
The LARS project !

LARS is an Absolute Reference Spectrograph. It performs fiber-coupled solar 
observations with the high-resolution Echelle Spectrograph of the Vacuum Tower 
Telescope (VTT) at the Observatorio del Teide on Tenerife. The scientific 
instrument is operated by the Kiepenheuer Institute for Solar Physics, Freiburg. 

² LARS observes the Sun simultaneously in two channels:  

1)  Context images:        2D: field-of-view with 2048 × 1536 pixel (100” × 75”)  

2)  Integrated spectrum:  Alternating observation of the solar and comb spectrum 
        Integrated solar light of a selected region (1”, 3”, 10”) 
        1D: Vertical binning over the illuminated sensor region 

Figure 2. Left: LARS optics and Frequency Comb spectrum. Right: VTT building and Coelostat. 

Figure 5. Left: Observed spectrum around 6302 Å from the disk center to the solar limb. 
Right: Bisector analysis of Fe I 6301.5 Å at disk center revealing the C-shaped velocity curve.   
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Info: www.leibniz-kis.de/en/observatories/vtt/lars 

The Vacuum Tower Telescope (VTT) is designed to perform high-quality solar     
spectroscopy. It is equipped with an Adaptive Optics system to compensate for 
atmospheric wavefront distortions. The Echelle Spectrograph enables 
observations with a spectral resolution of ≥ 700,000. The novel Laser Frequency 
Comb tops off the unique system for high-precision solar spectroscopy. ² Absolute velocities in the solar atmosphere at highest accuracy 

² Precise line asymmetries:  

L A R S !
Figure 1. LARS logo  

LARS consists of several instrumental components which are illustrated in Fig. 3 : 
² Laser Frequency Comb: Pulsed, mode locked fs-Laser at 1060 nm; emission 

spectrum  is filtered with two FPCs to a free spectral range of 8 GHz; spectral 
broadening [2] with a tapered Photonic Crystal Fiber to the range 480 – 1500 nm 

² Solar channel optics: Beam splitter sends 10% of the light to the Context 
Imager and 90% to the fiber coupling unit (1”,3”,10”) for spectral observations 

² Artificial light sources: HeNe laser, Hollow cathode lamps, Flatfield lamp 
² Spectrograph and fiber switch: Light channels are coupled to a fiber switch 

The output fiber is connected to the Echelle Spectrograph of the VTT. 

Figure 4. Context image (left panel) and solar / comb spectrum (right panel 
[1]) observed with LARS.   

LARS Context Imager,  Gband,  2016-05-20T 08:46:24UT 
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1 Introduction

Figure 1.1: A narrow section
of the solar absorption spectrum
(red), superimposed on a laser
frequency comb (LFC) emission
spectrum (blue). The spectra
were acquired with the instrument
developed in this work. From the
known frequencies of the LFC
lines, a relation between detector
position and frequency of utmost
accuracy can be derived. In prac-
tice, the LFC and science spectra
are recorded alternating in time.
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stars but also for research in fundamental physics and cosmology. The applications include
the search for a variability in fundamental constants (e.g. Bonifacio et al. 2014) or a direct
measurement of the cosmic expansion (e.g. Liske et al. 2008), which requires a wavelength
calibration that is stable at a level of 1 cm s≠1 over decades.

This can only be achieved with a frequency comb as it can be referenced to the fundamental
definition of time. Comb-calibrated spectra from di�erent instruments – even when they are
taken decades apart – can be combined on an absolute scale with no loss of accuracy.

Applications in solar physics
Also in our direct vicinity there is an astronomical object that deserves attention. The Sun
is the only Star where structures on the surface can be observed in detail with various meth-
ods such as high-resolution spectroscopy throughout the whole electromagnetic spectrum,
polarimetry, narrowband imaging, and combinations thereof. Its basic properties such as
mass, radius and luminosity, and to a large extent also its chemical composition, are well
determined by various independent methods. Analysis methods that are being developed to
characterise distant Stars are validated with solar data if possible. In that sense the Sun
plays the role of a Rosetta stone for many fields in astrophysics.

The seemingly simple question if plasma observed at a particular position on the Sun
is actually moving upwards or downwards with respect to the solar reference frame is of
fundamental importance as the magnitude and sign of the plasma velocity provide infor-
mation about the energy transport mechanisms in the solar atmosphere. Measuring these
velocities on an absolute scale requires an accurate absolute wavelength calibration and ac-
curately known rest wavelengths. Furthermore, detecting a possible correlation of the solar
surface velocity fields with the solar 11-year activity cycle requires that the accuracy of the
measurement can be maintained for at least one decade.

