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Optical-optical double-resonance spectroscopy with a continuous wave pump and frequency comb probe
allows measurement of sub-Doppler transitions to highly excited molecular states over a wide spectral range
with high frequency accuracy. We report on assessment and characterization of sub-Doppler double-resonance
transitions in methane measured using a 3.3-μm continuous wave optical parametric oscillator as a pump and a
1.67-μm frequency comb as a probe. The comb spectra were recorded using a Fourier transform spectrometer
with comb-mode-limited resolution. With the pump tuned to nine different transitions in the ν3 fundamental
band, we detected 36 ladder-type transitions to the 3ν3 overtone band region, and 18 V-type transitions to
the 2ν3 overtone band. We describe in detail the experimental approach and the pump stabilization scheme,
which currently limits the frequency accuracy of the measurement. We present the data analysis procedure
used to extract the frequencies and intensities of the probe transitions for parallel and perpendicular relative
pump-probe polarization. We compare the center frequencies and relative intensities of the ladder-type transitions
to theoretical predictions from the TheoReTS and ExoMol line lists, demonstrating good agreement with
TheoReTS.
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I. INTRODUCTION

Methane has long been a molecule of intense scientific
interest [1,2]. It is an increasingly important fossil fuel and
greenhouse contributor [3], and it is produced or consumed by
many anaerobic organisms [4]. It is also the dominant source
of the opacity of many of the planets in our solar system [5]
and has been detected in the atmospheres of hot-Jupiter exo-
planets [6–8]. Accurate modeling of high-temperature spectra
of methane is important for astrophysical [9] and combustion
[10] applications. Currently, the most accurate and extensive
high-temperature methane line list is based on the combina-
tion of ab initio calculations from the TheoReTS database
[11] and the HITRAN2016 data [12]. However, the lack of
experimental high-temperature spectra prevents validation of
the accuracy of the theoretical predictions at temperatures
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above 1000 K [12,13]. Heating the sample to reach these
temperatures under controlled conditions is an experimen-
tal challenge, because methane decomposes to graphite and
hydrogen on warm surfaces, and the gas-phase spectra are
congested and difficult to assign [13–15].

The dominant spectroscopic signature of methane is its
vibration-rotation spectrum, including weak overtone and
combination bands extending into the visible spectral region.
Because of the near-coincidence of the normal mode frequen-
cies (ν1 ∼ ν3 ∼ 2ν2 ∼ 2ν4) and strong couplings between
them caused by the Fermi, Darling-Dennison, and Coriolis
resonances, the energy levels of methane form clumps of
strongly interacting states known as polyads [16]. The com-
plexity of methane spectra and their analysis rises rapidly
with increasing excitation energy and with temperature. The
ν3 fundamental C-H stretch band at 3000 cm−1 has been well
characterized. The pioneering saturation spectroscopy studies
investigated the temperature and pressure shift of the P(7) line
at 3.39 μm [17,18]. More recently high-accuracy experimen-
tal line lists were obtained using frequency comb-referenced
saturation spectroscopy [19–21]. The 2ν3 first overtone band
at 6000 cm−1 has also been investigated thoroughly. Abso-
lute transition frequencies were determined using saturation
spectroscopy [22,23] and Doppler-broadened dual comb spec-
troscopy [24], and extensive room- and low-temperature line
lists including broadening parameters have been reported
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FIG. 1. Energy level structure of the ν3 C-H stretching bands of
methane with the pump transition indicated in red and comb probe
transitions indicated in blue.

based on Fourier transform infrared (FTIR) spectroscopy
[25–28] and cavity ring-down spectroscopy [29–31]. Re-
cently, Ghysels et al. used a diode laser spectrometer to
record spectra at 1000 K in the Tetradecad region (5693–
6257 cm−1, dominated by the 2ν3 band) [14] and Wong et al.
recorded FTIR spectra in the 5400–9000-cm−1 range (up to
the Triacontad range) at temperatures up to 1000 K [13].
In both cases, the high-temperature spectra were compared
to predictions from the TheoReTS line list and very good
agreement was found up to the Icosad polyad (7700 cm−1).
The agreement in the 8200–8900-cm−1 range, part of the
Triacontad range, was worse, limited by the inaccuracies in
the line lists caused by the lack of experimentally assigned
spectra, which prevents empirical corrections to line positions.
Recently, Nikitin et al. presented an improved low- and room-
temperature line list in the 8850–9180-cm−1 range based on
FTIR measurements [32], again finding good agreement with
the TheoReTS predictions from the ground state. However,
firmly assigned transitions to the 3ν3 overtone band region
starting from highly excited levels are still largely missing
from the literature. De Martino et al. used optical-optical
double-resonance spectroscopy with 1.6-μm pump and 3.3-
μm probe nanosecond pulses to measure transitions from the
2ν3 to the 3ν3 band [33–35]. The resolution of this pioneering
work was limited by the optical sources to >0.12 cm−1, and
the frequency accuracy was estimated to be 0.03 cm−1. Thus
both the resolution and accuracy were substantially worse
than the Doppler width of methane transitions (∼ 0.01 cm−1

full width at 3.3 μm and 300 K).
In Companion Paper [36], we demonstrated the imple-

mentation of optical-optical sub-Doppler resolution molecular
double-resonance spectroscopy using a continuous wave (cw)
pump and a frequency comb probe and measured transitions
from the ν3 fundamental band of methane to the 3ν3 overtone
band region, as shown schematically in Fig. 1. The wide spec-
tral coverage and high frequency accuracy of the comb probe
allowed detection of a larger number of transitions with orders
of magnitude better frequency accuracy than previous double-

resonance measurements [33–35]. The saturating cw pump
laser addresses assigned transitions in the ν3 fundamental C-H
stretching band and transfers population from the lower quan-
tum state to the upper. The comb is used to simultaneously
probe transitions from the upper level of the pump transition
to levels in the 3ν3 region (ladder-type transitions), and from
the depleted rotational state of the ground vibrational state
to the 2ν3 levels (the V-type transitions). Since the pump is
monochromatic (linewidth <1 MHz), only a narrow velocity
group of molecules is excited by it, and the resulting probe
transitions are Doppler free, with a width limited by the homo-
geneous broadening [37]. This marks the double-resonance
transitions among the Doppler-broadened transitions of the
2ν3 band. The V-type probe transitions appear as narrow dips
in the Doppler-broadened lines sharing the lower level with
the pump transition, while the ladder-type probe transitions
appear as sub-Doppler absorption lines (see insets in Fig. 1).
The ratio of the probe transition intensities measured with
different relative polarizations of the two fields depends on the
change in rotational quanta of the pump and probe transitions
[38] and can be used to assign the quantum number of the
upper state.

