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ABSTRACT

A new analysis of the laboratory spectrum of Fe II is described. The aim is to
produce a comprehensive list of Fe II lines, based on high-resolution grating and
Fourier transform spectra, covering wavelengths from 900 A to 5.5 ym. Particular
attention has been paid to the wavelength calibration of the spectra and its
relevance to the detection of possible changes in the fine-structure constant in
the early Universe.

1. Introduction

In 1978, Sveneric Johansson published a comprehensive analysis of the spectrum of
Fe 11, consisting of about 3300 lines from 576 energy levels covering wavelengths from 900 A
to 11200 A (Johansson 1978). Since then, high-resolution Fourier transform (FT) spec-
trometers at Imperial College, London and the National Solar Observatory, AZ have been
used to record spectra of high-current hollow cathode lamps. These measurements have in-
creased the number of lines by a factor of over 5, extended the wavelength measurements up
to 5.5 pm, and reduced the wavelength uncertainty by an order of magnitude. Additional
grating spectra taken at the National Institute of Standards and Technology (NIST), cov-
ered wavelengths from 800 A to 3250 A with an uncertainty of about 0.002 A. The spectra
contain over 40 000 spectral lines, roughly 9500 of which were published as a multiplet table
for Fe I (Nave et al. 1995). Over 15 000 spectral lines match differences of energy levels in
Fe II. The interpretation of Fe II lines in these spectra occupied Sveneric Johansson for the
rest of his life, and the number of known Fe II energy levels now exceeds 1000. However,
this work remained incomplete when he died in 2008. Almost all of the levels, including the
very highest ones observed in the laboratory, give lines in astronomical spectra (Johansson
2009).
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[ am completing the analysis of laboratory spectra of Fe II that was started with Sveneric
Johansson in 1994. The aim is to produce a comprehensive list of Fe II lines based on high-
resolution Fourier transform and grating spectra, covering wavelengths from 900 A to 5.5 pm.
Particular attention has been paid to the wavelength calibration of these spectra because of
the need for accurate wavelengths for the detection of possible changes in the fine-structure
constant during the history of the Universe.

2. Description of Spectra

The laboratory spectra used in this study were obtained using three different instru-
ments: the 1 m FT spectrometer at the National Solar Observatory (NSO), Tucson, Arizona
for the region 2000 cm™! to 35 000 cm™ (5 pm to 2857 A); the vacuum ultraviolet F'T' spec-
trometer at Imperial College, London for spectra in the region 33 000 cm™! to 68 000 cm™~!
(3000 A to 1470 A ); and the 10.7 m Normal Incidence Vacuum Spectrograph at the NIST for

high-resolution grating spectra between 30 770 ecm™! and 125 000 cm ™" (3250 A to 800 A).

The light source used for the FT investigations was a hollow cathode lamp, run with
either neon or argon. The lamp was operated at pressures of 500 Pa of Ne or 400 Pa of
Ar for the visible and infrared observations, and 300 Pa to 400 Pa of Ne for the ultraviolet
observations. The currents ranged from 320 mA to 1.1 A. Both iron-neon and iron-argon
hollow cathode lamps were used for the grating observations. The iron-neon hollow cathode
was run in continuous mode with currents of 0.6 A to 0.8 A and a gas pressure of 130 Pa.
The iron-argon hollow cathode was run in pulsed mode with peak currents of 100 A, pulse
width of 70 us, frequency 100 Hz, and pressure of 30 Pa to 40 Pa. The grating spectra were
calibrated from Ritz wavelengths derived from energy levels optimized using the FT spectra.

The wavenumber, integrated intensity, width and lineshape parameters of all lines in
the F'T spectra were obtained by fitting Voigt profiles using Brault’s DECOMP program
(Brault & Abrams 1989) or its successor Xgremlin (Nave et al. 1997).

3. Wavelength Calibration

Current interest in detecting possible changes in the fine structure constant, o, during
the history of the Universe has put stringent demands on the accuracy of the wavelengths
of Fe II lines. Absorption spectra of gas clouds in the line of sight to distant quasars are
observed. Since the wavelengths of atomic lines depend with differing sensitivities on the
value of «, any differences between the wavelength separation of line pairs in distant gas
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clouds and on Earth will indicate that a may have had a different value in the early Universe.
The Fe II line at 1608 A, due to the transition 3d°(°D)4p a’Dyg5 —3d°(°S)4s4p(*P) yoP7/, has
been of particular interest because the variation of its wavelength with a has the opposite
sign to that of nearby lines (Murphy et al. 2003). In order to use this line to verify
previously-reported changes in «, its wavelength is needed to a few parts in 10%. However,
archival spectra show inconsistencies in its wavelength of about 2 parts in 107.

All of the F'T spectra trace their calibration to 28 Ar II lines and the original calibra-
tion used wavenumbers measured by Norlén (1973). The Ar II lines were re-measured by
Whaling et al. (1995) using F'T spectroscopy with a much smaller uncertainty. Whaling’s
wavenumbers are systematically higher than Norlén’s by 6.7 parts in 10%.

The wavenumber scale of Fe I and Fe II lines has been re-investigated with new spectra
recorded with the NIST 2 m F'T spectrometer and by using a re-analysis of archival spectra
(Nave & Sansonetti 2010). We verified the wavenumbers of Whaling et al. (1995) and found
that wavenumbers in the visible and near infrared regions published in previous papers (e.g.
Learner & Thorne (1988)) need to be increased by 6.7 parts in 10®. In the region below
2860 A, we found that the wavenumbers in Nave et al.  (1991) should be increased by
10.6 parts in 10% to correct for an error in the transfer of the wavenumber scale to the
ultraviolet. Using this correction, the Fe I and Fe II wavenumbers are consistent with more
recent measurements of Fe II lines that were measured simultanously with magnesium lines
(Aldenius 2009). The wavenumbers of these magnesium lines have since been confirmed
using frequency comb spectroscopy. Using these revisions, we find the wavelength of the
aDy/y — y*Pr /s line to be 1608.45081(7) A.

4. Description of linelist

The spectra contain over 15 000 lines of Fe I covering wavelengths from 800 A to 5.5 pm.
Over 1000 levels are known, 250 of which have not been published previously. In comparison,
the most comprehensive previous publication of the spectrum of Fe IT (Johansson 1978),
contains roughly 3300 lines from 576 levels. Many of the new levels have high excitations
but still give rise to strong lines in stellar spectra. The wavelength scale has been revised
and now has an uncertainty of a few parts in 10% in all wavelength regions.

Since roughly a third of the lines in the spectra have more than one possible classifi-
cation, the first task in preparing a new comprehensive analysis of the Fe II spectrum is
to determine the most probable identifications. Accurate energy level values are essential
in minimizing the number of spurious classifications. They are derived by optimizing the
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fit of the levels to the observed wavenumbers. A preliminary optimization of the levels has
decreased their uncertainties from roughly 0.5 cm™! to under 0.01 cm™!. However, a large
number of multiply-classified lines remains, and determining the most likely classifications
is the major task remaining in the analysis of the data.

This work is partially supported by NASA under the inter-agency agreement NNH10AN3SI.
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