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We report the first measurement of sub-Doppler molecular response using a frequency comb by

employing the comb as a probe in optical-optical double-resonance spectroscopy. We use a 3.3 ym
continuous wave pump and a 1.67 um comb probe to detect sub-Doppler transitions to the 2v; and 3v;
bands of methane with ~1.7 MHz center frequency accuracy. These measurements provide the first

verification of the accuracy of theoretical predictions from highly vibrationally excited states, needed to
model the high-temperature spectra of exoplanets. Transition frequencies to the 3v; band show good

agreement with the TheoReTS line list.

DOI: 10.1103/PhysRevLett.126.063001

Methane is the first organic molecule detected in the
atmosphere of hot-Jupiter exoplanets via satellite- and
ground-based observations [1,2]. The observed spectra
carry information about the conditions in the exoplanet’s
atmosphere, photochemistry, and planetary formation. To
extract this information, accurate theoretical models of the
gas-phase high-temperature spectra are needed, verified by
high-precision laboratory measurements [3,4]. Theoretical
spectra can be produced using the parameters from the
ExoMol [5,6] or TheoReTS [7,8] line lists obtained from
ab initio calculations, but firmly assigned experimental
transitions from highly excited levels are needed to judge
the accuracy of these predictions. Rotationally resolved
spectra of methane have been reported up to 16 180 cm™!
[9], but at present only those up to the lower part of the
Icosad polyad (6800 cm™') are satisfactorily assigned
[10,11]. Reaching highly excited levels by thermal exci-
tation requires heating the sample to high temperatures
(~1000 K), which leads to congested spectra that are
difficult to assign. Recently, the TheoReTS line list was
found to provide good agreement with high-temperature
experimental spectra up to the Icosad range (7600 cm™")
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[12,13] and with low- and room-temperature spectra
recorded in the 9000 cm~! region [14]. However, firmly
assigned experimental hot band transitions reaching levels
above 8000 cm~! are needed to allow empirical corrections
to line positions in the Triacontad range and thus more
accurate modeling of the high-temperature spectra [13,15].

Optical-optical double-resonance (DR) spectroscopy [16]
is a powerful tool for assignment of highly excited energy
levels [17]. It provides a way to use an already assigned
transition to unambiguously identify the lower or upper state
quantum numbers of measured spectra. In optical-optical DR
spectroscopy a saturating pump laser transfers the population
of a single quantum state into another state, and a weaker
probe laser measures transitions from (to) the selectively
populated (depopulated) states. Figure 1(a) shows the case
when the pump addresses transitions in the fundamental C—
H stretching band and the probe frequency is roughly twice
the pump frequency. Two types of DR excitations can be
observed: V-type excitations, in which the pump and probe
transitions share a common depleted rotational state in the
ground vibrational states, and ladder-type excitations, in
which the upper level of the pump transition is the lower
level for the probe. When a monochromatic pump is used,
only a narrow velocity group of molecules is excited, and the
resulting probe transitions are free of Doppler broadening
[18]. This is particularly advantageous for CH,, where many
transitions overlap in the Doppler-broadened spectra. If the
pump transition is already assigned, the lower state quantum
number of the DR probe transitions is known. Moreover, the

Published by the American Physical Society
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FIG. 1. The energy level structure of the v3 C-H stretching
bands of methane with pump (red) and probe transitions indicated
for (a) a single frequency probe (black) and (b) a frequency comb
probe (blue).

ratio of the probe transition intensities measured with
different relative polarizations of the two fields depends
upon the change in rotational quanta of the pump and probe
transitions [19] and can be used to assign the quantum
number of the upper state. In V-type excitations, the probe
transitions appear in the linear absorption spectrum as sub-
Doppler dips in the Doppler-broadened lines sharing lower
level with the pump. The ladder-type probe transitions, on
the other hand, appear in the spectrum as sub-Doppler
absorption lines and allow one to reach levels that are not
allowed from the ground vibrational state.

Optical-optical double-resonance spectroscopy of CHy
reaching the states in the 3v; band was previously reported
by de Martino et al [20-22] using nano-
second pump and probe pulses in the 1.6 and 3.3 ym
spectral regions, respectively. Both the sensitivity (few
percent absorption noise) and the spectral resolution
(>0.12 cm™!) were limited by the optical sources and
not sufficient to accurately resolve the narrow transitions.
Very recently, Okubo et al. [23] used 3.3 um continuous
wave pump and probe lasers referenced to a frequency
comb to determine frequencies of ten Q-branch transitions
to the 2v; band with accuracy of a few tens of kilohertz.
However, the spectral coverage of the probe was only
0.18 THz (5.3 cm™!), which makes searching for multiple
unknown narrow probe transitions impractical.

