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Quantitative determination of atmospheric CO, concentration by remote sensing relies on accurate line
parameters. Lamb dips of the lines up to J” = 72 in the 30013-00001 band at 1605 nm were measured
using a comb-locked cavity ring-down spectrometer, and the positions were determined with an
accuracy of a few kHz. A simple effective Hamiltonian model can fit the rotational energies in the 30013
state ideally within the experimental accuracy, indicating that the vibrational state is well-isolated and
can be regarded as free from perturbations. From a comparison between other bands using a similar
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analysis, we conclude that the transitions in the 30013-00001 band could be more suitable as reference
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1. Introduction

Carbon dioxide and methane play critical roles in global warming,
as long-lived and major greenhouse gases in the Earth’s atmo-
sphere. Several passive remote sensors or IPDA LIDAR are used or
are to be launched to monitor the atmospheric column densities
of CO, (OCO-2" and GOSAT?) and CH, (GOSAT and MERLIN®), for
the detection of the long-term change, and the estimation of
sources and sinks of global carbon. Quantitative analysis requires
sufficiently accurate reference data of the line parameters of
several atmospheric molecules.” For example, high-resolution
spectroscopy of CO, at 1.6 um and 2.06 um, and the O, A-band
at 0.76 um were recorded to retrieve highly accurate line para-
meters for the OCO-2 project. The absolute transition frequency
can be easily measured with an accuracy better than a few MHz®
with the help of an optical frequency comb (OFC),’ while the
difficulty in retrieving line intensity and line profile parameters
increases quickly with precision.'®™* Furthermore, discrepancies
between different experimental results reach 1%,'* which
motivated theoretical studies based on first-principles,*®*>*®
or effective Hamiltonian and effective dipole moment surface
models.”” Agreements between the UCL ab initio calculations
and highly accurate experiments are at the 0.5% level for the
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lines for sensing applications with the potentially improved line parameter accuracy.

transitions in the 30013-00001"'° and 20012-00001"*"* bands.
The discrepancy increases to 1.7-3.6% for the transitions in the
30012-00001 band'® in comparison with the line intensities
measured with Fourier-transform spectroscopy. The recent
highly accurate measurements with a frequency-stabilized
cavity ring-down spectrometer also show that the deviations
from the UCL values are —1.14% and —3.80% for the R(16)"*
and P(32)" lines in the 30012-00001 band, respectively.
The disagreements are larger than the calculated accuracy of
0.5% claimed by the UCL group for this most atmospherically
interesting CO, (“‘stable’”) band. This inconsistency inspired us
to reconsider the accuracy limit of the Lodi-Tennyson
methodology.”® For which band can the line parameters be
potentially calculated with superior accuracy?

Herein, we present a method to find weak resonances in a
vibrational band by the analysis of line positions at an accuracy
of a few kHz. Local deviations in the positions with successive
J numbers can be used as a sensitive indicator of the presence
of perturbations, such as the local perturbations revealed in
the excited vibrational state levels of acetylene.*’**> For CO,,
accuracies at dozens of kHz have been achieved by saturated
spectroscopy measurements in the mid-infrared region,”** %
and hundreds of kHz uncertainties by Doppler-limited absorption
spectroscopy in the near-infrared region.>®'>** Only the line
positions in the 00011-00001,%”*° 10011-00001,** 10012-00001,>
30012-00001,” and 30013-00001>” bands have been measured for
serial transitions from P- and R-branches. Here we report Doppler-
free saturation spectroscopy of **C'°0, ro-vibrational transitions in
the 30013-00001 cold band near 1.605 pm for P(72)-R(70) 72 lines
recorded using a comb-locked cavity ring-down spectrometer.*®

Phys. Chem. Chem. Phys., 2020, 22, 2841-2848 | 2841


http://orcid.org/0000-0001-9835-3530
http://crossmark.crossref.org/dialog/?doi=10.1039/c9cp05121j&domain=pdf&date_stamp=2020-01-21
http://rsc.li/pccp
https://doi.org/10.1039/c9cp05121j
https://pubs.rsc.org/en/journals/journal/CP
https://pubs.rsc.org/en/journals/journal/CP?issueid=CP022005

Published on 06 January 2020. Downloaded by University of Science and Technology of Chinaon 2/12/2020 2:13:14 AM.

