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“Multimillion-dollar projects... are
producing data that cannot be analysed
because of a failure to support much

cheaper lab work on the ground.”
Nature Editorial [1]

In many cases, the range and spectral resolution
of astronomical spectra recorded by ground and
space-based spectrographs are now of better
quality than available measured atomic data!
Accurate atomic data are urgently required.
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we use the Fourier Transform Spectrometer (rrs) at

the Imperial College spectroscopy group to measure high resolution
spectra.

Spectral range: 140 — 800 nm
Resolving power: ~ 2 million at 200 nm

Beyond this spectral range, we supplement our measurements with
infrared (IR) FT spectra recorded at NIST (USA) and Lund University
(Sweden), and vacuum ultraviolet (VUV, < 200 nm) Grating spectra
recorded at NIST (in collaboration with G. Nave).
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The FTS uses stable light
sources, such as the Hollow
Cathode Lamps for neutral
atoms and singly-ionised ions,
and the Penning Discharge
Lamp for doubly-ionised ions.

We intensity calibrate using
A tungsten and deuterium

Running Hollow Cathode Lamp standard lamps.



. Below is an example of wavelength accuracy improvement
FTS vs Gratlng SPGCtra between our FTS measured Co Ill wavelengths and those from

. Raassen & Ortin (1984) grating spectra [2]. Error bars are the
FTS improves accuracy of wavelengths and energy levels by . o . .
. . . combined uncertainties, predominantly from the grating data.
at least an order of magnitude over previously used Grating

Spectrosco Wavelength differences exceed the grating spectra uncertainty
P PY- (10 mA), showing the inaccuracies of the past grating data.

Unblended Y (Smillie et al., 2016)
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The FTS also resolves lines to show isotope structure.
Below is an example of isotope structure in Ni |l
[3d74s? - 3d8 (°F)4p] in the IR, visible and UV spectral regions.
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C. Clear, PhD Thesis, Imperial College, 2018

Vis | uv

Intensity (arb. units)

| | | | | | |
2175 2176 2177 2178 2179 2180 218.1
Wavelength (nm)

2 IO | (R N

C. Clear, PhD Thesis, Imperial College, 2018

T T T T T
13278.2 13278.4 214275 21428.0 38529.0 38529.5  38530.0

Wavenumber (cm™) Wavenumber (cm™) Wavenumber (cm™)

[2] Smillie, Pickering, Nave, & Smith, 2016. ApJSSeries, 223(1):12.



We use our accurate FTS measured wavelengths to
improve energy levels (uncertainty up to 0.001 cm™)
and search for unknown energy levels [3,4]. We
improve previously classified levels and lines by at
least an order of magnitude.

Data for neutral, singly and doubly ionised

iron-g roup elements:re urgently required.
These elements have a complex atomic structure,

resulting in many spectral lines from the VUV to IR.

They account for the majority of opacity in stars due to
relatively high abundances and
energy levels.
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The hyperfine-split profile of the z°P,-b°D, transition in
Mn Il, as observed (black) and fitted (red).
F.Liggins, PhD Thesis, Imperial College, 2018
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large number of

The IC group have studied singly ionised iron-group elements, including
Till, VI, and Fe Il. Most recently, we have published data for Mn 1l [5,6],
Co Il (HFS analysis)[7] and Ni ll (Clear et al., 2021, in preparation).

Recent work on the doubly ionised iron-group elements includes:
e Cr lll, first high resolution measurements of UV transition
wavelengths, which are used as wavelength standards published [8].
Co lll, order of magnitude improvement in wavelengths and energy

levels. [2]

Fe Ill, new spectra have been recorded in the VUV, providing
accurate wavelengths with a new energy level analysis almost

complete.

Analysis is also in progress for Mn I to give accurate wavelengths and

energy levels.

Accurate Hyperfi ne structure

(HFS) data are vital for chemical
abundance determinations and line
identifications. Lines broadened due to
hyperfine components could easily be
interpreted as many lines.

HFS is present, for example, in
manganese and cobalt spectra. In the
Mn Il example to the left, the previously
published wavenumber will have been
dominated by the unidentified Iline
blended with this transition.

We analysed the HFS constants of Co I,
fitting over 700 spectral lines, leading to
measurements of 292 magnetic dipole
hyperfine interaction A  constants,
(increasing the number of Co Il levels
with known A values tenfold!) [7].

HES Fitting of Co Il lines
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Oscillator strengths (or log(gf)s)

are also required, ideally to 10% accuracy or
better, as they are essential in abundance
calculations.

There have been improvements in Fe |
[9,10,11,12], Fe 1l [13,14], Sc 1l [15], V 1 [16], Mn |
[1718], Ti 1 [19] and Ti Il [20]. Below is an
example of an Fe I line observed in the solar

spectrum and synthesized using both the
log(gf) values from Ruffoni et al. (2014)[10]

and the best previously published value.

Analysis is in progress for Mn Il log(gf)s.
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Applications of atomic data include the identification of lines,
disentangling of blends and creating synthetic stellar
spectra. To analyse astrophysical spectra, state-of-the-art
stellar atmosphere models rely on atomic data from every
element that may contribute to the spectrum, therefore a
thorough atomic database is needed.

A wide range of accurate atomic data is required for Galactic

Surveys (APOGEE, Gaia-ESO Survey, WEAVE, etc.), which are interested in obtaining
chemical abundances for different elements including iron-group and some
lanthanide elements.

Measurements have also been used to better analyse quasar spectra, to constrain
space-time variations in the fine structure constant a [21].

Please contact us with any specific
data needs. We are developing a
defined list of anticipated needs.

We take requests!

Neodymium Spectrum (in Argon Gas)
Wavenumber, nT

460 440 20 Due to requests, the study of Nd Il
& Nd Il is in progress at Imperial
College. Left is an example of the
very dense neodymium spectrum
recorded on the FTS.

Atomic data for lanthanide

elements are required to

decipher kilonova produced by
the merging of compact binary
star systems and to study
chemically peculiar stars.
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Contact us: Florence Concepcion: f.concepcionl7@imperial.ac.uk

Prof. Juliet C. Pickering: j.pickering@imperial.ac.uk