The ladder-type transitions allow reaching levels that are
not allowed from the ground vibrational state. In the case of
CH4, transitions starting in the vibrational ground state are
only allowed to vibrational states with F2 symmetry, but from
the F2 symmetry ν3 level transitions are allowed to vibra-
tional states with A1, E, F1, and F2 vibrational symmetries
(but not A2). The final states reached in this work are part
of the n = 2ν1 + 2ν3 + ν2 + ν4 = 6 polyad, known as the
Triacontad as there are 30 ways to distribute the vibrational
quanta consistent with n = 6 [16]. However, this understates
the expected complexity as most of these states have multiple
quanta in degenerate vibrational modes and this leads to 280
distinct vibrational states (41 A1, 20 A2, 58 E, 71 F1, and 90 F2

symmetries) [16]. Coriolis interactions lift the degeneracy of
the E, F1, and F2 vibrational states leading to a total of 660
unique vibrational states.

In this paper, we describe in detail the experimental imple-
mentation of optical-optical double-resonance spectroscopy
using a cw pump and a frequency comb probe. We present
the pump and probe frequency stabilization schemes, the data
acquisition procedures, the method of detection of probe tran-
sitions, data processing and analysis, and the fitting routines.
We list the frequencies and widths of all detected V-type
and ladder-type probe transitions, and the term values of
the final states in the 8900–9100-cm−1 range reached by
the ladder-type excitation. We compare these term values to
those reached in the previous double-resonance measurements
[33–35]. We compare the frequencies and intensities of the
ladder-type probe transitions to theoretical predictions from
the TheoReTS [11,39] and Exomol [40,41] databases.

II. EXPERIMENTAL SETUP AND PROCEDURES

The experimental setup, which was the same as used in
Companion Paper [36], is shown in Fig. 2(a). The pump was
a singly resonant cw optical parametric oscillator (cw-OPO,
Aculight, Argos 2400 SF, module C) with idler tunable in the
3.1–3.7-μm range with up to 1 W of power. The probe was an
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FIG. 2. (a) Experimental setup. cw-OPO: optical parametric os-
cillator; BS: beam splitter; DM: dichroic mirror; HWP: half-wave
plate; RSSS fiber: Raman soliton self-frequency shift microstruc-
tured silica fiber; PM: power meter; FTS: Fourier transform
spectrometer. (b) Stabilization of the OPO idler frequency. EOM:
electro-optic modulator; PZT: piezoelectric transducer; f m: function
generator; DBM: double balanced mixer; PD: photodetector. (c) Sta-
bilization of the frequency comb. Curr: pump diode current; f -2 f
Int.: f -2 f interferometer; DDS: direct digital synthesizer; DRO:
dielectric resonator oscillator.

amplified Er:fiber frequency comb (Menlo Systems, FC1500-
250-WG) with 250-MHz repetition rate, spectrally shifted to
cover a bandwidth of 55 nm (200 cm−1) around 1.67 μm
(6000 cm−1). A sample of pure CH4 (purity 99.995%) was
contained in a liquid-nitrogen-cooled single-pass cell with
5-mm-thick uncoated CaF2 windows. The pump and probe
beams were combined using a dichroic mirror in front of
the cell and separated using a similar mirror behind the cell.
The cw-OPO beam had a Rayleigh range of 1.2 m and the
1/e2 intensity radius varied between 1.1 and 1.2 mm along
the cooled part of the cell. The comb beam had a waist in
the middle of the cell with 1/e2 intensity radius of 0.36 mm
(a Rayleigh range of 0.25 m). The transmitted probe beam
was led via a polarization-maintaining (PM) fiber to a Fourier
transform spectrometer (FTS). The polarization of the comb in
front of the cell was controlled by the use of a zero-order half-
wave plate with design wavelength of 1550 nm and set either
parallel or perpendicular to the polarization of the pump. A
second half-wave plate was used to align the polarization to
the slow axis of the PM fiber.

A. Pump frequency stabilization

The frequency of the idler wave of the cw-OPO was stabi-
lized to the center of a Lamb dip in a selected pump transition

FIG. 3. Frequency modulated Lamb dip error signal (top panel,
black) with fit [orange (gray)] and residuum (lower panel).

in the ν3 fundamental band of CH4 using a frequency mod-
ulated (FM) signal as a frequency discriminator, as shown in
Fig. 2(b). The idler frequency was first tuned to the vicinity
of the transition using a wavemeter (Burleigh, WA-1500-
NIR-89, ±0.0001 nm resolution, ±2×10−7 absolute relative
accuracy) that monitored the pump and signal frequencies
(not shown). Part of the beam (50 mW) was directed to a
16.5-cm-long reference cell filled with a few tens of mTorr
(a few Pa) of pure methane at room temperature. The idler
beam was back reflected, overlapped with the incoming beam,
and directed on a high-bandwidth HgCdTd photodiode (PD,
VIGO systems, PVI-4TE-8-1x1) using a pellicle beamsplit-
ter. The phase of the idler was modulated at a frequency
( fm) of ∼60 MHz (Anritsu MG3692A) with a modulation
index of 0.3 via phase modulation of the cw Yb:fiber pump
laser using a fiber-coupled electro-optic modulator (EOM,
Photline, NIR-MPX-LN-05) inserted between the seed (NKT
Photonics, Koheras Adjustik Y-10) and the amplifier (IPG
Photonics, YAR-10), as was previously done in Ref. [42]. The
detector signal was synchronously demodulated at fm (using a
mixer, amplifier and filters from MiniCircuits) to yield an FM
error signal, whose example is shown in Fig. 3. The detection
phase was adjusted by fine-tuning the modulation frequency
fm to yield the flattest possible baseline (see below). The error
signal was fed to a proportional-integral controller (Newport,
LB1005) and the correction was applied to a piezoelectric
transducer (PZT) that controls the cavity length of the Yb:fiber
seed laser. The closed loop bandwidth was a few kHz.