Paper

The absolute transition frequencies were determined to a few
kHz for these lines with a wide intensity range by three orders
of magnitude. The detection limit (noise-equivalent absorption
coefficient) reached 4.6 x 10~ ** ecm ™, which allowed us to detect
Doppler-free saturation spectra of extremely weak transitions.*®
To the best of our knowledge, it is the first time that transitions
weaker than 1 x 1072® cm molecule " have been determined
with an accuracy of a few kHz. The fit of the ground combination
differences resulted in a new set of ground state constants,
which was used to improve the molecular spectroscopic para-
meters of the 00011, 10011, 10012, 30012, and 30013 vibrational
states. Differences between the calculated and observed line
positions allow us to trace weak resonances in these bands,
and to propose the line parameters of which band can be
potentially improved for remote sensing applications.

2. Experimental setup

The experimental setup is shown in Fig. 1, which is similar to
our recently developed comb-locked cavity ring-down satura-
tion spectrometer described in detail in ref. 35-37. A tunable
external-cavity diode laser (ECDL, Toptica DL Pro-1550) is used
as the probe laser, being locked to a ring-down (RD) cavity
using the Pound-Drever-Hall (PDH) method. The RD cavity is
made of Invar and composed of a pair of high-reflectivity (HR)
mirrors (R = 99.997% at 1.54-1.7 um, Layertec GmbH Inc.) with
a distance of 108.0 cm, leading to a free spectral range (FSR) of
138.86 MHz, a finesse of 1.36 x 10°, and a mode width of about
1.0 kHz. The RD cavity is temperature stabilized at 297.85 K,
with a fluctuation below 10 mK. The cavity length is stabilized
through a piezo actuator (PZT) driven by a phase-lock circuit
based on the beat signal between the probe laser and an optical
frequency comb. The frequency comb is synthesized by an
Er-fiber oscillator operated at 1.56 um. The repetition frequency
(frep ® 184 MHz) and carrier offset frequency ( f;) of the comb
are locked to precise radio-frequency sources, both referenced
to a Global Positioning System (GPS)-disciplined rubidium
clock (SRS FS725). A separated p-polarization probe laser beam,
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Fig. 1 Schematic of the experimental setup. The s-polarized beam from an
ECDL laser is PDH-locked with the cavity. The p-polarized beam from the probe
laser (referred to as “spectral” beam) is frequency shifted and used for CRDS
measurement. The ring-down cavity length is locked through the beating signal
between the probe and a frequency comb. Abbreviations: AOM: acousto-
optic modulator; EOM: electro-optic modulator; G-T: Glan—Taylor prism;
PZT: piezo actuator; Ol: optical isolator.
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frequency shifted by two acousto-optic modulators (AOM), is
coupled into the RD cavity from another side of the cavity
and used to produce the ring-down signal. The frequency
locking and spectral probing laser beams are separated with
a combination of polarizing waveplates and Glan-Taylor
prisms. The laser power used for spectral probing was about
1.5 mW resulting in the intra-cavity laser powers of 7-17 W3>38
for 72 measured transitions at respective pressures.

One of the AOMs serves as a beam chopper, which is
triggered by an external rectangle wave to shut off the CRDS-
probing beam to initial a ring-down event. The ring-down curve
is fit by an exponential decay function to derive the decay time 7,
and the sample absorption coefficient o is determined from the
change of the cavity loss rate: o« = (ct) " — (cto) ', where ¢ is the
speed of light, and 7 and 7, are decay times of the cavity with and
without sample, respectively. The minimum detectable absorp-
tion coefficient reaches about 6.5 x 10~ cm ™" at an averaging
time of 1 s. The saturated absorption spectra are measured by
tuning the reference frequency f3 of the phase-lock loop:

V=[fo+ N X frep + f5 + 2faom (1)

where faom is the radio frequency driving two AOMs.

