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The search for Earth-like exoplanets with the Doppler radial
velocity (RV) technique is an extremely challenging and mul-
tifaceted precision spectroscopy problem. Currently, one of
the limiting instrumental factors in reaching the required
long-term 10−10 level of radial velocity precision is the defect-
driven subpixel quantum efficiency (QE) variations in the
large-format detector arrays used by precision echelle spec-
trographs. Tunable frequency comb calibration sources that
can fully map the point spread function (PSF) across a spec-
trograph’s entire bandwidth are necessary for quantifying
and correcting these detector artifacts. In this work, we
demonstrate a combination of laser frequency and mode
spacing control that allows full and deterministic tunabil-
ity of a 30 GHz electro-optic comb together with its filter
cavity. After supercontinuum generation, this gives access
to any optical frequency across 700–1300 nm. Our specific
implementation is intended for the comb deployed at the
Habitable-Zone Planet Finder (HPF) spectrograph and its
near-infrared Hawaii-2RG array, but the techniques apply
to all laser frequency combs (LFCs) used for precision astro-
nomical spectrograph calibration and other applications
that require broadband tuning. © 2024 Optica Publishing
Group. All rights, including for text and data mining (TDM), Artificial
Intelligence (AI) training, and similar technologies, are reserved.
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Laser frequency combs (LFCs) with tens of gigahertz (GHz)
mode spacings and bandwidths spanning more than 500 nm
have emerged as ideal calibration sources for radial velocity
(RV) astronomical spectrographs for exoplanet detection [1–3].
The rate of exoplanet detection by the RV technique has been
steadily increasing, but finding an Earth-mass planet in the hab-
itable zone of a Sun-like star, which requires an RV precision

below 10 cm/s, is still very challenging. Given the typical reso-
lution and dispersion of these astronomical spectrographs, this
spectral shift amounts to accurately finding line center shifts
within a few atoms on the detector lattice. This high level of RV
precision is presently limited by hard-to-solve problems such as
stellar activity and telluric absorption, but the impact of these
cannot be fully assessed and ameliorated until the instrumental
precision is sufficient to measure and disentangle their impact.
Currently, detector inhomogeneities are a major impediment to
reaching this level of instrumental precision. Even the best near-
infrared HgCdTe detectors and visible silicon charge-coupled
devices (CCD) present significant barriers to precision spec-
troscopy through the brighter-fatter effect, nonlinear response,
stitching errors, and intra- and inter-pixel quantum efficiency
(QE) variation [4–6]. Thus, a detailed characterization of the
line profile at all points of the detector is necessary to improve
spectral fidelity and enable the detection of Earth analogs [6–9].

As a specific example, the Habitable-Zone Planet Finder
(HPF) is an ultrastable fiber-fed near-infrared (NIR: 810–1280
nm) spectrograph, which has, along with our 30 GHz LFC cal-
ibrator, demonstrated levels of an on-sky RV precision of 1.5
m/s [10–12]. But its NIR Teledyne Hawaii-2RG detector array
suffers from subpixel QE variation due to lattice defects in the
HgCdTe layer [13]. These appear as cross-hatch patterns on the
detector as shown in Fig. 1(a). As a result, the traditional flat
correction scheme fails for a non-uniform stellar or LFC source,
since the required correction is a function of the intensity dis-
tribution within a pixel. Ninan et. al. [6] have modeled the impact
of these detector artifacts on RV precision (estimated to be 0.4
m/s on HPF) and show that a tunable calibration source can
be used to quantify and counteract these wavelength calibration
errors.

Figures 1(b)–1(d) conceptually illustrate the impact of cross-
hatch and intrapixel QE variation within a small region of

0146-9592/24/216257-04 Journal © 2024 Optica Publishing Group



6258 Vol. 49, No. 21 / 1 November 2024 / Optics Letters Letter

Fig. 1. Need for a tunable laser frequency comb (LFC) for detector characterization. (a) Sketch of the HPF detector array with cross-hatch
patterns, with zoom-in showing an example stellar and comb spectra. (b) Simulated variation in intrapixel quantum efficiency (QE). Twenty-
four pixels are each sub-divided by 4×, and the variation in QE is exaggerated for better visualization. (c) Point spread function (PSF) of two
adjacent comb lines on the detector array. The black curve corresponds to the ideal detector with no defects. PSF defined by blue, orange,
green, and red traces are obtained by tuning the comb frequency in steps of 625 MHz spanning a single pixel. The intrapixel QE is directly
mapped onto the PSF with comb tuning. (d) Modeled variation in the centroid of PSF (blue dots) in the presence of cross-hatch patterns as
the comb is tuned. The black curve corresponds to the ideal linear variation of the centroid of PSF, and residuals are shown below. If left
uncorrected, this can lead to undesirable variations of radial velocity (RV) signals.

