionization, which occurs when a
photon transfers its energy to a bound electron, which ejects the electron and leaves the ion in an

excited state

X4+ 1 X@D 4o (1.6)

Similar to electron-impact ionization, this process only occurs if the energy of the photon exceeds
the binding energy of the bound electron. The difference between the photon energy and the
binding energy of the electron is transferred to the now freed electron, resulting in additional
kinetic energy. The bottom panel of Figure 1.3 shows a diagram of the photoionization process.
An ion in an excited state may undergo the process of autoionization (Al), in which an
outer-shell electron is spontaneously emitted. Al also occurs during the two-step process of
Auger decay, which occurs when an inner-shell electron is ionized and a bound outer-shell
electron rapidly lls the electron hole. The energy difference is then non-radiatively transferred
to a second bound electron, which gets autoionized from the system. This process can only occur
when the interaction energy exceeds the inner-shell excitation threshold. The released energy can

also be emitted as a photon in the process known as uorescence.
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Figure 1.3: Top) Collisional ionization (CI) process. An free electron collides with a bound
electron in the Lii = 2) shell, causing the bound electron to be ejected from the at®attofm)
Photoionization (PI) process. A photon is absorbed by a bound electron in the L shell, which

ejects the electron.
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1.2.4 Recombination

Recombination is the inverse process of ionization, in which a free electron is captured
into a vacant shell of an ion. There are two predominant recombination processes: radiative
and dielectronic. Radiative recombination (RR) takes place when an ion captures an electron
into one of its bound orbits with a simultaneous photon emission. It is the inverse process of

photoionization. This process is represented as

X@ Dty e 1 x@ 4 (1.7)

Dielectronic recombination (DR), which is the inverse of autoionization, refers to a two-
step resonant process in which dielectronic capture is followed by radiative decay, emitting a
photon and producing a satellite line. This line will have a slightly lower energy than the main
"parent” lines due to the perturbation caused by the added spectator electron (Dubau & Volonte,
1980). Figure 1.4 shows a diagram of the DR process.

The DR process is represented as

X% +e [x@D] o1 [x@D]+ (1.8)

where K@ 9*]  represents the intermediate doubly excited state Xfftl P* ] represents the

ion after recombination. The DR process is very similar to radiative recombination, however it

is a resonant process and can only take place if the free electron captured has the exact energy
(sum of kinetic and binding energy) required to promote the core electron. In contrast, radiative

recombination involves a continuous distribution of free-electron energies.
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Figure 1.4: Top) Dielectronic recombination (DR) process beginning with dielectronic capture,
in which a free electron is captured into the MH 3) shell while a bound Li{(= 2) shell electron
is simultaneously excited to the M shelBdttom) One of the M shell electrons then recombines

and a photon is emitted.
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1.2.5 Cross Sections and Rate Coef cients

The probability of the level-populating processes described above is measured by their
cross sections, which is de ned as the ratio of the event rate per target particle to the incident
particle ux. A cross section has units of area (cfh and can be interpreted as the size of
the object that the incident particle must hit in order for the process to occur. It is possible to
measure the differential cross section, meaning the ratio of the event rate per target particle in a
given directiond /d ), or the total cross section integrated over all scattering angles. These
processes primarily depend on the interaction energy of the electron-ion collision, which drives
the formation of the spectral line. The cross section for each process has its own dependencies,
i.e. the kinetic energy of the free electron, binding energy of the bound electron, energy of initial
and excited ion state, etc.

For plasma diagnostics, it is convenient to describe cross sections with rate coef cients,
which are resonant strengths integrated over a Maxwellian distribution of collision energies.
These coef cients (in units cAs 1) are de ned as

YA 1
i = v if(E;Te)dE (1.9)
Eo
wherev represents the electron velocity,represents the interaction cross section for process
Eo represents the threshold energy for the procéssccur, T, is the electron temperature, and
f(E;Te) represents the Maxwellian velocity distribution which is typically represented as

3=2 =
E e E=kTe

f(E:T)dE= p> G P OE (1.10)
e
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By calculating rate coef cients, a useful diagnostic is obtained for spectral modelling as well as
estimations for electron density and temperature under different plasma conditions.
For further reading on atomic processes as well as derivations of cross section and rate

coef cient equations, see Raymond & Brickhouse (1996) and Mewe (1999).