Here we use a high-power 3.3 yum continuous wave
pump and a 1.67 um frequency comb probe [see Fig. 1(b)]
to record sub-Doppler DR transitions of methane over
6 THz (200 cm™') of bandwidth with 1.7 MHz
(5.6 x 107 cm™") center frequency accuracy. The V-type
probe transitions allow precise determination of center
frequencies of transitions to the 2v3 band and we compare
them to results of previous studies [24,25] to confirm the
measurement accuracy. The ladder-type probe transitions
reach rovibrational states in the ~9000 cm~! energy region
and we compare their frequencies to predictions from the
TheoReTS database [7].
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FIG. 2. Experimental setup. BS, beam splitter; DM, dichroic
mirror; HWP, half-wave plate; RSSS fiber, Raman soliton self-
frequency shift microstructured silica fiber; PM, power meter.

The experimental setup is shown in Fig. 2. The pump
was a singly resonant continuous wave optical parametric
oscillator (cw-OPO, Aculight, Argos 2400 SF, module C)
with idler tunable in the 3.1-3.7 um range with power up to
1 W. The idler frequency was first tuned to the vicinity of
the selected pump transition in the v3 fundamental band
using a wave meter (Burleigh, WA-1500-NIR-89,
40.0001 nm resolution, £2 x 10~7 absolute relative accu-
racy) that monitored the pump and signal frequencies.
Next, the idler frequency was stabilized to the center of the
addressed transition using a frequency modulated Lamb-
dip error signal from a reference cell filled with pure CH,
(see Ref. [26], for details of the stabilization scheme). This
lock provided long-term frequency stability of the idler of
41 MHz, limited by a drift of the offset of the error signal.
This translates into a maximum uncertainty of the probe
transitions of +2 MHz, and we assume that the lo
uncertainty is equal to 2/3 of that, i.e., £1.33 MHz. In
total, DR spectra were recorded with the pump locked to
nine different transitions in the v; fundamental band, viz.
R(0), R(1), P(1), Q(1), P(2.E), P(2.F,), P(3.4;),
P(3,F,), and P(3,F,).

The probe was an amplified Er:fiber frequency comb
(Menlo Systems, FC1500-250-WG) with 250 MHz rep-
etition rate and 400 mW output power around 1.55 ym. The
comb spectrum was shifted to cover 55 nm (200 cm™!)
around 1.67 pm (6000 cm~") with 20 mW of power using a
custom-made polarization-maintaining Raman soliton self-
frequency shift microstructured silica fiber [27]. The comb
was rf-stabilized to a GPS-referenced Rb oscillator, as
described in Ref. [26]. The carrier envelope offset fre-
quency was fixed at 20 MHz, while the repetition rate, f.,,
was locked to a tunable direct digital synthesiser that
allowed stepping of the comb mode frequencies during
spectral acquisition.

A sample of pure CH, was contained in an 80-cm-long
single-pass cell with CaF, windows. The central 55-cm-
long part was liquid-nitrogen-cooled to increase the absorp-
tion signal. 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 OPO beam was
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collimated with a radius of ~1 mm along the length of the
cell, while the comb beam had a radius of 0.36 mm at the
waist in the middle of the cell. The power of the transmitted
pump beam was monitored using a power meter. The
transmitted probe beam was coupled into a polarization-
maintaining fiber and led to a home-built fast-scanning
Fourier transform spectrometer (FTS) with autobalanced
detection [28]. A zero-order half-wave plate with design
wavelength of 1550 nm was used in front of the cell to
adjust the polarization of the probe to be parallel or
perpendicular to the pump polarization. The second
zero-order half-wave plate, positioned after the cell, was
used to align the polarization of the comb light to the slow
axis of the polarization-maintaining fiber.

The pressure in the cell was adjusted so that the trans-
mission of the pump power on resonance was 20%, which
was found to yield a maximum V-type probe signal. This
corresponded to 30-60 mTorr for the different pump
transitions. All pump transitions were strongly saturated,
with the on-axis intensity at the entrance of the cell 30-340
times above saturation. The experimental conditions for all
pump transitions are summarized in Ref. [26].

The nominal resolution of the FTS was set to 250 MHz to
enable precise measurements of comb mode intensities
without the influence of the instrumental line shape
[29,30]. One interferogram was acquired in 5.8 s and yielded
a sample point spacing of 250 MHz. The f ., was then tuned
125 times in steps of 2.78 Hz, which resulted in a ~2 MHz
shift of the comb modes per step. These 125 spectra were
background corrected, interleaved, and averaged (up to 16
times) to yield a noise equivalent absorption coefficient of
7.2 x 107 cm™! after 3.2 h averaging. The measurement
was then repeated with the probe polarization rotated by 90°.