The FM Lamb dip error signal has contributions from
both the Doppler-broadened and sub-Doppler molecular re-
sponses, similar to what is observed in cavity-enhanced FM
spectroscopy [43]. The shape and amplitude of the two contri-
butions depend strongly on the detection phase and the ratio of
the modulation frequency to the linewidths [44,45]. The half
width at half maximum (HWHM) of the Doppler-broadened
lines in the ν3 fundamental band at room temperature is
140 MHz, while the HWHM of the Lamb dips is of the order
of 1–2 MHz. Thus, for a modulation frequency of 60 MHz
the FM signal from the Lamb dip gives rise to three sepa-
rate features, while that from the Doppler-broadened response
constitutes a broad, continuous structure. This implies that the
sub-Doppler signals reside on top of a sloping background.
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We adjusted the detection phase to make the slope of the
Doppler-broadened contribution as flat as possible, while
keeping the central feature of the FM Lamb dip signal large.

The sub-Doppler part of the FM error signal as a function
of frequency detuning from the center of the transition, �ν, is
given by [43]

S(�ν, fm, φ, δν, b)

= S0{[χdisp(�ν − fm/2, bδν ) − 2χdisp(�ν, δν )

+ χdisp(�ν + fm/2, bδν )] cos φ

+ [χ abs(�ν− fm/2, bδν)−χ abs(�ν + fm/2, bδν )] sin φ},
(1)

where χ abs(�ν, δν ) is the area-normalized Lorentzian ab-
sorption function with HWHM of δν, χdisp(�ν, δν ) is its
dispersion counterpart, S0 is an amplitude factor, which is
a function of the laser power, modulation index, molecular
absorption, and electronic gain, and φ is the detection phase.
The error signal consists of three features, one at the center of
the transition, and two side features separated from the central
one by half of the modulation frequency, ± fm/2 (see Fig. 7.6
in Ref. [46]). The central sub-Doppler feature comprises only
a dispersionlike signal that originates mostly from a carrier-
carrier interaction, i.e., the Bennett hole burned by the carrier
field and detected by the counterpropagating carrier. At a de-
tuning equal to half the modulation frequency, i.e., at ± fm/2,
the sub-Doppler features are a combination of absorption and
dispersion signals (at arbitrary detection phase), originating
from the carrier-sideband interactions, i.e., the Bennett hole
burned by the carrier and detected by the counterpropagating
FM sideband and a Bennett hole burned by the sideband
and detected by the carrier. This implies that the degrees of
saturation are dissimilar for the center and side sub-Doppler
features. Since this leads to different power broadening, the
widths of the central and side features are different. To reflect
this, the width of the side features is multiplied by a scaling
factor b (<1) in Eq. (1).

The upper panel of Fig. 3 shows in black the open loop
error signal recorded for the ν3 R(0) line at 70 mTorr with
50 mW of incident power while scanning the Yb:fiber seed
laser frequency using the PZT. The orange (gray) curve shows
a fit of a sum of Eq. (1) and a second order polynomial (used
to model the slowly varying Doppler-broadened background).
The PZT voltage was converted to a frequency scale using
a linear interpolation between the zero crossings of the three
sub-Doppler features (which are separated by fm/2). The fit-
ting parameters were S0, δν, b, and φ, and the fit returned
δν = 2.06(1) MHz, b = 0.67(1), and φ = 0.42(2) rad. The
sharp features in the residuum (lower panel) at detunings of
–30, 0, and 30 MHz originate from inaccuracies in the fre-
quency scale calibration (caused by nonlinearities in the PZT
response), while the slowly varying structure originates from
the remaining Doppler-broadened background, etalon signals,
and residual amplitude modulation (RAM).

The error signal drifted over time because of RAM in the
cw-OPO output, originating mostly from the Yb:fiber ampli-
fier [47]. The idler unlocked when the offset of the error signal
was equal to ±40% of the peak value. This implies that the
idler frequency was stable to within ±0.4δν = ±0.8 MHz.

This translates to an uncertainty in the center frequency of the
double-resonance probe transitions of ±1.6 MHz (the factor
of 2 comes from the ratio of the probe to pump frequencies,
which implies that the Doppler shift produced by an error in
the Lamb dip lock is twice larger for the probe than for the
pump). In our uncertainty analysis we assumed conservatively
that the maximum drift of the center frequency of the probe
transitions caused by the drift of the pump frequency was
2 MHz, and that the 1σ uncertainty was equal to 2/3 of that,
i.e., 1.3 MHz.

B. Comb probe frequency stabilization

The Er:fiber frequency comb was rf-stabilized to a GPS-
referenced Rb oscillator (Symmetricom, TSC 4410A) as
shown in Fig. 2(c). The carrier envelope offset frequency, fceo,
was measured using an f -2 f interferometer and stabilized at
20 MHz (twice the Rb source frequency) by feeding back to
the pump diode current of the Er:fiber oscillator. The fourth
harmonic of the repetition rate, frep, was mixed with a stable
980-MHz signal from a dielectric resonator oscillator (DRO),
referenced to the Rb oscillator. The resulting beat signal
around 20 MHz was phase-locked to a tunable direct digital
synthesizer (DDS) that used the Rb oscillator as a clock.
Feedback for frep stabilization was sent to a PZT and EOM
inside the oscillator cavity. During acquisition of spectra, the
DDS frequency was stepped by 2.78 Hz to shift the comb
repetition rate and decrease the sampling point spacing in the
final spectrum from 250 MHz (equal to frep) to 2 MHz (see
Sec. II D below).

The output of the Er:fiber oscillator, centered at 1.55
μm, was amplified and fed into a custom-made polarization-
maintaining Raman soliton self-frequency shift (RSSS) mi-
crostructured silica fiber. The RSSS fiber had a nonlinear
coefficient of 9.8 W−1 km−1 and anomalous dispersion of
∼26 ps nm−1 km−1 at 1.56 μm and provided a coherent and
efficient wavelength shift [48]. High modal birefringence (at
the level of 5×10−4) ensured a high polarization extinction
ratio of >20 dB. The center wavelength of the shifted soli-
ton was easily tuned by adjusting the output power of the
amplifier, and it was set to 1.67 μm, where the simultaneous
coverage was 200 cm−1 with 20 mW of power out of the RSSS
fiber.

