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ABSTRACT

Precise astronomical spectroscopy with the forthcoming E-ELT and its high resolution spectrograph HIRES will
address a number of important science cases,1 e.g. detection of atmospheres of exoplanets. Challenging technical
requirements have been identified to achieve these cases, principal among which is the goal to achieve a radial
velocity precision on the order of 10 cms−1 . HIRES will experience systematic errors like intrapixel variations
and random variations like fiber noise, caused by the non-uniform illumination of the coupling fibers, with these
and other systematic errors affecting the performance of the spectrograph. Here, we describe the requirements
for the calibration sources which may be used for mitigating such systematic errors in HIRES. Precise wavelength
calibration with wide-mode-spacing laser frequency combs (LFCs), so called astrocombs, has been demonstrated
with different astronomical spectrographs. Here we present a comparison of currently used astrocombs and
outline a possible solution to meet the requirements of HIRES with a single broadband astrocomb.
Keywords: Astrocombs, Astronomical instrumentation, Calibration, HIRES, Laser frequency combs, Spectroscopy

1. INTRODUCTION
2

The instrumentation programme of the E-ELT foresees a high-resolution spectrograph (HIRES) as one of the
instruments located on the Nasmyth B platform. The instrument’s concept evolved from the combined studies
for CODEX (an ultra-stable high resolution spectrograph in the visible3 ) and SIMPLE (a high-resolution nearinfrared spectrometer4 ). Flagship science drivers were identified based on the scientific needs of the astrophysics
community.5 These science drivers were categorized and prioritized into five science cases.1 The science cases
impose requirements on the calibration in a way that only laser frequency combs (LFCs) and Fabry-Pérot etalons
(FPs) can be used as wavelength calibration sources:
1. Wavelength coverage
The wavelength coverage is driven by all science cases differently. Most of the science cases, including
the characterisation of exoplanet atmospheres, require an almost continuous coverage from 0.4 to 1.8µm.
The blue end (0.37–0.4µm) is essential for the Sandage test5 as well as the measurement of important
characteristics of exoplanets, protoplanetary disks and for the velocity (RV) survey on M dwarfs. The
wavelength coverage is driven by all science cases differently. An almost continuous coverage until 2.1µm
is desirable for a radial velocity (RV) survey of M dwarfs, the detection of exoplanet atmospheres, and
studying the evolution of galaxies and the intergalactic medium.
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2. Resolving Power
Most of the science cases require a resolving power R = λ/∆λ ≈ 100, 000. A higher resolving power
(R≈150,000) is desirable for some stellar atmosphere studies and RV measurements. Lower resolving
power (R<50,000) as well as a multiplexing capability is desirable by some extragalactic science.
3. Precision and Accuracy
The most stringent requirement on precision comes from RV exoplanet measurements down to 10 cms−1 ,
while the most stringent requirement in terms of accuracy comes from the Sandage test with a goal value
down to 1 ms−1 or similar for long-term stability.
Precision is mostly driven by the stability of the instrument, while the accuracy is driven by the precision of the
calibration. Therefore, the calibration unit (CU) aims at a precision of 1 mms−1 and an accuracy on the same
order. To ensure this, the calibration sources are measured against internal calibration standards. The most
stable light source that enables a transfer of its stability to the whole spectral range required by all scientific
cases is the LFC.
Comparing these requirements to those of calibration units in other spectrographs (SPIRou,6 ESPRESSO,7
HARPS,8, 9 CARMENES10 ) shows that new solutions have to be found. The concept of how these solutions work
together is explained in Ref. 11. Here we describe the primary module of the calibration unit, a LFC covering
the full wavelength range and locked to traceable calibration standards.
The main requirements for this LFC can be extracted from the calibration requirements for HIRES as follows:
• Full wavelength coverage 0.4–1.8 µm (goal 0.37–2.4 µm)
• Repetition rate adjusted so that one comb line is available for every ∼2.4 resolution elements for calibration
(details explained in Section 2.1)
• Flat spectral intensity distribution
• Full automatization
• Precision better than 0.1 cms−1
• Stability better than 0.1 cms−1 over 10 years
In the following section we will describe the principles of astrocombs and give a comparison between existing
combs. The principal setup of our comb is explained in Section 3.