1.2.6 Astrophysical Plasmas

Observations have revealed that X-ray radiation is produced in either thermal or non-
thermal processes depending on the nature of the energy of electrons involved in the relevant
process (Mewe, 1999). Thermal processes depend purely on the temperature of the emitting
source, and the energy of the electrons can be described by a Maxwellian distribution. Non-
thermal processes such as synchrotron radiation, which is emission from charged particles
accelerating in a magnetic eld, do not depend on the temperature of the emitting source and
typically produce featureless power-law spectra. Thermal X-ray emitting plasmas, which are
abundant in intermediate-Z metals such as nickel and iron, show spectral line emission features
that can be analyzed to reveal their temperatures, velocity structure, and chemical composition.
The most common types of plasmas are either 1) photoionized, in which photoionization is the
dominant process and the external radiation eld is strong enough to affect the plasma'’s energy
balance and ionization structure, or 2) collisional if collisions between electrons and ions are
dominant processes.

A photoionized plasma has a strong and ambient radiation eld which leads to
photoionization being the dominant ionization mechanism, and in the case of photoionization

equilibrium, a balance between radiative cooling and photoelectric heating. In this type of
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plasma, the equilibrium temperature and the degree of ionization are dependent on an ionization
parameter given by the ratio of radiation ux to the particle (electron + ion) nhumber density.
Excited levels are populated by photoexcitation from ground, and to a lesser degree, from
radiative recombination and radiative cascades following recombination onto higher levels.

This plasma type is assumed to apply for accretion-powered sources. An example is X-
ray binaries (XRBs), in which the accretors are neutron stars or stellar mass black holes. The
accretion disk of XRBs are theorized to radiate thermal emission, which then photoionizes plasma
in the observer line-of-sight. Another source is cataclysmic variables (CVs), in which the X-ray
accretors are white dwarfs. High-resolution X-ray spectra have also demonstrated the presence of
photoionized plasma in the emission regions of active galactic nuclei (Kinkhabwala et al., 2002).

In contrast, a collisional plasma has a weak radiation eld and as a result, electron-ion
collisions dominate the level-populating processes. In this case, both the ionization and steady-
state level populations are directly dependent on electron temperature. Additionally, the plasma
is assumed to be optically thin to its own radiation, and therefore scattering and absorption
processes are assumed negligible. Many well-studied X-ray emitting plasmas are collisionally
ionized and have no strong central continuum emission to affect their thermal states. These
plasmas, which dominate the X-ray spectra of supernova remnants (SNR), stellar coronae, the
interstellar medium (ISM) of elliptical and spiral galaxies, and galaxy clusters, have temperatures
in the range of 19- 18 K.

The electron temperature in collisional plasmas is comparable to the ionization potential
for the most abundant ions, which is the energy required to remove an electron from the ion.
This property differs signi cantly from photoionized plasmas in which the electron temperature
is typically much lower as a result of the stronger radiation eld. A useful method to distinguish
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these two plasma types in X-ray spectra is to observe their radiative recombination continua
(RRC), which indicates the electron energy distribution in the plasma. The characteristic width
of the continua can be estimated akg T, Wwherekg represents the Boltzmann constant dad
represents the electron temperature. For a collisional plakgiascales approximately with

the ionization threshold energyof the most abundant ions, whereas for a photoionized plasma
kg Te (Kahn et al., 2002).

In rare cases, an X-ray emitting plasma may also be in local thermodynamic equilibrium
(LTE) in which the excited states of the ions are populated statistically at a local temperature.
In this scenario, the rates for excitation processes are on the same scale as de-excitation rates,
meaning particle collisions occur rapidly and the distribution responds immediately so that
equilibrium holds. This state simpli es level population computations for simulations of spectra,
but requires a suf ciently high electron density and all radiative processes to be negligible.
This assumption is not valid for most X-ray emitting plasmas due to the high radiative decay
rates of transitions (Kahn et al., 2002). Assuming LTE would require electron densities of
ne 10% cm 2 (Apruzese et al., 2002). Because of this, calculations and interpretations of
spectral emission from plasmas must be based on accounting for all processes that populate and

depopulate a given energy level.

1.3 Spectral Line Diagnostics

The emission lines from highly charged ions are valuable as diagnostics for key
astrophysical plasma parameters. Transition probabilities are determined by electron quantum

states, which are signi cantly dependent on plasma conditions including electron temperature,
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electron density, and ionization balance. As a result, spectral lines are probes for these physical
conditions. Since plasma ionization balance is dependent on temperature, the detection of a
spectral line itself can imply the existence of plasma near the temperature where the ion is
preferentially formed. The detection of multiple ion charge states from a single element is also
useful for determining the plasma ionization distribution, which is a key independent diagnostic
for total column density.

