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Abstract: Multiply charged ions of iron dominate the EUV spectrum of the solar corona. For the
interpretation of such spectra, data on both the atomic structure and the transition rate are essential,
most of which are provided by theory and computation. The wavelengths of observed spectra are
used to test the predicted energy level structure, while the line intensities depend on level lifetimes
and branch fractions. A number of electric dipole and higher-order transition rates have been
measured over the years in the laboratory, mostly by beam-foil spectroscopy, at heavy-ion storage
rings, and at various ion traps. In this paper, the state of the knowledge base on level lifetimes in all
ions of Fe is assessed, and the problems of further progress are outlined.
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1. Introduction

Iron (Z = 26) is near the peak of the curve that describes the binding energy per
nucleon of the elements. Thus, it marks the end of stellar processes that form heavier
elements by nuclear fusion. Consequently, Fe is rather abundant in stars that have evolved
or been formed from material that has previously been processed by other stars. What
we can see of elements depends on their electron shells and the environmental conditions.
In our immediate environment, Fe appears gray to black when reflecting ambient light
or orange to red in the form of rust (Fe;O3). When heated (as a typical material used
for stoves), Fe emits a glow that is typical of any blackbody radiator, not of the element.
The Sun has a surface temperature of about 5600 K which at face value does not suffice to
excite Fe atoms. However, the solar spectrum shows absorption lines of Fe.

In the middle of the 19th century, a solar corona far above the solar “surface” was
detected during solar eclipses, that is, visible light emission of a kind that for more than a
century could not be reproduced on Earth. The emitter, a hypothetical element “coronium”,
was retired in the early 1940s after Grotrian [1] noted that Edlén’s X-Ray spectra of highly
ionized Ca and Fe showed energy differences between certain lines that came close to the
energies of the visible light seen in the corona, and after Edlén in response had refined his
X-Ray and extreme ultraviolet (EUV) measurements to reduce the uncertainties even further
until the energy coincidences left the range of mere chance [2]. This success indirectly
proved the presence of highly charged ions above the solar surface and issued a long-lasting
challenge to astrophysics, having to explain the production of such ions, which require
much higher temperatures (MK) above a much less hot (kK) photosphere.

Direct observations had to wait for another two decades, until the late 1960s, when
rocket-borne X-Ray and EUV spectrographs were carried above Earth’s atmosphere and
recorded spectra of the Sun. These contained line emissions from all abundant elements
and of ions in all charge states. These findings coincided with a new era in fusion plasma
research [3-6], whose protagonists recognised the similarities of their terrestrial spectra
with the new solar EUV spectra. Doschek provided an early overview of the solar X-Ray
spectrum [7] based largely on Western satellite data; soon, additional X-Ray spectra were
provided by Soviet spacecraft that included lines of the Fe XXV spectrum and its satellites
(here, using the other indication of the word satellite, i.e., “companion”) [8]). These latter
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satellite lines provided a useful tool for plasma diagnostics (density and temperature) both
on Earth and in space. Such high charge states of Fe require multi-keV collisions beyond
the energies available in the quiet corona, which limits these observations to solar flares.

Many journal volumes have been dedicated to describing and investigating phenom-
ena in the solar corona; however, this is not the place to provide yet another digest of that
complex endeavour. In addition, there have been many reports on computing the energy
levels, transition energies, oscillator strengths, and/or transition rates of various single
spectra or of several ions in sections of isoelectronic sequences. There are many more such
works than a single review could do justice to. Moreover, the results of such theoretical
efforts scatter, in cases quite badly, which would merit yet another discussion (or several).
The present text merely discusses one detail in atomic physics, namely, the lifetime (inverse
of the sum of all decay rates of a given level) of sample levels of the ions of Fe, all of which
play a (significant or minor) role in astrophysics. The discussion considers the context, data
range, typical measurements, and evaluation techniques, and asks whether experiment
or theory has yielded more reliable atomic lifetime results to date. In certain cases only
theoretical results are provided, allowing the reader to easily recognise why there has been
no measurement. The material is grouped by increasing number of electrons, from the
spectrum of Fe XXVI (ion Fe?>*) to Fell (Fe™).

2. Lifetime Data and Results

The simplest atom is the hydrogen atom, and its ground state is 1s 2S; . However,
the proton makes for an odd nucleus, with a nuclear spin different from zero, and as such
there is a hyperfine splitting of the ground level. In our environment, the particle density
is so high that free hydrogen atoms easily find another atom to form a molecule. In outer
space, the density is so low that neutral hydrogen atoms survive for extended periods,
and occasionally an atom in the upper hyperfine level of the ground state (nuclear and
electron spin aligned) may flip to the lower one (spins antiparallel) while emitting a 21-cm
wavelength photon. The rate of this electric-dipole (E1-) forbidden transition is low; it
has been calculated to correspond to a lifetime on the order of 10 million years. However,
there is so much hydrogen in outer space that a viable signal nevertheless emerges that
permits the study of the structure of our galaxy (and of many others). The astrophysically
important 21-cm line is emitted only if the atom remains unperturbed until such times,
which translates to environmental densities on the order of single atoms per cm>. If we
replace the proton with an iron nucleus of charge Z = 26, the hyperfine splitting is larger
by a factor Z3, and the corresponding wavelength shrinks to about 11.9 um in the infrared
(IR). However, no such radiation from highly charged Fe ions has been detected from
the cool realms of outer space. The dominant isotopes of Fe have even-even nuclei, and
consequently they carry no nuclear spin and do not suffer hyperfine splitting. Odd isotopes
of Fe exist (for example, in natural iron there is 57Fe at about 2.2% relative abundance). The
(unstable) isotope >Fe can be produced technically, though not in quantities that matter in
the universe. First, highly charged Fe ions would capture electrons and recombine; thus, any
highly charged Fe observed in quantity must be freshly produced, and likely at a relatively
high density and temperature. This speaks against any astrophysical relevance of Fe?>* ions.
However, whatever an astrophysicist can think of may well exist somewhere in the universe.
For example, among the very highest-energy cosmic rays reaching Earth, it is assumed that
there are a few bare Fe nuclei at relativistic velocities (which are hardly distinguishable
from protons at such extreme energies). The rate of detection when combining all detectors
on Earth is on the order of (possibly) one or a few particles per year. In summarising
this paragraph, it is apparent that almost everything about Fe ions may be of interest to
astrophysicists (and neutral Fe to astro-seismologists, etc.); out of this vast field, I pick only
a few items that are compatible with laboratory astrophysics and down-to-earth atomic
physics. Among these, my interest in the present review is on atomic lifetimes (transition
rates, branch fractions, and so on).
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Before delving into details, I explain why certain well-established databases are not
simply referred to in the text. The Astrophysical Plasma Emission Database (APED), which
is based on the Astrophysical Plasma Emission Code (APEC) [9], explicitly mentions H-
and He-like ions in astrophysics and offers web-based access to their spectrum simulations.
The APEC project advertises continuing improvements. However, this does not guarantee
that specific datasets are up to date. An example is discussed below and in [10]. A range of
publications exist on the excitation of medium to highly charged Fe ions, with extensive
tables on collision strengths, for example by Bhatia (Goddard Space Flight Center), Kastner
(US Naval Research Laboratory (NRL)), and colleagues. While such work has its specific
merit, I have noted that some of their transition rates between certain low-lying levels
are far from the results of more dedicated computations or from those of experiment (see
the discussion in [11]). The TOPbase database lists transition rates in the framework of
an opacity project, but these are averaged over terms, that is, they are not level-specific.
In contrast, the CHIANTI project [12-14] addresses mostly solar spectra, and for many
spectra of Fe the CHIANTI project has produced extensive analyses (by Del Zanna, Dere,
Storey, Mason, Young and others) that can serve both as benchmarks [15-31], and as
spectrum simulations. The trailblazing work of Czyzak et al. [32,33] on El-forbidden
transitions does not reach up to Fe. The compilation of forbidden transitions by Kaufman
and Sugar [34] does include elements as heavy as Fe and beyond; it is based on simple
computations and deserves to be consulted. However, it does not comprise the low charge
states of Fe. The holdings of the NIST data group have at various occasions been presented
in tables of transition arrays including the transition rates (see [35,36] for Fe). The NIST
ASD online database [37] lists transition rates (usually computed) of many spectral lines,
however, these entries are not sufficient to yield level lifetimes as long as not all decays
of a level are represented. In these tables, the transition rates are often stated with an
assumed uncertainty class, which reflects a certain healthy skepticism. This is well justified,
as most atomic structure computations, especially those of transition rates, do not include
intrinsic assurances of quality.

However, my concern here is mostly with measured level lifetimes, which are obtained
in the laboratory and then made available for the interpretation of astrophysical data. Of
course, this is not the first discussion of atomic level lifetimes in the astrophysical context,
Bowen [38,39] recognised the importance of electric-dipole forbidden transitions for the
understanding of emissions from planetary nebulae and other low-density plasmas. As
an example, I have dealt with many other elements elsewhere [40], whereas the present
text concentrates only on Fe.

2.1. Ions with an n = 1 Ground Configuration

Figure 1 shows the ionisation potentials of the ions of Fe. Ions with an open K shell
have a first excitation energy in the multi-keV range; the high temperatures of solar flares
are necessary to produce such ions. A second structural property is linked to the first, in
that the one-electron and two-electron ions of Fe have principal transitions in the X-Ray
range, the Fe ions with an open n = 2 valence shell have prominent transitions in the
EUV range, and Fe ions with an open n = 3 valence shell radiate most strongly in the
EUV and VUV ranges. At the same time, there are E1-forbidden transitions in the ground
configurations of ions with five or more electrons, which in Fe ions fall into the UV and
visible spectral ranges.

The level structure of the H-like spectrum, Fe XXVI, is practically the same as that of
H1, though at level energies that are a factor of Z? higher, with certain quantum electrody-
namical (QED) corrections that can be neglected in astrophysics. Other atomic properties,
such as many of the level lifetimes in Fe XXVI, may seem unimportant for astrophysics;
however, they are nevertheless illustrative of the role of decay modes in highly charged
ions (HCI); see Table 1 and the subsequent tables for displays of the examples discussed in
the text. For a general overview of the systematics of multi-polar transition probabilities in
H-like ions, consult [41].
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Figure 1. Ionisation potentials of Fe atoms and ions. The ions with rare-gas-like electron shells
(Ne-like Fe XVII and Ar-like Fe IX) are marked.

In HI, the three low-lying excited terms 2p 2P°, 3d 2D, and 3s %S feature level lifetimes
of about 1.6 ns, 16 ns, and 160 ns, respectively (approximate ratios of 1:10:100); the 2s level
lifetime of about 0.125 s exceeds that of the2p levels by about eight orders of magnitude,
and the principal decay mode of the2s level is the 2E1 decay. The E1 transition rate scales
with Z#, meaning that the lifetime of the Fe XXVI 2p levels amounts to only 3.5 fs (3s and
3d follow in the same ratios as stated above). The 2s level lifetime, however, is predicted
as 345 ps, “only” five orders of magnitude longer than the 2p level lifetime; in Fe XXVI,
the M1 transition rate catches up somewhat, such that the 2E1 decay rate of the 2s level
dominates by only a single order of magnitude. At a somewhat higher Z, the M1 decay
branch begins to dominate, as has been demonstrated in X-Ray spectra of foil-excited fast
ion beams. In Fe XXVI, all of these lifetimes are too short for present precise measurements,
and researchers using transition rates for spectrum simulations or similar investigations
would be better advised to use results that that can be more reliably predicted (i.e., to better
than 4-1%) by quantum mechanics.



Atoms 2023, 11, 85

50f 33

Table 1. Levels of Fe ions (Fe XXVI-XVIII) with their lifetimes and dominant decay modes (E1, M1, E2).

IC intercombination transition.