2. ASTROCOMBS
2.1 Principles of Astrocombs
A laser frequency comb12 produces a series of extremely-narrow, equally-spaced lines in the frequency domain,
the positions of which can be stabilized to a precision approaching 10−12 with a standard RF reference.13 The
frequency of any comb line (mode) is given by
fn = nfrep + fCEO ,

(1)

where frep is the spacing between the comb modes and corresponds to the repetition rate of the laser that is set
by the cavity length, fCEO is the carrier-envelope offset frequency, a value set by the laser cavity dispersion, and
n is a large integer (≈ 105 ). Without active feedback the absolute position of the comb modes will vary with
time. The mode spacing will fluctuate due to changes in the length of the laser cavity, and this can be stabilized
using intracavity piezo actuators. The offset frequency will fluctuate with minute changes in the intracavity
dispersion, and multiple techniques have been developed to detect and stabilize this frequency.14
The appeal of using a frequency comb for spectrograph calibration lies in its stability, traceability and
precision. A stabilized frequency comb will produce the same spectral output over its operating lifetime, providing
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thousands of equally-spaced comb lines, the positions of which can be traced back to optical standards. The
width of each comb tooth is much narrower than the instrument response given by the resolving power of the
spectrograph, allowing the true instrument function to be characterized. The spectral brightness of all comb
lines can be adjusted such that they are roughly equal, precluding pixel saturation.
The primary barrier to the wide-spread adoption of frequency comb technology, aside from cost, is a fundamental mismatch between the native comb spacing and the spectrograph resolving power. As outlined in the
seminal paper of Murphy et al.,15 the ideal repetition rate for a frequency comb for the calibration of an astronomical spectrograph would have each comb line be individually resolvable on the CCD, with frequency spacing
corresponding to around three resolution elements. Typically for a high resolution spectrograph, this sees an
optimal repetition-rate requirement of 10–40 GHz, while commercially available frequency combs have repetition
rates of 80 MHz,16 250 MHz,17 or 1 GHz.18 Higher repetition rate frequency combs have been demonstrated
but only in a laboratory setting,19, 20 while emerging alternative technologies have not yet shown the requisite
stability and spectral coverage for astrocomb use.21–23
source comb spacing, frep

astrocomb spacing, ∆=FSR
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Figure 1. Astrocomb via the Fabry-Pérot filtering technique. The locked Fabry-Pérot transmission function (black outline)
transmits every M th mode of the source comb (in red). Identification of which modal subset has been filtered is critical for
repeatability of measurements from lock-to-lock as the cavity does not discriminate between filtering alternative subsets
(e.g. blue outline).

___ ----- ___~

A common approach to obtain a widely-mode-spaced frequency comb is to optically filter a lower repetition
rate comb through a Fabry-Pérot cavity. Imposing the condition that the free spectral range of the Fabry-Pérot
cavity be an integer multiple M of the source comb repetition rate, the cavity can be effectively tuned to transmit
only a subset of source comb modes, as illustrated in Figure 1. The resultant astrocomb structure sees one comb
line every ∆ = M frep , equal to the FSR of the Fabry-Pérot, where M can be arbitrarily chosen such that the
filtered line spacing is well resolved by the astronomical spectrograph.
1