Intrinsic characteristics of the spectral lines also have major diagnostic utility. The strength
of the line is useful to determine conditions such as degree of ionization, temperature, and density
as well as elemental abundance and optical depth. For example, the lireek, which are some
of the strongest in the X-ray regime and are further discussed in Section 1.6, were utilized to prove
the existence of resonant scattering in the Perseus cluster core by using the ion's spectral line
strengths as a diagnostic (Hitomi Collaboration et al., 2018). The study measured the suppression
of the ux in the Fe XXV resonance line at 6.7 keV in the center of the cluster, which was
attributed to photons having been scattered out of the line-of-sight. Since optical depth at line
center depends on turbulent Doppler broadening, the comparison of uxes between the optically
thin Fe XXV forbidden line and optically thick Fe XXV resonance line was also used to measure
the characteristic amplitude of gas velocities in the intracluster medium (ICM).

Line width can also be used as a diagnostic of velocity turbulence, as the degree of Doppler
broadening is directly proportional to the width of the velocity distribution (Rudge & Raine,
1999; Rebusco et al., 2008). This is because X-ray photons emitted by a moving source relative
to the observer point-of-view are subject to Doppler shift. Radiation emitted from a star will
be broadened as a result of velocity line-of-sight variations on opposite sides of the star due to
rotation. Line width can also be used to measure the kinetic temperature of gas, as atoms will be
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moving at faster velocities in hotter gas, and thus the spectral lines will appear broader.

Line shifts, which are wavelength displacements of spectral lines away from the positions
expected from cosmic redshift or the Doppler shift caused by radial motion (Dravins, 2003), can
also be used as a diagnostic of the kinematic properties of the observed source. The degree of the
shift depends on the relative velocity between the source and observer. Deriving velocities from
line shifts has enabled the detection of out ows from AGN and supernovae feedback, as well as
the radial pro le of galactic rotation curves (ZuHone et al., 2024).

For the typical temperatures of X-ray emitting plasmas, the most abundant elements are
found in their hydrogen-like (one electron) or helium-like (two electrons) charge states. Most
H-like lines consist of Lyman series transitions, which are produced through electric dipole
transitions. An electric dipole transition occurs when an electron jumps from the ground state
to the rst excited level in an ion. These transitions are the dominant effect resulting from the
interaction between an electron and a charged particle, and the direct result is the emission of
a photon. H-like lines from the abundant elements, including carbon, nitrogen, oxygen, silicon,
sulfur, calcium, iron, and nickel, are found fron20 8 keV (Kahn et al., 2002). These transitions
have high radiative decay rates and negligible collisional line mixing, giving them limited use as
temperature and density diagnostics. However, the lines are typically some of the brightest in
the X-ray regime and have proven useful as diagnostics for elemental abundance and velocity
(Rasmussen et al., 2001).

He-like lines have proven to be particularly valuable diagnostics for electron density,
temperature, and ionization conditions of emitting plasma (Gabriel & Jordan, 1969). The most
important transitions are denoted as: the resonancenjrtee intercombination lineg andy;
and the forbidden ling (see Figure 1.6). Resonance lines are produced by an electric dipole
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transition, and are typically among of the strongest in X-ray spectra. This is due to most electrons
in an astrophysical source being in the ground state, and therefore it takes the least amount of
energy for them to reach the rst excited state. These transitions have selection rules dictating
which ones are "allowed" or “forbidden" when an atom switches from one quantum state to
another. An intercombination line (semi-forbidden) is an electric dipole transition that changes
the total spin of the system. A forbidden line is one that is not allowed by an electric dipole
transition, but is produced by a magnetic dipole transition that is caused by the coupling of an
electron’'s magnetic dipole moment to the magnetic eld of an interacting electromagnetic wave.
Because these lines have different dependencies on temperature and density, their line
ratios are also reliable diagnostics. The use of these diagnostics to determine conditions in X-
ray emitting plasmas has proven vital for advancing existing plasma models and subsequently,
furthering our knowledge of astrophysical objects. For example, the strength for collisional
excitation of thew line increases with temperature in collisional plasmas, while the excitation
collision strength for the, y, andz lines decrease or remain relatively constant. As a result,
the line ratioG = (x+ y+ 2z)=w can be utilized as a robust diagnostic of electron temperature
in collisional plasmas. Similarly, theline dominates at low electron density but is suppressed
as density increases, while the strengths ofxtendy lines increase. As a result, the ratio
R= z=(x+y) is a useful diagnostic of collisional plasma electron density. Figure 1.5 shows both
the electron temperature and density dependencies f@ #r&lR ratios respectively for the He-
like ions Ne IX and Mg Xl from a study by Wolfson et al. (1983). The line ratios can also serve
as a diagnostic of UV photoexcitation, as later explained in Chapter 2. A signi cant UV radiation
eld, which is prevalent in the spectra of early-type stars and accretion-powered sources, leads to

suppression of theline and enhancement of thkeanyy lines (Mauche et al., 2001; Kahn et al.,

23



Figure 1.5: (Left) Diagram showing electron temperature dependency of the G ratio for He-
like ions Ne IX and Mg Xl in collisional plasmas. (Right) Diagram showing electron density
dependency of the R ratio for Ne IX and Mg Xl ions in collisional plasmas for various electron
temperatures. Figures are from Wolfson et al. (1983).
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2001a).