Spectrum  Sequence Level Decay Lifetime Expt/Theory
XXVI H 2p°PS 53 ElAn =1 3510715 T
XXVI H 2525, /5 M1, 2E1 34510105 T
XXVI H 3d?D3,5 5/ ElAn=1 3510 s T
XXV He 1s2s 1S 2F1 243 ps T [42]
XXV He 1s2s 35, M1 4.80ns T [43]

4.8 +0.6ns E [44]

XXV He 1s2p 1P§ ElAn=1 2.18fs T [43]
XXV He 1s2p °P§ ElAn=0 2.62ns T [43]
XXV He 1s2p °P§ E1IC 23.5fs T [43]
XXV He 1s2p 3PS M2,E1 An=0,1 125ps T [43]
110 + 20 ps E [44]

121 + 15ps E [45]

XXIV Li 2p ?PY El1An =0 550 + 20 ps E [46]
555 & 30 ps E [45]

XXIV Li 2p?PY,, ElAn=0 235 + 10 ps E [46]
242 + 20 ps E [45]

XXIII Be 2s2p 3P E1An=0IC 13 £+ 4ns E [46]
1754+ 1.5ns E [47]

19.7 + 0.2ns T [48]

XXIII Be 2s2p P9 El1An=0 51 4 5ns E [45]
XXIII Be 2p? 15, ElAn=0 34+ 5ps E [45]
XXIII Be 2p? 'D, ElAn =0 100 + 8ps E [45]
XXIII Be 2p? 3P, ElAn =0 79 + 8ps E [45]
XXII B 2s22p 2P§, M1,E2 673 s T [49]
XXII B 2s2p? 4P5 ), E1ICAn =0 14.8ns T [49]
14.8 + 1.0ns E [47]

2s2p? 4P3 ), E1ICAn =0 102ns T [49]

2s2p? 4Py /1y E1ICAn =0 10.3ns T [49]

XXI C 25%2p? 3Py M1 153 ps T [49]
XXI C 25%2p? 3P, M1, E2 1.13 ms T [49]
XXI C 2s22p2 1D, M1, E2 31 pus T [49]
XXI C 25%2p2 15, M1 7 us T [49]
XX N 25°2p% 2P, 5 /s M1 26 us, 12 s T [49]
XX N 2s22p° 2D 125/2 M1 57 us, 580 s T [49]
XIX o) 2522p* 3Py M1 70 us T [49]
XIX O 2s22p* 3P, M1, E2 32ms T [49]
XIX e) 2s22p* 1D, M1 54 us T [49]
XIX o) 2522p* 15, M1 6.8 us T [49]
XIX 0 2s2p° 3P§ El 235+ 2.0ps E [50]
XVIII F 252p° 2P}, M1 521 ps T [49]
XVIII F 2s2p® 2Py /» E1l 122 4+ 0.8 ps E [50]

He-like ions (spectrum Fe XXV) offer a higher complexity than H-like ions, and as such
they feature additional physics angles worth disentangling. The six n = 2 levels have long
drawn theoretical attention [42,43,51]. There are two measurements [44,45] that address
Fe XXV n = 2 levels by the beam-foil technique [52], which involves sending a fast ion beam
through a thin foil; the ions in the beam find a new charge balance and are excited by the
interaction with a solid-state density electron gas, and then they travel on (in high vacuum)
with almost the same speed as before and largely on the same trajectory. Following the
light emission as a function of distance from the exciter foil translates into decay curves
as a function of time after excitation. This works well in time ranges near a nanosecond,
with an uncertainty of roughly 10% (see Table 1). A third experimental approach attempts
to exploit the line broadening that is associated with short atomic lifetimes (the natural
line width) [53]. Using this approach, an ion cloud stored in an electron beam ion trap was
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cooled until the Doppler width detected on two somewhat more long-lived level decays
(Fe XXVI 1s2s %Sy, 1s2p 3P9) appeared to become as small as the instrumental line width
of the spectrometer (or even smaller). This combined line width was then subtracted (in
quadrature) from the clearly larger line width of the 1s2p 'P{ level decay. However, as the
obtained result did not agree with the theoretical prediction, the tentative experimental
result was considered to be not yet reliable. Further analysis (not yet finished) seems to
indicate that a specific problem lies in the positional scattering of the individual data files
versus the line width of an averaged dataset [54]. Thus, while a much-sought experimental
data point using a very different technique (i.e., different from the beam-foil technique)
appears to lie in reach, the final accuracy may turn out to not be higher than for the other
lifetime measurements of He-like ions. For the time being, the calculated transition rates for
the He-like ion of Fe should be considered better than the measured rates (to date, 10%).
For example, considering the M1 decay of the 1s2s 3S; level, the isoelectronic trend (over
fifteen orders of magnitude, from Hel to Xe LIII) is tightly constrained by measurements of
low-Z ions in an electron beam ion trap and at a heavy-ion storage ring (see [55]) and found
to agree with theory [51], meaning that even for an ion of higher Z, such as Fe, the M1
transition rate can safely be assumed as being known to better than 1%.

2.2. Ions with an n = 2 Ground Configuration: Li- and Be-like Ions

Most of the high-lying levels of Li-like ions can be computed accurately in a hydro-
genic approximation. The transition rates of An > 0 transitions should be rather reliably
computable by the numerical Coulomb approximation (established more than 70 years
ago) and its more modern offspring. However, of greater practical appeal are the An = 0
transitions 2s-2p, which are prominent in many plasmas, because they are easily excited
and their transition energies (wavelengths Fe XXIV A 19.201 nm, 25.509 nm) have been well
measured and computed [56]. For the transition rates in the n = 2 shell of Li through
F-like ions, Cheng, Kim, and Desclaux [49] have early on provided results of their fully
relativistic computations.

Lifetime measurements of the 2p levels of Fe?>* have been undertaken by the beam-
foil technique [45,46], with results (see Table 1) of merely 4 to 8% uncertainty. To me, it
appears telling that the later experiment is stated with a larger uncertainty than the earlier
one, as the early excitement investigating experimental achievements of the beam-foil
technique was later moderated based on the recognition that the apparent simplicity of
the data may have been deceptive. Such measurements have been performed on many
elements, well into the region of medium-high Z, where the fine structure interval of the
2p 2P° term increases notably and relativistic effects distinguish the 2p3/, wave function
from the 2p;,, one. The decay curves of both levels appear deceptively straight on a
logarithmic plot, and it is necessary to measure quite far out in order to see the (power-
law) cascade tail diverge from this trend. Practically all measurements agree with the
expected trends (see [57]), although this does not represent a validity test of the error
estimate. In my interpretation, though the individual measurements may not all merit their
stated uncertainties, the combination of all measurements nevertheless corroborates the
theoretical prediction [49] to better than about 3%.

The cascade problem is particularly notable in beam-foil spectroscopy, as the interac-
tion of fast ions with a solid-state density electron gas excites atomic levels very efficiently,
including those of multiple excitation character as well as high-lying ones. An exemplary
situation is encountered in Be-like (or in the rather similar Mg-like) ions. The upper level of
the resonance line, 2s2p 'P?, is repopulated from two displaced levels in the same atomic
shell, 2p? 1Sy and 2p? 'D,. The first of these levels has a lifetime not very different from that
of the resonance level, though shorter, which causes a growing-in cascade that is difficult
to analyse reliably. The second of these cascade levels is substantially longer-lived than the
resonance level, which should be easily disentangled in a multi-exponential fit procedure.
However, this level is the spout of a funnel of cascades along the yrast line (levels of
maximum angular momentum ¢ for a given principal quantum number 7). Such a cascade
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needs to be measured quite far out in order to reach and establish the background level. Of
course, there are more cascade paths than these two dominant ones, and a sensible analysis
might use a level population (and cascade) model or correlate the major direct cascades
with the decay curve of the resonance line. This problem has been discussed and treated
repeatedly. Nevertheless, even after the problem had been explained and its attempted
solution published, studies continued to be presented that neglected the complexity of such
a decay scheme and arrived at results up to 50% different from those of better work. Such a
wide data scatter has surely contributed to giving beam-foil spectroscopy a poor reputation
in the eyes of certain researchers, although if used with appropriate care the capabilities of
the technique are much better, indeed, and often better than the alternatives.

In the given case, the evident complexity of the decay scheme has often been mentioned
as an excuse for a conservative error estimate of beam-foil results for the 2s2p 'P? level
lifetime. Excessively conservative estimates, however, limit the actual value of such data.
As a way to constrain the uncertainty, Reistad and Martinson [58] employed a combination
of results for several elements based on the expected isoelectronic trend of the line strength
stated by Edlén in his Handbook article [59]. Trabert [60] extended this approach through
a critical review of the data sources. The complete set of data from the literature show a
significant scatter (reduced x?); removing the data that appear to have been incompletely
analysed yields a recommended dataset without such outliers and with a reduced x? value,
representing an improvement by considerably more than an order of magnitude. From such
a critically evaluated dataset, beam-foil experiments would test theory with an uncertainty
of about 3% (see [57]), a quite respectable figure of merit.

The other key 2s2p level in Be-like ions, 2s2p *P$, poses very different problems. There
are cascades from displaced terms in the same shell and yrast cascades; however, practically
all cascade levels of significance are much shorter lived than the level of interest. Though
the repopulation boosts the intensity of the 2s2p P{ level decay, this simply requires
measuring far enough out to let the cascade distortion of the decay curve become negligible.
Unfortunately, this represents a technical problem of its own; thus, the Berkeley accelerator
fast-ion beam measurement on Fe [46] carries an uncertainty of about 30%, while a similar
measurement in Japan reaches +8% [47]. This line of experimentation has been extended
upwards to higher Z [61] as well as downwards, the latter using heavy-ion storage rings
that permit storage of low-Z ions for notable time intervals to avoid geometry problems
associated with mechanical motion. A key experiment on Be-like CIII [62] reached an
uncertainty for the lifetime measurement of well below 1%. In a systematic synopsis of all
data for the isoelectronic sequence, the same regularisation that worked well for the singlet
level displayed a marked offset between measurement and theory for the triplet level
lifetime (see [57]). However, several computational approaches have since converged with
the accurate experimental findings at low Z [48], and at present the theoretical expectation
for Fe XXIII can be ascribed a percent uncertainty in the single digits.

2.3. Ions with an n = 2 Ground Configuration: B- to F-like Ions

There are two excitations in B- to F-like ions that dominate the contributions to EUV
and VUV spectra: first, displaced terms (single and double 2s-2p excitations) in the same
shell as the ground term, with mostly E1 decays; and second, fine structure levels within
the ground term. The latter share the same parity, and consequently most transitions are of
the M1 and E2 types. The level structure in the n = 2 shell has long since been studied and
consolidated by Edlén ([63,64] and associated further papers).

In principle, the rates of the E1-forbidden transitions between the fine structure levels
of a given term are “simply" calculated from the transition energy (to third (for M1 tran-
sitions) or fifth (for E2 transitions) power) and a factor from Racah algebra. While using
a precise transition energy from experiment helps for a so-called “semi-empirical adjust-
ment”, the seemingly “simple” Racah factor relates to a single-configuration picture that is
valid only to a certain degree. The fine structure splitting is a relativistic effect (the splitting
is generally proportional to Z4), and in combination with the steep energy dependences of
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M1, E2, and corresponding transition rates, the wavelengths of E1-forbidden transitions
change drastically from element to element in an isoelectronic sequence. The actual rates
change even more, which may render a given measurement technique applicable or inap-
plicable. Owing to (time-resolving multi-channel) detector challenges in the EUV and the
lifetime range to be addressed (see the theory results in Table 1), there has been little work
on the level lifetimes in the ground configurations of B- to F-like Fe, and more work on
the corresponding levels in the n = 3 levels in Al- through Cl-like Fe ions (see below). In
lower-Z elements of the B- to F-like isoelectronic sequences, the lifetimes of interest fall into
the millisecond range, which has been studied at the Heidelberg heavy-ion storage ring
TSR [55,65]. A reasonable agreement between lifetime predictions and measurements has
been found.

Another group of transitions with upper levels in a possibly interesting lifetime range
are intercombination transitions, for example, the 2s*2p 2I’?—Zs?.p2 4P, lines in B-like ions.

