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Discovery of New Lines in the R9 Multiplet of the 2v; Band of '>CH,
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We present the first results for resolving methane (CH,) line transition frequencies down to the kilohertz
level for overlapping lines using comb-linked cavity ring-down spectroscopy, while most available
laboratory measurements, having resolution at the megahertz level, cannot separate merged lines. To
demonstrate the technique, Lamb-dip spectra and linear-absorption spectra were used to identify
overlapped lines of vibration-rotation spectra in the R9 multiplet of the 2v; band. Three new weak lines
were found for the first time. The experimental methods are extensible to other important bands of CH, and
many other gas-phase molecules, and should provide a more detailed understanding of molecular structure

and line parameters for future high-precision studies.
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Methane (CH,) is the prototypical saturated hydrocarbon
and plays a crucial role in fields such as astrophysics,
geosciences, atmospheric and environmental science, reac-
tion dynamics, and combustion science. It is present in
many celestial bodies ranging from planetary systems in
our Solar System such as those of Jupiter [1] and Saturn [2],
to those of distant stars [3,4]. Recently, its presence has
been suggested in the atmosphere of Mars [5], raising many
questions about its origin. In addition to its importance in
planetary studies, the methane molecule is also a tool for
basic science, e.g., studies of time-dependent quantum
dynamics [6], nine-dimensional calculations of time-
independent vibrational quantum eigenstates, and dynami-
cal chirality from ab initio calculations [6,7]. In all these
fields there is strong interest in the modeling of methane’s
high-resolution spectrum. Several projects are flying
experiments or even whole missions either specifically
to monitor the atmospheric CH, content or as part of wider
scientific programs (e.g., SCIAMACHY [8], GOSAT [9],
CARBONSAT [10], SENTINEL 5 [11], MERLIN [12]).

However, due to the high-symmetry of the molecule
and the related polyad structure of close lying levels, it is
often very difficult to obtain the correct spectral parameters,
e.g., for line centers and intensities. The four normal-mode
frequencies v; of CH, exhibit an approximate relation of
stretching and bending frequencies with v = v, & 2v3%
2v,. This results in vibrational levels being grouped into
polyads with levels of similar energy. However, unlike
other small molecules such as CO, [13], the number of
interacting vibrational levels within each polyad increases
rapidly with the polyad number, making the line-by-line
assignment analysis increasingly challenging in the near
infrared region. Because of the strong overlap of transi-
tions, the absorption spectra of CH, are often imperfectly
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resolved even at low pressures < 1 kPa [9,14] or temper-
atures down to 80 K [15]. In this Letter, we present a novel
approach for determining accurate transition frequencies
for CH,; absorption spectra with hitherto unreported
accuracy.

The comb-linked cavity ring-down spectroscopy
(CRDS) apparatus, developed from our previous fre-
quency-stabilized cavity ring-down spectrometer [16], is
shown in Fig. 1. The ring-down cavity contains two mirrors
with nominal transmission loss of 2 x 10™ giving a high
finesse (1.6 x 10°). The cavity length is about 145 cm and
the nominal free spectral range (FSR) 103.38 MHz. The
cavity length is stabilized with respect to an I,-frequency-
stabilized He-Ne laser of relative uncertainty of 1.4 x 107!
(for a 1 s averaging time) [17]. An extended-cavity diode
laser (ECDL, Sacher LION) with a wavelength range from
1.55 to 1.63 um is frequency locked to a resonant fre-
quency of the ring-down cavity by counting the number of
ring down events [18]. When the light energy transmitted
through the cavity triggers the threshold, the probe laser
is switched off by the booster optical amplifier (BOA,
Thorlabs BOA1082P) and a 16-bit analog-to-digital con-
verter (ADC, Gage CSE1622) records the ring-down
(decay) optical signals [19]. The absorption coefficient a
is given by

a=—=—f—, (1)

where c is the speed of light, z the exponential decay time
of a ring-down signal, 7. the decay time of empty cavity,
and 7, the absorption coefficient of simple gases. All the
optical frequency devices are linked to an optical frequency
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FIG. 1. Experimental apparatus. Extended cavity diode laser

(ECDL), booster optical amplifier (BOA), digital gate and delay
generator for ring-down signal (DGDG), voltage-controlled
oscillator (VCO), high reflectivity mirror (HM), photodetector
for measuring ring-down signal (PD1), photodetector for cavity
length stabilization (PD2), dichroic mirror (DM), piezo-electric
transducer (PZT), Polarization beam splitter (PBS), acoustic-
optic modulator (AOM).

comb (OFC, Menlo Systems FC1500-250-WG) traceable
to the 10 MHz GPS time base of relative uncertainty
of 1x 107!, The first and last spectral points of each
spectrum are calibrated by the optical frequency comb.