Taking ratios of lines originating from different charge states, or two lines from the same
ionization stage but with different temperature dependencies, can be also used to infer conditions
such as electron temperature. A method devised by Gabriel (1972) found that taking the ratio
of the intensity of dielectronic recombination satellite lines relative to the intensity of their

associated collisionally excited resonance line yields a robust calculation of electron temperature.

1.4 Theoretical Spectral Modelling

1.4.1 Atomic Structure

Comprehensive modelling of X-ray line spectra requires high-accuracy calculations of
atomic structure data, including energy levels, transition energies, cross sections, oscillator
strengths, rate coef cients, and polarization. In order to calculate the atomic structure of a
system, solutions must be approximated for the Schrddinger equation, which describes how a

guantum state evolves over time. The equation is given by

_..d
A (t)= |ha (t) (1.112)

wheret represents time, the wavefunctiorft) is a state vector of the systeimjs the reduced
Planck's constant representing the quantization of angular momentumi) aegresents the
Hamiltonian (energy) operator describing the total energy of the system. In the case of stationary

guantum systems, the Schrodinger equation can be treated as time-independent, such that
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A =E (1.12)

whereE represents the corresponding eigenvalues of the Hamiltonian, or possible energies that
the system could have upon measurement. This form is used to calculate the orbital structure of
atoms and ions, as only time-independent equations have the mathematical structure required to
produce the discrete spectrum of energy eigenfunctions and eigenvalues. The Hamiltonian can

be de ned as

A= |q0+ |qelec elect Iqs o (1.13)

whereH, represents the sum of all single electron Hamiltoni#thg, «cc represents the mutual
electrostatic interaction, or Coulomb repulsion, between electrons,Pangdrepresents the
interactions between spin and orbital angular momenta for each individual electron. As such, the
term is denoted as a sum of kinetic, potential, and interaction terms for all involved electrons.
The solutions of the Schrodinger equation for single or multi-electron systems depend on
four quantization parameters: 1) the principal quantum numb@&presenting electron shells
or energy levels, 2) the orbital quantum numbegpresenting the subshells within each electron
shell, 3) the magnetic quantum numipgmrepresenting the orbitals of a given subshell, and 4) the
electron spin quantum numbex. According to the Pauli exclusion principle, no two electrons
can have an identical combination of quantum numbers. As a result, the quantum numbers set
limits on the number of electrons that can occupy a given state.
The principle quantum numberscan be labeled as upper-case alphabetic letters starting

from K, i.e. K represents the= 1 shell, L representa = 2, etc. The maximum number of
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electrons that can Il a shell follows the formul@2 meaning i.e. the K-shell can hold 2 electrons
and the L-shell can hold 8 electrons. The orbital quantum nurhiefabeled by lower-case
alphabetic letters witl, p, d, f, g, ... representing= 0;1;2; 3;4;::: respectively. The number of
orbitals in a subshell is determined by the magnetic quantum numbe&rhich can range from

| to +1 for a given subshell. The spin of the electronss is an intrinsic property and has two
directions, spinning upnfs = + 1=2) or spinning downrfs = 1=2). The number of possible
values ofm follows the formula 2+ 1, and each orbital can contain 2 electrons of opposite spin.
Therefore, thessubshell can have only 1 orbital and a total of 2 electrons, whil@ twéshell can
have 3 orbitals and a total of 6 possible electrons. Electrons occupy orbitals in order of increasing
energy, meaning (with a few exceptions for transition metals) the higher energy subshells will not
be lled until the lower energy orbitals are fully occupied. As an example, a neutral neon atom,
which has 10 total electrons, has a con guration s225°2p®, as these are the rst three orbitals
to be lled.

The energy levels of an atom or ion are determined by diagonalizing the total Hamiltonian.
The relative strength oflgec elec VErsusHs , determines how the angular momenta of each
electron are coupled together. For structure calculations of multi-electron systems, an appropriate
coupling scheme must be utilized, as the energy eigenvalues are dependent on the order in which
the angular momenta are added.

