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Abstract: Accurate knowledge of the fine structure of low-ionisation-stage heavy elements
is crucial for plasma modelling in stellar astronomy, galactic evolution studies, and nucle-
osynthesis investigations. The experimental determination of atomic energy levels and
transitions in these elements is essential for the meaningful interpretation of high-resolution
astrophysical spectra obtained with modern telescopes, as theoretical calculations of tran-
sition wavelengths and strengths often lack sufficient accuracy. This article provides a
brief review of the major challenges in empirical atomic structure investigations of the low-
ionisation open d- and f-subshell elements, which have the most complex atomic spectra.
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1. Introduction

Elements that present significant challenges in laboratory and astrophysical atomic
spectroscopy are the low-ionisation-stage heavy elements with electrons in open d- and f-
subshells, which are commonly found in stellar atmospheres, nebulae, supernovae, and kilo-
novae. The spectra of these objects are highly complex when observed with high-resolution
spectrometers at ground- and space-based telescopes. A major limitation in interpreting
the spectra of the low-ionisation-stage open d- and f-subshell species is the large fraction
of unknown reference transition wavelengths. The demand for more complete atomic
transitions data has remained prominent in stellar astronomy [1] and nucleosynthesis
studies, including galactic surveys [2] and analysis of kilonovae of neutron star merger
events [3].

The accuracy of reference fine structure transition wavelengths must match, and ide-
ally surpass, those set by the resolving powers of telescope spectrometers, which range
from a few thousand (e.g., the Medium-Resolution Spectrometer on the James Webb Space
Telescope [4]) to 100,000 (e.g., the Ultraviolet and Visual Echelle Spectrograph of the Very
Large Telescope [5] and the Space Telescope Imaging Spectrograph on the Hubble Space
Telescope [6]). However, the typical wavelength accuracies of ab initio theoretical calcu-
lations for the open d- and f-subshell species reach only a few percent. High-resolution
laboratory spectroscopy of these species and the empirical determination of their fine struc-
tures are therefore essential in fulfilling demands for reference atomic transition data in
astronomy. At spectral resolving powers of ~100,000, hyperfine and isotope structures
also become observable in stellar absorption lines [7] and must be characterised in the
laboratory [8]. With new high spectral resolving power electromagnetic telescopes (e.g., the
Extremely Large Telescope [9] and the Jiao Tong University Spectroscopic Telescope [10]) and
gravitational wave telescopes (e.g., the Einstein Telescope [11] and the Cosmic Explorer [12])
under development, the demand for accurate atomic data is expected to persist and grow.
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This article documents and expands upon the invited talk I gave at the 13th Interna-
tional Conference on Atomic and Molecular Data and Their Applications ICAMDATA)
on 24 September 2024 in Lanzhou, China. The discussion included examples from my
experience with atomic spectroscopy of the open 4f-subshell species, specifically doubly
ionised neodymium (Nd III, Z = 60) [13,14]. In astrophysical spectral analyses, reference
transition wavelengths, transition probabilities (often referred to as log(gf) values), hy-
perfine structure constants, and isotope shift constants are in high demand. Moreover,
the parameters for interatomic interactions are also dependent on the atomic structure.
Since knowledge of fine structure energy levels is a prerequisite for determining these data,
the remainder of this article reviews the distinct challenges in empirically determining the
fine structure energy levels of the low-ionisation stage open d- and f-subshell elements
from high-resolution laboratory spectra.

2. Measuring Fine Structure Transitions of Heavy Elements

Astrophysical atomic spectra usually consist of blended lines of many species, whereas
laboratory spectroscopy has the advantage of isolating individual elemental spectra, de-
pending on the light source used. The energy level system of a low-ionisation-stage open d-
or f-subshell species is empirically reconstructed using observed energy level separations
(spectral lines). When measuring laboratory atomic spectra, the accuracy of observed
transition wavelengths and the accuracy of the observed spectral line relative intensities
must be maximised. Additionally, the number of spectral lines observed per energy level
should be as high as possible for confident energy level identifications. Spectral lines of
the low-ionisation-stage (from neutral to roughly triply ionised) open d- and f-subshell
elements can lie across the mid-infrared and vacuum-ultraviolet ranges (from ~10,000 to
~10 nm). To meet these observational demands, laboratory spectrometers must balance a
high spectral resolution, wide spectral range, and high sensitivity (dynamic range). Two
types of instruments are widely used for this purpose: Fourier transform (FT) spectroscopy
and grating spectroscopy [15].