Figure 3 shows the probe spectrum recorded with the
pump locked to the R(0) transition in the v fundamental
band and with perpendicular pump-probe polarizations.
Most of the lines in the spectrum are Doppler-broadened
transitions in the 2v5 overtone band. A fit to the Doppler-
broadened spectrum, described in detail in Ref. [26],
revealed that the sample temperature was 111(4) K, i.e.,
significantly above 77 K. We attribute this to inefficient
cooling of the cell and contributions from the warmer gas in
the uncooled part of the cell (temperature retrieved from a
spectrum with pump beam off was found to be 100 K), as
well as to the heating by the pump beam (predicted to yield
7 K temperature increase).

The inset in Fig. 3 shows an enlargement of the 2u;
overtone R(0) transition, in which the sub-Doppler V-type
probe transition is visible. This transition has a full width at
half maximum of 12.9(2) MHz and a depth of 40% relative to
the Doppler-broadened line. The predicted width and depth
of this transition are 8 MHz and 50%, respectively, where the
width is dominated by the power broadening of the pump
transition. This indicates that the probe transition may be
additionally broadened by the frequency jitter of the pump.
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FIG. 3. The 2v; overtone and DR spectrum of 30 mTorr of

methane measured with the comb probe when the pump is locked
to the fundamental R(0) transition and the relative pump-probe
polarizations are perpendicular. The inset shows the V-type probe
transition in the 2v5; overtone R(0) line.

In total, for the nine different pump transitions we
detected V-type resonances in 18 different overtone tran-
sitions, listed in Table II in Ref. [26]. The center frequen-
cies of five of these V-type resonances, obtained from a fit
of a Lorentzian function, can be compared to the center
frequencies of the corresponding 2v; overtone transitions
measured in the Doppler-limited regime by Zolot et al. [25]
using dual comb spectroscopy (DCS). This comparison is
shown in Fig. 4, where the error bars are combinations of
the uncertainties originating from the fit and the frequency
stability of the pump, and the uncertainties reported for the
DCS measurements, which are on the order of 0.2—
0.6 MHz (0.6-2 x 107> cm™!). The agreement between
the two measurements is very good, with the rms value of
the discrepancies equal to 0.35 MHz, indicating that the
frequency accuracy of the DR measurements is better than
1 MHz. The R(0) and Q(1) transition frequencies were
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FIG. 4. The difference between frequencies of the observed
sub-Doppler V-type probe transitions in the R(0), R(1), Q(1),
0(3,A,), and P(3,A,) lines in the 2v; overtone band (detected
with pump locked to five different fundamental transitions, as
marked in the legend) and the 2v; overtone transitions from
Ref. [25]. The left axis is in wave numbers, while the right axis is
in megahertz. Error bar—see text.
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previously also measured with submegahertz accuracy
using sub-Doppler spectroscopy [24], and they agree with
our results and those in Ref. [25]. We note that the V-type
probe transitions in the Q(1) and R(1) overtone lines
(indicated in red in Fig. 4) were observed in three different
measurement series (performed at 3 and 2 week intervals),
with pump locked to the R(1), Q(1), and P(1) lines in the
fundamental band. The center frequencies of the Q(1) and
R(1) overtone lines from the different measurements agree
within their uncertainties, and their standard deviations are
0.1 and 0.47 MHz, respectively. This demonstrates the
long-term repeatability of the measurements and indicates
that the precision of the center frequencies determined
using sub-Doppler DR spectroscopy is better than 1 MHz,
even though the signal-to-noise ratio is at most 10 for the
strongest lines. Moreover, the sub-Doppler V-type reso-
nances allow determination of line center positions with the
same accuracy even in the case of overlapping Doppler-
broadened lines [e.g., the P(3, F») triplet, see Ref. [26]],
which is not possible with Doppler-limited spectroscopy.

The ladder-type probe transitions were found in the
spectra using a numerical procedure described in Ref. [26].
Five such transitions were found when the pump was
locked to the R(0) transition in the 3 band (see Fig. 3), and
three of them are shown in Fig. 5 for perpendicular (black)
and parallel (orange) pump-probe polarizations. The center
frequency, peak value, and width of each transition were
found by fitting a Lorentzian function to the data, together
with a second-order polynomial to model the weak
Doppler-broadened  background caused by elastic
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FIG.5. The (a) Q(1), (b) P(1), and (c) R(1) ladder-type probe

transitions observed in the spectrum when the pump is locked to
the fundamental R(0) line, recorded with parallel (orange) and
perpendicular (black) relative pump-probe polarizations. The
thin curves show the data, while the thick curves show the fits
(dashed orange for parallel polarization and solid black for
perpendicular polarization), and the residuals are shown in the
lower panels.

collisions. The fits are shown by the thicker curves in
Fig. 5 (solid black for perpendicular polarization, and
dashed orange for parallel polarization), and the fitting
routine and results for all DR transitions are described and
summarized in Ref. [26]. The uncertainty of the transition
frequencies, calculated as a combination of the fit uncer-
tainty and the stability of the pump, ranges from 1.36 to
3 MHz, with a mean of 1.7 MHz.