The dispersion provided by the mirrors and air in the filter cavity limits the useable spectral bandwidth
transmitted, as after a certain operational bandwidth the filter transmission function ‘walks off’ from the source
comb modes. Significant walk-off sees the selected subset no longer centered around the source comb line incident
on the etalon. This walk-off between the Fabry-Pérot transmission regions and the astrocomb modes can be
partially abated by decreasing the finesse of the filter cavity, essentially extending the point at which the intended
source comb line is no longer centered by widening the transmission region. However, there is a compromise
to be had as widening the filter transmission window leads to non-negligible transmission of the comb-mode
neighbours (side-modes) of the intended transmitted comb modes. Due to the walk-off effect, these non-negligible
side-modes can be asymmetric around the center of the transmission function of the filter cavity and, therefore,
be transmitted with unequal weighting. In this case, the position of the astrocomb line will appear shifted as
resolved by the astronomical spectrograph (which is typically much wider than both the source comb spacing and
the filter cavity transmission function FWHM) as the center-of-mass resolvable by the spectrograph is no longer
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centered around the intended astrocomb line. Braje et al.24 first noted this shift from insufficient suppression
of side-modes in their in-depth study on the importance of the Fabry-Pérot cavity mirror design. Side-mode
suppression is commonly used to gauge the extent of this effect, which is the main obstacle of implementing the
filtering calibration technique.
A number of techniques to improve side-mode suppression over a broad range of optical frequencies have been
investigated. Filtering the source comb through a succession of Fabry-Pérots, first proposed by Steinmetz et al.,25
can be used to improve side-mode suppression and has been predominantly used to filter a fiber source comb as
the amplification stages required in such a system also amplify side-modes and generate amplified spontaneous
emission (ASE) noise. The various ways of combining filter cavities were modelled comprehensively by Chang
et al.26 and identified the most efficient configuration for side-mode suppression to be a conjugate Fabry-Pérot
pair whereby the free spectral range of the first cavity is ∆1 = M frep and the second is ∆2 = M frep /(M − 1).27
Limiting the net dispersion in the Fabry-Pérot cavity increases the bandwidth of the filtered astrocomb. Two
ways of limiting the filter cavity dispersion have been demonstrated. The first, rather intuitive, method uses
state-of-the-art mirror coatings with an extremely-low group delay dispersion.25, 28 A second method uses a
chirped-mirror pair Fabry-Pérot cavity. The mirror coatings are dispersive, but oppositely so, such that the pair
provide a low net dispersion over a very wide range of frequencies.29
Post-measurement, the useable filtered bandwidth can be extended by a technique proposed by Li et al.30
which analytically recovers the astrocomb line center in each of the resolved calibration lines imaged on the
spectrograph by on-site diagnosis of the finesse of the Fabry-Pérot cavity and the phase deviation of the astrocomb
lines.
Another subtlety that arises from filtering is a possible ambiguity in which modal subset of the source comb is
filtered by the stabilized Fabry-Pérot cavity, as shown in Figure 1. The transmission of the same subset through
the cavity from lock-to-lock is critical for the repeatability of radial velocity measurements. For a narrowband
astrocomb this ambiguity can be removed by locking a narrow linewidth diode laser to one comb tooth (see
supplementary material in Ref. 31). This laser acts as a fiducial marker, and is used to stabilize the Fabry-Pérot
cavity, ensuring that the transmission of the marker also transmits a known subset of modes. The diode laser
output is then measured using a wavemeter, allowing the frequencies of all filtered comb modes to be calculated.
Alternatively, the diode laser can be stabilized to an atomic transition, providing absolute traceability for each
comb tooth.
Spectral flatness of the filtered comb is highly desirable, as it enables controllable CCD exposure times without
saturation, minimizing photon noise and improving calibration accuracy. A spatial light modulator (SLM) placed
at the image plane of a grating spectrometer can provide broadband intensity shaping, as demonstrated by Probst
et al .32 This technique is particularly useful when the astrocomb utilizes a fiber for spectral broadening, as this
process results in a heavily structured spectral envelope (for an illustration please see Figure 11 in Ref. 33). While
no deployed astrocombs have employed spectral flattening, a proposed future update to the HARPS calibrator
will use a SLM.33