FT spectrometers are interferometers that split collimated source radiation into two
beams, introduce an optical path difference between them, and measure the intensity
of the recombined beams at fixed optical path difference intervals (the interferogram).
The resulting intensity measurements as a function of the optical path difference is the FT
of the source spectrum. FT spectrometers can achieve spectral resolving powers of a few
million, an order of magnitude above those used in telescopes. Commercially available
FT spectrometers cover the mid-infrared-to-ultraviolet range, while those operating in the
ultraviolet-to-vacuum-ultraviolet range exist only as specialised instruments [16-18] due
to challenges involving manufacturing tolerances (e.g., motion precision, optical surfaces,
and beamsplitter materials) and the maintenance of components at shorter wavelengths.
FT spectrometers are limited to light sources with minimal spectral intensity variation over
the interferogram scanning period, which typically takes a few minutes and is achievable
for low-ionisation-stage open d- and f-subshell elements.

Grating spectrometers can be designed for high-resolution, wide spectral range mea-
surements of atomic spectra. One example is the 10.7 m Normal Incidence Vacuum Spec-
trograph at the National Institute of Technology (NIST) in the US (see descriptions by
J. Reader [17]), with a resolving power of several hundred thousand, which is significantly
higher than that of telescope spectrometers. Another example is the 10 m vacuum spectro-
graph of the Paris-Meudon Observatory [19]. Although the highest achievable resolving
power of grating spectroscopy is lower than that of FT spectrometers, they can measure at
shorter wavelength regions in the vacuum-ultraviolet range below 135 nm, allowing obser-
vations of more transitions, including those of higher ionisation stages of the open d- and
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f-subshell elements. Grating spectroscopy also measures transition intensities individually,
where local noise is unaffected by distant stronger lines. Thus, extending exposure dura-
tions for weaker lines is generally more effective compared with co-adding interferograms
in FT spectroscopy. Furthermore, grating spectroscopy offers much greater flexibility for
light sources. For example, time scales for significant spectral intensity variations can come
down to nanoseconds when investigating laser-induced plasmas [20-22].

It is worth discussing that laser spectroscopic techniques provide unique measure-
ments for a subset of experimentally determinable energy levels. For lifetime measurements,
which are crucial for determining experimental transition probabilities when combined
with branching ratio measurements, levels can be selectively populated in laser-induced
fluorescence experiments [20], or a Boltzmann level population can be approximated
in laser-induced breakdown spectroscopy [21,22]. For spectral resolving powers above
10, Doppler broadening reduction by atom trapping and cooling, atomic-beam laser
spectroscopy, and Doppler-free techniques enable highly accurate measurements of fine
structure transition wavelengths, as well as hyperfine structure and isotope shift constants.
Solely using laser-based methods is not ideal for large-scale energy level and transition
wavelength investigations due to their limited spectral coverage [15], but they can aid
empirical energy level determinations by providing the most accurate transition wave-
lengths, transition probabilities, and nuclear perturbation constants for a subset of levels.
Additionally, laser frequency comb spectroscopy may emerge as a potential alternative to
FT and grating spectroscopy with further developments.

A summary comparing the FT, grating, and laser spectroscopic methods used in
atomic spectroscopy of the fine structures of low-ionisation-stage open d- and f-subshell
elements is shown in Table 1. In general, a comprehensive atomic structure and spectral
analysis of a single open d- and f-subshell species requires measurements from all three
spectroscopic techniques, as their respective strengths compensate for their individual
limitations. For FT and grating spectroscopy methods used in large-scale empirical energy
level determinations, wavelength accuracies reach up to a few parts in tens to hundreds
of millions, respectively, the dynamic range can be up to an order of 10,000, and relative
intensity accuracies reach up to a few percent [23].