3. Results and discussions
A. Absolute frequencies of 72 lines in the 30013-00001 band

A carbon dioxide gas sample in natural abundance was used
with a “freeze-pump-thaw” purification before measurement.
As given in the HITRAN2016°° database, the line intensities
vary in the range of 6.4 x 10~ ?’-1.8 x 10~>* cm molecule * for
the 72 lines, P(72)-R(70) in the 30013-00001 band of **C'°0,.
Doppler-free Lamb-dip spectra were recorded at four pressures
(0.3, 1.0, 1.6, and 2.2 Pa) depending on the intensities of the
transitions. A single exponential decay function was applied to
fit the RD signal on the purpose of the precise line position
determination in spite of the non-exponential shape in the
saturated regime.*® The noise level is about 2.6 x 10~ em™*
for one spectral scan accomplished in about 60 s. Fig. 2 shows
the averaged spectra of the P(16) and P(72) lines over a span of
4.0 MHz. The spectra were fit with a Lorentzian function for the
saturated absorption with the corresponding residuals illu-
strated in the lower panels of Fig. 2. The RMS value of the
residuals reaches 4.6 x 107" em™" for the P(72) spectrum
averaged from 2000 scans recorded in over 24 hours, which is
comparable to the best-reported detection limit of CRDS.*° The
simulated spectrum of the P(72) line yielded a width (full width
at half maximum, FWHM) of about 660 kHz and a dip depth of
1.6 x 107" em ™", leading to a signal-to-noise ratio of about 30.
The amplitude of the fitting residual around the peak center of
P(16) is about 3% of the depth of the Lamb dip, which cannot
be accounted for in a symmetric Lorentzian profile.

Fig. 3 shows the measured Lamb-dip depths for 72 lines
(=72 < m < 71) in the 30013-00001 band at respective
experimental pressures, where the quantum number m of the
lower state is —J in the P-branch and J + 1 in the R-branch.
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Fig. 2 Cavity ring-down saturation spectra of the P(16) (left panel) and
P(72) (right panel) lines in the 30013-00001 band of *C**0, recorded at
sample pressures of 0.3 Pa and 1.6 Pa, respectively. The lower panels show
the residuals of the fit using a Lorentzian profile.
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Fig. 3 Measured Lamb-dip depths of the P(72)-R(70) 72 lines in the
30013-00001 band of 2C**0, recorded at sample pressures in the range
of 0.3-2.2 Pa.

The dip depths of 72 lines distribute in the range of 1.6 x
107''-8.6 x 107° cm™' by two magnitudes with estimated
saturation parameters S of about 0.12-0.60 according to the
equations given in ref. 35.

A summary of the estimated systematic uncertainties is
presented in Table 1 for 72 observed lines associated with the
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statistical errors of the line centers. The uncertainty budgets were
given as Set I, II, and III for 34 strong (>5 x 10~ >* cm molecule ),
18 middle, and 20 weak (<5 x 10 > cm molecule ")
lines, respectively. The statistical uncertainties are less than
12 kHz for all the studied lines.

The systematical uncertainties mainly came from the seven
sources listed in Table 1, followed by detailed discussions. The
frequency comb used for calibration has an uncertainty
of 0.4 kHz around 1.6 pm due to the long-term stability of
2 x 10~ *? from the GPS-disciplined rubidium clock. Similar to
that discussed in our previous studies,**”"*""*> the uncertainty
in the range of 0.2-25 kHz was assigned for the possible
asymmetry in the model of the line profile. The frequency shift
due to the bias in the cavity locking servo is about 0.4 kHz
estimated from the Allan deviation of the beat frequency
between the probe laser and the frequency comb. The uncer-
tainty in the driving frequencies of the AOMs is negligible.
Taking a root-square-mean velocity of 411 m s~ of the '*C'°0,
molecule at 298 K, the second-order Doppler shift is 0.18 kHz
with an uncertainty below 10 Hz. Under a laser power of 18 W
inside the cavity, the AC Stark shift is negligible for all 72 CO,
lines. Note that contrary considerations of the pressure shifts
were used in the study by Burkart et al.” and in this work. The
corrections of pressure shifts based on the self- and air-shifts
obtained from a Doppler-limited spectrum®® were included for
10 line positions of P(16)-P(42) of CO, in the 30013-00001 band.
However, we did not find evidence of a pressure shift under a
pressure of less than 3 Pa in the studies of CO,*” C,H,,*" and
HD.*® A series of measurements were carried out to investigate
the pressure shifts under different experimental pressures for
three lines with two orders of intensity dynamic. As shown
in Fig. 4, the pressure shifts of the P(2), P(16) and R(54)
lines were determined to be —0.52 + 0.45, —0.18 £ 0.23, and
—0.38 + 0.80 kHz Pa~' through a linear fit of results derived
from 200 scans at different pressures. The pressure shifts were
reported to be —0.94, —1.71, and —2.8 kHz Pa™ ' in the Doppler
regime for these lines,'" indicating significant differences. In the
meantime, the self-pressure broadening width at the low pressure
is around 120-160 kHz Pa~ ", which is 60-280% larger than those
in the Doppler contour for these three transitions.* The non-
linear dependence of the self-broadening width and pressure-
induced shift on the gas pressure were first observed in the
saturated absorption of CH4 around 3.39 pum.** The collisional

