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Direct frequency comb spectroscopy of HCN to evaluate line lists  
D. Michelle Bailey,a Eric M. Crump, a,b Joseph T. Hodges a and Adam J. Fleisher *a 

We report direct frequency comb spectroscopy of the 2ν1 band of H13CN in the short-wave infrared (λ = 1.56 μm) towards 
experimental validation of molecular line lists that support observatories like JWST. The laboratory measurements aim to 
test spectral reference data generated from an experimentally accurate potential energy surface (PES) and an ab initio 
dipole moment surface (DMS) calculated from quantum chemistry theory. Benchmarking theory with experiment will 
improve confidence in new astrophysics and astrochemistry inferred from spectroscopic observations of HCN and HNC. 
Here we describe our instrumentation and initial results using a cross-dispersed spectrometer with a virtually imaged 
phased array (VIPA).    

Introduction 
Hydrogen cyanide (HCN) has been observed in dense 
interstellar clouds [1], star-forming regions [2], comets [3], the 
atmosphere of Saturn’s moon Titan [4], the atmosphere of 
Pluto [5] and exoplanetary atmospheres [6,7]. When detected 
with the hydrogen isocyanide (HNC) isomer, the relative 
abundances of HCN and HNC and their respective isotopic 
compositions are used as indicators of local temperature and 
chemistry [8]. For example, HNC is suggested as a tracer to 
identify proto-brown dwarfs [9] and as a useful chemical clock 
for star formation [2]. In thermal environments, the HCN/HNC 
equilibrium constant becomes an important parameter [10]. 

In general, observational research into the chemistry or 
physics of many of these objects and associated phenomena 
depends upon models that use spectral reference data. 
Therefore, complete molecular line lists to model extreme 
environments, generated from theory and benchmarked by 
low-uncertainty experiments, are broadly required [11]. 
 For HCN and HNC, there are several sources of spectral 
reference data for modeling astrophysical observations. They 
include HITRAN [12], GIESA [13] and ExoMol [14]. In 2018, a 
calculated line-list for HCN and HNC showed improved 
agreement with experiments [15] and was merged into 
HITRAN2020 [12]. There, calculated transition intensities for 
H13CN were in good agreement with the transition intensities 
measured by dual electro-optic frequency comb spectroscopy 
[16]. A subsequently larger and more comprehensive update 
to the experimentally accurate potential energy surface (PES) 
and ab initio dipole moment surface (DMS) for HCN was 
recently completed and presented as the MOMeNT-90 line list 

[17] — intended for integration with a future HITRAN update. 
Importantly, the best theory for the molecular PES and DMS 
can include both HCN and HNC isomers. Therefore, 
benchmarking spectral reference data for either species can 
improve our ability to predict and model spectroscopic 
observations of both isomers. 
 Here we report direct frequency comb spectroscopy to 
benchmark HCN line lists calculated from theory. Specifically, 
we use a free-running mode-locked laser and a cross-dispersed 
spectrometer to resolve molecular absorption by rovibrational 
transitions. Our comb-mode-resolved spectrometer enables 
precise molecular spectroscopy of the 2ν1 band of H13CN in the 
short-wave infrared near a wavelength of λ = 1.56 μm. We 
report on spectrometer performance and compare the 
HITRAN2020 line list with our experimental results. Progress 
towards the acquisition of metrology-grade HCN and HNC 
spectral reference data using direct frequency comb 
spectroscopy in both the short-wave and mid-wave infrared is 
discussed. 

Experiment 
Optical frequency comb laser source 

Here we use an optical frequency comb [18,19] to perform 
direct molecular spectroscopy [20]. Illustrated in Fig. 1 are 
both the time-domain and frequency-domain representations 
of the high resolution and broadband laser source. In this 
work, we used mode-locked lasers as the frequency comb 
sources. In the time domain, the optical frequency comb 
emitted from a laser cavity comprises a series of pulses with a 
fixed period of 1/frep, where frep is the comb repetition rate. 
Illustrated in Fig. 1, the optical carrier frequency of the light 
pulses (blue line) and the laser pulse envelope (black dashed 
line) has a pulse-to-pulse phase shift defined as Δ𝜙𝜙 = 2πf0/frep, 
where f0 is the carrier-envelope-offset frequency. 
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Fig. 1. Illustration of an optical frequency comb. The top panel shows a time-domain 
representation of a train of laser pulses with an optical carrier frequency (blue line) and 
pulse envelope (black dashed line). The phase shift between the carrier and envelope is 
Δ𝜙𝜙 = 2πf0/frep. The bottom panel shows the corresponding frequency domain spectrum 
of the train of pulses, revealing individual comb teeth separated by the laser repetition 
rate frep and each with unique optical frequencies fm = mfrep + f0, where m is the tooth 
index and f0 is the carrier envelop offset frequency. 