In the low-Z ions Ct and N27, the wavelengths lie in the UV /vacuum UV and the level
lifetimes in the millisecond range. In these atomic systems, ion trap and ion storage ring
experiments have to exploit good signal statistics in order to analyse decay curves that
represent three superimposed decay components (with a lifetime spread by one order of
magnitude). Under these conditions, the longest lifetime was obtained with the smallest
uncertainty. For the much higher-Z Fe?'* ion, the fine structure is so much larger that
the five intercombination lines of this multiplet feature well-separated EUV wavelengths.
The pattern of lifetimes is the same as at low Z, with the ] = 3/2 level being much longer
lived than the | = 1/2,5/2 levels (see Table 1). The strongest signal is expected for the one
unbranched decay, that is, of the | = 5/2 level, which was indeed studied [47], finding a
lifetime in agreement with expectation and with an uncertainty estimate of about 7%.

Not many measurements have been conducted for the lifetimes of displaced levels in
B- to F-like Fe ions. One exception is the work by the Buchet group at Lyon with data for
Fe XIX and Fe XVIII [50]. Their data analysis includes population models; thus, I expect
their results to be accurate as specified at 7 to 8%. The scatter of the theory results they
quote is somewhat larger. My home group at Bochum could not reach these charge states of
Fe; our corresponding lifetime measurements on ions of Mg through P usually agreed with
the predictions by Fawcett [66], who fitted parameters in the Cowan code to reproduce
the measured wavelengths, then used the same wave functions for the determination of
oscillator strengths. For more recent ab initio calculations (which, while not necessarily
more accurate, are not biased by observation), see for example the studies by the Lithuanian
group of Gaigalas, Merkelis, Vilkas, Kisielius, and their colleagues [67-72]. E1-forbidden
decay rates in lighter C-, N-, and O-like ions have been measured precisely at a heavy-ion
storage ring [65], finding good agreement with predictions.

Thus far, measurement and computation of the atomic lifetimes of B- to F-like Fe ions
largely seem to agree. However, it may be advisable to note that all is not necessarily well.
An astrophysics study has claimed that the XUV spectrum of the (double) star Capella
shows a higher flux than is compatible with the EUV flux from the same object. This
claim has been investigated in a set of measurements of XUV versus EUV line ratios in
Fe XVIII and Fe XIX with an electron beam ion trap [10]. The laboratory measurement
concluded that the reason for the (quite substantial) discrepancy lies not in nature, but
in the computation of atomic structure and spectrum simulation. In this case, a reviewer
at the time suggested that the development of databases such as APEC [9] had surely
improved the spectrum models over the decades, meaning that the discrepancy must
have gone away in the interim; alas, while other parts of APEC have been worked on,
the basic atomic parameters used in the model have remained unchanged. Thus, the
web-access “self-service” spectral model has maintained the same line intensities. The
experiment did not determine the underlying reason for the apparent discrepancy between
various computational models and the EBIT spectra (which in certain properties agreed
with astrophysical observations). Various “minor” patches of the observed data (obtained
mostly by the Chandra spacecraft) or laboratory measurements have been suggested to
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bridge this discrepancy with the results of computation. However, rather than modifying
nature to match computation, it seems advisable to instead try to work on a complete
interpretation of the observations and on the production of better spectrum models.

The experiment in question actually did not employ any time resolution; however, this
does not guarantee that transition rates are not part of the problem. Moreover, consistent
with earlier measurements [73], a line that has been ascribed to a two-electron decay of the
Fe XVIII 2s?2p*3p ZPg /o level appears much more prominently than predicted by various
atomic structure models. It is an open question whether this intensity peculiarity is a direct
consequence of a transition rate or an indirect one via a level population. No lifetime
measurements have been attempted on this line yet. Interestingly, the aforementioned
level supposedly decays to a displaced level, namely, 2s2p® 2S; ;. The corresponding
3s3p® 25, level in the Cl-like spectrum FeX is discussed below, as predictions for its
lifetime scatter by a factor of two, and the same level lifetime has been checked by beam-foil
spectroscopic measurements.

2.4. Ions with an Open n = 3 Valence Shell

These ions contribute the bulk of the many prominent Fe lines in the solar XUV and
EUV spectrum. The CHIANTI solar spectrum synthesis corroborates this observation. The
variety of atomic systems, wavelengths, level lifetimes, and peculiarities necessitates a
discussion of the individual charge states and spectra. On the theory side, Ne- to Ar-like
levels and lifetimes have been repeatedly tackled, with a consistent dataset on levels and
their decays in Na- to Ar-like ions has been published by Froese Fischer and her group [74].

2.4.1. Ne-like Fe XVII

The ground state of rare-gas configuration ions is simple, with all shells closed; how-
ever, when this symmetry is broken by the excitation of even only one electron, there are
many levels (in Ne-like ions, there are 36 excited levels with a single electron promoted
from the n = 2 shell to the n = 3 shell), with many peculiarities to consider because of
symmetries and selection rules. The Lyon beam-foil group has tried to establish all these
levels, and has been successful with most of them [75]. Such experiments are necessary in
order to check the results of many theoretical attempts, while the computations are helpful
in guiding future experiments and checking the data for completeness. While the present
review targets measured lifetimes (see Table 2), I want to cite at least one computational
study that includes levels and transition rates [76].

The Fe XVII XUV and EUV spectrum has been simulated for typical low-density
conditions in an electron beam ion trap [77-79] using the Flexible Atomic code (FAC) [80].
The strongest line is not one of the basic resonance lines, but rather the decay from the
(2522p° 3d3/2)j=1 level. Actually, the resonance/intercombination line pair 2s?2p® 1Sy—
25%2p° 3d;,, 1P and 2s%2p® 15;-2522p° 3ds, DS (known as lines 3C and 3D) has a story
of astrophysical observations and interpretations of its own. The line pair is prominent in
astrophysical and laboratory plasmas [81]; however, the line ratio appeared differently in
theory, astrophysical data, and laboratory measurements. Effects were hypothesised that
should modify the (theoretical) emission pattern to allow the observed pattern to emerge.
Experiments were then conducted that agreed with pure theory, invalidating the purported
effects of the environment, while other experiments differed. An experiment that was
thought to be particularly clean, in an EBIT at the LCLS X-Ray light source, did not cut
through the fog either [82], and the astrophysical interpretative struggle continued [83].
An attempt at measuring the two level lifetimes expected from theory (44 fs and 166 fs,
respectively) unfortunately failed [84]. Further attempts continued to find the reasons for
the line ratio being different from the theory for Ne-like ions, assuming, for example, non-
linear excitation dynamics or population transfers from adjacent charge state ions [85] (for
further references, see [86]). A full decade after the EBIT experiment at LCLS, after various
technical insights and improvements, such as employing even higher spectral resolving
power and reaching a much better signal-to-background ratio with a much-improved
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detector, a new measurement [86] resolved the conflict with theory. In this experiment, the
oscillator strengths of the lines of interest (2.324+0.17/ 0.60+0.08) were obtained from the
line widths. These values correspond to level lifetimes of 44 fs and 175 fs, respectively, not
that far from the older NIST listings. This experimental achievement implies the insight
that astrophysics needs much better spectral resolution in the EUV/XUV range in order to
obtain data that can be evaluated with less uncertainty and bias.

The lifetimes of the 2s?2p®3s 3P8’2 levels have been measured at the Livermore electron
beam ion traps [87,88]. Of these, the 2s22p°3s 3P§ level is of particular astrophysical
interest. Its signal is expected to be density-sensitive [79], though at densities in the upper
range of coronal events. Moreover, the level lifetime is shortened by external magnetic
fields [88,89], which opens a | = 0 — 0 decay channel to ground. Thus, the relative intensity
of the intra-shell M1 transition to the 3s 3P¢ level would be reduced, and might serve
as a magnetic field diagnostic. It is, however, difficult to measure the intensity of the
M1 transition in the VUV (near 110nm) and compare it sensibly with the XUV ground
state transitions (at wavelengths on the short side of 2nm). A practical problem with the
lifetime measurement is that while crystal spectrometers are able to separate the major
XUV transitions, they are too inefficient to serve time-resolving photon detectors. Thus,
timing detectors of lower spectral resolution have to be used, and the resulting analysis
faces superpositions of several decay curves. However, it is possible to use the option of
modulating the electron beam energy in EBIT, which permits temporal decoupling of the
product of a certain maximum ion charge state caused by exciting the ions produced and
trapped earlier. The same technique has already served to identify a blend with a nearby
lower charge state line in the aforementioned experiments on the 3C/3D line ratio.

2.4.2. Na-like Fe XVI

Ions with an open n = 3 valence shell have been addressed many times from the
theoretical side. There are few studies, however, that cover different atomic systems using
the same computational approach, such as was done in [74] for Na- through Ar-like ions.
This wide-ranging setup is convenient for reference and intercomparison, while individual
atomic systems may be described in a wider extent or in more detail elsewhere.

In Fe XVII, the spectrum arises from at least one electron excited from a closed shell,
that is, from a valence electron interacting with an open electron core. In Fe XVI and
the subsequent spectra, the valence electron ground state is in an open shell outside of a
closed-shell core. Thus, the theoretical description (to a high degree) is much simpler, as are
the spectra, with lines in the EUV (most lines at wavelengths longer than 10 nm), not the
XUV. Such alkali-like ions have been studied with high accuracy (aiming at the 100 ppm
range) for both their computed and measured level structures. At the same time, fast-beam
lifetime experiments of laser-excited neutral alkalis claim lifetime uncertainties of a fraction
of one percent, though not all wholly agree with theory. This possible inconsistency (since
removed) has raised interest in measuring the corresponding lifetimes in alkali-like ions.
However, as no selective excitation by laser was available in the above case, the practical
uncertainties remain somewhat above 7%.
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Table 2. Fe XVII-Fe XIII level lifetimes and dominant decay modes (E1, M1, E2), MIT magnetically
induced transition, IC intercombination transition; ANDC arbitrarily normalized direct cascade
evaluation, cascmod evaluation using a cascade model.

Spectrum Sequence Level Decay Lifetime Expt/Theory
XVII Ne 2522p°3s 1PY ElAn=1 1.20 ps T[37]
XVII Ne 2522p°3s P M2An =1 4.90 + 0.23—0.07 pus E [87]
XVII Ne 2522p°3s 3P9 El1An =11IC 1.08 ps T [37]
XVII Ne 2522p°3s 3P M1 An =0, 62.5ms T[79]

MIT An =1 69 & 7ms E [88]
XVII Ne 2s22p°3d;, P9 El 44 fs T [37]
XVII Ne 43.743fs E [86]
XVII Ne 2522p°3ds/, 3D E11C 166 fs T [37]
XVII Ne 175fs T [86]
XVI Na 3p2PY,, E1An =0 125+ 10ps E [50] cascmod
138 + 9ps E [90] ANDC
XVI Na 3p 21’(1’/2 ElAn=0 155 £ 10ps E [50] cascmod
167 + 11 ps E [90] ANDC
XVI Na 3d 2P3,, El1An=0 55 + 4ps E [50]
51 4 11ps E [90]
XVI Na 3d %P5, ElAn =0 62 + 5ps E [50]
69 + 10ps E [90]
XV Mg 3s3p 1P‘l’ ElAn=0 47 £ 5ps E [91] cascmod
42 4+ 3ps E [90] ANDC
XV Mg 3s3p 3P El1An=0IC 28 4 4ns E [92,93]
XV Mg 3p? 1Sg El1An=0 63 £ 5ps E [90]
XV Mg 3p? D, ElAn =0 160 & 20 ps E [91] cascmod
El1An=0 190 + 20 ps E [90]
XV Mg 3s3d 'D, ElAn=0 36 + 4ps E [90]
be% Mg 3p? 3Py ElAn=0 70 £ 10ps E[91]
XV Mg 3p2 3P, ElAn=0 80 & 10ps E[91]
X1v Al 3s23p 2P /2 M1 17.52 + 0.29 ms E [94]
18.0 £ 1.2ms E [95]
16.74 & 0.12ms E [96]
17.0 £ 0.2ms E [97]
16.726+0.020-
0.010ms E 98]
X1v Al 3s3p? 2P9 P E1l 80 & 10ps E[91]
XIV Al 3p3 4S9 /2 E1 70 + 15ps E[91]
XV Al 3s3p? 4Py /» El1An=0IC 29 4+ 3ns E [99]
XIV Al 3s3p? 4Py El An =01IC 160 + 20 ns T see [99]
XV Al 3s3p? *P5 El1An=0IC 354 4ns E [99]
X111 Si 3s3p> 359 ElAn=0 214+ 4ps E[91]
X111 Si 3s3p> 5S9 El1An=01IC ~82ns T [100]
X111 Si 3s23p3d °F§ M2 9.9 + 0.4ms [101]
XIII Si 3s%3p? 1D, M1 6.93 £ 0.18 ms E [94]
8.0+ 0.1ms E [95]
8.1 4+ 0.2ms E [101,102]