Simpler systems with atomic numbels< 30 are most commonly described using
Russell-Saunders coupling, or LS-coupling, which denotes structure with the total orbital
angular momentum vec!tdr and total spin angular momentum ve!ctﬁr(RusseII & Saunders,
1925). For these lighter atoms, the interactions between the orbit and spins of individual
electrons are much weaker compared to the interactions between the total orbital angular
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momenta and total spin angular momenta of all electrons in the a8 (iec>> Hs o). The
[
total orbital angular momentum vectar represents the sum of orbital momenta for all electrons
. ! P! . . !
in the atomL = li . Similarly, the total spin angular momentum vect®mrepresents the sum
i

of the spin of each electron in the atdds P_! s . The total angular momentl!Jrﬂ is taken as

i
the vector sum E)fL an(!j S, and these gquantum numbers can be combined into the shorthand
notation®s" 1L ;, where B+ 1 represents the spin multiplicity of the levél,is the appropriate
letter symbol for the total orbital quantum number, dnd the total angular momentum quantum
number.

To use helium as an example, the ground state has an electron con guratish dfhke
orbital angular momenta of the two electrons hré, = 0, and have spin angular momenta of
s =+ 1=2 ands, = 1=2. Thus!, L=0 ané S = 0, yielding a LS notation otS. The rst
excited state of helium, which has a con guration a4, can have a total spin!oS =0or

! S = 1 and therefore can have a LS notation of eitt®rfor J= 0 or3S; for J= 1. The excited
state of helium with a€2p con guration has a tot!aL = 1 and possible total spins! @=0or

[
" S = 1, yielding possible combinations of

e 1s2p 3Py forJ=0
e 1s2p 3P forJ=1
e 1s2p 3P, forJ= 2

Figure 1.6 shows a diagram of the possible level transitions between the K-shell and the
L-shell for He-like ions with their respective LS notations. The energies of transitions resulting
from photoexcitation, represented by the curved arrows, are in the UV regime for astrophysically
important ions as further discussed in Chapter 2.
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Figure 1.6: Diagram showing possible level transitions for He-like ions, witlx, y, and

z representing the transitions producing the resonance, intercombination, and forbidden lines
respectively. Each possible level is labeled with its respective LS notation. The solid lines
represent transitions from direct electron-impact excitation, the curved yellow lines represent
photoexcitation, the orange dashed lines represent radiative/dielectronic recombination, the
broken dotted lines represent decay via two-photon transition, and the dashed lines represent
radiative decay.

29



LS coupling is convenient for simple systems but is not useful for complex ions with
multiple electrons, which entail many combinations of quantum numbers for an electron
con guration. Additionally, in heavier systems the strength of spin-orbit interactions becomes
more comparable, or even more dominant, relative to the strength of electrostatic interactions.
Such systems make use jgfcoupling, in which the angular mome!nta and s of each electron
couple to a total single angular mome!nta, which vectorially add up to the total angular
momentur!nJ of the entire system. In this case, each electron's momenta must be individually
considered for an accurate assessment of the atom's behavior. Using the same excited helium
state with a 8p con guration as an example, thes glectron yields a total angular momenta
j1=]0 1=2) = 1=2 and the 9 electron yieldsj, = j1 1=2] = (1=2;3=2). As a result, the

possible combinations frory-coupling are

* [1s1=22ps=p]s=0
* [181252P1=5] 5=1
* [18122P3=] 3= 1
* [1852pP3=5]3=2

For further reading on spectroscopic notation and coupling schemes, see Condon &

Shortley (1963) and Cowan (1981).

1.4.2 Plasma Modelling Codes

In order to use spectral lines to infer plasma properties, theoretical models must be derived
to try to match the data as closely as possible. The better the t, the more that can be inferred
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from the comparison. However, to try to include every possible atomic process and con guration

in a plasma model would be both time consuming and computationally expensive. Therefore,
the theoretical models used must make necessary approximations based on plasma conditions
in order to calculate level populations. Given their relevance to work in this dissertation, |
speci cally highlight the widely-used models for collisional plasmas.

There are two main types of collisional plasma models that are used in coding packages
for X-ray spectral modelling: Coronal and Collisional-Radiative (CR). In a Coronal plasma, the
rate of electron-ion collisions is very low, it is optically thin to its own radiation, and radiative
decay is the dominant de-excitation mechanism. This model also assumes the “ground-state”
approximation, in which electron density is low enough such that excited state populations are
negligible and all ions are assumed to be in the ground state when collisions occur. This model is
typically used for spectral analysis of stellar coronae, SNRs, and galaxy clusters (Mewe, 1999). A
Collisional-Radiative (CR) plasma model assumes collisional-radiative equilibrium, meaning the
electron-ion collision rate and the rate of photon interactions are equally balanced in terms of de-
excitation mechanisms. As a result, a level with a low radiative decay rate may be collisionally
de-excited before it can radiate. This model is used to account for all relevant collisional and
radiative processes for atomic level population calculations in plasmas for subsequent spectral
modelling (Ralchenko, 2016).