Table 1. Comparisons between common spectroscopic techniques used for atomic fine structure
investigations of low-ionisation-stage open d- and f-subshell elements.

FT Grating Laser
Resolving power ~10° ~10° ~107~8
Sufficient spectral range? ve v Not ideal !
Can measure branching ratios? ve v vl
Can measure hyperfine or isotope structure? Ve Not ideal /1
Can measure unstable 2 light sources? Not ideal v Ve

! Laser spectroscopic techniques, despite having the highest resolving powers, are limited by the small number
of transitions observed per experiment compared with FT and grating spectroscopy. Hence, laser methods are
not ideal for large-scale energy level and transition wavelength investigations. 2 Light sources have spectral
intensity variation time scales that are much shorter than the amount of time required for FT spectroscopy intensity
measurements across optical path differences, which is typically at least a few minutes for high spectral resolutions.

3. Producing Low-Ionisation-Stage Heavy Element Atomic Spectra

Atomic spectra of low-ionisation-stage open d- and f-subshell elements can be pro-
duced in various emission light sources for laboratory high-resolution atomic spectroscopy.
The general recipe involves generating glow or arc discharges using the metal of the element
of interest, a discharge carrier gas, and an electric field. Prominent examples of suitable light
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sources include hollow cathode discharge lamps [24,25], Penning discharge lamps [26,27],
electrodeless discharge lamps [28], gas or vacuum sliding sparks [29], and stars [30], all of
which are typically dominated by electric dipole (E1) transitions. Access to a variety of
light sources is preferred in complex atomic structure and spectral investigations, as many
clues for subsequent line identifications can be obtained through comparisons between
spectra of differing plasmas.

In general, the strength of the electric field generating the metal discharge controls
the effective temperature of the plasma, which in turn controls the generation of partic-
ular ionisation stages and energy level populations. This enables the disentangling of
spectra containing transitions from multiple ionisation stages by analysing the spectral
line intensity’s dependence on the effective temperature (e.g., [31]). Spectra are also often
recorded in the same wavelength region under different discharge conditions for various
other reasons, such as lowering the effective temperature to observe spectra with narrower
Doppler widths for line blending analyses, comparing spectra at high and low currents
to reveal weaker lines and avoid self-absorption [32], comparing spectral line Zeeman
patterns due to external magnetic fields with calculated Landé-g factors as guidance for
line classification, and selecting specific carrier gas compositions to populate particular
energy levels [33,34]. The importance of observing under differing discharge conditions is
demonstrated in Figure 1. Without accurate knowledge of the energy levels involved in
the transitions of Figure 1, the number of spectral lines observed in the Penning discharge
lamp spectrum is open to interpretation. With additional information from the hollow
cathode lamp spectrum of a more optically thin plasma that is also cooler with narrower
Doppler widths, the deviations from the expected Voigt profiles in the Penning lamp spec-
trum are concluded to most likely be due to isotope shifts and self-absorption, rather than
additional fine structure transition lines in blends. The range of different experiments and
instruments required for a comprehensive energy level analysis of the low-ionisation-stage
open 4f-subshell species Nd III is summarised in Table 2. A similar strategy is required for
open d-subshell species, such as the highly astrophysically important Fe II [35].

The feasibility of applying a discharge source and spectrometer to investigate a low-
ionisation-stage open d- and f-subshell species of interest, as well as the associated safety
measures, is often unknown and can be a limiting factor. For example, FT spectroscopy
is unsuitable due to source noise if stable discharges cannot be maintained, as noted in
the previous section. Additionally, the storage and handling of reactive metals require
element-specific experimental designs, and radioactive metals are unavailable in the large
quantities needed for many discharge instruments (e.g., see Pm [36]), not to mention the
extreme safety measures that must be implemented.

