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ABSTRACT   

The Southern African Large Telescope (SALT) is developing precision radial velocity capability for its high-resolution 
spectrograph (HRS). The instrument's high-stability (HS) mode includes a fibre double scrambler and makes provision for 
simultaneous thorium-argon (ThAr) injection into the calibration fibre. Given the limitations associated with ThAr lamps, 
as well as the cost and complexity of turn-key commercial laser frequency combs (LFCs), we are in the process of designing 
and building a bespoke LFC for the Red channel of the HRS (555-890 nm). At a later stage we plan to extend the 
wavelength range of the LFC to include parts of the blue channel (370-555 nm) as well. A data reduction pipeline capable 
of delivering precision radial velocity results for the HS mode is also currently under development. We aim to have the 
LFC and PRV pipeline available for science operations in early 2024. 
 
Keywords: Laser frequency comb (LFC), astro-comb, precision wavelength calibration, precision radial velocity (PRV), 
simultaneous thorium-argon (ThAr), High-Resolution Spectrograph (HRS), Southern African Large Telescope (SALT) 
 
 

1. INTRODUCTION 
The Southern African Large Telescope (SALT)1-8 has been in full science operation since 2011 and its high-resolution 
spectrograph (HRS)9-10 came online in 2014, with a data reduction pipeline for the general-purpose low-, medium- and 
high- resolution modes introduced in 201611. The specialist high-stability (HS) mode, designed to support precision radial 
velocity (PRV) science, has been receiving attention over the past few years. This included a field trial of an experimental 
laser frequency comb (LFC) in 201612, as well as the commissioning of an iodine cell13 and characterisation of the 
stability14 of the instrument using the HS mode’s simultaneous thorium-argon (ThAr) feed. The inefficiency of the iodine 
cell (due to the iodine cell wavelength range straddling the dichroic split for the spectrograph’s two channels), the 
encouraging stability indicated by the ThAr tests and the success of the LFC trial led us to pursue the development of an 
LFC to provide precision wavelength calibration for the HS mode. In this paper we highlight key elements of this astro-
comb design and outline the main project steps. We aim to integrate and commission the comb hardware in early 2023, 
and make the full PRV data reduction pipeline available to the SALT user community approximately a year later. 

 
 

2. ASTRO-COMB PRIMER 
 

A mode-locked laser produces a train of pulses in the time domain, and a series of equidistant delta-function like 
frequencies in the optical domain.  These functions resemble the teeth on a comb and are referred to as a frequency comb 
(see Fig. 1a).  The comb has two degrees of freedom: the spacing between teeth, set by the repetition frequency of the laser 
fREP and the absolute offset of each tooth relative to 0 Hz, referred to as fCEO. Stabilisation of these two frequencies to a 
GPS reference clock will produce a frequency comb in which each optical line is traceable to an atomic standard. 
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Commercial frequency combs cannot meet the requirements of high-resolution spectrographs without modification in two 
specific ways15 (see Fig. 1b). First, the laser bandwidth must be broadened to match the spectral coverage of the 
spectrograph, typically achieved with a nonlinear fibre. Second, in order to resolve individual comb teeth, yet for the 
linewidth of each tooth to remain unresolved, fREP must be greater than 2.4x the resolving power of the spectrograph. This 
typically requires an fREP greater than 15 GHz, which cannot be realised from commercial systems. The modes from the 
stabilised frequency comb must be thinned out in a Fabry-Perot cavity. 

 

 
Figure 1. a) Diagram of a frequency comb indicating the two degrees of freedom that must be stabilised; b) Illustration of the 
principle of broadening and filtering a source frequency comb into a mode-resolvable astro-comb.  

 
 

 
3. PRIMARY DESIGN OF THE SALT HRS ASTRO-COMB 

 

The main components of the astro-comb system are outlined in this section, summarised in Table 1 and illustrated in 
Figures 2-5. 
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3.1 Laser Frequency Comb 
 

The astro-comb will be driven by a 1-GHz Ti:sapphire laser, the Taccor Power 10 from Laser Quantum. This system 
delivers 2.0 W of light at 800 nm with a pulse duration of 28 fs. The system is entirely turn-key, and the latest models 
feature an integrated 532 nm pump source that does not require a fibre umbilical to the power supply. Useful features 
include: 

• Internal photodiode for fREP detection  
 

• Fast and slow piezo actuators for fREP locking through cavity length control (via user-supplied electronics) 
 

• Crystal re-indexing on a ~200 hour timescale to prevent degradation of power over time. This is combined 
with intra-cavity wedges that minutely adjust the cavity dispersion to compensate for any change in fCEO as 
the crystal position changes. 