As discussed in the previous section, accurate calculations of atomic structure are necessary
for robust theoretical models. This involves solving the time-independent Schrédinger equation
by constructing wavefunctions containing information regarding all orbital and spin angular
momenta for every individual electron. Aside from the very simplest atoms, the Schrodinger
equation cannot be solved analytically. As a result, there have been a multitude of approaches
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developed to numerically solve the equation, including the Hartree-Fock method, relativistic
con guration interaction (RCI) method, and Many Body Perturbation theory (MBPT). Given its
relevance to this dissertation, | highlight the con guration interaction method, which is a widely-
used approximation in modern atomic physics codes (Sherrill & Schaefer, 1999). This approach

calculates approximate atomic state functions by de ning

=" G, (1.14)

where  is the trial wavefunction represented by a linear combination of con guratigns
each weighted by a mixing coef ciemt obtained from diagonalizing the total Hamiltonian. The
mixing coef cients are optimized while the individual con gurations remain the same until the
total system energy is minimized. The accuracy of the atomic structure depends on the number

of electron con gurations included in the calculation.

1.4.3 Flexible Atomic Code

The Flexible Atomic Code (FAC) calculates atomic structure, as well as a wide range of
atomic radiative and collisional processes (Gu, 2008). FAC combines the strengths of several
existing atomic codes such as HULLAC (Bar-Shalom et al., 2001), ATOM (Amusia et al., 1998),
and SZ (Sampson et al., 1989; Zhang et al., 1989) by implementing a fully relativistic approach
based on the Dirac equation, which is a generalized form of the Schrédinger equation that takes
relativistic effects into account (Dirac, 1928), and the con guration interaction method. FAC
also provides a more integrated interface for atomic structure calculations compared to other

codes such as SUPERSTRUCTURE (Eissner et al., 1974), multi-con guration Hartree-Fock
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(MCHF) (Fischer, 2000), and multi-con guration Dirac-Fock (MCDF) (Grant et al., 1980), by
treating both bound-bound and continuum processes within the same program. The code models
continuum processes using an approach called the distorted-wave (DW) approximation, which
ignores the coupling between resonances and the continuum background and assumes effects
from scattering events to be negligible (Mott & Massey, 1933; Madison & Shelton, 1973). The
implementation of these approaches enables the ability to ef ciently calculate the atomic structure
of highly charged ions with high accuracy and reasonable runtime.

FAC computes the atomic structure of the initial, intermediate, and nal states of a
particular charge state, along with its related transitions. The output data include energy levels,
radiative transition rates, collisional excitation and ionization cross sections, photoionization
rates, and autoionization rates, thereby enabling the integration of various atomic processes
within a single framework. FAC is also equipped with a collisional-radiative model (CRM) that
constructs synthetic spectra for plasmas under different physical conditions using atomic data. It
calculates level populations for a given temperature and density assuming collisional-radiative
equilibrium.

One of the most advantageous aspects of FAC compared to other programs is its user-
friendly scripting tools. The python libraggfac can be used to write scripts with FAC functions
in order to derive energy levels and transition rates. By writing a python script, the atom of
interest and the desired electron con gurations can be speci ed. FAC then calculates the central
potential of the con gurations interacting with one another, and diagonalizes the Hamiltonian to
calculate atomic structure. The output of this calculation is a list of all possible con gurations
with speci ed quantum numbers values as well as the energy of each con guration with respect

to the ground state. For every transition, FAC calculates the transition energy, oscillator strength,
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decay rate, and multipole expansion. The software package has proven to be robust, as excellent
agreement has been found between FAC calculations and both astrophysical data and laboratory
measurements (Gu, 2003; Zhong et al., 2004). Most of the new theoretical predictions in

Chapters 2 and 3 of this dissertation are based on FAC calculations.

1.5 Laboratory Experiments

Complex plasma models are largely derived from theoretical calculations. However to
achieve a reliable scienti c interpretation of spectroscopic observations, theoretical calculations
must be veri ed by results obtained from spectroscopic measurements in laboratory experiments.
With XRISMandAthenaenabling high-resolution X-ray spectroscopy, it is crucial to have robust
atomic data benchmarked by laboratory astrophysics experiments. The most robust approach in
spectral analysis is to use atomic data that has already been validated by experiments in plasma
models.