2.2 Comparison of Astrocombs
Since its conception in 2007,15 two dominant approaches for building an astrocomb have emerged which are
separated by the choice of laser oscillator; fiber or solid-state. Each has their subtleties, and in this section we
review the implications of the different laser oscillators and the progression made in the respective approaches
toward an ideal calibration source for astronomical spectrographs.
Fiber laser technology has long set the benchmark for compact design with user-friendly operation. Turnkey operation is routine, and long-term performance is repeatable without the need for regular cleaning or
realignment. Fiber laser oscillators typically produce a low power output that is externally amplified in low-loss
fiber, for a highly stable and scalable architecture.34 For astrocomb applications, fiber sources require additional
effort to achieve the requisite mode spacing and spectral coverage. The repetition rate is typically limited
to 250MHz, increasing the demands of FP filtering. Multiple amplification stages are required for broadband
operation of fiber oscillator-based astrocombs (i) to compensate for power lost in filter cavities, (ii) to obtain
sufficient power for nonlinear broadening, and (iii) for any frequency conversion process. Any amplification
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process also produces unwanted effects, such as amplification of side-modes due to four-wave mixing processes.
These amplification stages are prone to component damage, requiring replacement on a monthly timescale.
Solid-state laser technology routinely provides sub-50fs pulses with Watt-level average powers and GHzlevel repetition rates. The high peak power available directly from the oscillator enables nonlinear frequency
conversion without amplification. With an initial repetition rate of 1 GHz the FP cavity filtering demands are
relaxed, allowing mode filtering over large instantaneous bandwidths. For astrocomb applications, solid-state
lasers have additional engineering challenges that must be overcome for long-term operation. The free-space
architecture of the laser cavity introduces additional noise not present in fiber systems, and the high-power
pump laser focused into the gain crystal introduces an optical tweezing effect onto the crystal surface which
traps particulate matter, decreasing the laser performance over time if not addressed. Turn-key operation is
available, but is not typically as robust as in fiber systems.
The following sections review the current state of deployed astrocombs and the progress made towards an ideal
calibration source for astronomical spectrographs. For the purposes of discussion the implemented astrocombs
are grouped by laser oscillator, with key information summarised in Table 1.
2.2.1 Fiber laser sources
Steinmetz et al.31 conducted the first experiment to use frequency-comb light for wavelength calibration of an
astronomical spectrograph. This proof-of-concept experiment employed a 250-MHz Erbium-doped fiber (Er:fiber)
laser frequency comb filtered by a single Fabry-Pérot cavity to produce an astrocomb with a 15-GHz repetition
rate. The results from coupling the astrocomb calibration light with sunlight from the German Vacuum Tower
Telescope (VTT) onto an astronomical spectrograph empirically confirmed the value of using laser frequency
combs for astronomy.
The High Accuracy Radial velocity Planet Searcher (HARPS) optical spectrograph has been used for a
number of collaborative campaigns between the European Southern Observatory, Menlo Systems, and the MaxPlanck-Institute of Quantum Optics.35 The collaboration were the first to use an astrocomb to study the
orbit of an exoplanet. Wilken et al.36 studied an already-known, Jupiter-sized exoplanet orbiting the star
HD75289 and reported the same level of uncertainty as previous measurements which used a Thorium lamp
calibration source. The deployed astrocomb consisted of a 250-MHz Ytterbium-doped fiber (Yb:fiber) source
comb, frequency-doubled to partially match the visible coverage of HARPS. The source comb was filtered by up
to four Fabry-Pérot cavities to increase the suppression of side-modes for broadband operation and produced
an astrocomb with a spectrograph-specific 18-GHz mode spacing. Probst et al.33 outline the future plans
for astrocomb calibration at HARPS, which noteably includes introducing heavy automation of the calibration
system towards the realisation of a turn-key system, as well as the implementation of an SLM for improved
spectral flatness.32
The VTT is the setting for a ∼5.5 GHz line spacing astrocomb planned for absolute wavelength calibration for
measurement of the limb-effect as well as Sun-as-a-star tests.37 The astrocomb is a 250-MHz Yb:fiber laser (Menlo
Systems FC 1000) filtered such that one in every 22 comb lines is transmitted by two identical plano-convex
Fabry-Pérot cavities. The laser power is amplified before each of the filter cavities, as well as after the filtering
process. The pulses are then compressed to a level permitting efficient nonlinear frequency conversion using
second harmonic generation (SHG) and broadening in photonic crystal fiber (PCF). The resultant astrocomb
spans 480nm to 640nm and is almost completely fiber coupled, except for free-space sections for SHG and
broadening in PCF.
Ycas et al.38 installed an astrocomb calibration source for the Pathfinder spectrograph at the Hobby-Eberly
telescope in Davis Mountains, Texas. The deployed astrocomb followed on from previous lab-based work by
Quinlan et al.39 and uses a 250-MHz Er:fiber source comb, twice filtered by identical Fabry-Pérot cavities.
The filter cavities are dither-locked at 50kHz to the peak of transmitted power and had a high finesse of 2000
to produce a 12.5-GHz astrocomb with side-mode suppression of 20–45-dB after amplification and broadening,
varying across the broadened 1380nm to 1630nm bandwidth. Comb calibration at the Hobby-Eberly telescope
provided a radial velocity precision of <6 cms−1 from 1450nm to 1630nm which enabled radial velocity precision
at the ∼10 ms−1 level for the measurement of stellar targets on three echelle orders of the Pathfinder spectrograph.