Table 1 Uncertainty budget, 72 lines in the 30013 « 00001 band of **C*®0,. (unit: kHz)

Uncertainty
Frequency shift I strong II middle 11T weak

Statistics 0.2-0.4 0.2-2.3 1.4-12
Systematic Source Frequency comb 0.4 0.4 0.4

Line profile asymmetry 0.2-0.8 1.6-2.2 1.4-25

Cavity locking servo 0.4 0.4 0.4

AOM frequency 0.05 0.05 0.05

Pressure shift 0.0 0.23 0.45 0.80

Power shift 0.0 0.37 0.37 0.37

Second order Doppler 0.18 <0.01 <0.01 <0.01
Total 0.18 0.7-1.1 1.0-2.3 2.1-28
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Fig. 4 Relative line centers of P(2), P(16) and R(54) derived from spectra

recorded under different sample pressures. The blue shades show the
uncertainties of line positions for each line, and the red areas show 68%
confidence intervals for the linear fit with pressure shifts.

broadening coefficient of CH, decreases from 225 kHz Pa™ " in

the pressure range of 0.1 Pa to 49 kHz Pa ' in the Doppler
regime, while the collisional shift at lower pressures decreased
by about an order of magnitude compared to those in the region
high pressures.*> The similar nonlinear dependence of colli-
sional broadening in gases was observed in NHj,*® CO,,""*8
SFe*° and C,H,.>® A detailed theoretical analysis of resonance
shifts under lower pressures can be found in ref. 51 and 52 by
Alekseev et al. For simplicity, we use the average of the positions
at sample pressures in the range of 0.3-2.2 Pa.

Three sets of uncertainties of 0.23 kHz (I), 0.45 kHz (1I), and
0.8 kHz (III) are left for the lines in the different intensity
regions in case of possible contribution from the pressure shift.
No power dependence was observed within the experimental
uncertainty by the measurements of the P(2) line position at
different input powers at a fixed pressure of 0.3 Pa, similar to
our previous Lamb-dip studies of CO,*” C,H,,*" and H,0.*

The positions of 72 lines in the 30013-00001 band of CO,,
together with the uncertainties, are given in the (ESIT). Fig. 5
shows the comparison of transition frequencies obtained in this
work and those recently reported by Long et al.® with Doppler-
limited (red square) and by Burkart et al’ with Doppler-
free Lamb-dip (blue triangle) measurements. The error bars
represent the 1-0 standard uncertainties by combining the
experimental uncertainty from this work and respective
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Fig. 5 Line position difference between this work and those from Long
et al,® Burkart et al,” and the carbon dioxide spectroscopic databank
CDSD2019."

literature values. A good agreement can be found between ours
and Burkart’s Lamb-dip studies except for the P(38) transition
with a deviation over four times the combined uncertainty. Our
results confirm the stated uncertainties of several tens of kHz for
most lines from Long’s measurement. While two data points for
the R(16) and R(26) lines are missed in the plot due to more
significant deviations (—219 =+ 32) kHz (6.8¢) and (—124 + 18) kHz
(6.90), respectively. We also compared the line frequencies archived
in the latest carbon dioxide spectroscopic databank (CDSD2019)."”
Note that the CDSD line positions rely on the experimental values,
and were improved with the Lamb-dip measurements by Burkart
et al” in the 30013-00001 band. The empirical CO, transition
frequencies agree very well with our measurements with differences
around 20 kHz for (—44 < m <43), and the difference increases
with J” (rotational quantum number of lower state) and reaches
4.6 MHz for J" = 72.