The 3s-3p resonance transitions in the alkali-like ions stand out brightly in many
spectra, especially after foil-excitation of fast ion beams. Obviously, the 3p-3d transitions
feed the resonance levels, as do the levels along the yrast chain. Thus, the 3s-3p decay
curves show strong distortions from the fast cascades as well as a slow tail. In their early
data, the Lyon group [50] applied fits with three exponential components and alternatively
with a population simulation. The later Bochum work employed the same techniques
and added fits correlated using the ANDC scheme (arbitrarily normalised direct cascades)
where feasible (here, with the same 3p-3d cascades through which the yrast cascade is
funneled). The results of the different fitting techniques differ somewhat, as is to be
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expected, with the better results agreeing among the laboratories. In Table 2, only one result
from each laboratory is quoted for a given level lifetime. Apparently, the Lyon lifetime
results are rather shorter than those from Bochum, and those for the 3d levels are stated to
be more accurate. The ion beam energy was more suited to the production of the Fe ion
charge state at Lyon than at the lower-energy accelerator at Bochum; however, it remains
unknown whether this is of any importance here. Similarly, Bochum data on the 3p levels
in Na-like Ca ions (without known data from other laboratories) show a slightly longer
lifetime result than that expected from theory. This has incited specialists to use various
evaluation techniques in order to demonstrate that their method can solve this (small)
riddle, alas, no solution has yet been forthcoming. It is possible that there is an as-yet not
understood complexity in the level population after foil excitation that may depend on
the ion beam energy. Decay curves recorded at a wider range of ion beam energies might
elucidate this case; however, a sufficiently powerful and flexible heavy ion accelerator is
not yet available. For astrophysics this problem is not important, as the level population of
high-n and high-/ levels should be very low at the typically low density of astrophysical
plasmas from which we see radiation of Fe XVI, and the cascade problem is largely absent.

2.4.3. Mg-like Fe XV

Mg-like ions resemble Be-like ions, though the former are produced at much lower
temperatures in the solar corona than the latter. In beam-foil light sources, where it is
possible to measure the significant level lifetimes of the 3s3p 'P{ resonance level and
3s3p 3P level (at the upper end of the intercombination transition), the measurements are
both boosted and complicated by cascade replenishment. In low-density environments,
for which it is desirable to know the transition rates, these complications are largely absent;
however, the available light sources and required detectors are unsuitable. In Fe XV, these
lifetimes fall into the range from roughly a twentieth of a nanosecond (resonance line) to
twenties of nanoseconds (intercombination line). Beam-foil lifetime measurements have
addressed the low-lying n = 3 levels in Fe XV [90-92] (see Table 2).

For the Fe XV 35%-3s3p resonance line, which is fed by cascades from displaced levels
(3p2), intra-shell cascades (3s3d), and the yrast chain of levels 3sn¢ and 3pn¢, simple multi-
exponential fits are not satisfactory. Fits with population models, though crude and not
verifiable in detail (with dozens or more levels representing the many more levels in nature),
usually yield shorter primary lifetime values than the exponential fits, and in many cases
the shorter lifetime fit results are believed to be more accurate. It helps that models can be
run with many assumptions and tested to determine how well the fit procedure manages
to retrieve the input values. In addition, it is helpful to make measurements on many
elements in an isoelectronic sequence, as the geometric properties of the detection system
do not follow the variation of the parameters of the atomic system. For the Fe XV 3s3p
singlet level lifetimes, the data quoted in Table 2 are compatible with the isoelectronic trend.
For the triplet level the measured value is on the slow side, though not far away from the
trend [92]. The rather sizeable uncertainty of 15% results from the fact that the length of
travel between exciter foil and detector position was restricted by the Bochum vacuum
chamber to about 17 cm. This is less than the decay length (lifetime x velocity) of the ion
under study, meaning that only a fraction of one decay length could be measured, which
affects the error of the lifetime result.

The 3p? 1D, level is longer-lived than the 3s3p !P¢ level from which it feeds, though
much less long-lived than the aforementioned 3s3p 3P‘1’ level, which is difficult to measure.
Early non-relativistic theory results for the level lifetime were largely in agreement, with
experiment yielding a lifetime shorter than that of the theoretical number set by about a
quarter, which is quite significant for a level lifetime that can fairly easily be measured
without major evaluational corrections. A relativistic computation provided results much
closer to experiment, however, the improvement was not caused by the relativistic wave
functions, but was rather a result of a different mind-set; with increasing atomic number Z,
there emerges an intercombination decay branch of the 3p? 1D, level to the 3s3p 3P9 level,
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which was overlooked in the earlier work and was automatically included in the relativistic
approach, as it does not distinguish between singlet and triplet levels. An iso-electronic
exposition is shown in [103], though the reader should be warned of a repeated mix-up of
the 3s3d and 3p? ! D, level labels that occurred between manuscript and publication.

The 3p? 3P, displaced level lifetimes measured at Brookhaven [91] exceed the theo-
retical predictions by 40% and more (the same pertains to many E1 decays in Fe XIV and
Fe XIII discussed below). This is likely the result of multiple cascade feeding (including
the yrast cascade). In a hydrogenic approximation, it can easily be see that the sequence of
cascade levels begins with short lifetimes and then incrementally grows in lifetime in steps
that are too small and too numerous to disentangle by multi-exponential fits. In addition,
the population models suggest that the populations of the levels of interest are not signifi-
cantly different from the cascading levels, which is much more difficult to analyse than the
case of resonance line with their much higher upper-level populations. Nevertheless, these
two fit results from Brookhaven, the data analysis of which probably falls systematically
short, reflect the expected level lifetime difference among the fine structure levels.

2.4.4. Al-like Fe XIV

With this spectrum, we enter the realm of the visible corona lines first observed in
the middle of the 19th century. Because they could not be identified with (low charge
states of) terrestrial elements, the speculative element “coronium” was suggested. No
sooner than the 1940s, Edlén was able to prove that the 530-nm line seen in the corona
corresponded to the fine structure interval of Fe XIV 3s?3p 2P9 23,2+ Lhis wavelength has
subsequently been measured with very high precision at the Heidelberg EBIT [104] as
530.28113(13) nm. The transition is a magnetic dipole (M1) one with a small E2 admixture.
Early in the present century, several experiments investigated the measurement of the
transition rate, specifically the | = 3/2 level lifetime, which had been predicted near
16.7 ms. At the beginning of these experiments, the intention was a straightforward test
of the predictions using newly developed techniques for storing highly charged ions in
ion traps. Four measurements, all from different laboratories, were published in two-year
intervals [94,96-98] (see Table 2).

The first and third of these measurements used an electrostatic (Kingdon) ion trap,
whereas the other two used electron beam ion traps. A learning curve might be expected; in-
deed, for each technique the later results carried smaller uncertainty. However, the Kingdon
trap results both remained (slightly) on the longer side of the bulk of the lifetime predictions,
while the more precise EBIT results (see Table 2) agreed both with each other and with
most of the predictions. Because the transition rate can be predicted from a combination
of the fine structure interval (possibly taken from spectroscopy) and a tabulated Racah
coefficient, it may not be surprising for most predictions to be close to each other (within
about 1%). Amusingly, there are three predictions that result from more tortuous ab initio
computations and that scatter in a 25% wide interval. While one of the three agrees with
the bulk of the predictions that agree with experiment, it is nevertheless not reliable; the
same computation deviates markedly from experiment on a similar transition in Fe X (see
graphics in [11]). The differences between the laboratory results most probably do not relate
to the nature of the ion traps (i.e., Kingdon trap, heavy-ion storage ring, and EBIT), and
are likely rather due to differences in ambient pressure. While all of these measurements
used a very high vacuum when preparing the ions before trapping, only in EBIT did the
vacuum remain ultrahigh throughout; this issue has been discussed in [55,101]. There is
one long-lived level, 3s3p3d *FJ /2, which can only decay by an M1 transition of low energy
to the 3s3p3d *F9 /o level (from where the further decays are fast). Incidentally, the lifetime
of this level is close to that of the upper fine structure level of the ground term. It is likely
that this slow cascade does affect lifetime measurements of the corona transition, but only
when the density is not as low as in the solar corona. The long-lived | = 9/2 level has
been neglected in several computations; the earliest computation of which I am aware that
includes is one by Froese Fischer and Liu [105]. However, their transition rate prediction
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for the fine structure transition in the ground term differs from almost all other predictions
and from measurement by some 15%. Owing to two measurements obtained using electron
beam ion traps, the key coronal M1/ E2 transition rate in the ground configuration has since
been measured to better than 1% (see Table 2). This is a rare achievement in the context of
lifetime measurements of highly charged ions.

The Brookhaven measurement of lifetimes of the Fe XIV 3s3p? 2Py, and 3p® 488 P
levels (all E1 decays) yielded values about three times the predictions (at the time informally
provided by B.C. Fawcett, today roughly similarly measurements are available in [37]).
The reason for these discrepancies is not actually known, however, it can be plausibly
assumed to be related to the complexity of the decay scheme, rather than to an individual
level lifetime; see the discussion below. The Brookhaven dataset of decay curves of nine
levels was simultaneously measured by a multichannel position-sensitive detector (very
newly introduced at the time). Electronic faults should have affected several decay curves
at the same time, however, there is no sign of such an effect. The beam-foil light source
is mono-isotopic, which avoids the occurrence of blends with other elements but does
not remove the chance of unrecognised blends with other lines of the same or nearby
charge states of Fe. More experiments with higher spectral resolution might resolve the
discrepancy. It is not likely that atomic structure computation would be so wrong; in this
case, I see it as much more likely that the data contain more decay contributions than have
been recognised to date. For ordinary E1 transition rates, atomic structure computations
should be sufficiently accurate for most practical purposes, but should not be expected to be
more reliable than 10%; however, many digits are listed from the computations. Of course,
this expectation is not the same as an experimental test.

Of course, experiment involves more than data taking; there is also the problem of
data analysis. Pinnington et al. [106] recorded beam-foil decay curves of many resonance
lines of Fe XIV (from the five displaced levels 3s3p? 2S; /2 2P, /2,3/2s 2Dy /25/2, and the
3s%3d 2Dj/5 5, levels) and applied four different techniques of decay curve analysis (free
multi-exponential fit, constrained multi-exponential fit, Pinnington’s own VNET code
that addressed the vignetting problem of the exciter foil moving through the observation
window and thereby having a particular effect on short-lived contributions, and correlated
analysis including arbitrarily normalised direct cascades (ANDC)). The displaced levels
experience repopulation from the doubly displaced 3p® P9 /2372 and ZDE; /25,2 levels and
from many 3s3pn/ levels. Thus, there are plenty of cascades with lifetimes close to those
of the levels of interest (for which, meanwhile, Fawcett had published predictions [107]).
There are several points that induce me to not include all of the fit results in Table 2.
First, the multi-exponential fit results and VNET yielded statistical error estimates on
the order of 5%, while the results were systematically some 30% or more above theory,
which seems implausible except in a cascade situation that overburdens the evaluation
technique. The ANDC results in most cases are closer to theory here; however, while
they carry intrinsic error estimates on the order of 20%, which seems more realistic than
the simple statistical errors of the multi-exponential fits, the numbers are systematically
inconsistent (outside of the 1-c range) with theory. The only exceptions are the rather
long-lived 3s3p? 2D3 5 5/, levels, which show lifetimes on the order of 500 ps, in contrast to
the other levels with their lifetimes of a few dozen picoseconds. Considering these findings,
my recommendation would be to use the Fawcett or NIST [37,107] E1 transition rates in
the doublet term system of Fe XIV and an uncertainty guesstimate of no better than 20%.
The beam-foil technique, which in principle should be applicable, has not been able to
deliver reliable answers in this case, because data analysis has been unable to cope with
the complexity of the cascade problem. A more recent ab initio computation of Al-like
ions [108] addresses the structural aspect more than the lifetime.