C. Sample conditions

The sample cell was 80 cm long and the central 55-cm-long
part was cooled by liquid nitrogen to increase the absorption
signal of the low rotational quantum number states addressed
in this work. For transitions starting from states with Jlow = 0
and 1, the absorption coefficient at fixed pressure is propor-
tional to the number density (which has a T −1 dependence,
where T is the absolute temperature of the sample), the inverse
of the partition function (which yields a T −3/2 dependence
for the rotational partition function of a nonlinear molecule
[49]), and the normalized line shape function (which has a
T −1/2 dependence for Doppler-broadened transitions). This
gives a net T −3 dependence, so at a given pressure the peak
absorption coefficient of those transitions is expected to be 56
times stronger at T = 77 K than at room temperature. At the
actual sample temperature of 111 K (see Sec. III A below), the
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TABLE I. Experimental conditions for the different pump transitions. Column 1 shows the pump transition, column 2 states the pressure
at which the measurement was performed, while the corresponding linear peak absorption coefficient α and the saturation intensity are listed
in columns 3 and 4, respectively, where M is the quantum number for the projection of total angular momentum on the axis defined by the
pump electric field. Since the pump polarization is by definition parallel to the quantization axis, both states in the pump transition have the
same M quantum number. Column 5 displays the pump power measured behind the cell when the pump was unlocked and detuned from the
transition (off resonance), and locked to the transition (on resonance), while column 6 gives the calculated on-axis intensity at the input to the
cell (corrected for transmission of the CaF2 window and the dichroic mirror). Column 7 indicates the number of averaged spectra, where �
and ‖ stand for perpendicular and parallel relative pump-probe polarizations, respectively.

Pump Sample α at Saturation intensity Transmitted pump Input pump No.
transition pressure (mTorr) 111 K (cm−1) at 111 K (mW/mm2) power off, on resonance (mW) intensity (mW/mm2) averages

R(0) 30 0.171 1.46 (M = 0) 850, 150 500 16 �
11 ‖

R(1) 30 0.151 4.38 (M = 0) 890, 170 520 16
2.19 (M = ±1)

Q(1) 35 0.103 3.53 (M = ±1) 890, 170 520 16
P(1) 60 0.058 17.5 (M = 0) 850, 152 � 500 � 17 �

867, 175 ‖ 510 ‖ 5 ‖
P(2, E ) 58 0.085 13.6 (M = 0) 1130, 208 660 15 �

18.2 (M = ±1) 11 ‖
P(2, F2) 40 0.088 6.49 (M = 0) 940, 194 550 10 �

8.65 (M = ±1) 16 ‖
P(3, A2) 33 0.132 4.12 (M = 0) 850, 126 500 16 �

4.84 (M = ±1) 8 ‖
12.4 (M = ±2)

P(3, F1) 33 0.079 4.12 (M = 0) 850, 156 500 16 �
4.84 (M = ±1) 12 ‖
12.4 (M = ±2)

P(3, F2) 33 0.079 4.12 (M = 0) 700, 140 410 16 �
4.84 (M = ±1) 9 ‖
12.4 (M = ±2)

absorption signal for those transitions is enhanced by a factor
of 19 compared to room temperature.

The methane pressure in the cell was adjusted so that the
transmittance of the pump power on resonance was 20%,
which was found to yield a maximum V-type probe signal.
The pressure in the cell was monitored using a capacitive
vacuum gauge (Leybold, Ceravac CTR 101, max range 1 Torr,
0.12% relative uncertainty). The pump power transmitted
through the cell was monitored during the acquisition using
a power meter (Thorlabs, S302C). This allowed rejecting the
spectra for which the cw-OPO idler unlocked from the pump
transition, which manifested itself as an increase of transmit-
ted power.

Table I summarizes the experimental conditions for all
measurements with pump locked to nine different transitions
in the ν3 fundamental band, listed in column 1. Column 2
shows the CH4 pressure in the cell, while columns 3 and
4 display the corresponding linear absorption coefficient on
resonance, α, and the saturation intensity for the different M
(Zeeman magnetic) sublevels, respectively, both calculated at
a temperature of 111 K. The absorption coefficient was calcu-
lated assuming a Gaussian line shape function and using the
line intensities from the HITRAN database [50]. To calculate
the saturation intensities, we used relaxation rates obtained
by scaling the room temperature pressure self-broadening
coefficients listed in HITRAN [50], assuming a hard-sphere
collision model, i.e., T −1/2 dependence. Transition dipole mo-

ments were calculated from the Einstein A coefficients for
the pump transitions listed in the HITRAN database [50],
which are close to 25 s−1 for all transitions addressed in
this work. The transmitted pump power measured off and on
resonance (i.e., with pump unlocked and detuned from the
transition, or locked to the transition, respectively) is stated
in column 5. Column 6 shows the on-axis intensity of the
pump beam after the input window of the cell, calculated
as the transmitted off-resonance pump power in mW multi-
plied by 2/(1.15)2/π/TCaF2/TDM, where TCaF2 = 95% is the
transmission through the 5-mm-thick uncoated CaF2 window,
TDM = 88% is the transmission through the dichroic mirror,
and where a beam radius of 1.15 mm was assumed. The de-
gree of saturation varied between 30 and 340 for the different
pump transitions. Column 7 gives the number of spectra aver-
aged; for some spectra the number of averages was different
for parallel, ‖, and perpendicular, �, relative pump-probe po-
larizations, since the spectra for which the cw-OPO unlocked
from the Lamb dip were removed.