The line assignment indicated in Fig. 5 is based on the
ratios of probe transition intensities recorded with parallel
and perpendicular pump-probe polarizations. The expected
ratios for the pump locked to the R(0) transition, calculated
from the ratios of squared transition matrix elements
summed over M quantum numbers, are zero for a Q(1)
line, infinity for a P(1) line, and 1.33 for an R(1) line [31],
in good agreement with observations. The assignment is
confirmed by comparison with theoretical predictions from
the TheoReTS database [7], which contains rotationally
resolved hot methane line lists obtained from ab initio
calculations (with empirical corrections to band centers
applied when available) [8]. The differences between the
center frequencies of the ladder-type probe transitions and
predictions from the TheoReTS database are shown in
Fig. 6. The estimated accuracy of the predictions is 1 cm™!
and—remarkably—all detected lines are within this range
from predictions. We note that the frequency difference
between predicted lines sharing the lower level is a few tens
of cm™!, allowing unambiguous assignment. In total, 36
ladder-type probe transitions have been identified and
assigned. The Ref. [26] summarizes the experimental
transition wave numbers, final state values, and widths
of all detected lines. The final states are compared to those
reached in the work of de Martino et al [20-22] and the
transition frequencies and intensities are compared to
predictions from the TheoReTS and ExoMol line lists.
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FIG. 6. The difference between center frequencies of the sub-
Doppler ladder-type probe transitions (detected with the pump
locked to nine different fundamental transitions, as marked in the
legend) and the center frequencies predicted in the TheoReTS
database. The left axis is in wave numbers, while the right axis is
in gigahertz. The experimental error bars, which are negligible on
this scale, are not shown.
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In conclusion, we used a high-power continuous wave
laser as a pump and a frequency comb as a probe to detect
multiple sub-Doppler optical-optical double-resonance
transitions in methane. The V-type probe transition
frequencies agree to within 0.35 MHz with previous
high-precision measurements of the 2v; band. The lad-
der-type probe transitions reaching states in the 3v; band
region have not been previously observed. We assign them
with the help of the TheoReTS line list, and the assignment
is confirmed for lines measured with the pump locked to the
R(0) line by the ratios of probe transition intensities
measured with parallel and perpendicular relative pump-
probe polarization. The center frequencies agree within the
estimated accuracy of the theoretical predictions.

The frequency accuracy is currently limited mainly by
the stability of the pump frequency (1.33 MHz), which can
be improved by optimizing the Lamb-dip lock or replacing
it with a direct lock to the comb. The signal-to-noise ratio of
the strongest ladder-type probe transitions is currently
limited to around ten by the short interaction length. The
absorption sensitivity can be increased by implementing an
enhancement cavity for the comb probe, as was recently
demonstrated in continuous wave optical-optical DR spec-
troscopy [32]. These improvements will allow detection of
a larger number of weaker probe transitions with higher
frequency accuracy and better precision on the line shape,
thus confirming the assignment for higher J states. The
assigned levels in the 9000 cm™! energy region can serve
as stepping stones to access even higher levels in the
15000 cm™! range using a 1 gm pump.

Double-resonance spectroscopy using two monochro-
matic lasers is a well-established method, but the frequency
range that can be probed with it is restricted by the limited
tunability of the narrow-linewidth lasers. Using a frequency
comb probe, double-resonance transitions can be detected
with tens of thousands of narrow comb teeth simultane-
ously. This technique has been recently employed for
measurement of highly excited transitions in Rb [33,34]
over 0.2 THz of bandwidth using the dual comb approach.
Here we apply it for the first time to a molecular species,
achieving 6 THz of probe bandwidth. The technique, with
different configurations of cw pump and comb probe, is
broadly applicable to the assignment of spectra of many
molecules, for which spectral perturbations and/or con-
gestion prevent assignment by traditional methods alone.
This method allows for accurate assignment of many highly
excited molecular energy levels and verification of theo-
retical predictions of spectral transition frequencies and
intensities. Such verification is needed to assess the
accuracy of predicted high-temperature spectra for model-
ing the high-temperature environments of exoplanets. This
is particularly relevant for the planned NASA [35,36] and
ESA missions [37], which will investigate the temperature
structure and chemical composition of the exoplanetary
atmospheres using infrared spectroscopy.
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