The five intercombination lines 3s23p P9 23 /2—3s3p2 4P1,23,25,2 are prominent in the
EUV spectrum of the solar corona. These lines were seen by [109], though not yet identified,
more than a decade before a beam-foil measurement performed in the basement (away
from sunlight) tagged them thanks to their delayed emission [93,99]. Though the multi-
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nanosecond lifetimes of the | = 1/2,5/2 levels exceeded the time-of-flight of the excited
ions inside the measurement chamber, the observations nevertheless yielded lifetime results
with about 10% uncertainty. In this type of level multiplet, the ] = 3/2 level is about another
factor of five more long-lived than the other two quartet levels, which proved too long for
a meaningful lifetime estimate based on a decay curve. Interestingly, various theoretical
predictions of this lifetime scatter by some + 10% as well.

2.4.5. Si-like Fe XIII

In the spectral section seen by the multichannel EUV detector in the Brookhaven beam-
foil experiment of 1979, only a single E1 transition of Fe XIII was covered, namely, one of the
decay branches of the 3s3p> S level. The measured lifetime of about 21 ps was compatible
with the 17 ps prediction. For computed lifetime predictions in Fe XIII, see [100,110-112], for
further measurements by beam-foil spectroscopy or at a heavy-ion storage ring, as well as
for more references, see [95,102,113]. This Brookhaven lifetime result is close to the practical
(geometrical) time resolution of the particular experimental setup. The same would have
been a limitation for most other lifetime studies of “ordinary” E1 decays in Fe XIII or other
Fe ions with an open n = 3 shell. In beam-foil spectroscopy, the charge state distribution
would not have favoured Fel?t over, say, Fel®t because there are more n = 3 valence shell
levels. Consequently, each of the levels would have received a smaller share of the total
level population, making it twice as difficult to measure statistically significant data. At the
same time, the many levels in the same atomic shell provide multiple cascade repopulation,
with many levels not differing drastically in lifetime, which renders multi-exponential
analysis unreliable. Therefore, beam-foil lifetime measurements targeting “any level” have
largely ended. The research interest has instead turned to the lowest excited levels of parity
opposite the ground configuration, as the spin change in the intercombination transition
to ground would imply a more comfortably measurable longer level lifetime [99] (what
matters is mostly the lifetime contrast compared to other decay contributions, see the
discussion section), and to the levels of the ground configuration which cannot decay by
E1 transitions and are longer-lived yet again [94,95], and which are rather few (examples
are included in Table 2).

The specific value of a level lifetime is not always important, though it may be interest-
ing to know for comparisons between theory and measurement. For example, the Fe XIII
3s?3p3d 3Fj level has a low decay rate because the | = 2 target levels that can be reached
by an E1 transition are 3s23p? 1D, and 3s?3p? 3P,, which differ from the initial level by spin
or angular momentum quantum number. In the Bochum beam-foil spectra, the latter line
was not seen near its predicted wavelength [114]; in any event, a single line offers hardly
any clues to its identity. However, the results of calculations of the 3F‘2’ level [114] indicated
a certain offset from the measured values, suggesting a corresponding correction for the
] = 3 level prediction. The long lifetime of that level reduced the number of candidate
lines to those that might appear in significantly delayed beam-foil spectra. While these
spectra usually are not very accurately calibrated for a lack of suitable reference lines, in this
instance a precise wavelength of an otherwise unclassified line in the solar EUV spectrum
clinched the case [115]. Although the M1 transition of the (long-lived) | = 4 level to the
J = 3 level of the same 3F° term has been searched for in the EUV spectrum of the solar
corona, the hunt has not yet been concluded [25,116].

Lifetime measurements on Fe XIV to Fe X have been discussed in [117]. Another set of
discussion and graphical presentations on E1-forbidden decays in Si- to S-like ions of iron
group elements can be found in [118]. Although measurements of Fe ions are not available
in all cases, the isoelectronic trends of theory and experiment are telling. In certain cases,
experiment has barely managed to measure a lifetime at an ion trap, a heavy-ion storage
ring, or an EBIT, and the error bars are large (10% and more), while in others there are
plenty of measurements with individual uncertainties of 8% or significantly less which
nevertheless scatter considerably from one element to the next. Clearly, it would be good if
more laboratories had attempted and improved on parts of the technique; however, it is
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not only the scatter of the experimental results that is striking—in several cases, the scatter
of the theoretical predictions exceeds that of the measurements by a factor of two to three.
Moreover, the intercomparison of computational predictions for many elements reveals
likely clerical errors in the reference literature. In any case, it is good if a given set of atomic
structure computations (for example, [119,120]) covers several elements, as this means that
experiment has a better basis with which to test the systematics.

2.4.6. P-like Fe XII

Among comprehensive computations of P-like ions that include the elements of the
iron group, Fritzsche et al. [121] have covered E1 transitions only, while Wang et al. [122]
have covered El-forbidden transitions as well. Concerning the ordinary E1 transitions
in the valence shell, I have not found any experimental level lifetime data for Fe XII. P-
like ions, however, have five levels in the 3p® ground configuration, and consequently
a fair number of M1 transitions occur within this configuration. The low-Z ions of the
isoelectronic sequence are of astrophysical interest. The results of lifetime measurements
of six long-lived levels in Fe XII [95,123] are provided in Table 3. Of these levels, four are
the excited levels in the ground configuration; the two other similarly long-lived levels are
J = 9/2 levels in the 3s23d configuration. These have no E1 decays, only M1, E2, and M2
decay channels to | = 5/2 and | = 7/2 levels of the three lowest configurations, where they
show up as slow cascades in the decay curves of levels that themselves are shorter-lived.

The 3s23p® 48‘3’ /2—3523p3 2D§ /2,5, transitions in P-like ions are of particular interest,
though not in Fe XII. The line pair in SII is prominent in astrophysical spectra, and the
line ratio is considered an excellent probe of very low electron densities, such as exist in
planetary nebulae (for references, see [124,125]). Unfortunately, the upper level lifetimes
(on the order of half an hour and one hour, respectively) are beyond present measurement
capabilities. One might be tempted to measure the lifetimes of the same levels in heavier
ions (where possible) and extrapolate to low Z. However, while there are data for Fe XII
with few-percent uncertainties, various computational results differ by up to 30% from
each other, and the scatter of the predictions increases for lower-Z elements [118].
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Table 3. Fe ion (Fe XII-X) level lifetimes and dominant decay modes (E1, M1, E2).

Spectrum  Sequence Level Decay Lifetime Expt/Theory
XII P 3s23p°® 2D /2 M1 306 + 10ms E [95]
XII P 3s3p® 2D3, M1 20.35 + 1.24 ms E [94]

18.0 £ 0.1ms E [95]
XII P 3s73p° ?P§ M1 1.85 £ 0.24ms E [94]
1.70 & 0.08 ms E [95]
XII P 3s23p° 2P9 12 M1 4.38 4+ 0.42ms E [94]
414 0.12ms E [95]
XII P 3s23p23d Fy, E2,M2 11 + 1ms E [123]
XII P 3s%3p?3d %Gy, M1,E2,M2 4+ 1ms E [123]
X1 S 3s23p* 3Py M1 23ms T [126]
XI S 3s%3p* 3P M1 3.8s T [126]
XI S 3s23p* 1D, M1 9.86 + 0.22ms E [94]
M1 11.05 £ 0.5ms E [95,101]

M1 9.91 +0.1ms E [97]
M1 9.9ms T [126]
XI S 3s23p* 15, M1 1.0ms T [126]
XI S 3s23p° (4S) 3d °DY ElAn=01IC 9.0ns T [126]
X1 S 3s23p° (4S) 3d °DY ElAn=0IC 9.5ns T [126]
X1 S 3s23p> (*5) 3d °DY ElAn=01IC 14.7ns T [126]
13 + 2ns E [127]
XI S 3s23p°® (4S) 3d °Dy El1An=0IC 40ns T [126]
60-70ns E [127]
XI S 3s23p° (4S) 3d °Dy M1 28 ms T [126]
X1 S 3s23p3 (2D) 3d °D§ ElAn=0 460ns T [126]
X1 S 3s%3p? (2°D) 3d 3F§ M1 8.2ms T [126]
XI S 3s23p> (*D) 3d 3G§ M1 68 + 4ms E [95]
45ms T [126]
XI S 3s23p® (°D) 3d 3G M1 94 ms T [126]
XI S 3s23p® (D) 3d ' G} M1 16 ms T [126]
XI S 3s23p® (°P) 3d 3F§ M1 1.5ms T [126]
X Cl 3s?3p° 2Py, M1 13.64 + 0.25ms E [94]
14.40 £ 0.14ms E[11]
14.2 + 0.2ms E [128]
14.37 ms T [129]

X Cl 3s3p° 25/, El 167-380 ps T (see [130])
270 + 20 ps E [130]
241 ps T [129]
X Cl 3s%3p* (°P) 3d Dy, M2 17.3ms T[131]
X Cl 3s?3p* (P) 3d *Fy » M1 85.7 +9.2ms E[132]
110 + 5ms E [102]
108 ms T [129]
90 ms T [131]
X Cl 3s%3p* (°P) 3d *F;/» M2 93 4 30 ms E [132]
58 +10ms E [95]
66.5ms T [129]
70.0 + 0.8 ms E [97]
59 ms T [131]
X Cl 3s%3p* (*P)3d 2Fy M2 16.0 + 1.6 ms E [95]
14.8 ms T[131]
X Cl 3s23p* (1D)3d %Gy, M1 17.8 £3.1ms E[132]
15.3ms T [129]
13.6 ms T [131]
X Cl 3s23p* (1D)3d %Gy, M2 14.0 ms T[131]
X Cl 3s%3p* (ID)3d 2F;, M1 4.6+ 0.4ms E [95]
M1 5ms T [131]
X Cl 3s23p33d? 4HY, M1 31.5ms T[131]

13/2

2.4.7. S-like Fe XI

Corresponding to the ground configuration of Fe XIV, the levels 3s?3p* 3Py, D5, and
1Sy seem most promising for measuring the E1-forbidden decay rates. Lifetime measure-
ments on P-like Fe ions have apparently only been done for the !D, level [118]. The
uncertainty of a heavy-ion storage ring lifetime result amounts to about 1% (see Table 3).
A result from a Kingdon ion trap [94] differs by 10% from the other measurement but agrees
with later theory, albeit at a somewhat larger uncertainty. There are several predictions
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that scatter by only a few percent, while others deviate by more than 20% (see [118]). An
interesting point is the appearance of strong cascades in the decay curve of the heavy-ion
storage ring experiment. These are ascribed to long-lived 3s?3p>3d levels, one of which,
with | = 4, is provided in Table 3. The longevity of this level arises from the limitation of its
decay options to only a low-energy M1/ E2 transition. Hence, this level does not directly
decay to the 3s*3p* 1D, level in the decay curve, with a slow component noted in the
experiment. At least one E1 (spin- and parity-changing) intercombination transition is also
needed. This observed slow cascade is evidence for levels of high | values that have at long
last been included in recent atomic structure computations [126], after early experimental
and theoretical work apparently preferentially considered those levels that combine by
E1 transitions with the ground configuration [133]. The ensuing under-recognition of the
role of high-] levels has been discussed in [134], and the particular interest in high-J levels
in [135].