To measure Lamb-dip spectra, the cavity length is finely
scanned using the voltage-controlled oscillator (VCO)
[20,21]. The probe laser frequency f, is locked to a
resonant frequency of the cavity and scanned along with
the frequency variation A fycg of the VCO. Concretely, the
Lamb-dip spectral scanning step Af, is

2
Ay =7 f - Afvco, @)

where fpene 1S the He-Ne laser frequency. The spectral
scanning step is =40 kHz, calibrated by measuring the

TABLE I. Some recent results for positions of the overlapped
transitions of 10F2 <~ 9F1 1 and 10F1 < 9F2 1 obtained by
various authors.

Transition frequency (MHz)
10F2 < 9F1 1 10F1 < 9F2 1

GOsSAT2009 [14] 183 042 056(-) 183 042 056(-)
GosAT2014 [9] 183 042 035(-) 183 042 056(-)

Reference

HITRAN2012 [22] 183 042 033(300) 183 042 033(300)
HITRAN2016 [23] 183 042 035(300) 183 042 056(300)
Zolot et al. [24] 183042 033(450) 183 042 033(450)
Devi et al. [27] 183042 026.882(60) 183042 039.953(60)

This work 183042 012.473 1(56) 183 042 056.570 2(49)
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FIG. 2. The two clearly observed Lamb dips of the 10F2 « 9F1
1(a) and 10F1 « 9F2 1(b) transitions. We assume the frequency
of the 10F1 « 9F2 1 line is greater than that of 10F2 « 9F1 1.

modulation frequency of the VCO with a frequency
counter.

To measure linear-absorption spectra, the probe laser
frequency f, sequentially scanned resonant frequencies of
the cavity as discussed in Refs. [16—19] while the modu-
lation frequency of the VCO was constant. In this case, the
linear spectral scanning step is the free-spectral range.

We selected the strong overlapped region of the 2v5 band
R9 multiplet of CH, as the object of the experiment with
which to confront HITRAN, the long-standing database
compiled from available high-precision results since the
1960s. The 2012 [22] and 2016 [23] HITRAN versions
give 53 and 43 transitions, respectively, with a cutoff line
intensity < 1 x 1072% cm~! /molecule in the region con-
sidered here. Such significant differences of transition
number and position point to unanswered questions con-
cerning methane spectra.

For example, according to HITRAN2012 [22], the
frequencies of the 10F1 <« 9F2 1 and 10F2 < 9F1 1
transitions are both equal to 183 042 033 MHz, yet accord-
ing to HITRAN2016 [23] they differ. Table I lists the
methane position results from recent papers on linear-
absorption spectroscopy. There is obviously serious dis-
agreement between them. We note that all the frequency
axes except that of Zolot et al. [24] were calibrated using

TABLE II. The main uncertainty sources of the absolute
frequency measurement of the 10F2 « 9F1 1 transition.

Uncertainty source Value (kHz)

Statistical uncertainty 52
Shift of the GPS time base 1.8
Pressure measurements 0.8
Spectral asymmetry 0.4
Power shift 0.3
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TABLE III.
HITRAN2016 frequencies is 300 MHz for every line.

Transition frequencies of strong lines of the 2v5 band R9 multiplet of >CH,. The uncertainty of the

Transition S This work (KHZ) 1(f This work) (KHZ) Surrran2016 (MHz) [23]
10F2 < 9F1 1 183042012 473.1 5.6 183 042 056
10F1 < 9F2 1 183 042 056 570.2 4.9 183 042 056
— 183 053 069 733.5 4.6 183 053 086
10E < 9E 1 183 054371 570.1 6.2 183054 341
10F2 < 9F1 2 183 054 560 306.9 7.4 183 054 649
10A2 < 9A1 1 183 054 789 482.2 3.8 183 054 896
S5F2 «<4F1 1 183 059 060 207.2 4.1 183 059 064
10F2 < 9F1 3 183 059 850 657.7 3.7 183 059 861
10F1 < 9F2 2 183 060 789 945.0 34 183 060 805
10A1 <942 1 183 061 756 287.2 7.4 183 061 763
S5F1 «<4F2 1 183 088 249 325.2 3.8 183 088 267

HITRAN2008 [25] which retained methane frequencies in
the 205 band from a study performed in the late 1980s [26].
Devi et al. [27] calibrated their frequency axis using the
results of Zolot et al. [24] and HITRAN2012 [22]. None of
these results can determine positions of the two lines with a
satisfactory level of uncertainty.