D. Spectral acquisition and baseline removal

The comb spectra were measured using a home-built
fast-scanning Fourier transform spectrometer (FTS) with
autobalanced detection [51] and comb-mode-limited (sub-
nominal) resolution [52,53]. The optical path difference was
calibrated using a frequency-stabilized 633-nm HeNe laser
(Sios, SL/02/1). The HeNe laser and comb interferograms
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were recorded using a digital oscilloscope (National Instru-
ments, PCI-5922, 5 MS/s sampling rate and 20 bit resolution)
and the comb interferogram was resampled at the zero cross-
ings and extrema of the HeNe interferogram. To sample the
comb modes precisely without the influence of the instrumen-
tal line shape, the nominal resolution of the FTS was set equal
to the comb frep (i.e., to 250 MHz) [52,53]. One interferogram
was acquired in 5.8 s and yielded a sample point spacing
of 250 MHz. The frep was then tuned 125 times in steps of
2.78 Hz, which resulted in a ∼2 MHz shift of the comb modes
per step. Spectra taken with the same frep value were averaged
up to 16 times (see Table I). Next, the baseline, originating
from the spectral envelope of the laser and etalon signals
from multiple reflections in the uncoated cell windows, was
removed using cepstral analysis based on the procedure de-
scribed in Ref. [54]. This method relies on analyzing the
spectrum in the time rather than the frequency domain, where
the contributions of the baseline and the molecular signal are
easier to separate. In particular, the contribution of a slowly
varying baseline is present mostly at the shorter times close to
the center burst, while the free induction decay of the molec-
ular signal extends to longer times. The baseline correction
was done on a 300-cm−1-wide piece of spectrum centered
at 6000 cm−1 containing 36 000 points spaced by 250 MHz.
First, the Doppler-broadened transmission spectrum of the
2ν3 band of CH4 was calculated in this range for the perti-
nent experimental conditions (temperature, pressure, and cell
length) using line parameters from the HITRAN database [50]
(see Sec. III A below for a detailed description of the model).
Next, the inverse fast Fourier transform (iFFT) of this model
spectrum was fit linearly to the iFFT of the measured spectrum
with an amplitude factor as the only fitting parameter. A step
weighing function was applied to both the model and the data
(after iFFT) to remove the first 1000 points from the fit, where
the baseline contribution is strongest. Afterwards, a residual of
the fit was calculated over all data points, and a step weighting
function was applied to keep the first 1000 points of the
residual and zero pad all other points. The weighted residual
transformed back to the frequency domain yielded a smoothed
baseline with a resolution of 0.3 cm−1 (9 GHz) interpolated to
the resolution of the measurement (250 MHz). This baseline
was used to normalize the transmission spectra. The same pro-
cedure was repeated for the 125 individual spectra recorded
with different frep values. The normalized spectra were inter-
leaved to yield the final spectrum with 2-MHz sampling point
spacing. The relative noise on the baseline in the middle of the
spectrum averaged 16 times was 4×10−4, which corresponds
to a noise equivalent absorption coefficient of 7.2×10−6 cm−1

after 3.2 h averaging.

III. DATA TREATMENT AND FITTING

A. Doppler-broadened lines

The entire probe spectrum spans 5900–6100 cm−1 and an
example of a spectrum recorded with the pump locked to the
R(0) line in the ν3 fundamental band with perpendicular rela-
tive pump-probe polarization is shown in Fig. 3 in Companion
Paper [36]. The central part of this spectrum, i.e., lines P(4)
through R(4), is shown in black in Fig. 4 below. The relative
intensities and the Doppler widths of these lines carry infor-

FIG. 4. Part of the Doppler-broadened spectrum (black) mea-
sured at 30 mTorr with pump locked to the R(0) fundamental
transition and perpendicular relative pump-probe polarizations (same
as shown in Fig. 3 in Companion Paper [36]) together with a fit of a
model [orange (gray)] used to extract the temperature of the sample.
The residuum is shown in the lower panel.

mation about the sample temperature. Therefore, to estimate
the sample temperature we fit a multiline model to the central
part of the Doppler-broadened 2ν3 overtone spectrum shown
in Fig. 4 (the weak lines between the R branch transitions
belong to other bands of CH4 and do not influence the result
of the fit because of their low signal-to-noise ratio). In the
model, the partition function and the frequencies, lower state
energies, and intensities of the transitions were taken from the
HITRAN database [50]. The line shape of each transition was
assumed to be Gaussian. The optical path length was fixed to
55 cm (corresponding to the cooled part of the cell) and the
pressure was fixed to the experimental value listed in Table I.
The temperature dependence of the line intensities was mod-
eled using Eq. (A11) in Ref. [55], and temperature was the
only fitting parameter. The orange (gray) curve in Fig. 4 shows
the result of the fit, which returned a temperature of 110.92(3)
K. Because of the temperature gradients in the cell, the
Doppler-broadened response is not purely Gaussian, as shown
by the zoom on the R(0) line in the inset (note that the sub-
Doppler V-type transition does not affect the fit). However, the
fit is more sensitive to the relative intensities of the lines, and
it clearly indicates that the temperature is higher than 77 K. A
similar fit to a Doppler-broadened spectrum recorded with the
pump off yielded a temperature of 101.0(1) K. We attribute
the fact that the temperature is higher than 77 K to inefficient
cooling by liquid nitrogen and the temperature gradient at the
edges of the Dewar. The fits to the Doppler-broadened spectra
taken with the pump locked to the nine different transitions
returned a temperature of 111(4) K, where the uncertainty
is the standard deviation for all data sets. The increase of
the temperature with the pump on is in good agreement with
numerical simulations of radial heat transport, which yield a
7-K temperature increase for the pump locked to the R(0) line.

B. Sub-Doppler lines

The V-type probe transitions can be easily found
in the spectrum as they appear in the centers of the
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Doppler-broadened lines sharing the lower level with the
pump transition. However, the positions of the ladder-type
probe transitions are not known a priori, therefore we im-
plemented a numerical procedure to identify them in the
spectrum. The interleaved spectrum was first divided by
a model of the Doppler-broadened 2ν3 overtone spectrum,
based on the HITRAN parameters [50] and the pertinent ex-
perimental conditions (same as described in Sec. III A, but
calculated over the entire probe range of 5900–6100 cm−1),
to remove the contribution from the Doppler-broadened re-
sponse from the spectrum. Next, to enhance the narrow
sub-Doppler peaks, the spectrum was convolved with a
20-MHz-wide (HWHM) Lorentzian dispersive function to
reduce the influence of noise and the residuum of the
Doppler-broadened lines. Thereafter, the first derivative of the
spectrum was calculated. Since the noise level across the spec-
trum was varying, the spectrum was normalized by a moving
mean of the square of the spectrum calculated over a window
of 10 000 points (i.e., 20 GHz, or 0.667 cm−1). Finally, a peak
finding routine (MATLAB “findpeaks” function) was applied
with a threshold set to detect peaks with a signal-to-noise
ratio (SNR) above unity. To reject false detections (some
peaks with SNR close to 1), all detected peaks were inspected
visually.