Fig. 2. (a) Experimental setup for generating a tunable 30 GHz comb spanning 700–1350 nm. GPS, global positioning system; YDFA,
ytterbium-doped fiber amplifier; ND PCF, normal dispersion photonic crystal fiber; SiN, silicon nitride. (b) Spectral output of the initial 30
GHz EO comb after the preamplifier (blue trace) and temporal compressor consisting of ND PCF and grating (red trace). The traces are
vertically offset for clarity. (c) Intensity autocorrelation trace of the 30 GHz comb output (blue) and after the temporal compressor (red). The
measured pulse durations are labeled.

the detector. When the amplitude of any non-uniform spec-
tral source, such as a frequency comb, varies within a pixel,
the point spread function (PSF) at the detector readout changes
in shape following the QE variation within pixels. This results
in a change in the centroid of the PSF at different location on
the detector [Fig. 1(d)]. This changing centroid of the PSF in
turn maps to a wavelength calibration error and subsequently
amounts to a large source of the RV error, comparable to the
required precision levels. To characterize all the pixels similarly,
we need to tune the comb frequency by the full comb repetition
rate (30 GHz here).

In this work, we address this challenge by extending the
30 GHz electro-optic (EO) comb spanning 700–1300 nm to
a dynamic metrological tool that can map the point spread func-
tion across the entire spectrograph bandwidth. This is achieved
by tuning a combination of laser frequency and mode spacing,
a necessity that arises from the fundamental comb-cavity mode
walk-off. While demonstrated here with an EO comb, this tan-
dem tuning technique is applicable for both microcombs [14]

and mode-filtered combs [7–9] that need full free spectral range
(FSR) tuning. However, it becomes particularly complicated to
implement full FSR (>10 GHz) tuning in mode-filtered combs
with cascaded filter cavities and in microcombs with tens of
GHz repetition rates. As a result, variations in the line profile
of spectrographs with position and comb line intensities have
previously been characterized only over a limited range [6–9]
or with poor contrast [15]. To the best of our knowledge, this is
the first time a tunable >10 GHz comb source spanning nearly
an octave has been developed to fully map the entire detector
array as a critical step toward improved RV precision. This
tandem tuning technique can also be used in direct frequency
comb spectroscopy and other applications that require the pre-
cise positioning of the comb lines to match atomic or molecular
frequencies [16,17].

Figure 2(a) shows the schematic of our experimental setup,
which provides a comb similar to that deployed at the HPF
[12,18]. A tunable free-running continuous-wave (CW) laser
at 1064 nm is modulated by a series of three fiber-integrated
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Fig. 3. Tuning the EO comb. (i) Initial comb and filter cavity. (ii)
Tuning the CW laser frequency (νCW ). (iii) The filter cavity servo
adjusts the cavity length to match the CW laser. (iv) The comb
repetition rate (νrep) is accordingly tuned to avoid cavity-comb mode
walk-off. The black and green dashed lines indicate the initial and
final comb mode positions.

polarization-maintaining phase modulators (PMs) and an inten-
sity modulator (IM). The frequency of the 30 GHz radio
frequency (RF) source can be fine-tuned linearly by adjusting its
100 MHz reference, which is frequency-stabilized to the global
positioning system (GPS) via a 10 MHz Rb atomic clock. The
resultant flat spectrum spanning 2.4 THz after a Yb preamplifier
is shown in Fig. 2(b). The quasi-linear chirp from the PMs and
dispersion from the fibers are compensated by a pulse shaper to
yield a pulse duration of approximately 316 fs [Fig. 2(c)].

The EO comb generation is followed by a Fabry–Perot (FP)
cavity with an FSR that matches the comb repetition rate of
30 GHz. This is necessary to suppress the broadband noise
between the comb lines arising from the thermal noise of the
high-power RF amplifiers and to maintain the coherence after
optical amplification and nonlinear spectral broadening [19,20].
The purpose-built fiber-coupled FP cavity is constructed from
highly reflective mirrors (R = 99.5%) with the radii of the cur-
vature of 50 and 75 cm, respectively [21]. The cavity linewidth
at full width at half-maximum (FWHM) and finesse are meas-
ured to be 64 MHz and 470, respectively. The filter cavity length
is locked to the CW laser frequency using a commercial FPGA
(Red Pitaya) via the dither technique as shown in Fig. 2(a) [22].