 
Stabilisation of the Taccor frequency comb will use the Taccor Comb module, placed immediately after the Ti:sapphire 
laser (see Fig. 2). This unit contains a commercial f-2f interferometer from Menlo Systems for fCEO detection (labelled A) 
and provides feedback to the drive current of the diodes inside the pump laser for high-bandwidth control (>200 kHz). The 
Taccor comb chassis includes space for a nonlinear fibre, normally a FemtoWHITE from NKT Photonics (labelled B). 

 
• fREP  stability is 5x10–13 over 1 s with a 10-MHz external rubidium reference clock (user supplied). 

 
• Approximately 800 mW of power is required for the f-2f interferometer, leaving 1 W to be split between a direct 

800 nm output beam (for diagnostics and future astro-comb extension) and the FemtoWHITE fibre module. The 
splitting ratio is user defined so it can be tailored to yield the most useful spectrum for the downstream optics. 
 

• Frequency comb stabilisation can be controlled through external software or via the front panel of the Taccor.  
 

• The Taccor Comb contains two piezoelectric actuators, placed before the f-2f interferometer and the second fibre 
module (labelled C and D). These do not have automated feedback, but can be controlled by the user to adjust 
alignment over time if required. 

 

 
Figure 2. Diagram of the Taccor laser and external Taccor Comb module. The external module houses optics and electronics for 
fCEO detection (A) and can accommodate a nonlinear fibre for spectral broadening (B). 

3.2 Spectral Coverage 
 

Achieving spectral coverage of 555-890 nm can be achieved with a single nonlinear fibre, namely the FemtoWHITE 
module from NKT Photonics. The flatness of this supercontinuum will likely have a pronounced dip around 590 nm, 
however we aim to mitigate this as much as possible. 
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3.3 Mode Filtering 
 

Based on the HS mode’s resolving power of ~70,000 and using R = l/Dl = n/Dn, the resolvable frequency spacing can be 
calculated. The operational bandwidth of the spectrograph is sufficient for a single Fabry-Perot (FP) filter cavity with flat 
dispersion. The filtering range selected is ~3x the maximum resolving power in each bracket. This can be relaxed slightly 
if the mirror coatings prove too challenging. 

The FP cavity will be formed using a pair of complementary chirped mirrors that are designed to provide flat dispersion 
of over the operating bandwidth. While we are confident that plane-plane FP cavities work well, their strict alignment 
tolerances might make them unsuitable for long-term stability. An option might be a plano-concave design, such as the 
one used by Menlo Systems16. 

The stabilisation approach used to date has been to lock the cavity length to the frequency comb using the dither-locking 
technique. For this project we will employ a Pound-Drever-Hall approach and lock the cavities to a continuous wave (CW) 
laser that is stabilised to the frequency comb. A wavemeter may be required to determine the absolute frequency of the 
CW laser. 

3.4 Spectral Flattening 
 

Spectral flattening has been demonstrated using a spatial light modulator17. This method, while lossy, allows for tailoring 
of the spectra flatness to account for photon energy or transmission loss in the spectrograph launch fibre.  

3.5 Infrastructure Requirements 
 

• The comb will be located on a 1.2 m x 2.0 m optical table with pneumatic vibration control legs. 
 

• The Ti:sapphire laser uses a closed-circuit chiller that employs glycolated water at a temperature of 22 C.  
 

• The RF electronics used to stabilise the frequency comb will be referenced to a 10-MHz rubidium-quartz 
oscillator. This oscillator should be GPS-disciplined for long term accuracy (hence we will require access to a 
GPS signal). 
 

• The astro-comb should be placed in a temperature-controlled room, somewhere between 20 and 25 degrees, with 
+/- 2 degree stability or better The thermal load is around 400 W. 
 

• The electronics will be constructed so they can be housed in a standard 19-inch rack.  
 

• The system will need an uninterruptable power supply (UPS) to protect against brown-outs and other power 
disruptions (such as load-shedding) that commonly occur in South Africa. 

 

Table 1. SALT HRS astro-comb design parameters. 
 