The Fourier transform of the train of stable laser pulses 
yields a series of narrow-linewidth lasers in the frequency 
domain, each with a unique mode index m. Each tooth has a 
fixed frequency spacing of frep and an absolute optical 
frequency of fm = mfrep + f0. More details regarding frequency 
combs and their applications can be found in recent review 
articles (e.g., [21,22]). 
Direct frequency comb spectroscopy 

The direct frequency comb spectrometer reported here 
comprised a mode-locked laser source, repetition-rate-
monitoring electronics, fiber-coupled gas sample cell and 
cross-dispersed spectrometer. An illustration is shown in Fig. 2. 

 
Fig. 2. Direct frequency comb spectrometer. Shown in the block diagram are the mode-
locked laser source, gas sample and reference beam paths, sample cell, beam shaping 
optics and the cross-dispersed spectrometer. Fiber-coupled and free-space laser paths 
are illustrated with yellow and red arrows, respectively, and electronic signals for comb 
repetition rate monitoring are illustrated with black arrows. Image insets illustrate how 
the free-space laser beam profile transforms along its optical path, resulting in comb-
mode-resolved images being recorded by the infrared camera. Optical dispersion 
within the beam profiles is not illustrated. 

The frequency comb was a solid-state mode-locked laser 
(Menhir Photonics; MENHIR-1550) ‡ with repetition rate of frep 
= 1.00 GHz. The value of frep was monitored by measuring the 
beat frequency fbeat = 3×(frep−fLO), where fLO = 0.986 580 7 GHz. 

Therefore, fbeat ≈ 40 MHz. The carrier envelope offset 
frequency (f0) of the mode-locked laser was not stabilized and 
its value not monitored during measurements. As a result, 
each spectral acquisition comprises a highly precise grid of 
relative optical frequencies emitted from the mode-locked 
laser and defined by frep, but with an uncertain absolute offset 
frequency, f0. We note that the mode-locked laser used here 
can be self-referenced using an f–2f interferometer, thus 
creating an absolute frequency comb [23]. 

 
Fig. 3. Optical power spectrum of the mode-locked laser frequency comb after passing 
through the H13CN multipass gas-sample cell. RBW, resolution bandwidth of the optical 
spectrum analyzer. 

The fiber-coupled output of the frequency comb was 
connected to a 1×2 fiber optic switch. One arm of the switch 
output was fiber-coupled to a commercial multipass gas 
sample cell (Wavelength References; HCN-13-100), whereas 
the second arm bypassed the gas sample cell and was used as 
a spectral reference channel. The gas sample cell was also 
discussed in a prior publication [16] and contained H13CN of 
molecular purity of >95 % and isotopic purity of 99 % at a 
pressure of 13.2 kPa ± 0.3 kPa. The absorption path length was 
L = 79 cm ± 1 cm. The optical power spectrum of the comb 
after passing through the H13CN sample is shown in Fig. 3. 

The sample and reference arms were recombined in fiber 
and the collimated output was sent into free space towards a 
pair of lenses for beam expansion to a 20 mm collimated beam 
diameter. The larger-diameter beam was then sent to the 
spectrometer which ultimately resolved individual frequency 
comb modes on a two-dimensional detector array. 
Cross-dispersed spectrometer and image analysis 

The cross-dispersed spectrometer comprised a cylindrical lens, 
virtually imaged phased array (VIPA) etalon, double-passed 
ruled diffraction grating, imaging lens and infrared camera. 
The experimental set-up shares some similarities with several 
other previously reported comb-mode-resolved spectrometers 
[24–29].  

The cylindrical lens creates a line-focused beam profile at 
the entrance of the VIPA etalon, as illustrated in the top of Fig. 
2. The VIPA etalon (Light Machinery; OP-6721-6743-8) is 
oriented such that the incident beam enters ≈1° off-normal. 
Transmission of the high-dispersion VIPA is governed by its 
dispersion law [30] and its characteristics determine several 
important spectrometer parameters. These include the VIPA 
etalon linewidth (full-width at half maximum), δ𝜈𝜈VIPA = 0.107 
GHz; free-spectral-range (FSR), 𝜈𝜈FSR = 15 GHz; and finesse, ℱ = 
140. 