The five levels of the ground configuration, 3s%3p* 3P2,1,0, 1Dy, and 'Sy, combine easily
with the four displaced levels, 3s3p° 3’11’?, and with the lower-] singlet and triplet levels of

the 3s?3p33d configuration. However, this is not the full picture, as E1 intercombination
transitions connect the triplet levels of the ground configuration with the quintet 3s?3p33d
DO levels. Moreover, E1-forbidden transitions, as within the ground configuration, matter
here among the high-] levels of the 3s23p®3d configuration. This is visualised in the level
diagrams of [133]; however, the long-lived levels are most easily identified in the tables
provided by Wang et al. [126], because there the level lifetimes are stated as well. This
is a significant convenience for an exploratory experimenter. It immediately becomes
clear that there is not just one level with a millisecond lifetime, but six. A few levels
with lifetimes of many nanoseconds stand out from the majority of levels which feature
lifetimes near a few nanoseconds. An experiment at a heavy-ion storage ring [95] has
reported a very strong slow cascade to the decay of an already long-lived 3s?3p* 1D, level
in the ground configuration. In multi-exponential data analysis this cascade was described
by a single exponential, because fits with several (few) cascade components were not
stable. The identity of the cascade level was taken from computation; however, there was
insufficient theoretical information on whether a single cascade or the superposition of
several slow cascades was to be expected. The computational results subsequently provided
by Wang et al. [126] indicate that several levels out of a pool of long-lived high-J levels may
have possibly contributed. Thus, on statistical grounds, the reported cascade lifetime with
a 6% error bar [95] represents a superposition of several contributions, and should not be
associated with a single level. This physico-mathematical detail may or may not be of any
interest to astrophysics. Level populations depend on electron density, with different results
for low density and high density. The transition between the two regimes is defined by the
ratio of collision rates and radiative decay rates; within this transition range, certain line
ratios have plasma diagnostic potential. For levels with millisecond lifetimes, the density
range of interest would be that of the solar corona. Whether the 3s?3p®3d high-] levels may
be of practical interest for diagnostics will have to be explored by spectrum simulations,
which could additionally provide hints as to which spectral lines should be observed.
The 3s23p33d °D° term is an illustrative example. The four lower-J fine structure levels
decay by E1 intercombination transition to the various triplet levels of the ground configu-
ration. A superposition of the four level lifetimes can be recognised in the multi-exponential
decay curves of a beam-foil spectroscopic lifetime measurement [127], in the analysis of
which they were approximated by just two decay components. In a multi-exponential fit,
the time constants of the components need to be at least a factor of three apart in order for
an analysis to have an expectation of meaningfulness. In the Fe XI 3d 5D decay multiplet,
theory [126] predicts components of 9ns, 9.5ns, and 14.7 ns, which are too closely spaced to
be resolved in the analysis. Positioning the detector at different wavelengths inside the line
blend may modify the individual contribution to the observed signal; however, this does
not resolve the mathematical superposition problem of exponentials being too close to each
other in the lifetime, a problem that persists even with data of high statistical reliability.
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In this experiment, the spectral lines were only partly resolved and were recorded with
rather limited statistical significance. However, the identification of these lines in delayed
beam-foil spectra with quintet level intercombination decays has been corroborated by
finding matching lines in the EUV spectrum of the solar corona [115]. It would be inter-
esting to find the M1 decay of the fifth quintet level, °D$, to the | = 3 level of the same
term, either as a long-wavelength (actually infrared, as a wavelength of A ~12 um can be
calculated from [126]) spectral line or by way of a decay curve measurement on one of the
subsequent levels of the decay chain. The predicted lifetime of that level, 27.9 ms [126],
is far too long to be observed in a beam-foil geometry, though it would be measurable in
an ion trap. The same problems pertain to measuring the lifetimes of the other 3s23p*3d
levels; if the levels decay to the ground configuration, the level lifetimes will be on the
order of nanoseconds, while for those levels of high | that cannot decay to the ground
configuration, the level lifetimes are in the millisecond range. However, the wavelength
predictions for the M1 and E2 decays are for much longer wavelengths, and they are much
more uncertain.

2.4.8. Cl-like Fe X

In the Cl-like ion Fe* (spectrum Fe X), we find the same groups of levels of dis-
tinct lifetime ranges as in Fe XI. There is a fine structure transition in the ground term,
E1 transitions to the ground term from levels with lifetimes shorter than a nanosecond,
intercombination transitions from levels with lifetimes of many nanoseconds, and high-J
levels with millisecond lifetimes. The M1 transition in the 3s23p°® 2P° ground term gives
rise to a prominent red solar corona line. Measurements using electrostatic ion traps
or electron beam ion traps have established a level lifetime [11,94,128,132] (see Table 3)
close to the dominant majority of theoretical predictions, with a few exceptions (see [11])
that grossly deviate from what basic considerations permit us to estimate. The lifetime
measurement may safely be considered as accurate, as the vast majority of cascades are
much shorter-lived, allowing the measured decay curve to be well approximated by a
single exponential.

The first excited level, 3s3p® 25, ,, appears to pose a minor problem for theory. There
are only two E1 decay branches to the ground term, and the branching ratio ought to be
well calculable from the statistical weights (2] + 1) of the final levels with a correction for
the wavelength ratio. The two EUV lines are easily excited (the lowest excitations in Fe X
beyond the ground term fine structure), and as such are good indicators of the presence of
this ionisation stage in an astrophysical plasma. Nevertheless, the theoretical predictions of
the line ratio span a band of about 10% width. A beam-foil measurement [130] has found
agreement with prediction based on the v® law and assuming pure LS coupling. The beam-
foil lifetime measurement [130] (with an uncertainty of about 7%) happens to coincide
with the centre of the distribution of predictions, which remarkably span a bandwidth
of a factor of two (for theoretical approaches and further references, see [136,137]). The
beam-foil decay curves reveal that the displaced term is less affected than regular levels by
cascade repopulation from other regular levels; thus, the cascade problem is considered a
minor nuisance here. While the averaging of various lifetime predictions may yield a more
valid predictive pointer than the individual results, that does not have the same merit as an
intrinsic quality assessment of atomic structure such as computations might offer.

There are many 3s?3p*3d levels with E1 decays to the ground term. I am not aware
of any systematic attempt at measuring the upper level lifetimes of the short-lived levels
of Fe X. However, there are many long-lived levels, especially (P) 4D, /2,3/2,5/2, With cal-
culated lifetimes in the range of 100 to 612 ns [138]. While these particular lifetimes are
too long for practical beam-foil measurements, there should be many level lifetimes in
the accessible range as well. An experiment [127] was undertaken as a first step to check
on these. However, the spectra of Fe X of Fe XI (and other Fe spectra) in the EUV wave-
length range of interest were (and still are) not well known, and must suffer from many
line blends, in particular because of the relatively wide spectrometer slits that are needed
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in order to collect a sufficient signal in delayed beam-foil spectra. The aforementioned
experiment returned a dozen lifetime values, a number of which were close to expectations
for specific levels, though most of them cannot be considered as actually measuring spe-
cific level lifetimes as long as the spectroscopic analysis has not sufficiently progressed.
For this reason, only a few of these results are included in Table 3. In general, the beam-foil
experiment confirms a number of assumptions, although the details remain incomplete.
This corresponds to atomic structure (and lifetime) computations that have improved over
the decades [129,131,138,139], but at a present energy reliability (on the order of 1%, and
in certain cases 0.1%) they offer wavelength windows that usually coincide with a fair
number of observed lines (with wavelengths not yet calibrated accurately) that remain to
be identified.

As in the case of Fe XI discussed above, Fe X features a number of 3d levels of high
total angular momentum quantum number | that cannot decay to the ground term by E1
transition, and as such have millisecond lifetimes rather than the nanosecond lifetimes of
levels with E1 decay channels. The computations by Ishikawa et al. [129] consider decay
multipole orders up to M2 and E3. Both these tabulations and those by Wang et al. [131]
helpfully provide listings with lifetimes. In FeXI, the 3d levels increase in energy with
increasing J, whereas in Fe X the sequence is inverted. This means that in Fe XI the highest-]
level can decay by M1 transition to the next-lowest | level (and eventually to a level with
an E1 intercombination decay channel), whereas in Fe X the lowest fine structure levels
of a term are those of highest | value, and as such cannot decay by M1 transition (in the
IR spectral range) to a level with lower J. The usual selection rules suggest M2 intercom-
bination transitions (in the EUV) to the ground term instead. Incidentally, the computed
level lifetimes [131] fall into the same multi-millisecond time range in both cases. Out of
seven such long-lived Fe X 3d levels, lifetime values have been obtained experimentally (at
a Kingdon trap and at a heavy-ion storage ring) for five, in most cases with moderately
good agreement with theory [131]. A peculiar case emerges from the calculations of a 3d?
4H® level with a very high total angular momentum, | = 13/2. This level has not yet been
studied by experiments.

Atomic structure computations of highly charged ions usually assume that the ion
resides in a field-free environment. Thus, the central Coulomb field would be spherically
symmetric. This spatial symmetry is essential, and selection rules such as “J = 0—0is
strictly forbidden” arise. However, external magnetic fields can spoil such symmetries; see
the Livermore EBIT lifetime measurements on Fe XVII discussed above. A collaboration
of researchers from Lund and Shanghai has searched for more such cases of magnetically-
induced transitions (MITs) of possible interest in astrophysics and has recently reported
success, finding a line ratio in Fe X (3d *D; /25,2 decays) that is susceptible to magnetic
fields as strong as those that occur in the solar corona [140].

2.4.9. Ar-like Fe IX

The Ar-like spectrum Fe IX has long found considerable interest in astrophysics due
to the occurrence of long level lifetimes [141,142]. Storey and Zeippen [143] claimed a
high value of certain Fe IX lines in density diagnostics. A very recent study has marked a
significant stepping stone in the process [144] towards calibrating this tool. Yet, while on
the one hand the spectrum is fairly well known, on the other it has not yet been completely
established [145].

The theoretical lifetime entries for Fe IX in Table 4 may lie systematically on the high
side, as Del Zanna et al. [18] provide transition rates for only a selection of the brightest
lines, where a meaningful lifetime prediction would require a complete set of all decay
channels. This example underlines why a lifetime table extracted at source (i.e., from such
a computation) would be rather helpful. Nevertheless, there is useful material to discuss.

In most spectra, E1 transitions to the ground state dominate; in Ar-like ions there
are three such E1 resonance transitions, corresponding to the decays of the 3s?3p>3d P,
DY, and 3P9 levels to the 3p® 1S; ground level. In FeIX, the three levels have predicted
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lifetimes [18] of about 4 ps, 4ns, and 70 ns, respectively. Two of these lines have been seen
in the Bochum beam-foil spectra [130], but not the third. This non-observation is likely due
to the long level lifetime. I have not found any beam-foil lifetime measurement on these
lines, although the 4-ns lifetime should have been practically measurable. All three lines
have been seen in the solar corona, and the longest-lived level of these three is of interest as
the short-lived level in the level pair useful for electron density diagnostics at coronal (low)
density. The 3s23p°3d °P{ level belongs to the P° term, which also comprises a | = 0
level (strictly forbidden to decay by one-photon transition to the | = 0 ground state) and a
J = 2 level. The latter can (dominantly) decay by M2 transition to the ground state (and
by a minor M1 branch to the | = 1 level); the predicted level lifetime is about 11 ms [18].
The ratio of the two transition rates of lines 0-1 and 0-2 is roughly six million, yet the
astrophysically observed line ratio is on the order of 1 to 10. This gross deviation from
what would be expected under conventional laboratory conditions is explained by the
roles of collisional excitation rate and radiative decay rate in the level population. Only
at a very low density does the | = 2 level have a chance to decay radiatively instead
of being quenched by collisions, while the high radiative decay rate of the | = 1 level
cannot produce a brighter line than the occasional collisional excitation of the same level
provides in terms of population. This line pair was observed in the solar corona decades
ago; however, observation in a laboratory requires the excellent vacuum of an electron
beam ion trap, and such an experiment succeeded only very recently [144]. The lines of
interest have appeared in the spectra obtained at another electron beam ion trap [140],
but were not discussed.