B. Spectroscopic analysis of Ro-vibrational transition
frequencies

A simple model of unperturbed rotational energies in a well-
isolated vibrational band was used to analyze the line positions:

E())=Gy+BJ(J+1) = D, (J+ 1) + H,(J+1)° + L J'(J + 1)
+ MJ(J+1)° + NJO(J+ 1)+ 0, (J+1) +. ()

where G, is the vibrational term and B,, Dy, H,, L,, M,, N,, and
O, are rotational and centrifugal distortion constants. As a
symmetric molecule without microwave absorption, the ground
state energies of the ">C'°0, molecule were derived by fitting
precise line positions in several infrared cold bands,®%2%27:*
However, most ground state energies cannot be reproduced very
well by the most recent two sets of spectroscopic constants.®?’
The difference reaches about 78 kHz with J = 72, which is far
beyond our experimental uncertainty.

As the ground state parameters retrieved with the saturated
absorption spectroscopy in the near-infrared regions for *C,H,*

This journal is © the Owner Societies 2020
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and "*C,H,’** molecules with D., symmetry, the ground
state spectroscopic constants of *>C'®0, can also be improved
by fitting 67 ground combination differences determined from
saturation measurements (this work and those in ref. 25, 27
and 28) according to the formula:

27 27 1
AQF”: (43,,76D”+ZH”+ZL”> (J+§)

1 3
+ (=8D" +34H" + 75L") (J + 5)

1\’ 1’
+(12H”+100L”)<J+§> + 16L”(J+§) +oe
3)

where J is the rotational quantum number of the upper energy
level. The ground state rotational energies can be reproduced
by the newly obtained spectroscopic constants and those given
by Long et al.® (see Table 2) for J < 48 within 1 kHz. While the
difference increases with J and reaches 212 kHz for J = 72 due to
the absence of the higher centrifugal distortion constant L, in
the parameters in ref. 6.

Thereby, the ro-vibrational constants of the 30013 state were
derived from a fit of 72 transition frequencies with the refined
ground state constants determined in this work. The fit resulted
in eight parameters with root mean squares (RMSs) of 4.6 kHz
given in Table 2. Analogous fits were applied to line positions
of the other four cold bands 00011-00001,%”*° 10011-00001,%®
10012-00001,>° and 30012-00001° measured with sub-MHz
accuracy with the new ground state constants. The spectroscopic
parameters retrieved from the fit are summarized in Table 2.
The line position differences 4(ca1.—exp.) between those calculated
from the spectroscopic parameters and the experimental
values are shown in panels (a), (b), (c), (d) and (e) of Fig. 6 for
00011-00001, 10011-00001 and 10012-00001, 30012-00001 and
30013-00001 bands, respectively. As shown in Fig. 6, most of the
differences are located within the 3-¢ regions (brown shadows).
In particular, the differences of all transitions in the 10012 and
30013 are less than 20 kHz, and smaller than the respective 2-¢
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Fig. 6 Line position differences 4 between those calculated from the
spectroscopic parameters and the experimental values versus the quan-
tum number m for 00011-00001 (S), 10012-00001 (S), 10011-00001 (S),
30012-00001 (D), and 30013-00001 (S) cold bands. The brown shadows
represent the 3-¢ uncertainty regions. S: saturated Doppler-free spectro-
scopy; D: Doppler-limited spectroscopy.