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2.2.2 Solid-state laser sources
The very first lab-based demonstration of an astrocomb was reported by Li et al.,40 and was driven by an octavespanning Titanium-sapphire (Ti:sapphire) frequency comb with a 1-GHz repetition rate.41 The laser modes were
filtered in a Fabry-Pérot cavity composed of plane-parallel mirrors with ∼99% reflectivity over the range 770nm
to 920nm and a finesse of ∼250. The filter cavity provided up to 40-GHz line spacing, and was stabilized by
locking a resonance peak to an atomically-referenced diode laser. The filtered frequency comb was observed on
an optical spectrum analyser with 8-GHz resolution (R ≈ 47,000).
A campaign headed by Harvard University and Massachusetts Institute of Technology (MIT) conducted a
series of astrocomb calibration experiments on the Tillinghast Reflector Echelle Spectrograph (TRES) at the Fred
Lawrence Whipple Observatory on Mt. Hopkins, Arizona.30, 42, 43 First, Li et al.30 modelled and implemented an
on-site characterisation technique of the center-of-mass shift due to the unwanted side-mode effects as described
in Section 2.1. The astrocomb was built from a fully-locked 1-GHz octave-spanning Ti:sapphire source comb
(Octavius, Menlo Systems Inc.) filtered through a single Fabry-Pérot cavity (finesse ≈ 180) consisting of two
∼98.5% reflective flat mirrors each with a low group delay dispersion of <10 fs2 over the intended spectral range.
Benedick et al.42 demonstrated an astrocomb operating over ∼10nm FWHM around 410nm, a challenging
spectral region not easily accessible by any of the well-established laser gain media either for solid-state or
fiber. The astrocomb used the same source comb, now frequency doubled using a BBO crystal. This was
filtered by a single Fabry-Pérot cavity with dielectric Bragg-stack mirrors, tuneable from 20–51 GHz line spacing.
The previous TRES campaigns were combined to calibrate the red and blue channels of the spectrograph by
Phillips et al.43 which provided calibration sensitivity below the 1 ms−1 level. The red and blue channels were
calibrated using a 1-GHz home-built Ti:sapphire laser with coverage from 700nm to 1000nm,41 with the blue
calibrator being frequency doubled using a BBO crystal. The Fabry-Pérot mirrors were again dielectric Braggstack mirrors, correspondingly coated to suit the red and blue astrocombs, producing a 30-GHz red astrocomb
(∼100nm FWHM centered at 820nm) and a 50-GHz blue astrocomb (∼10nm FWHM centered at 410nm), both
with ∼22-dB sidemode-suppression.
The Harvard and MIT partnership followed up the TRES campaigns with the astrocomb calibration of
HARPS North (HARPS-N), the high resolution spectrograph at the Roque de los Muchachos Observatory in the
Canary Islands. A green astrocomb (500nm to 620nm) with 16-GHz line spacing was deployed by Glenday et
al.44 and calibrated to an accuracy of ∼6 cms−1 in a single exposure of reflected sunlight from an asteroid. The
source comb was a 1-GHz Ti:sapphire octave-spanning comb spectrally broadened and shifted to the green in
11-mm-long tapered PCF through the fiber-optic Cherenkov radiation process. The authors state the power per
line of the PCF output remained constant over months of operation, with no signs of component degradation.
The 16-GHz line spacing was achieved using two Fabry-Pérot cavities in series, consisting of 97.5% reflective,
plane-parallel, chirped-mirror pairs, with a slight wedge given to the substrate to diminish back-reflection effects.
The side-mode suppression was comprehensively examined in three separate approaches: heterodyne detection,
the characterisation technique for the center-of-mass shift, and direct measurement with a Fourier transform
spectrometer. All approaches agreed on a value of side-mode suppression at >40-dB, which enables RV measurement precision of <10 cms−1 . The green astrocomb was notably used in a Sun-as-a-star experiment to further
understand RV variation associated with stellar noise,45 and is being used in an ongoing HARPS-N experiment
which aims to indirectly detect Venus using its RV signature from spectral measurements of the Sun.46
The high resolution echelle spectrograph HRS on the Southern African Large Telescope (SALT) was recently
calibrated using an astrocomb by McCracken et al .47 The astrocomb was a 1-GHz Ti:sapphire source comb
spectrally broadened in PCF and then spectrally filtered by a single Fabry-Pérot cavity, whose mirrors were
complementarily coated for minimal dispersion over the intended bandwidth, to obtain a 15-GHz line spacing
across the spectrograph’s full wavelength coverage from 550nm to 900nm. The Ti:sapphire-based astrocomb
calibration improved the radial velocity accuracy to 10 ms−1 , a two-fold improvement in comparison to the
resident Thorium-Argon calibration source.
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Table 1. Specifications of implemented astrocombs
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3. PROPOSED DESIGN OF AN ASTROCOMB FOR HIRES
The wavelength calibration proposal for HIRES spans the specified spectral region of 0.37µm to 2.1µm with a
single, traceable source comb. Fiber laser technology is at present seen as unsuitable as it is unable to fulfil the
coverage requirements of HIRES set out in Section 1, nor has it yet been proven to be sufficiently reliable to
serve as a long-term calibrator due to component lifetime issues, particularly the PCFs. The length of tapered
PCF required for spectral broadening in fiber astrocombs are typically tens of centimeters with core diameters of
∼0.5µm,33 as compared with more robust tapered PCFs available for shorter-pulse, solid-state astrocombs (with
typical lengths of ∼1cm).48 The astrocomb architecture will consist of a Ti:sapphire mode-locked laser with
three modules to span the required bandwidth: a second-harmonic generation module, a spectrally-broadened
Ti:sapphire module, and a degenerate doubly-resonant OPO (DRO) module, outlined in Figure 2.
Below we describe each of these modules, along with subsequent Fabry-Pérot filter cavity stages, spectral
flattening architecture, and our approach for broadband modal subset identification.