In the multitude of FeIX 3d levels, there are several more | = 2 levels that may
decay by M2 transition to the ground state as well as levels of higher | that decay to other
3d levels by M1 transition. Several of these transitions have wavelengths in the visible
spectral range, and are accessible to measurements by the heavy-ion storage ring TSR [102].
Meanwhile, theory [18] provides a few results for the lifetimes studied. Table4 shows
that theory and measurement agree within a factor of two or better, which is much poorer
than the experimental uncertainty. However, more experiments are needed to ascertain
whether only the envisaged transitions have contributed to the observed decay curves. For
the planning and interpretation of such experiments, it would be helpful to have a more
complete set of theoretical predictions on transition rates and level lifetimes. Because a
complete set of transition rates may be cumbersome to tabulate and handle, a set of level
lifetimes might at least help to estimate the branch fraction of the decay for which the rate
is given.
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Table 4. Fe ion (Fe IX-II) level lifetimes and dominant decay modes (E1, M1, E2).

Spectrum Sequence Level Decay Lifetime Expt/Theory
X Ar 3s?3p>3d P9 ElAn=0 43ps T[18]
IX Ar 3s%3p°3d 3P9 ElAn=0IC 83ns T[18]
IX Ar 3s%3p3d 3Py M2 An =01IC 11.5ms T[18]
IX Ar 3s23p°3d°D§  ElAn=0IC 4.2ns T [18]
IX Ar 3s23p°3d FS M1,M2 204 ms T[18]
IX Ar 3s%3p°3d 1D M1 13.2ms T [18]
IX Ar 3s%3p°3d 3D§ M1 29 4+ 3ms E[102]
IX Ar 3s23p°3d DY M1,M2 10.5 + 1ms E [102]

15.7 ms T[18]
IX Ar 3s23p®3d 'F§ M1 6.9 +0.3ms E [102]
11.9ms T[18]
VIII K 3p%3d 2Ds M1 14s T [146]
VII Ca 3p®3d2 1S, M1,E2 29.6 + 1.8ms E[102]
3p®3ddp DS El 920 =+ 70 ps E [147]
6232

VI Sc 3}‘1@33 4p El 810 + 60 ps E [148]

11/2
880 & 80 ps E [147]
\Y% Ti 3p°3d4p °DY E1 300 £ 20ps E [148]
A 530 + 40 ps E [147]
v \Y 3p®3dt4p 4Dj’ E1l 620 + 30 ps E [147]
111 Cr 3p®3do4p 5G;> El 2.26 +£0.5ns E [149]
il Mn 3p®3di4sdp E1 0.88 £ 0.04ns E [149]
I Mn 3p3do4p El 1.39 £ 0.30ns E [149]
I Mn 3p®3di4sdp El 1.89 £ 0.17ns E [149]
II Mn a %S5, E2 230 + 30ms E [150]
II Mn b 4Dy, M1,E2 530 + 30ms E [150]
II Mn a%Gy/y M1,E2 650 + 20ms E [151]
Il Mn b2Hy 2 M1,E2 3.8 +0.3s E [151]

2.4.10. K-like Fe VIII

Various Li- and Na-like ions have been studied computationally and experimentally
for the rates of the resonance and other important transitions. The coverage is poorer
for the heavier alkali-like ions such as the K-like ion sequence. A venerable Coulomb
approximation computation [152] ends short of reaching Fe VIII. However, this tabulation
addresses only hydrogenic levels from the 4s level and upwards. Astrophysically more
interesting are the n = 3 valence shell excitations. These can be found, for example, in the
NIST ASD online database [37], which offers one search form for levels and and another
for lines; the latter includes transition rates for some of the transitions, from which it is
possible to assemble decay patterns and possibly a total decay rate, which is the inverse of
the level lifetime. In addition, there are links to the underlying publications (51 publications
on transition rates in K-like Fe VIII according to a recent search, including impressive
compilations such as [35,36]). The interesting point for present purposes is that all of
the publications in this case appear to be based on theory/computation, and none on
lifetime measurements. Moreover, the compilations are based on individual studies by
various authors, comparing LS-coupling (non-relativistic) computations with others in
intermediate coupling (introducing relativistic effects) and finding partial agreement and
partial serious disagreement. Such computations of the 1960s to 1980s are not wrong or
outdated, per se, but the reader has to be aware that while “theory” has not fundamentally
changed in the interim, certain atomic systems are deserving of a relativistic treatment.
The computing effort required by relativistic wave functions is much larger than in most
non-relativistic approaches, and unfortunately the accuracy of the results is not guaranteed
by either.

Biémont and Hansen [146] have studied ions with a K-like 3p®3d ground configuration
theoretically, revealing that there is an E1-forbidden M1/ E2 transition in the 3d 2D ground
term and that this transition lies in the infrared. As such, it is beyond the scope of such
helpful reference tabulations as Kaufman and Sugar [34] have provided on forbidden lines,
and has a level lifetime of many seconds. This combination of a multi-second lifetime
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(requiring an ion trap for measurement) and an infrared transition wavelength (thus far
out of experimental reach for single-photon low-noise detectors) explains why there is no
experimental lifetime result. There are, of course, many El-allowed transitions in Fe VIII;
however, their typical lifetimes are in the sub-nanosecond range. While this should be
accessible by beam-foil spectroscopy in the EUV, at the time when beam-foil spectroscopy
was being used to address Fe ions in low- to medium-charge states (in the late 1970s/early
1980s), multi-channel photo-electric EUV detectors were rare, and the many multiplets
that would have to be spectrally resolved were too challenging. Consequently, the Fe VIII
spectrum has apparently not been studied in time-resolving experiments. Thus, Table 4 is
meagre as far as this spectrum is concerned.

2.4.11. Ca-like Fe VII, Sc-like Fe VI, Ti-like Fe 'V, V-like Fe IV, and Cr-like FeIll

The Fe VII 3d? 'S level decays by M1 or E2 transition to the !D,, >P; 5 and ®F; levels of
the same configuration. The transition wavelengths lie in the UV/VUYV; thus, a decay curve
of this level could be obtained using a photomultiplier at a heavy-ion storage ring [102].
The single experimental lifetime result with its 6% uncertainty agrees reasonably well with
theory as cited in [36]. This measurement marks the lower end of the medium-charge
state Fe ion range studied for atomic lifetimes that are dominated by E1-forbidden decays
in experiments that used conventional ion traps, a heavy-ion storage ring, or an electron
beam ion trap. While there is no technical limit that determines this range, the impracticality
of such experiments means that forbidden lines with IR wavelengths must wait for suitable
detectors, while ion traps suitable for second-range lifetime measurements need to obtain an
extremely high vacuum. Cryogenic heavy-ion storage rings, such as operated at Stockholm
(DESIREE) and Heidelberg (CSR), may eventually offer suitable venues.

Much more practical in these relatively low-charge Fe ions are measurements on E1
transitions, which in these spectra are mostly 3d-4p transitions. Dumont et al. [148] have
measured lifetimes in Fe V and Fe VI using the beam-foil technique, and Jacques et al. [147]
have done the same for levels in Fe IV to Fe VIL The obtained lifetimes are in the range from
150 ps to 1.5 ns. While the latter work [147] quotes lower uncertainties (5 to 30%) than the
former [148], there is general agreement between the results of both studies. However, there
are various unresolved line multiplets (unsurprising with the VUV and EUV spectroscopic
equipment of the time), and at least one case of conflict. One Fe V lifetime measurement of
a threefold blend (in the same transition array) is reported with about 7% uncertainty, yet
the results differ between the laboratories by a factor of 1.7; moreover, Dumont et al. refer
to theory work by Abbott [153], who used the well-established (which is not the same as
“proven to yield accurate results”) Superstructure code. Their experimental lifetime results
exceed the computational prediction by factors from 1.4 to 2. This ties in with the systematic
deviation noted above for ions with more than two electrons in the #n = 3 shell, which may
relate to the complexity of the atomic structure, with its many cascade contributions of
a rather similar lifetime feeding the levels of interest and thereby overburdening multi-
exponential decay curve analysis.

For these reasons, I have elected to list only a few examples of levels and lifetimes
in these Fe spectra in Table 4. Experimental data are available from laboratories on two
continents (Liege and Québec), largely corroborating each other, with valuable statistical
significance; however, I find it likely that the measurement situation, that is, excitation in
a high-density environment, cannot be appropriately resolved by the analysis technique.
Astrophysical light sources are usually of much lower electron density, and feature a very
different excitation environment. Hence, theory might be a better guide in the case of these
Fe ions than beam-foil experiments. However, intrinsic quality assurance of transition
rate computations is very rare, and the results from theory are known to sometimes
scatter greatly.

FeIll and Fe Il are of high interest in astrophysics (see below), as has very recently been
discussed by expert practitioners of spectral modeling and emission line analysis [154]. I
agree with the uncertainty assessment of transition rate and level lifetime prediction, which
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is discussed there with many more examples than would be appropriate in the present
text. FeIll has several thousand line entries in the NIST ASD database, yet there are very
few results for atomic lifetime measurements. A second look at the database suggests why
the richness in lines has not initiated a similar number of decay rate measurements. There
are many M1 transitions in the 3d® ground configuration, with wavelengths from 205nm
to at least 7.8 um. The transition rates [36] seem to be below 1s~ !, and consequently the
associated level lifetimes mostly lie well above 1s. Ion traps are advisable for lifetime
measurements on these levels; however, I have not yet found any on Fe III. In addition, there
are 3d°4s levels, which need E2 transitions in order to decay to the ground configuration.
Such E2 transitions 3d®-3d°4s, with wavelengths from 87 nm up to 250 nm, are listed in
the NIST ASD database [37]; again, however, the typical level lifetimes should be in the
range of many seconds. The lowest levels with much shorter lifetimes are 3d°4p levels,
which decay to 3d°4s levels. These are ordinary E1 transitions, and their level lifetimes are
expected to be in the range of a few nanoseconds [36]. Dolby et al. [149] have produced
Fell and Felll spectra in beam-foil geometry, reporting a single lifetime of 2.26 £ 0.5ns
that supposedly belongs to an unresolved level multiplet.

2.4.12. Mn-like Fe Il

The same experiment by Dolby et al. [149] reported three lifetimes of spectral features
in Fell, with stated uncertainties of 4%, 9%, and about 20%, respectively. The authors
mention their poor spectral resolution in a crowded spectrum as well as a statistically poor
signal. Considering the complexity of the Fe Il spectrum this experiment represents a daring
attempt, and the results are not suitable for use as benchmarks. Thus, the calculations of E1
transition rates in Fe™ ions (see [35,36,155] and references therein) have been tested on only
a very few examples, and without much discrimination. Singly charged ions are abundant
in many astrophysical plasmas, and it would be unfortunate if these few measurements
were all that could be obtained on Fell. Indeed, the excitation of levels that can decay
by E1 transition requires higher energies than those of the many ground configuration
levels. Outside of stars, the typical temperatures of the interstellar medium are low, and the
ground configuration levels may be all that can be notably excited. Because transitions
within a given electron configuration are E1-forbidden, the levels are called metastable
and require specific techniques to measure their many-second lifetimes [156]. As Sveneric
Johansson and his group at Lund have spent decades on analysing the Fe Il spectrum, it is
fitting that another Swedish group, that around Henrik Hartman at Stockholm, has tended
to the measurement of long level lifetimes in singly charged ions, including Fe Il [150,151]
(see Table 4).