Dispersion from the VIPA is further separated — or cross-
dispersed — using a ruled diffraction grating to create the two-
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dimensional image. Rotation of the diffraction grating results 
in a different portion of the broadband laser source being 
incident on the camera. Therefore, broadband optical tuning 
of the spectrometer was achieved by rotating the diffraction 
grating to a new position. 

An example image from the cross-dispersed spectrometer 
is show in Fig. 4. Each gray dot is signal from a unique optical 
frequency comb tooth convolved with the instrument line 
shape (ILS) function. The ILS is a combination of the VIPA 
etalon linewidth and any additional broadening components 
such as standard single slit transmission broadening found in 
grating spectrometers. The composite ILS is modeled here by a 
simple Voigt function fitted for each imaged comb tooth along 
the vertical VIPA-dispersion direction. An example ILS fit is 
shown in Fig. 4 for a representative column of pixels from a 
typical reference image without molecular absorption.  

 
Fig. 4. Cross-dispersed spectrometer reference image with comb-mode resolution. The 
light gray dots on a field of black background are the resolved comb teeth, each with a 
unique and precisely known optical frequency. The vertical axis in the image is the VIPA 
dispersion direction and the horizontal axis is the grating dispersion direction. Counts 
from a column of pixels comprising one VIPA etalon free-spectral range is highlighted 
by the green box. On the far-left hand side is a rotated plot of camera counts vs. 
relative pixel position (gray dots) and the sum of the fitted instrument line shape (ILS) 
functions (black line). 

With 𝜈𝜈FSR = 15 GHz and frep = 1.00 GHz, there are 15 unique 
optical frequency comb teeth that comprise each column of 
unique comb teeth in Fig. 4. The VIPA orders are spatially 
separated in the horizontal dimension by the grating, and each 
image comprises up to 30 VIPA orders. Therefore, our 
spectrometer covers a bandwidth of 450 GHz at a single 
grating position, or 15 cm−1 in the short-wave infrared near 
6410 cm−1. The fitted full-width at half maximum of the 
composite ILS is nominally 0.44 GHz across the majority of the 
image, yielding a spectrometer resolving power of R = 𝜈𝜈/δ𝜈𝜈 = 
4.4 × 105. 

At an image integration time of 100 μs, we observe several 
thousand camera counts at the peak of each comb tooth. 
Here, the spectrometer bandwidth and resolving power are 
limited by our initial optical alignment and the choice of 
available imaging and beam shaping optics and can be 
improved by the inclusion of achromatic lenses and the 
subsequent reduction of optical aberrations near the edges of 
the image at the camera focal plane array. 
Spectral modeling 

To model the experimental transmission spectrum, the cross-
dispersed spectrometer ILS function, 𝐺𝐺(𝜈𝜈�), can be convolved 
with the molecular transmission spectrum simulation as 
sampled at each comb tooth [31]. This is written in Eq. (1): 

 𝒯𝒯(𝜈𝜈�) = exp{−𝛼𝛼(𝜈𝜈�)𝐿𝐿}⨂𝐺𝐺(𝜈𝜈�). (1) 

Above, 𝛼𝛼(𝜈𝜈�) is the absorption coefficient as a function of 
wavenumber, 𝜈𝜈�, and L is the sample path length. 

Alternatively, the ILS can be effectively deconvolved from 
the columns in each experimental image (e.g., Fig. 4) by the 
sifting property of a delta function. By assuming that the comb 
tooth linewidth is negligible compared to the ILS width, the 
modeled molecular transmission spectrum can be directly 
compared with the deconvolved comb tooth intensities. 

The choice of modeling approach may depend upon the 
resolution of the cross-dispersed spectrometer compared to 
the comb mode spacing. Here in the short-wave infrared, with 
a nominal resolution of 0.4 GHz and a comb mode spacing of 
frep = 1.00 GHz, the comb modes may be considered resolved 
and effective deconvolution pursued. 
Analysis of spectral noise limits 