Isotope shifts Self-absorption
3001 — PDL t  — PDL
e HCL 1000 -
200 A
Z
oz 500
100
0 - 0 1
23,577.5 23,578.5 23,579.5 23,580.5 25,2945 25,295.0 25,2955 25,296.0
Wavenumber (cm™1) Wavenumber (cm™1)

Figure 1. A selection of spectral lines in a Nd FT spectrum [13] showing the signal-to-noise-ratio
(S/N) and different line profiles observed in a Penning discharge lamp (PDL at 0.75 A, solid line) and
a hollow cathode lamp (HCL at 0.45 A, dash-dotted line).
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Table 2. Experimental strategy employed for the open 4f-subshell species of doubly ionised Nd [13].

Nd-Ar Hollow Nd-Ar Penning

Nd-Rich Star Nd-Rich Magnetic Nd Vacuum

Cathode Lamp Star Spark !
Temperature 2 ~3000 K ~7000 K ~11,000 K ~11,000 K ~22,000 K
Near IR FT FT Grating Grating -
Visible FT FT Grating Grating -
uv FT FT - - Grating
Vacuum UV - - - - Grating

! Recorded at discharge currents between 200 and 1500 A. 2 Estimations of plasma temperature for labora-
tory sources using Boltzmann population, semi-empirical transition probabilities, and observed spectral line
relative intensities.

4. Finding Energy Levels from Complex Atomic Spectra

When a comprehensive set of FT or grating spectra is obtained under varying discharge
conditions across the IR-UV range for a single low-ionisation-stage open d- or f-subshell
element, tens of thousands of fine structure transitions are observed. The task then is to
extract transition wavelengths and intensities into a line list through model spectral line
fitting. The greatest challenge in line list creation is the immense number of weak lines [37]
and widespread line blending, which is frequently indistinguishable from line distortions
caused by isotope shifts, hyperfine structures, self-absorption, and instrumental artefacts
such as ringing of phase errors in FI spectra or the continuum seen with arc discharges
and detector saturation in grating spectra. Ambiguities (e.g., discussions for Figure 1)
not only result in inaccurate and incomplete line list wavelengths and relative intensities
but also introduce the need for manual inspections and alterations to model spectral line
fits [13], significantly increasing the labour cost of line list creation. Generally, careful line
list creation through peak-finding algorithms and manual adjustments (e.g., [38,39]) takes
a few months for spectra covering the IR-UV range for a single element. Without further
knowledge of the energy levels and origins of line profile distortions, one must accept the
initial state of the line list when starting the energy level analysis and allow for modifications
to the spectral line fits as knowledge of the energy levels expands during the empirical
energy level structure analysis.

Empirical identification of fine structure energy levels involves guidance from atomic
structure and spectrum calculations, where observed wavelengths and intensities are
matched with the expected energy level separations, level populations, and transition prob-
abilities [40-43]. An example attempt of energy level identification is illustrated in Figure 2,
where the task is to match two observed lines to the two theoretically predicted transitions
while ensuring consistency between the level energy and transition wavenumber, as well
as the experimental and theoretical line intensity ratios, within associated uncertainties.
Due to the immense number of spectral lines and the finite accuracy of both measurement
and calculation of the wavelengths and relative intensities, ambiguous matches can arise
for particular spectral line patterns. Such ambiguities are subject to elimination by en-
suring consistency of the optimised level energies [44] (agreement between the observed
and Ritz wavelengths within uncertainties) and corroboration with other experimental
evidence, such as investigating line intensities and line profiles under varying discharge
conditions (e.g., Figure 1), different carrier gases, and magnetic fields. In many cases,
however, ambiguities cannot be fully eliminated and must be resolved through trial and
error, particularly for levels with only weak lines, as there are far more weak lines than
strong lines [37]. This is typically the case for higher-lying levels with lower populations
and less accurate calculations.
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Figure 2. An illustration of a search for an energy level with experimentally unknown energy E3
using two connecting levels with experimentally known energies Ej . The Grotrian diagram on
the left shows the relationships between the transition wavenumbers 07 ; and level energies Ej » 3.
The predicted spectral lines are shown in the middle on the same scale as the corresponding search
region within an example observed spectrum (Nd FT spectrum [13]) shown on the right.