To investigate this hyperfine spectral structure feature of
methane, we used a pure methane gas sample at 0.1(2) Pa
and 293.15(5) K to search for Lamb dips of the two
transitions near 183042033 MHz. The frequency was
stepped by 47.4(5) kHz by finely scanning the cavity
length. The inset in Fig. 2 clearly shows the two Lamb dips
of the rovibrational transitions of 10F2 < 9F1 1 and
10F1 <« 9F2 1 separated by 44.089(2) MHz. The absorp-
tion coefficients at the centers of the two transitions
decrease markedly, by about 4%, due to their large
Einstein A coefficients (0.92 s™! of 10F1 < 9F2 1 and
0.85 s7! of 10F2 « 9F1 1) [23].

We carried out repeated measurements of the Lamb
dip of each transition. For 10F2 < 9F1 1, the absolute
frequency was determined to be 183042 012473.6 kHz
with an overall uncertainty of 5.6 kHz from 24 measure-
ments. The main sources of uncertainty are listed in
Table II. Among them, the uncertainty induced by pressure

0.8

measurements is calculated using the air-pressure shifting
coefficient from Devi et al. [27]. All uncertainty sources are
considered statistically independent. This experimental
method was subsequently extended to measurements of
the eleven strong transitions in the 203 band R9 multiplet of
CH,. Accurate transition frequencies are listed in Table III.
Lamb-dip spectroscopy only works well for strong
transitions. It is extremely difficult to use it alone to
determine positions of weak transitions accurately in cases
of strong overlap. To solve this problem, therefore, we
fitted linear-absorption spectra using fixed strong line
positions, already obtained reliably by Lamb-dip spectros-
copy. To test this approach, we recorded the linear-
absorption spectrum of 498.3 ppm CH, (buffered by N,)
at a pressure of 166(1) Pa. At such a pressure, the linear
absorption profile of a transition is dominated by the
Doppler and molecular collisional broadening effects, well
modeled by a Voigt profile with five parameters (wq, I'p,
Iy, Ay, A) [28]. The Doppler broadening widths I', were
fixed at their theoretical values for the actively controlled
cell temperature of 7 =296.00(5) K. The collisional
broadening, I'y, and shift, A, coefficients were fixed at
17.8 and —3.55 kHz/Pa [27], respectively. The only floated
parameters were the areas A and the line positions @.
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FIG. 3.

The fitting comparison of the linear spectrum with different methods: (a) all line positions floated; (b) strong line positions

fixed using Lamb-dip results, weak lines floated; (c) like (b) but with an extra weak line added—flatter residuals suggest the existence of
a previously unreported line. The symbol o denotes the standard deviation of the fitting residuals.
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To show how this idea works, we compare three different
fitting methods in Fig. 3. Case I: all line positions are free.
Almost flat fitting residuals were obtained by adding three
weak lines [blue vertical lines in Fig. 3(a)]. Case II: the
positions of the four strong lines obtained by Lamb-dip
spectroscopy were fixed while the three weak line positions
were floated. A large deviation near 183 059 863 MHz is
apparent in the fitting residuals [Fig. 3(e)]. Case III: based on
Case II, we added an extra floating line near 183 059
863 MHz. In this case, the fitting residuals become almost
flat [Fig. 3(f)], the maximum relative fitting residuals being
0.04% with respect to the peak absorption. This indicates the
existence of a hitherto unreported weak line of 183059
862.5 MHz with a fitting uncertainty of 2.0 MHz, which
would have remained undetected without the help of accurate
position information provided by Lamb-dip spectroscopy.

In total, we have measured the frequencies of 56
transitions in the region considered for intensities
>1x 1073 cm~!/molecule. Among them, 53 lines are
consistent with those given by the HITRAN2012 database.
Three new lines of 183 059 862.5(2.0), 183 063 581(50),
and 183057 963(72) MHz were found and determined in
this experiment.
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