uncertainties. The differences over 3-o uncertainty regions indi-
cate that either the experimental uncertainties are underesti-
mated, or there is a perturbation around the ro-vibrational state.
Therefore, positions of R(18), R(38), R(40) in the 00011-00001
band, P(12) in the 10011-00001 band, P(6), R(0), R(26) in the
30012-00001 band are found to have discrepancies larger than
3-0 experimental uncertainties. A small perturbation was found
occurring at J' = 13 or 15 by Long et al.® with the comparison of
their measured transition frequencies to HITRAN2012.** As can
be seen in Fig. 6d, this perturbation not only leads to a deviation
of more than 1 MHz for these two levels, but also creates
influence on neighboring levels (J' = 11, 17). The comparisons
show that the 00011, 10011, 10012, and 30013 states are free
from perturbations at the kHz levels.

Using the Lodi-Tennyson methodology, Zak et al.”” gave good
predictions of line intensities of some perturbed transitions
in the 20012-00001, 21113-01101 bands compared with the
Fourier-Transform spectroscopy measurements,'® but failed in

1.16

Table 2 Fitted spectroscopic constants for 00001, 00011, 10012, 10011, 30013 and 30012 states of 2C1°0,

00001 000115272 100125%° 100115%® 30013° 30012°°
G, (MHz) — 70425529.0588(88) 108310239.5010(46) 111366358.075(34) 186708240.74732(36) 190303782.265(29)
B, (kHz) 11698469.9972(97) 11606206.955(23) 11617053.162(17) 11603861.78(30)  11593307.0751(42)  11585628.23(27)
D, (Hz) 3998.6294(96) 3998.061(14) 4723.714(17) 3425.21(73) 5143.476(13) 2941.78(59)
H, (mHz) 0.4133(35) 0.4424(30) 6.6919(61) 5.26(48) 29.728(18) 15.24(32)
L, (uHz) —0.00056(42) —0.00036(20) —0.02536(67) [-0.00056] 0.209(11) [-0.00056]
M, (x10'° Hz) — — 0.302(37) —
N, (x10™"* Hz) — — —0.161(61) —
0, (x107'® Hz — — 0.439(39) —
Intensity range (x10 >° 59-3.3 x 10’ 245-3.6 x 10° 3.1 x 10°-5.9 x  0.064-173 22-178
cm mol ') 10°
Jmax 72 90 70 30 72 42
n/N 67/72 64/67 23/23 18/19 72/72 28/36
RMS (kHz) 16.4 22.5 6.8 48.0 4.6 376

The uncertainty (one standard deviation) in the last digits is in parentheses. S: Saturated spectroscopy. D: Doppler-limited spectroscopy. The
intensity range is for the transitions observed in the respective reference. n/N: n is the number of transitions included in the fit, N is the number of

measured transitions. RMS: root-mean-square.
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reproductions of the line intensities in the 30012-00001 band at
the level of 0.5%, although the resonance in the 30012 vibrational
state is very small. In general, we can expect larger uncertainties
of intensities for the transitions affected by the perturbations.
Meanwhile, line intensities of transitions from an unperturbed
vibrational state, such as those in the 00011-00001 and 30013-00001
bands could potentially be predicted with better accuracy in the
future. Therefore, these transitions would be used as better reference
candidates for passive remote sensing.

4. Conclusion

Here we presented a precision spectroscopy study using a laser-
locked cavity ring-down spectrometer referenced to an optical
frequency comb. It allowed us to record the Doppler-free absorp-
tion spectra of the P(72)-R(70) 72 lines in the 30013-00001 band
of 12C*®0,. The line centers were determined with an accuracy of a
few kHz for the lines with a wide intensity range by three orders of
magnitude. To the best of our knowledge, the weakest line (line
intensity in the order of 107>” cm molecule " at 296 K) was so far
detected by saturated molecular absorption spectroscopy. In total,
67 ground state combination differences from 134 experimental
Lamb-dip frequencies of four cold bands were used to refine the
ground spectroscopic constants, which led to more independent
spectroscopic parameters of the 0001, 10011, 10012, 30012 and
30013 vibrational states. The high precision line positions may
not only be used as frequency standards but also be beneficial for
the study of the advanced line profiles taking into account the
effects such as speed dependence, collisional narrowing, and line
mixing relevant to remote sensing.'
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