Figure 3 illustrates the technique used to achieve continuous
comb tuning by 30 GHz. As the laser frequency is tuned, the
cavity lock re-adjusts the cavity length to maximize the trans-
mission of the center comb tooth. This results in a comb-cavity
mode walk-off (see (iii) in Fig. 3) since the FSR is no longer
equal to the comb repetition rate. To avoid this walk-off, the
comb repetition rate needs to be simultaneously tuned to match
the new cavity FSR. This tandem tuning is well-described by a
simple model of the transmission of the EO comb through the
cavity given by the following:

T =
(1 − R)2

1 + R2 − 2R cos
(︁ 2ωl

c + ϕ
)︁ . (1)

Here R is the reflectivity of the cavity mirrors, l is the length
of the cavity, and ϕ is the phase-shift from the mirrors [23].
To achieve the full tunability of 30 GHz, the comb repetition
rate needs to be changed by approximately 3.2 MHz. Figure 4

Fig. 4. Transmission of the EO comb through the cavity on detun-
ing the comb repetition rate from the cavity FSR: (a) calculated and
(b) measured. The calculated model shows good agreement with
the experiment.

compares the model of the cavity transfer function from Eq. (1)
with the measured one upon detuning the comb repetition rate
from the cavity FSR. The good agreement between the cal-
culated and measured cavity transmission further validates the
technique in Fig. 3. We also numerically investigated the effect
of mirror dispersion on comb-cavity mode walk-off and found it
to be negligible for a 10 nm bandwidth. The maximum change in
the cavity FSR, assuming dielectric mirrors comprised a quarter-
wave stack, is about 70 kHz, which is six orders of magnitude
smaller than 30 GHz.

The dispersion-compensated output of the cavity is ampli-
fied to 4.4 W using an ytterbium-doped fiber amplifier (YDFA)
and launched into a temporal compressor consisting of an 8.5
m length of a polarization-maintaining normal dispersion pho-
tonic crystal fiber (PCF) and a grating compressor to yield a
pulse duration of 113 fs [Fig. 2(c)]. The compressed pulse is
then launched into a dispersion-engineered silicon nitride (SiN)
waveguide, with a cross section of 690 × 800 nm, for the sec-
ond stage of supercontinuum generation. Figure 5(a) shows the
smooth supercontinuum (SC) spanning 700–1300 nm generated
in the SiN waveguide with a 13 pJ pulse energy at two different
instances when the CW laser frequency is tuned by 10.8 GHz.
The tuning technique is performed as described before. During
the tuning process, the group-velocity dispersion parameter in
the pulse shaper is finely adjusted, and the input coupling to
the waveguide at Watt level powers is maintained by piezo ser-
vos to retain the same envelope for SC measured on an optical
spectrum analyzer (OSA). As a result, the broadband coherent
SC generated in the nanophotonic SiN waveguide with a disper-
sive wave around 700 nm remains mostly unchanged across the
entire 30 GHz tuning range. The fractional amplitude fluctua-
tions on the SC across the 30 GHz tuning range when the CW
laser frequency is tuned in steps of 3 GHz are shown in Fig. 5(b).
The maximum intensity fluctuations of 50% around the pump
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Fig. 5. Tuning the 30 GHz supercontinuum spanning 700–1350 nm in the SiN waveguide. (a) Exemplary comb-resolved supercontinua (SC)
obtained using an OSA at a resolution of 0.02 nm by tuning the CW laser frequency through 10.8 GHz. (b) Coherent SC in the logarithmic
scale across the 30 GHz tuning range. Note here the SC remains mostly unchanged. The bottom plot shows the fractional intensity fluctuations
in the linear scale during the comb frequency tuning process. Zoomed-in version of (b) showing the linear frequency control of individual
comb lines centered at (a) 800, (b) 1064, and (c) 1290 nm.

wavelength are attributed to our use of a free-running CW laser.
The short-term intensity stability outside this region is about
10–20%. The zoomed-in high-resolution plots in Figs. 5(c)–5(e)
show the linear change in frequency of the 30 GHz comb modes
at center wavelengths of 800, 1064, and 1290 nm while tuning.

To the best of our knowledge, this is the first demonstration of
the full FSR spectral tuning with a broadband comb having mode
spacing appropriate for astronomical spectrograph calibration.
In doing so, we overcome the technical challenges of main-
taining microwave noise reduction with a filter cavity, retaining
the short ∼120 fs pulse, and generating broadband supercontin-
uum with constant spectral density. The same techniques can
be implemented with other astrocomb architectures, and the full
tunability will enable precise characterization of large-format
detector arrays as a critical step toward cm/s RV precision in
NIR and visible.
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