to spectrograph
FTS
SLM
1000–1400nm

SLM

SLM

f"-ttUf4

Fabry-Pérot
cavities

1400–1700nm

400–1000nm

375–435nm 435–515nm 515–630nm 630–815nm 815–
1155–
1155nm 2000nm

SHG

O

1-GHz
Ti:sapphire

CEO frequency
locking

A

Repetition
rate locking
Broadened DRO

00

Broadened Ti:sapphire

Figure 2. Proposed architecture of the LFC calibrator for HIRES.

3.1 Source Comb

The proposed source comb is a robust, turn-key 1-GHz Ti:sapphire laser, selected for its high average power
and short pulses, negating the requirement for complicated amplification schemes. The native spectral coverage
of the Ti:sapphire laser is ∼785–815 nm with typical pulse widths of ∼30 fs. The repetition rate of the laser
is stabilized by comparing a high harmonic of frep with an RF synthesizer, with cavity length control achieved
using a pair of intracavity piezoelectric transducers. Carrier-envelope offset frequency detection is carried out
using a common-path f -to-2f interferometer,49 providing common-mode noise rejection in a compact footprint.
The offset frequency is controlled through diode-current modulation, which enables long-term high-bandwidth
locking.
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3.2 Wavelength Coverage
The shorter wavelength range of the E-ELT spectrograph will be matched by frequency doubling a portion of
the Ti:sapphire laser power in a suitable nonlinear crystal, achieving 390–410nm of spectral coverage. The PCF
in the f -to-2f interferometer provides a supercontinuum which spans ∼500–1100nm, however only components
at 530nm and 1060nm are required for fCEO detection. The remainder of the supercontinuum can therefore
be exploited in the astrocomb. The calibration range from 410–500nm is demanding as it is unsuited for any
established mode-locked laser gain media, including Ti:sapphire. To cover this awkward spectral region, we look
to take a similar approach to Phillips et al. when calibrating the blue channel of TRES43 by which we frequency
double part of the supercontinuum from the PCF. Spectral coverage in the mid-IR from around 1100nm to
2100nm will be achieved by pumping a degenerate doubly-resonant optical parametric oscillator (DRO) with the
Ti:sapphire source comb, and broadening the resulting spectrum centered at 1.6µm in a highly nonlinear fiber.
At degeneracy the DRO acts as a broadband wavelength converter that maintains the comb structure of the
pump comb, with the IR comb remaining intrinsically locked to the source comb laser.50