Here we present a brief analysis of the anticipated noise limits 
based on infrared camera manufacturer specifications and 
observations, optical frequency comb power measurements 
and estimated spectrometer throughput. We consider the 
following sources:  detector noise, photon shot noise and 
quantization noise due to finite camera bit depth. 
 To estimate the influence of detector noise, we converted 
the camera noise-equivalent temperature difference of NETD = 
60 mK to an irradiance noise from a blackbody source at a 
laboratory temperature of T = 297 K. Here we assume that 
only photons within the camera wavelength responsivity range 
of 1.5 μm to 5.1 μm contribute to the noise. To convert the 
calculated blackbody radiance [32] to irradiance at the planar 
detector array, we multiplied by the conical solid angle Ω = 
0.15π sr — accounting for the aperture-limited detector field-
of-view of θ = 45°. Then we estimated the change in irradiance 
with respect to temperature (dEe,bb/dT) near T = 297 K. The 
detector irradiance noise was compared to the irradiance from 
a single comb tooth of index m, Ee,m = Pm/Am, where Pm = 10 
nW is the estimated optical power per comb tooth and Am = 
2300 μm2 is the estimated area covered by a resolved comb 
tooth of imaged radius r = 27 μm (equivalent to 1.8 pixels): 

 (SNR)d = 𝐸𝐸𝑒𝑒,𝑚𝑚/ �𝑑𝑑𝐸𝐸𝑒𝑒,bb

𝑑𝑑𝑑𝑑
NETD� ≈ 2100. (2) 

The photon shot-noise-limited SNR is estimated from the 
square-root of the maximum time-integrated number of 
photoelectrons per pixel. First, we estimate the maximum 
number of time-integrated photons per pixel as 

 𝑁𝑁photons = 𝑃𝑃𝑚𝑚Δ𝑡𝑡𝐺𝐺𝑝𝑝(0)/(ℎ𝜈𝜈), (3) 

where Δt is the camera integration time, Gp(0) is the maximum 
of the area-normalized ILS function in units of pixel−1, h is the 
Planck constant, 𝜈𝜈 = c/λ is the photon frequency, c is the speed 
of light. Then, for Δt = 100 μs, Gp(0) = 0.23 pixel−1, λ = 1.56 μm 
and a InSb detector quantum efficiency of ηQE = 0.95: 

 (SNR)s = �𝜂𝜂QE𝑁𝑁photons ≈ 1300. (4) 
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 Finally, the quantization-noise-limited SNR due to finite 
camera bit depth of n = 14 bits is estimated from the quantity 
ηQENphotons divided by the charge capacity of each pixel, Ne− = 
6.5 × 106 multiplied by the maximum number of digitizer 
counts, Cmax = 2n = 16 384: 

 (SNR)q = 𝜂𝜂QE𝑁𝑁photons
𝑁𝑁e−

𝐶𝐶max ≈ 4300. (5) 

From the quadrature sum of noise levels, we anticipate an 
achievable single-image SNR ≈ 1100 for Pm = 10 nW. The SNR 
on a transmission spectrum calculated from the ratio of two 
such images would then be SNR = 1100/√2 ≈ 780, resulting in 
a transmission spectrum baseline noise of 1/SNR = 0.0013. 

Results and discussion 
The 2ν1 band of H13CN near λ = 1.56 μm 

The direct frequency comb spectrum of the H13CN recorded 
over a wavelength (wavenumber) range of λ = 1.548 μm to λ = 
1.565 μm (𝜈𝜈� = 6388 cm−1 to 𝜈𝜈� = 6458 cm−1) is plotted in the top 
panel of Fig. 5. The transmission spectrum — recorded in 200 
μs per grating position, over a total of six positions — is 
plotted as blue dots. The HITRAN2020 simulation is plotted as 
the red line and inverted for clarity. 

 

 
Fig. 5. Direct frequency comb spectroscopy of the 2ν1 band of H13CN near λ = 1.56 μm. 
Top panel, comb-tooth-resolved transmission spectrum of H13CN (Exp., blue dots) and 
HITRAN2020 simulation (inverted; Sim., red line). Bottom panel, a zoom-in near the 
P 25e transition at 6399.744 cm−1. There, the standard deviation of the observed-
minus-calculated residuals (offset by +1.1; O−C, black line) is 0.017. 

At each grating position, the experimental transmission 
spectrum was calculated from the ratio of two images, 
obtained by alternating the 1×2 fiber optic switch between 
sample and reference paths. Each image was background-
subtracted using a blank camera image (no comb light) 
recorded before or after the probe and reference image series, 
and normalized counts from each column were fitted to a 3rd-
order polynomial baseline function along with the 
HITRAN2020 model simulated at experimental conditions 
using Voigt line profiles. 