The fact that the metastable levels of interest (with M1 and E2 decay channels) are
much longer lived than the regular levels (with E1 decay channels) after whatever excitation
is promising in terms of decay curve systematics (as cascades will die out sooner than the
principal level), though it carries its own problems. For example, the excited ions have to be
stored in order to monitor their decay behaviour, while the collisional losses (recombination
of ions) occur on time scales commensurate with the radiative decay. Moreover, it is
problematic to achieve selective population of the level of interest; if laser excitation were to
be used, the laser(s) would have to match mostly UV /VUYV transitions, which is challenging.
The Stockholm group has found a specific approach that economises on the laser through
a scheme that, rather than addressing the ground level and excitation, starts with the
smaller energy step from an excited metastable level in the ground configuration to a
low-lying level, which then decays rapidly by UV/VUYV photon emission. To make this
scheme practical, a number of steps have to be taken. The ions are produced and excited
collisionally in a gas discharge, extracted as a beam of about 40 keV kinetic energy, mass-
separated in a magnetic field (to ensure that a specific isotope survives), and fed into an ion
storage ring of about 50 m circumference (in this case, the Cryring cryogenic storage ring).
While the spontaneous radiative decay of any stored ion may happen anywhere along the
circumference, the aperture of a typical photodetector makes up only about 1/1000th of the
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circumference. In order to boost the signal-to-noise ratio, the ions have to be “convinced”
to radiate only in front of the detector. This can be effected by superimposing the beam
of the (collinear) probing laser and the circulating ion beam at the location of the detector.
When the laser is on resonance, the ions in the stored beam all pass within a fraction of
a millisecond through the probing zone and cause a signal burst. Then, the ion beam is
dumped and the storage ring is refilled. The signal observed is proportional to the number
of ions in the original metastable level until the time of the laser pulse. With many such
laser probing exercises, the level population can be monitored as a function of time after
excitation and a decay curve can be constructed on a point by point basis.

The Stockholm authors note that their lifetime results largely agree with theoretical
predictions, but that for weak decay branches there are significant deviations among
predictions. In addition, there are just four lifetime results for many dozens of levels in
the ground configuration alone. Many of these levels are mixed with others, which causes
uncertainties in the theoretical description. This is important for the prediction of branching
fractions, which are of interest in astrophysical studies. The Stockholm FeII lifetimes are
quoted with uncertainties from 3% to about 14%, which is the same order of magnitude
as the assessed prediction uncertainty in the study by Mendoza et al. [154] mentioned
above. A major uncertainty, in particular for very long lifetimes, is the correction for ion
loss during storage in the ring. Their group has measured atomic lifetimes up to about
30s on other atomic systems. It would be interesting to reach even farther, which would
require further improvements to an already highly developed vacuum system. However,
the Stockholm heavy-ion storage ring has been dismantled and moved to GSI Darmstadt
(Germany) for a second operational life under the name of CRYRING@ESR [157]. Whether
this will include astrophysical activities on Fe ions, and on which charge state ions, remains
to be seen.

3. Discussion

Atomic level lifetimes play a secondary role in astrophysical observations, as most
macroscopic matter time scales are very long compared to most atomic processes. One
might expect some influence of atomic lifetimes on the details of transient events, such
as the aftermath of supernovae. The actual importance lies much less in the transient
time scale than in the steady-state balances, which depend more on atomic lifetimes (in
comparison to competing reaction rates, which generally depend on density). Thus, astro-
physical observations usually do not pertain to atomic processes in real time, but instead
to the situation reached after complex interactions between many processes have taken
place. Clearly, then, the description of the resulting situation is not a function of a single
parameter, and needs to be understood via simulations that incorporate many parameters,
including atomic decay rates. Such simulation is a theoretical enterprise, and for most
atomic parameters only theory (i.e., computation) can provide sufficient data. The purpose
of atomic lifetime measurements is to check theory wherever basic assumptions and atomic
data can be checked. A very limited (but interesting) example is a spectral XUV line of
Fe (A1.762nm) that appears surprisingly bright in solar spectra. In order to explain this
observation, the spectrum has been modelled [73] in terms of the decay modes (possibly
involving two electrons), affecting the effective level lifetime, which relates to the level
population. While no lifetime measurement has been performed in this case yet, it should
be interesting if it ever becomes feasible.

Concerning atomic lifetimes in Fe ions, the task of experimental work ranges from
femtoseconds to many seconds. In principle, the goal is “simply” to selectively excite
a specific atomic level and then monitor its natural decay. However, there is no single
technique to provide a single ion of each charge state in isolation without any detrimental
interaction, no single method to selectively excite the ion, nor any single detection and
time measurement technique. Lasers may selectively excite levels in an atom, but the
photon energy and small bandwidth needed to reach an arbitrary level in an ion are rarely
available, and this is even less for a multiply charged one. A combination of several
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techniques is usually required, and the excitation is not selective. If several levels are
excited simultaneously, problems arise with level mixing and multi-exponential decay
curves. While the true number of exponential decay components may be high, analyses
are practical for only a few components at a time, and each may represent several decay
components of the true sample.

In addition, the quality of data analysis suffers from detector noise and signal back-
ground. It is usually instructive when authors show sample decay curves, as these allow the
reader to form ideas about the limiting contributions. Sadly, I have seen decay curves pre-
sented in papers in prominent research journals without any indication of the background
level, for which the atomic lifetime results were stated with few-percent error margins
and “in agreement with theory”—a comforting but fallacious argument. On purpose, I
have not marked such work (which is included, for example, in Table 2), because other
data and analysis may similarly be less accurate than presently thought, possibly for less
obvious reasons. For example, I have discussed decay curves (from beam-foil or heavy-ion
storage ring experiments) that could be practically described by two exponentials, with
later progress in theory/computation suggesting that groups of decay components with
rather similar lifetimes must have been present (more than a multi-exponential analysis
could have separated reliably). Thus, while the published error bars were statistically
justified, they should be seen only as results of an approximation of a considerably more
complex situation. This general problem has been discussed for decades, at least since
Bennett and Kindlmann [158] recognised that near-threshold excitation may be a way
towards selective excitation (at the cost of poor signal but with the benefit of cleaner data).
In addition to the reviews and data mentioned above, discussions of ion lifetime data and
their accuracies may be found, for example, in [159-163].

The decay curves most easily evaluated seem to be single-exponential. If not truly
the result of selective excitation of a single level, the curves may appear to be if they result
from a long-lived level, such as the 2p level in a Li-like ion. After the interaction of a fast
ion beam with a foil target, that level may possibly be fed by a number of more short-lived
cascades, mainly from yrast levels (of maximum quantum number / for a given principal
quantum number 1), which leads to a flattening of the principal decay curve as long as
the cascades matter. For low values of n the yrast levels are short-lived, however, for
high n, their lifetimes progress towards long values. Thus, at late times a weak slow
cascade may bend the primary decay curve slightly upwards while remaining in decrease
overall. Nonetheless, a single exponential may represent a suitable approximation without
a significant systematic error of the extracted 2p level lifetime result. It pays to follow
a decay over as many level lifetimes as possible until the background level is reached.
A heavy-ion storage ring measurement on CIII [62] has reached an uncertainty of better
than 0.2% simply by recording decay curves over a dynamic range of larger than three
orders of magnitude, or about six lifetimes, before the decay curve reached the (very low)
detector noise level. In this case, the principal level had a level lifetime near 10 ms, while
cascades would show lifetime components on the order of nanoseconds, which would
have been exhausted long before the actual measurement zone was reached. Under such
conditions, theory can truly be tested by measurement. It is no chance coincidence that the
most accurate lifetime measurements on Fe ions, those on the M1 transition in the ground
term of Fe XIV, deal with a similar level lifetime, which falls into the optimum range for
such work [55]. In these latter experiments, cascades were largely avoided, because the
experiments [96,98] employed an electron beam ion trap with its very low electron density
(ne =~ 10! cm~3). Under such conditions, most of the level population is in the ground state.
However, it may be instructive to vary the density in the device in a study of systematic
error sources.

Decades ago, an eminent theorist (after a talk of mine) derided beam-foil spectroscopy
as a wasted effort because of its limited success at reaching high precision in lifetime mea-
surements. While his idea of pursuing only the path towards the most significant results
is certainly sensible, a key point was missed: experiment deals with atomic systems as
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found; thus, the same basic techniques have struggled in many measurement situations
while succeeding in others. The most precise and possibly most accurate lifetime measure-
ments discussed here did not result from a unique technical development; instead, what
was decisive were circumstances having to do with natural atomic structure that permitted
such excellent data to be obtained. There is a corresponding story for atomic structure
theory. Almost 50 years ago, Harry Nussbaumer regularly produced calculation results
that have usually withstood the test of time, although his computational resources were
rather limited. Colleagues admired him for “picking the right wave functions”.

Is there a foreseeable chance of future improvements of lifetime determinations by the-
ory or experiment on Fe ions? Concerning computations, a problem lies in the radial wave
functions that govern the transition moments, which are not orthogonal and seem to not
obey known optimisation rules. Thus, while improvement may eventually be achievable by
obtaining even more computing power, or by new conceptual approaches, the essential first
step should be an intrinsic quality assessment of the atomic structure computations in order
to ensure that any improvement is quantifiable. On the experimental side, the problem
is quite different. Atomic lifetime measurements depend on clocks, which can be highly
accurate and can determine practically any time interval extremely well. The pervasive
problem is that exponential functions are so similar to each other in shape that even with
extremely good counting statistics one cannot state with certainty whether a single or a
sum of many exponentials is best for interpreting a data sample. Corollary information
on the level excitation is essential, and in most cases will discourage the pursuit of higher
accuracy. Selective excitation is key, whether by (laser) photons or by patience (letting all
shorter-lived levels die out). Thus far, laser excitation from the ground or metastable levels
has been limited to a few levels in neutral atoms or singly charged ions. Patience translates
into ion trap measurements for some higher charge states and for extremely long-lived
levels in low-charge ions, which is clearly a task for laboratory astrophysics.

4. Conclusions

The Fe ion level lifetime data reviewed here have been gathered over more than four
decades. The experimental techniques and tools used comprise beam-foil spectroscopy
for lifetimes shorter than about 100 ns and electrostatic ion traps, electron beam ion traps,
and heavy-ion storage rings for lifetimes in the range from (roughly) milliseconds to
seconds. For multiply charged ions, there are no tools available yet that might effect
selective excitation of a level of interest, a process that is essential for achieving highly
accurate lifetime measurements. In the absence of such achievement, the few cases in which
the relatively long lifetime of a level of interest (compared to other levels that might feed
this level via cascades) stands out by orders of magnitude come closest to the wished-for
situation, and permit lifetime measurements to better than 1%. One might be tempted to say
that in these cases theory can be tested once and for all by comparison with the outcome of
measurements. Indeed, most calculations are corroborated at this level; however, “theory”
does not always yield reliable ab initio calculations, and surprisingly large deviations
among the lifetime predictions can occur. While the deviations are usually much smaller
among computations that are scaled to other experimental data, such fudging produces
results that, while potentially useful, do not have the real predictive power often claimed
for theory.

A major problem in atomic lifetime measurements is the occurrence of cascade re-
population, which distorts the decay curves of the levels of interest away from a single
exponential to a superposition of components. While the complexity of such decay curves
is easily modelled, the process cannot be reliably inverted and the component of interest
cannot be extracted from the fray. In rare cases, the (statistical and analytical) uncertainty of
the lifetime result may be as small as a few percent. This mostly applies to a few low-lying
levels in few-electron ions (He-, Li-, Be-, Na-, and Mg-like); it helps that such systems are
often studied in several ions along an isoelectronic sequence, meaning that the extended
sample permits systematic studies of the data evaluation procedure. I see it more as a
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matter of longevity (low decay rate), rather than multipole order, that M1 decays in He-,
B-, and Al-like ions in various ions have been measured with high accuracy (among the
Fe ions, only Al-like Fe XIV has been measured with notable precision). Although such
El-forbidden decays may be seen as rather easily calculated, certain computations have
nevertheless deviated grossly both from the majority of others and from experiment. This
experience reminds us of the need for skepticism even when encountering results from
well-reputed theory/theorists.

For probably the majority of atomic systems with more than two electrons in the
valence shell, the decay pattern usually so is complex that lifetime values extracted by
multi-exponential analysis may exceed the true values by 30 to 200%. In most of these
cases, the shape of the measured decay curves can easily be reproduced by simulated decay
curves. Unfortunately, such an exercise demonstrates just as easily that even with near-
perfect data statistics the level lifetime of interest cannot always be recovered from either
the simulated curve or from the real data. Of course, as astrophysics mostly deals with low-
density environments, the cascade situation is expected to matter much less in this context,
although this implies that there is hardly any way to perform lifetime measurements in situ.
The analysis of astrophysical plasmas relies on modelling and simulation using a wealth of
atomic data, including level lifetimes, and some of these assumptions can and should be be
tested in the laboratory.
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