3.3 Mode Filtering
A number of Fabry-Pérot cavities will be used to match the different wavelength-dependences of the many echelle
orders. A practical solution is to divide the 0.37–2.1µm bandwidth of the spectrograph into spectral regions that
cover equal frequency bandwidths, exploiting the fact that the dielectric mirror coatings intrinsically operate
in frequency rather than wavelength space, and striking a balance between bandwidth, coating engineering
requirements, and overall complexity.

3.4 Flat Spectral Intensity Distribution
As discussed in Section 2.1, spectral flatness is desirable for high-precision radial velocity measurements, but has
not yet been demonstrated for an astrocomb. We propose to implement three SLMs designed for spectral shaping
in the visible-NIR-IR, however there will be limited capability to flatten below 400nm and above 1700nm, due
to the lack of suitable SLMs operating at these wavelengths. This can be addressed through the use of dielectric
mirror coatings with tailored reflection/transmission profiles, designed to provide coarse spectral flattening over
limited bandwidths.

3.5 Comb Diagnostics and Absolute Traceability
In Section 2.1 we described a common approach to remove the modal subset ambiguity issue, namely the pinning
of a comb tooth to a narrow-line diode laser. This technique is not viable for broadband astrocombs that employ
multiple Fabry-Pérot cavities, as suitable narrow-line diode lasers (and traceable atomic transitions) are not
universally throughout the UV to the IR. Our approach is to use a broadband Fourier transform spectrometer
(FTS) with resolution sufficient for mode-subset identification.
The FTS design is similar to that employed in Zhang et al.,51 which used a folded push-pull configuration
to achieve an unapodized 750-MHz resolution in a compact footprint. The FTS employs all metallic optics
for broadband operation, and balanced detection for improved signal-to-noise. The path length of the FTS
is calibrated using a narrow-line diode laser stabilized to an atomic transition in rubidium, providing absolute
measurement traceability. Increasing the resolution below 500 MHz with a longer-travel linear motor stage would
enable unambiguous comb mode identification of the 1-GHz source comb, beyond the aliasing uncertainty of the
f -to-2f system. Alternatively, precision windowing of the interferogram trace can provide sub-nominal resolution
of the comb lines for measurements providing increased accuracy in the identification of the filtered subset, with
a shorter required scan length.52, 53
For complete system traceability, all RF synthesizers will be referenced to GPS disciplined microwave clocks.
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4. SUMMARY
We have proposed a broadband astrocomb architecture as a calibration source for HIRES fulfilling the requirements for all science cases outlined in Section 1, with consideration given to previous astrocomb calibration
campaigns on astronomical spectrographs in Section 2.2. The proposed astrocomb will be driven by a single
source comb, branching out to three frequency conversion modules for full wavelength coverage of the spectrograph, as illustrated in Figure 2. Multiple low-dispersion Fabry-Pérot cavities will achieve the required mode
spacings, and spatial light modulators will provide spectral flattening. By employing a low-noise GPS disciplined microwave clock and an atomically referenced diode laser for absolute traceability, the astrocomb will
enable cms−1 precision RV measurements for next-generation exoplanet hunting campaigns.
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Express 18, 19175–19184 (2010).
[43] Phillips, D. F., Glenday, A. G., Li, C.-H., Cramer, C., Furesz, G., Chang, G., Benedick, A. J., Chen,
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