To retrieve the center frequency, the width, and the peak
value of each double-resonance probe transition, a Lorentzian
function was fit to the unmodified interleaved spectrum. The
fitting range was ±0.004 cm−1 (±120 MHz) around each
transition. First, the central part of this range (±0.001 cm−1,
±30 MHz) was masked and a second order polynomial was
fit to the baseline and subtracted from the data to remove
the Doppler-broadened background caused by elastic colli-
sions. After that, the Lorentzian function was fit with center
frequency, width and amplitude as fitting parameters using a
custom-written implementation of the Levenberg-Marquardt
algorithm. The uncertainties (standard errors) of the fit pa-
rameters were calculated as the square root of the diagonal
covariance matrix elements. The quality factor of each fit was
calculated as the ratio of the fit amplitude and the rms of the
residual.

As an example, the data and the fits to the probe transitions
detected with the pump locked to the P(3, F2) transition in
the ν3 fundamental band are shown in Fig. 5 for the V-type
[panels (a)–(c)] and the ladder-type excitations [panels (d)–
(f)] using perpendicular (black) and parallel [orange (gray)]
relative pump-probe polarizations. The V-type transitions are
shown together with the Doppler-broadened background of
the corresponding line from the 2ν3 band (in the fitting range
of ±0.004 cm−1). Since the different symmetry components
of the P(3), Q(3), and R(3) Doppler-broadened lines overlap,
the sub-Doppler V-type transitions appear on sloping back-
grounds. The assignment of the ladder-type probe transitions
shown in Figs. 5(d)–5(f) is based on TheoReTS (see Sec. IV A
below). Figure 5 in Companion Paper [36] shows three ad-
ditional examples of ladder-type transitions detected with the
pump locked to the R(0) transition in the ν3 fundamental band,
together with fits and residua. The results of the fits to all lines
are summarized in Tables II and III in Sec. IV.

FIG. 5. The (a)–(c) V-type and (d)–(f) ladder-type double-
resonance probe transitions detected with the pump laser locked to
the P(3, F2) fundamental transition for parallel [orange (gray)] and
perpendicular (black) relative pump-probe polarizations. The thin
curves in the upper panels show the data, while the thick curves
display the fits of the Lorentzian model and a second order poly-
nomial baseline [dashed orange (gray) for parallel polarization and
dotted black for perpendicular polarization]. The x-scale range in all
panels is 0.008 cm−1. Note the different y-scale ranges for the V-type
and ladder-type probe transitions. The two lower panels show the
corresponding residuals of the fits.

IV. LINE PARAMETERS

A. Center frequencies and widths

The wave numbers of the double-resonance probe
transitions were calculated as a weighted mean of the wave
numbers found from the fits to the probe transitions measured
using parallel and perpendicular relative pump-probe
polarizations. The inverse of the square of the fit uncertainty
(i.e., the variance) was used as a weight. The weight was put
to zero for all lines for which the quality factor was less than 2
[e.g., the orange (gray) curve in Fig. 5(a) or the black curve in
Fig. 5(b) in Companion Paper [36]]. The standard deviation of
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TABLE II. Experimental wave numbers (column 3) and widths (column 4) of the V-type probe transitions (column 2), corresponding to
transition frequencies in the 2ν3 overtone band, detected with pump laser locked to different pump transitions in the ν3 fundamental band
(column 1).

Pump transition ν3 band Probe transition 2ν3 band Probe transition wave number (cm−1) Probe transition HWHM (MHz)

R(0) R(0) 6015.66382(4) 6.2(2)

R(1) R(1) 6026.22685(5) 5.6(3)
Q(1) 6004.86265(5) 5.6(4)
P(1) 5994.14368(5) 7(1)

Q(1) R(1) 6026.22684(5) 4.9(4)
Q(1) 6004.86264(5) 4.4(4)
P(1) 5994.14370(5) 4(1)

P(1) R(1) 6026.22687(5) 4.6(3)
Q(1) 6004.86265(5) 4.7(4)
P(1) 5994.14371(5) 7(1)

P(2, E ) R(2,E) 6036.65385(5) 6(1)
P(2, E ) 5983.18341(5) 6(1)

P(2, F2) R(2, F2) 6036.65764(5) 4.2(4)
Q(2, F2) 6004.64356(5) 6.2(6)

P(2, F2) 5983.19366(5) 3.9(5)

P(3, A2) R(3, A2) 6046.96358(5) 3.9(4)

Q(3, A2) 6004.29224(5) 3.7(4)
P(3, A2) 5972.13391(5) 3.9(5)

P(3, F1) R(3, F1) 6046.94204(5) 2.7(3)
Q(3, F1) 6004.32864(5) 4.4(6)
P(3, F1) 5972.09529(5) 4.3(7)

P(3, F2) R(3, F2) 6046.95168(5) 4.5(5)
Q(3, F2) 6004.31281(5) 5.2(5)
P(3, F2) 5972.11235(5) 4.7(5)

the weighted mean was calculated using the assumption that
the inverse of the variance of the weighted mean is equal to
the sum of the inverse of the variances of the two values. This
standard deviation was below 3×10−5 cm−1 for all V-type
lines and for most of the ladder-type lines. The uncertainty
originating from the drift of the pump center frequency (1.33
MHz, or 4.3×10−5 cm−1; see Sec. II A above) was added
in quadrature to the standard deviation to yield the total
uncertainty.

The wave numbers of the V-type probe transitions are
summarized in column 3 of Table II. Column 1 indicates the
pump transition in the ν3 fundamental band while column 2
denotes the probe transition in the 2ν3 overtone band. The
frequency of the Q(2,E) probe transition with pump on the
P(2, E ) line is not reported because of the too low SNR. In
Companion Paper [36] we compared the frequencies of the
R(0), R(1), Q(1), Q(3, A2) and P(3, A2) probe transitions to
data available from previous high-accuracy measurements of
the 2ν3 band [22,24] and found agreement to within 0.5 MHz,
confirming the high accuracy of our measurements.

The last column of Table II reports the HWHM of the probe
transitions, weighted in the same way as the transition wave
numbers. These widths are in the 3–7-MHz range, dominated
by the power broadening by the pump.