Generally, at the end of an empirical energy level analysis, a significant fraction of
observed and predicted spectral lines remain unclassified due to resource constraints and
diminishing returns on accurate results. This is partly the result of the insufficient sensitivity
of the instruments, meaning that there may be insufficient lines observed involving a
particular level to allow its identification, as well as the limited accuracy of theoretically
calculated weaker transitions and their corresponding levels, leading to poor guidance in
the search for some levels. The length of the energy level analysis for a single low-ionisation-
stage species of an open d- and f-subshell species typically takes at least a few years for an
atomic spectroscopist, which includes spectrum acquisition, line list creation, wavelength
and intensity calibrations, and energy level identifications with dynamic alterations to the
line list as the analysis proceeds when, for example, ambiguous spectral line profiles (e.g.,
Figure 1) are reinterpreted.

5. Calculating Heavy Element Atomic Structure and Spectra

The quantum N-body problem of many-electron atoms requires significant approxi-
mations. State-of-the-art atomic structure codes, such as GRASP2K [45], FAC [46], HUL-
LAC [47], and AUTOSTRUCTURE [48], are widely used in calculating the heavy element
atomic structure and spectra. For empirical fine structure energy level analysis of low-
ionisation-stage open d- and f-subshell elements, these codes provide impressive ab initio
accuracies of a few percent, which enable reliable identifications of the lowest-lying lev-
els of both even and odd parities of each species. However, as the analysis progresses
to higher-lying levels, ab initio theoretical accuracies become a limiting factor due to in-
creasing level densities. In these cases, lengthy semi-empirical calculations [49-52] are
common approaches to achieving accuracies of a few tenths of a percent for energy levels in
close proximity to known levels. These methods build upon the Slater-Condon approach,
treating radial integrals of the Hamiltonian matrix elements and the configuration average
energy as the most significant parameters that are obtainable by least-squares fitting with
experimentally determined energy levels.

A comprehensive empirical energy level analysis often requires semi-empirical cal-
culations to be conducted in parallel, systematically improving these calculations as new
levels are found. It is important to note that transition wavelength uncertainties to the order
of tenths of a percent are still insufficient for high-resolution (~100,000 resolving power)
astrophysical spectra. Similarly, while theoretically predicted wavelength accuracies to the
order of tenths of a percent can resolve many ambiguities in energy level identifications
from laboratory spectra with tens of thousands of spectral lines, spectra recorded under
differing plasma conditions may still be necessary to confidently identify levels.
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6. Outlook

Obtaining empirical fine structure level energies and transition wavelengths for just a
single low-ionisation stage of an open d- or f-subshell species requires significant multi-
disciplinary and international collaboration between different laboratories, theoretical
atomic physicists, discharge plasma physicists, and astrophysicists. Data for energy levels
and transition wavelengths are also essential for determining accurate transition proba-
bilities, isotope shifts, and hyperfine structure constants, which are also of great interest
in astrophysical spectroscopy. With ongoing developments in observational astronomy,
the demand for atomic data is set to increase. Stellar spectroscopists are still waiting for
many wavelengths and transition probabilities to be determined, and kilonova investiga-
tions still require large-scale open f-shell atomic structure and spectrum calculations to be
constrained by empirical energy levels [53].

The experimental, analytical, and theoretical methods discussed in this article have
been extensively applied to the iron-group (open 3d subshell) elements over the past
30 years [8,54], but there are, of course, still a few more rows of elements of the periodic
table to be investigated comprehensively using these state-of-the art approaches. While
most of the past three decades have focused on carrying out spectrum analyses, advances
in experimental and theoretical techniques have enhanced the efficiency and quality of
analyses. Another promising direction may emerge from the rapidly evolving field of
artificial intelligence. Studies on applying artificial intelligence algorithms to atomic data
have begun, and examples include transition probabilities modelling [55], fusion plasma
spectra denoising [56], modelling corrections to ab initio calculations [57], electron-impact
broadening parameters modelling [58], and FT atomic spectral line detection [59].
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