However, X-ray line energy measurements for many ion species within databases such as
the NIST Atomic Spectral Database (Kelleher et al., 1999), MEKAL (Kaastra et al., 1996a), and
AtomDB (Foster et al., 2012) are either unavailable or took place several decades ago (Bearden,
1967), which has resulted in omissions and errors regarding line identi cation in X-ray spectral
observations. For example, a spectral analysis of Procyon by Raassen et al. (2002 &mdna
observations was unable to identify an electric-dipole forbidden Ar IX line because of its absence
in the published atomic line database compiled by Kelly (1987), instead misidentifying it as a
S IX line. Lepson et al. (2003) was later able to correctly identify the line through laboratory

measurements of argon charge states. This example highlights the need to measure spectral
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lines with better energy resolution and ef ciency through advanced laboratory measurements.
This enables better model ts to observations and further reduces the uncertainties for derived
guantities such as intensity line ratios (Beiersdorfer et al., 2018), in order to fully maximize their
diagnostic use.

Studies nding disagreements of theoretical predictions with laboratory data have shown
that both systematic experimental uncertainties and plasma model constraints must also be
continually improved. A prominent example of theory-experiment discrepancies is highlighted
in Section 1.6 for the @ cross sections of neon-like iron Fe XVII (or ¥&). Improved
experiments are instrumental in the reduction of the systematic uncertainties of diagnostics in
analyses of astrophysical X-ray spectra. By improving the constraints on these quantities, the
atomic data implemented in the Astrophysical Plasma Emission Code (APEC) (Smith et al.,
2001), SPEX (Kaastra et al., 1996b), and CHIANTI (Del Zanna, G. et al., 2015) spectral
modeling codes can be further calibrated, which is crucial for interpreting spectroscopic
observations with better accuracy.

For a comprehensive explanation of laboratory astrophysics experiments and their

applications to X-ray astronomy, see Beiersdorfer (2003).

1.5.1 Electron Beam lon Trap

One of the most useful instruments developed for the production and study of highly
charged ions is the electron beam ion trap (EBIT). An EBIT operates by means of a
monoenergetic electron beam that induces a negative space-charge potential (Levine et al.,

1988). This beam is emitted by a cathode mounted inside an electron gun and is guided along
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the axis of a set of cylindrical drift tubes until it nally reaches a collector electrode. A magnetic
eld of increasing strength (in the axial direction) reaches its maximum at the center of the
trap, creating a quasi-uniform magnetic eld in the central bore and compressing the beam to a
sub-millimeter diameter at the trap center. This results in a very high current density that enables
ef cient ionization and ion trapping (in the radial direction). The electron beam energy is de ned
by the difference between the potential central drift tube and potential of the cathode.

Neutral atoms are injected into the trap through a differentially-pumped injection system,
ionized to high charge states by successive electron impact by the electron beam, and compressed
to a sub-millimeter diameter at the trap center by the magnetic eld. The resulting ions are
radially trapped by the negative space charge of the compressed beam and electrostatically
con ned in the axial direction by the potential applied to the cylindrical drift tubes. Figure 1.7
show diagrams of the EBIT layout and function.

The cross-sectional area of the drift tubes reshapes the ion trap into a narrow potential well,
which forces the ions into a small region to increase ion density and collisional excitation rate,
and has a at bottom to ensure all of the trapped ions have the same energy. Charge breeding, a
technique to increase the charge state of ions, is enabled by further ionization of the trapped ions
by the electron beam (Penetrante et al., 1991). Collisions between the beam electrons and trapped
ions ef ciently drive ionization, excitation, and recombination processes, as electrons inside the
trap have well-de ned kinetic energy due to acceleration potentials corrected by the space-charge
contributions of the electron beam and trapped ions. The charge-state distribution inside an EBIT
is determined by the ionization and recombination rates, which themselves depend on the electron
beam energy and density, the con nement time, and the background neutral gas pressure in the

trap center. The densities achieved in the trap are low enough to be in the coronal limit, meaning
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Figure 1.7: Top) EBIT Schematic from Hjalmar Bruhns (Max Planck Institute for Nuclear
Physics). Electrostatic potential con nes the ions axially and the electron beam space-charge
radially. lons are bred to higher charge states by impact with the electron bBatton() EBIT
diagram from Micke et al. (2018). lons are produced, trapped, and examined at the center of the
drift tube assembly.
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the collisional rates are much lower than the rates for radiative and autoionization processes.
As a result, an ion has time to de-excite to the ground state following ionization, exciation, or
recombination processes, emitting radiation for subsequent detection. The unidirectional electron
beam produces anisotropic and polarized X-ray emission.

EBITs are also equipped with a vacuum system consisting of several turbomolecular
pumps (TMPs) to reach an ultra-high vacuum (UHV) pressure on the order df01° mbar.