The observed SNR for the data in Fig. 5 is below the 
projections reported earlier in the paper. One source of 
reduced SNR is the optical transmission through the sample 
arm of the fiber-optic switch illustrated in Fig. 2. The comb-
tooth counts in the sample probe images are a factor 30 lower 
than in the reference image — a result of broadband optical 
attenuation likely due to a malfunctioning or damaged fiber 
component. Reducing the power per comb mode from Pm = 10 
nW to Pm = 0.33 nW reduces the expect detector-noise-limit to 
SNR ≈ 71 — or a baseline noise level of 1/SNR = 0.014. 

This lower SNR predicted at the observed lower optical 
power is commensurate with the standard deviation of the 
fitted residuals found for the P 25e transition of the 2ν1 band 
of H13CN. The observed-minus-calculated residuals are plotted 
in the bottom panel of Fig. 5 as a black line, offset for clarity by 
+1.1. The standard deviation of the residuals from a Voigt line 
profile is 0.017, for a maximum spectral SNR ≈ 58. Progress 
towards closing this SNR gap for the two-image transmission 
spectrum is ongoing. The results will improve our ability to test 
various HCN line lists against precision direct frequency comb 
spectroscopy. 

Outlook 
Mid-infrared direct frequency comb spectroscopy 

In addition to the short-wave infrared direct frequency comb 
spectroscopy of H13CN reported here, we also introduce our 
instrumentation for precision mid-wave infrared spectroscopy 
in the vicinity of the 3ν2 band of H12CN near λ = 4.73 μm (2115 
cm−1). 
 The laser source for our mid-wave infrared system is a 
commercial difference frequency generation comb (Menlo 
Systems; Mid-IR Comb) with tuneable output from 4.45 μm to 
4.75 μm and instantaneous bandwidth of >90 cm−1. The comb 
has a repetition rate of frep = 0.250 GHz and a carrier envelope 
offset frequency equal to zero by design [33]. The cross-
dispersed spectrometer comprises a VIPA etalon (Light 
Machinery; OP-7553-3000-1), ruled diffraction grating and 
camera, and performs over a bandwidth of 30 cm−1 per grating 
position as previously demonstrated on N2O [31]. 

Beyond quantitative line-by-line analysis of rotationally 
resolved vibrational spectra, cross-dispersed spectrometers 
can also be leveraged to study broadly absorbing species. 
Shown in Fig. 6 is an experimental transmission spectrum for a 
pure sample of sulfur hexafluoride (SF6) recorded at a pressure 
of 99.8 kPa and a temperature of 297 K (blue line) compared 
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to reference data from the Pacific Northwest National 
Laboratory (PNNL) gas-phase spectral database (red line, 
inverted) [34]. PNNL absorbance data was converted to 
spectral transmittance [35,36] and then convolved with the 
median value for the empirically derived ILS function from 
contemporary experiments on N2O reported in Bailey et al. 
[31]. The sample path length was 7 cm. 

 
Fig. 6. Direct frequency comb spectrum of SF6 (Experiment, blue line) recorded in the 
mid-wave infrared at a wavelength near 4.49 μm. Also plotted is the spectrum from the 
PNNL database (inverted; Simulation, red line) [34], convolved with our estimated 
instrument line shape (ILS) function [31]. 

 The spectrum of SF6 is reported here as a test case for our 
mid-infrared system. The results illustrate potential for 
quantitative evaluation of a range of molecular targets 
including complex organic molecules like polycyclic aromatic 
hydrocarbons (PAHs) and simple alcohols (i.e., methanol) — 
many of which are useful to probe astrochemical and 
astrophysical phenomena [37]. 

Conclusions 
Presented here is an experimental setup to perform direct 
frequency comb spectroscopy of H13CN in the short-wave 
infrared near a wavelength of 1.56 μm. We used a mode-
locked laser with repetition rate of 1.00 GHz as the laser 
source and a cross-dispersed design with a virtually imaged 
phased array as the spectrometer. The studied 13C-enriched 
HCN gas sample was contained within a commercial glass-
sealed and fiber-coupled optical multipass cell. We report an 
initial spectrum of H13CN in the short-wave infrared and 
compare with a model from HITRAN2020. The initial results 
show good agreement with the database, but at reduced 
experimental signal-to-noise ratio due to optical power losses 
upstream of the spectrometer. 
 Future work will focus on applying this experimental setup 
to measure high-precision and low-uncertainty spectral 
reference data including parameters like intensities, positions 
and line-shapes. We also aim to compare our results with 
those obtained from dual electro-optic frequency comb 
spectroscopy (e.g., [16]), and to apply our cross-dispersed 
spectrometer approach to the direct frequency comb 

spectroscopy of H12CN in the mid-wave infrared near a 
wavelength of 4.73 μm. 
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