The accuracy of the wavelength calibration is one aspect of precision spectroscopy, an-
other one is the spectral purity and overall quality or fidelity of the data. The precise shape
of a solar spectral line carries detailed information about the stratification of temperature,
pressure, and the magnetic fields in the solar atmosphere. A modelling of the atmospheric
properties constrained by accurate measurements is therefore indispensable to fully under-
stand these processes in detail (e.g. the review by Nordlund et al. 2009). The spectra of
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8 GHz! 475.648 THz! Frequency comb!

Solar spectrum!

3.3 Single-mode fibre-feed

Figure 3.7: Photograph of the instrument optics. The telescope light enters the setup from the
right. The bright spot in the center of the image is at the pinhole 1, the spot in the left is created
the the actual fibre cupling unit (pinhole 2), compare figure 3.6.

be used to recover spatial sampling capabilities but such a system is extremely di�cult to
manufacture and this was not pursued in this work.

3.3.2 Telescope to fibre coupling unit

The optics are set up on an optical bench in a separate laboratory at the VTT which is
located next to the main observing room of the telescope (figure 3.6), a photograph of the
setup is shown in figure 3.7. The science focus of the VTT is relayed to the instrument with
two f = 1500 mm lenses (not drawn in the figure) where a secondary focus is formed in F2.
F2 contains a set of removable pinholes for alignment purposes, as described below. F2 is
re-imaged to the final instrument focus in F3 by the two lenses L3 and L4 (f = 310 mm).
Pinhole 2 in F3 defines the field aperture that is coupled to the fibre with a collimating lens
of short focal length.

The telescope fibre coupling unit is exchangeable to support di�erent apertures corre-
sponding to 1, 3 or 10 arcsec on the sky. It is not possible to form an image of the observed
aperture on the tiny fibre core while matching the numerical aperture of the fibre. Instead,
an image of the telescope pupil is formed on the fibre facet. The losses are still severe (see
discussion in section 5.6), but this method ensures that information from the whole aperture
is actually coupled to the fibre. However, due to the Gaussian acceptance profile of a single-
mode fibre, the outer regions of the aperture are naturally covered with less e�ciency. The
optics were designed such that the coupling e�ciency does not drop below approximately
60% in the outer regions. This comes at the prize of a decrease in throughput, though, as
the outer wings of the Gaussian acceptance profile are clipped.

The light collected from the VTT is fed to the fibre switch, a micro-optical device that can
link any of its eight input ports to the output port that eventually feeds the spectrograph.
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Figure 6. Systematic scanning across the solar disk (left) and velocity results for the line core 
of Fe I 6301.5 Å (right). The black line shows the average trend from the disk center to limb. 

Convective blue−shift, Fe I 6301.5008 Å (line core)
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² Effective spectral working range from 480 – 710 nm 
² Temporal cadence of seconds and below 
² Absolute wavelength calibration of the solar spectrum with the comb spectrum 
² Accuracy of the spectral calibration of  ≤ m s-1 
² Data calibration with a semi-automatic data pipeline (H.P. Doerr) 

The spectral observation is supported by a Laser Frequency Comb which serves 
as an absolute ruler for the wavelength calibration of the solar spectrum. This 
novel technique of spectroscopic observations allows the determination of 
absolute velocities in the solar atmosphere with the best accuracy (m s-1). 

Figure 3. Instrumental setup of LARS. The upper half illustrates the Laser Frequency Comb, the 
lower half sketches the setup for solar observations with the spectrograph. All light sources are 
coupled by single-mode fibers to a fiber switch (adapted from Doerr, H.-P. 2015, PhD thesis). 
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² Center-to-limb variation of the convective blue-shift: 

² Spectral atlases for the Sun with highest accuracy (disk center, limb, spots) 
² Atomic transitions: Determination of laboratory wavelength with HC-lamps 

Figure 7. Spectral profile of Na D1 (middle) and velocity oscillations (right) in the dark umbra (left).  

Na I 5895.9 Å  profile in the Quiet Sun and different Umbrae (LARS  + FTS)
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Bisectors of Fe I 6301.5008 Å , µ = 1.0
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² Sunspot waves and p-modes: Absolute velocities and Helioseismology 