UHV conditions are required as low residual gas pressure is essential for both producing
and maintaining high ion charge states. To ensure that these conditions are maintained, each
subsection of the EBIT (electron gun, trap, collector, injection system) is connected to a
two-stage pumping system consisting of a TMP and a pre-vacuum system, which itself consists
of an additional TMP and a roughing pump.

The modern EBIT was rst developed in the 1980s by Levine et al. (1988) at the
Livermore Lawrence National Laboratory (LLNL). EBITs have enabled direct access to the
con ned ion cloud mono-energetic excitation, as well as photoexcitation and photoionization by
monoenergetic photons at synchrotron facilities, making them extremely valuable spectroscopic
instruments. The most prominent class are high-performance EBITs, which use superconducting
magnets with eld strengths from 3 8 T. These EBITs are responsible for most of the
experiments conducted over the last three decades (McDonald et al., 1992; Dilling et al., 2006;
Xue et al., 2014). These experiments have proven essential for furthering our understanding of
astrophysics, as well as atomic theory and metrology, as the extracted electron-impact excitation,
ionization, and recombination cross sections are fundamental parameters that have facilitated the
analysis of astrophysical phenomena (Hitomi Collaboration et al., 2017) and complex materials
(Fowler et al., 2021).
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An additional class are miniature room-temperature EBITs with permanent magnets,
developed in order to achieve compactness and reduce construction and operational costs
(Khodja & Briand, 1997; Schmidt et al., 2014, Liang et al., 2019). This class was optimized
by Micke et al. (2018) with the novel design of the Heidelberg Compact EBIT (HC-EBIT),
which offers a stronger magnetic eld up to 0.86 T, higher electron beam currents up to 80
mA, and higher electron beam energies up to 10 keV. A subclass of mini-EBITs have also been
developed for use at synchrotron light sources by means of an off-axis electron gun, thereby
enabling experiments of trapped highly charged ions that are excited or ionized by the radiation
of synchrotron beamlines.

Permanent-magnet EBITs are composed of four main sub-assemblies: 1) a permanent
magnet housing structure surrounding a central conical vacuum chamber; 2) a cylindrical drift
tube assembly; 3) the electron gun; and 4) the collector. The drift tube assembly and the collector
are both mounted inside the central vacuum chamber. The magnetic structure of the permanent-
magnet EBIT has a compact rotational symmetry allowing for suf cient space around the trap.
Arrays of neodymiume-iron-boron permanent disk magnets for each of the two poles generate the
magnetic eld, with each array containing three parallel stacks of three magnets and mounted
between magnetic steel parts connected to iron rods and pole pieces. The produced magnetic
eld is guided by the steel and iron parts and concentrated in the axial direction toward the trap
at the trap center, reaching a maximum magnetic eld strength of 0.86 T.

The drift tube assembly consists of a set of six cylindrical electrodes, which accelerate
and guide the electron beam towards the collector and trap the produced ions for study. The
drift tubes are stacked along four alumina-ceramic rods and mounted between two stainless-steel

rings within the vacuum chamber. The water-cooled collector electrode is where the electron
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Figure 1.8: FLASH-EBIT at the Linac Coherent Light Source (LCLS) (Picture from José Crespo
Lopez-Urrutia).
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beam terminates at ground. The magnetic eld strength at the collector is much lower than at
the trap center, which allows the electron beam to expand and hit the wall. It is composed of
two copper parts, the inner collector electrode and the outer shell enclosing a volume for cooling
water.

The use of an off-axis electron gun allows an external X-ray photon beam to pass through
the permanent-magnet EBIT, which allows the simultaneous use of a second end station and
thus enables cross calibration of the energy scale for different experimental techniques. When
used at synchrotron beamlines, EBITs have been utilized for high-precision transition energy and
oscillator strength measurements (Leutenegger et al., 2020; Kuihn et al., 2022) as well as radiative
branching ratios and natural line widths of inner-shell transitions (Steinbriigge et al., 2022), which
are key parameters for studies of photoionized plasmas near X-ray sources powered by accretion
onto compact objects. These experiments are essential for fully understanding the formation
of accretion-powered sources such as AGN (Simon et al., 2010) and XRBs (Beiersdorfer et al.,
2017a). Oscillator strength and natural line width measurements are also enabled, which are
sensitive tests of atomic structure calculations used in X-ray plasma emission models (Bernitt

etal., 2012; Kiihn et al., 2020).

1.5.2 X-ray Detectors

Silicon drift detectors (SDDs) have proven to be reliable for measurements of the X-ray
emission from EBIT experiments. SDDs are a type of semiconductor (solid-state) detection
device that produces electron-hole pairs in response to irradiation, which can then be collected

and read out (Rachevski et al., 2014). In SDDs, a charge is generated through photon absorption
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