The results for the ladder-type probe transitions are sum-
marized in Table III. Column 1 indicates the pump transitions

in the ν3 fundamental band and their upper state term values
(corresponding to the lower state term values of the probe
transitions) taken from Refs. [19,20]. Column 2 shows the
�J assignments of the probe transitions based on the Theo-
ReTS database (see below). Column 3 states the experimental
probe transition wave numbers, while column 4 gives the
corresponding final state term values, calculated as the sum
of the lower energy level of the probe transition (column 1)
and the experimental probe transition frequency (column 3).
Column 7 lists the HWHM of the probe transitions, which are
all in the 6–10-MHz range. The fact that the ladder-type probe
transitions are wider than the V-type probe transitions is a
consequence of the convolution over the molecular velocities
(Doppler shifts) [37]. For co-propagating pump and probe, the
linewidths of the V- and ladder-type transitions are three and
five times the homogeneous broadening calculated from the
power broadening, respectively.

Column 5 shows the term values of the final states reached
in the optical-optical double-resonance measurements of de
Martino et al. [33–35]. The resolution of that experiment was
three orders of magnitude lower than in our measurement,
and not sufficient to resolve the splittings in pump and probe
spectra for initial J > 1. For these cases, the previously mea-
sured transitions should be viewed as blends of more than one
transition, the final states of which are now resolved in our
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work. Therefore we list the final states from Refs. [33–35]
for each of our observed transitions that contributes to one of
theirs. We marked with an asterisk (*) those cases when more
than one of our states contribute to a term value determined
previously. Column 6 shows the difference between the final
state term values from the two measurements, which are all
below 0.13 cm−1. We note that in three cases the same final
state is reached in our work by different combinations of
transitions [e.g., P(1)-R(0) and Q(1)-Q(1)]. These states are
marked by symbols ‡, ∗

∗∗ , and † in column 4. The term values
agree within their uncertainties, which again confirms the high
precision of our measurement.

The following columns show comparisons of the ladder-
type transition parameters to theoretical prediction from the
TheoReTS [39] (upper number) and ExoMol [41] (lower
number, in italics) databases. Column 8 shows the transition
wave numbers, column 9 the difference between the observed
and the predicted transition wave numbers, and column 10 the
Einstein A coefficients of the transitions. The last column lists
the assignments of the final states.

The TheoReTS database provides a list of high tempera-
ture transitions containing the center wave numbers, the line
intensities at the requested temperature (up to 2000 K), the
lower energy levels, and the self- and air-broadening coef-
ficients (the two last parameters are constant for all lines).
The Einstein A coefficients, as well as the two main vibra-
tional mode contributions and their amplitude factors (see
below), were provided on request. The predicted TheoReTS
transitions were identified by searching the database for tran-
sitions with a lower state energy corresponding to the upper
level of the pump transitions within a ±0.05 cm−1 window.
When the lower levels listed in TheoReTS were not equal
to the HITRAN energy levels [50], the energy difference
EHITRAN − ETheoReTS was subtracted from the TheoReTS tran-
sition wave numbers to correct for this discrepancy. This
procedure allowed identifying between three and ten The-
oReTS lines for each pump transition within the measured
probe spectral range. The strongest lines matched the detected
probe transitions to within 1 cm−1. We note that the frequency
difference between predicted lines sharing the lower level is
a few tens of cm−1, allowing unambiguous assignment. The
difference between the observed and the predicted transition
wave numbers is listed in column 9 and plotted in Fig. 4 in
Companion Paper [36]. The mean difference is 0.19 cm−1 and
the mean of the absolute values of the difference is 0.52 cm−1.
The assignment of the measured transitions shown in column
2 was deduced from the upper and lower J values of the
corresponding predicted transitions.

The ExoMol database contains a file that lists state num-
bers, term values, and a complete set of quantum number
assignments for over one million calculated eigenvalues,
sorted by the J value (up to 12), then symmetry, and then the
term value (up to 23 000 cm−1). The assignments are based
upon the largest base set contribution to each eigenstate. An-
other series of files gives all calculated transitions grouped
in 100-cm−1 intervals, ordered by the transition wave num-
bers, with the Einstein A coefficients and the lower and upper
state numbers. Most of the transitions are highly forbidden,
so the dynamic range of the Einstein A coefficients is large.
For example, in the range between 5900 and 6100 cm−1,

136 transitions from the upper level of the P(3, F1) pump
transition are tabulated with Einstein A coefficients spanning
the range 5×10−1–1×10−8 s−1. Examination of the predicted
transitions in the region of the ν3 fundamental band provided
unambiguous assignment of the state label numbers for the
upper states of the pump transitions. However, unlike the case
of the TheoReTS list, assignments of the observed ladder-type
probe transitions to specific lines in the ExoMol list are not
always unambiguous. In each case, we selected the transition
starting from the assigned pumped state to a state with the
same J value as predicted by TheoReTS that had a large
Einstein A coefficient and was nearest to the observed tran-
sition wave number. These ExoMol transition wave numbers
are listed in column 8 of Table III, in each case in italics
and below the values from the TheoReTS list. Similarly, the
difference between the observed and the predicted ExoMol
wave numbers is listed in column 9, and the predicted Einstein
A coefficients are listed in column 10. The mean difference is
3.08 cm−1 and the mean absolute value of the difference is
5.05 cm−1. It is evident that the predictions of the ExoMol list
are about an order of magnitude less precise than those of the
more recent TheoReTS list in this energy region.

The final state assignments from TheoReTS and ExoMol
lists are given in column 11. In the 6000-cm−1 range the
strongest transitions from the ground state are to the 2ν3(F2)
state. This suggests that the 3ν3 ← ν3 transitions should be the
strongest in the double-resonance spectrum. The 3ν3 states are
near the top of the n = 6 polyad and are expected to be least
affected by Fermi resonances with the states with two quanta
in the bending modes (ν2, ν4). Despite this, it is evident from
the assignments predicted by theory, presented in Table III,
that there is substantial state mixing in this region. In the 3ν3

states, vibrational substates with symmetries A1 + F1 + 2F2

are infrared active from the F2 symmetry ν3 = 1 state [56],
all four of which are expected to contribute to the spectra.
A complete description of a normal mode state includes total
vibrational quantum number for each mode (n1, n2, n3, n4), a
vibrational angular momentum quantum number (l2, l3, l4) for
degenerate vibrational normal modes, and an angular momen-
tum projection quantum number (m3, m4) for the two triply
degenerate normal modes [57]. The ExoMol database lists all
these quantum numbers for the dominant contribution to each
state as n1ν1 + n2ν2(l2) + n3ν3(l3, m3) + n4ν4(l4, m4). Those
numbers are listed in italics in column 11. The TheoReTS
database provided only the total vibrational quantum numbers
and vibrational symmetries for the largest two contributions
to each eigenfunction. These are listed above the ExoMol
assignment. The percent values are 100 times the square of
the amplitude for the listed basis state. For some transitions,
the basis functions with the largest contribution have the same
labels. In these cases, we added the contributions from these
states. It needs to be pointed out that assignment solely based
on the largest one or two contributions to the wave function
expansion can be misleading, especially when eigenstates are
highly delocalized over the basis functions used in the varia-
tional calculation.