Design Parameter SALT LFC 

Wavelength Coverage 555-890 nm (HRS Red channel) 

Comb Line Separation 20 GHz 

Intrinsic Comb Linewidth Unresolvable by the HRS 

Spectral Flatness Within one order of magnitude 

Traceability Comb lines traceable to GPS standard 

Automation Best efforts 
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         Figure 3: Schematic of the proposed layout of the SALT HRS astro-comb (with the covers removed). 

 

4. PRV PIPELINE 
 

We are in the process of developing a pipeline to extract PRVs from the HRS HS observations. Initially, work has started 
by adapting the well-tested PyReduce18,19 software to work with HS data collected with a simultaneous ThAr calibration 
lamp through the instrument’s second fibre. As well as the basic reduction of echelle observations, PyReduce has the 
functionality to correct for the curvature of the spectrum trace across the CCD, thus providing the ability to utilise the 
native instrument resolution which would otherwise be downgraded when collapsing the tilted orders. This work is initially 
being conducted with the Blue arm of HRS, given the better wavelength solution due to the number of available calibration 
lines in the ThAr spectrum. Once the code has been verified in the blue region, work will begin on the Red arm, where 

Proc. of SPIE Vol. 12184  121844V-5
Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 16 Jan 2023
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



 
 

 
 

 
 

fewer ThAr lines are available. In addition to its general flexible functionality, PyReduce has the ability to calibrate the 
observed spectrum with an LFC module. Work will start to incorporate this aspect once the HRS LFC is online.		
 

5. CURRENT STATUS AND NEXT STEPS 
All of the orders for the necessary bought-out components for the comb have been placed and several items have already 
been received. Major systems such as the laser are tested when they arrive, to ensure that any issues can be addressed 
promptly. Unfortunately, the laser has been problematic and despite valiant attempts by the support team to rectify the 
issue via online servicing sessions, it was deemed necessary to return the system to the UK for warranty repairs. While 
this is far from ideal, we do not anticipate this impacting the project schedule. 
 

    
         Figure 4: Testing some of the comb electronics (left) and the power output of the laser (right). 
 

The South African Astronomical Observatory (SAAO) mechanical workshop will manufacture certain parts for the comb, 
specifically the housing and various small mechanical parts for the Taccor Comb module (see Fig. 5, left).  SALT technical 
staff will build power supplies and other electronic components for the LFC (see Fig. 5, right). The latter will follow the 
installation and commissioning of SALT’s new near-infrared spectrograph (the NIR20), which is currently in progress and 
consuming all resources. 
 

    
Figure 5: Taccor Comb module (left) and the 19-inch rack unit for feedback control of laser cavity length (right), both of which 
will draw on SAAO and SALT resources and thereby engage local staff in this exciting interdisciplinary collaboration. 
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The plan is to transport all of the LFC hardware to the telescope and then have the Heriot-Watt team travel to South Africa 
in early 2023 to spend a few weeks integrating and testing the comb. The PRV pipeline development is phased so that 
basic functionality will be available when the comb becomes operational. 

The project is currently advertising a PhD position for a suitably qualified South African student. The student would spend 
a few months in the laser labs at Heriot-Watt University in Edinburgh, to learn about and work with LFC’s, before 
participating in the integration, commissioning and support of the HRS comb at SALT. The astronomy component of the 
project would involve obtaining HRS HS mode data with which to demonstrate the PRV capabilities provided by the astro-
comb. 

 
6. CONCLUSION 

 

The LFC trial in 2016 set the stage for this ongoing collaboration, which has already been productive for both parties. It 
stands to contribute to the technically challenging and scientifically rewarding PRV domain by supporting innovation in 
astro-comb technology. The potential benefits of which extend beyond what this comb development will directly yield for 
our respective groups in the short term. The PRV community needs cheaper, simpler and more reliable astro-combs and 
developing these requires access to an astronomical high-resolution spectrograph in an operational environment. We 
therefore consider this to be a highly significant partnership for both SALT and Heriot-Watt University and we look 
forward to where it may yet lead. The addition of PRV capability is also extremely important for SALT as we seek to 
extend the telescope’s scientific repertoire and thereby attract new partners into the consortium. Furthermore, this project 
provides an opportunity to develop a local exoplanet research group and offers exciting possibilities for future 
instrumentation initiatives at the SAAO. The latter may include collaborative endeavours with the numerous hosted 
facilities located at the SAAO field station in Sutherland, in addition to the SALT-specific plans for ongoing astro-comb 
R&D projects. 
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