B. Line intensities

To evaluate the accuracy of theoretical predictions of hot
methane spectra, not only the wave-number accuracy of indi-
vidual lines must be estimated but also the relative accuracy of
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individual transition intensities. Accurate absolute experimen-
tal line intensities of ladder-type probe transitions are difficult
to obtain from the double-resonance measurements because
the exact population in the lower levels of the probe transitions
is not known. However, assuming equal collision relaxation
rates for the upper and lower states of the pump transition,
the steady state population in the pumped state should match
the depletion of the ground state, which can be estimated
from the fractional absorption dip in the V-type transitions.
Therefore, we normalize the areas of the ladder-type probe
transitions to the area of the V-type probe transition in the
Doppler-broadened line corresponding to the pump transition,
which removes the dependence on the population of the inter-
mediate state. We then compare these normalized intensities
to predictions based on the parameters from the HITRAN and
TheoReTS databases.

The area of each measured double-resonance probe tran-
sition was calculated as the product of the fit peak value and
width (HWHM) multiplied by π . Next, the weighted means
of the areas measured with parallel and perpendicular relative
pump-probe polarizations were calculated, where the weight
was 1 for parallel polarization and 2 for perpendicular, which
yields an isotropic average independent of the value of the
M quantum number. The experimental normalized intensities
ĪE were calculated by dividing the weighted area of each
ladder-type probe transition by the weighted area of the corre-
sponding V-type probe transition. When the pump was locked
to transitions with Jlow > 0 and multiple V-type transitions
were detected, we chose for normalization the area of the
V-type probe transition with the same Jup as the pump transi-
tion. For example, with the pump on the ν3 P(3, F2) transition,
we chose the V-type transition in the 2ν3 P(3, F2) transition,
shown in Fig. 5(a). This gives the same relative weight for
different M values of the two transitions, because linear ab-
sorption transitions with the same initial and final J values
have the same M dependence of the cross sections.

The predicted normalized intensities were calculated as
ĪP = (Aprogpro

j /Apumgpum
j )(vpum

i j /v
pro
i j )2, where Ak is the spon-

taneous emission rate (the Einstein A coefficient) of the
transition, gk

j is the upper state degeneracy, and vk
i j is the

transition wave number for the probe and pump transitions,
where k stands for probe (pro) or pump (pum). HITRAN
parameters were used for the 2ν3 band transitions (i.e., the
V-type probe transitions) and the TheoReTS line list was used
for the ladder-type probe transitions.

Figure 6 shows the logarithms (base 10) of the experi-
mental (red circular markers, log10 ĪE) and predicted (black
square markers, log10 ĪP) normalized intensities. The different
panels correspond to different pump transitions, as marked in
the panel. In general, the agreement is reasonably good and
further supports the assignments. In particular, the relative
intensities of the different probe transitions in the individ-
ual panels are reproduced well. The agreement between the
measured and predicted normalized intensities is particularly
good for the Q(1), P(2, E ), and P(3, F2) pumping cases. To
illustrate that, Table IV lists, in column 2, the mean and
standard deviation of the relative discrepancies between the
logarithms of the experimental and predicted normalized in-
tensities, log10(ĪE/ĪP ), for each pump transition. Column 3
shows the same values expressed as linear ratios, i.e., as ĪE/ĪP.

FIG. 6. Logarithm (base 10) of the experimental (red circular
markers) and predicted (black square markers) normalized intensi-
ties. See text for details.
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TABLE IV. Column 2 shows the mean (and standard deviation,
in parentheses) of the logarithms (base 10) of the ratios of the experi-
mental (ĪE) and predicted (ĪP) normalized intensities shown in Fig. 6.
Column 3 shows the mean (and standard deviation) of the linear
ratios between the experimental and predicted normalized intensities.

Pump transition Mean of Mean of
ν3 band log10(ĪE/ĪP ) ĪE/ĪP

R(0) −0.45(19) 0.38(16)
R(1) −0.204(95) 0.64(14)
Q(1) −0.112(71) 0.78(13)
P(1) −0.340(21) 2.2(1)
P(2, E ) 0.14(14) 1.4(5)
P(2, F2) 0.360(33) 2.30(18)
P(3, A2) 0.16(33) 1.7(9)
P(3, F1) 0.138(15) 1.37(5)
P(3, F2) 0.036(53) 1.09(13)

Significant deviations from 0 (or 1 for the linear ratios) beyond
the experimental uncertainties are evident for the R(0), R(1),
P(1), P(2, F2), and P(3, A2), P(3, F1) pumping cases. These
results can be used to estimate the relative precision of the
predicted intensities.

V. CONCLUSIONS

We report here on the detection and assignment of 36 sub-
Doppler resolution double-resonance transitions in methane
reaching 32 final states in the 3ν3 band region. The measure-
ment was done using a high-power cw pump and a comb
probe, whose spectrum was detected using a mechanical
Fourier transform spectrometer with comb-mode-limited res-
olution. The transition center frequency accuracy was in the
1.3-3 MHz range, limited by the pump frequency stability.

This allowed determination of the final state term values with
three orders of magnitude better accuracy than the previous
optical-optical double-resonance measurements [33–35].

The parameters of the transitions were compared to theo-
retical predictions from the TheoReTS and ExoMol databases.
The agreement between the center frequencies is an order
of magnitude better with TheoReTS than with ExoMol, and
thus the TheoReTS line list was used for line assignment.
The assignment was confirmed by the normalized transition
intensities (i.e., the ratio of the areas of the ladder-type probe
transitions and their corresponding V-type probe transitions).

Future work aims at detection of a larger number of double-
resonance transitions to highly excited levels of methane with
better frequency and intensity accuracy. To achieve higher
absorption sensitivity, we will replace the single pass cell with
an enhancement cavity for the comb. To increase the pump
stability, we will lock the pump laser directly to the comb.
These improvements will allow detection of a wide range of
weaker probe transitions with high signal to noise ratio.
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