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ABSTRACT: Accurate spectroscopic data of carbon dioxide are
widely used in many important applications, such as carbon
monitoring missions. Here, we present comb-locked cavity ring-
down saturation spectroscopy of the second most abundant
isotopologue of CO2, 13C16O2. We determined the positions of 88
lines in three vibrational bands in the 1.6 μm region, 30011e/
30012e/30013e−00001e, with an accuracy of a few kHz. Based on
the analysis of combination differences, we obtained for the first
time the ground-state rotational energies with kHz accuracy. We
also provide a set of hybrid line positions for 150 13C16O2
transitions. The rotational energies (J < 50) in the 30013e
vibrational state can be fitted by a set of rotational and centrifugal
constants with deviations within a few kHz, indicating that the
30013e state is free of perturbations. These precise isotopic line positions will be utilized to improve the Hamiltonian model and
quantitative remote sensing of carbon dioxide. Moreover, they will help to track changes in the carbon source and sink through
isotopic analysis.

■ INTRODUCTION
Carbon dioxide, the most important anthropogenic greenhouse
gas, is the focus of several satellite missions such as OCO-2/
OCO-31,2 (NASA), GOSAT/GOSAT-23,4 (JAXA), TanSat5

(CAS), and the upcoming MicroCarb6 (CNES) and CO2M7

(ESA) missions, as well as ground-based networks such as
TCCON,8 to quantitatively determine its atmospheric mole
fraction. As a principal constituent, the molecule is also
important in studies of the atmospheres of Venus and Mars.9,10

To obtain accurate CO2 information from observational data,
high-precision line parameters of CO2 in the infrared region,
especially in the 1.6 μm region where the commonly used
3001(2,3)e−00001e bands of 12C16O2 are located, are
increasingly required for various missions and remote sensing
programs. In this region, high-precision line parameters of
12C16O2 have been reported in the past decade.11−18 However,
to improve the accuracy of CO2 remote sensing and emerging
infrared absorption spectroscopy for determining stable carbon
isotope ratios,19 high-precision line parameters of other
isotopologues are still required. Line parameters of 13C16O2,
the second most abundant isotopologue with a terrestrial
abundance of 1.1%, are of particular interest. The absorption
lines of 13C16O2 in the same region overlap strongly with the
3001(2,3)e−00001e bands of 12C16O2, as shown in Figure 1.
The frequencies and intensities of 13C16O2 lines in this region
are currently best determined through theoretical calcula-

tions.20−22 However, the uncertainties have not met the
requirements of retrieval algorithms.23,24

Here, we present Lamb-dip measurements of the 30011e/
30012e/30013e−00001e bands of 13C16O2 by comb-locked
cavity ring-down spectroscopy near 1.6 μm. The positions of
88 lines were determined with an accuracy of a few kHz.
Through spectroscopic analysis and combination difference
calculations, we obtained ground-state rotational energy levels
with kHz accuracy for the first time. A set of hybrid line
positions of 150 13C16O2 transitions near 1.6 μm is also
provided. These high-precision line parameters will provide a
benchmark for improving effective Hamiltonian models and
will benefit quantitative remote sensing of atmospheric carbon
dioxide and stable carbon isotope analysis.

■ EXPERIMENTAL SECTION
The configuration of the comb-locked cavity ring-down
spectroscopy setup is illustrated in Figure 2, which is similar
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to the setup used in our previous studies.16,26 A tunable
external cavity diode laser (ECDL, Toptica DL Pro) is used as
the light source, which delivers two beams with different
polarizations, labeled by “spec” and “lock”, respectively. The
“lock” beam is locked to an optical cavity by the Pound−
Drever−Hall (PDH) method. The cavity consists of a pair of
high-reflective (HR) mirrors (R ≈ 99.997% at 1.55−1.65 μm),
and one of the mirrors is mounted on a piezoelectric actuator
(PZT). The mirrors are placed at two ends of a cylindrical
cavity made of invar. The distance between the two mirrors is
108 cm, leading to a free spectral range (FSR) of 138.8 MHz, a
finesse of 105 000, and a mode width of about 1.3 kHz. The
cavity temperature is stabilized at 298.15 K, and the variation is
less than 10 mK. The cavity length is stabilized by the PZT,
which is controlled by a feedback servo based on the beat
signal between the “lock” beam and an optical frequency comb.
The comb’s repetition frequency ( f rep) and carrier envelope
offset frequency ( fceo) are locked to precise radiofrequency
sources, both referenced to a Global Positioning System (GPS)
disciplined rubidium clock. The “spec” beam, frequency shifted
by an acoustic-optic modulator (AOM) of exactly 1 FSR, is
coupled into the cavity from the other end of the cavity and
used to generate the ring-down signal. The “spec” beam and
the return light of the “lock” beam are separated by a
combination of polarizing waveplates (not shown in the figure)
and a polarizing beam splitter (PBS) cube. The “spec” beam

power is adjustable from 0.6 to 4.6 mW, resulting in the
intracavity power of 3.5−25 W, to maintain a proper saturation
for strong and weak lines. The AOM also serves as a beam
chopper that is triggered by an external rectangle wave to shut
off the “spec” beam and initiate ring-down events. Since we
have locked the probe laser to the cavity and locked the cavity
to one of the teeth of the frequency comb, the “spec” beam is
always in resonance with the cavity, and the cavity length is
stabilized during the ring-down event. In this way, we do not
need to dither the piezo actuator to match the laser with a
cavity mode and avoid the Doppler effect due to the moving
mirror.27 The ring-down curve is fitted to an exponential decay
function by the Levenberg−Marquart method to derive decay
time τ. The sample absorption coefficient (α) is determined
from the change of the cavity decay time: α = 1/cτ − 1/cτ0,
where c is the speed of light, and τ and τ0 are the decay times
of the cavity with and without sample, respectively. The
minimum detectable absorption coefficient reached about 6.5
× 10−12 cm−1 at an average time of 1 s. Lamb-dip spectra can
be measured by tuning the reference frequency ( f B) of the
phase-lock circuit, which is generated by a function generator
(FG). Therefore, the frequency of the “spec” beam can be
determined by

= × + + +N f f f frep ceo B AOM (1)

where fAOM is the AOM driving frequency.

Figure 1. Overview of the 3001(1,2,3)e−00001e bands of 13C16O2 as provided by the HITRAN202025 database. Transitions presently measured
(red) and calculated (blue) in this work are highlighted.

Figure 2. Experimental setup of the comb-locked cavity ring-down spectroscopy. ECDL: external-cavity diode laser. FS: fiber splitter. PDH: Pound-
Drever-Hall. AOM: acoustic-optical modulator. PZT: piezoelectric actuator. FG: function generator.
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■ RESULTS AND DISCUSSION
Line Positions and the Uncertainty Budget. In this

work, we measured 88 lines in the 3001(1,2,3)e−00001e
bands of 13C16O2. According to the HITRAN2020 database,25

their intensities vary in the range 7.5 × 10−28 to 2.2 × 10−25 cm
molecule−1. A 13C enriched carbon dioxide sample (from
Wuhan Niuruide Gas Company) with stated 13CO2 abundance
>99% was used. Lamb-dip spectra were recorded under
pressures in the range 0.3−2.5 Pa depending on the intensities
of the transitions. Figure 3 shows spectra of the R(0) and
P(62) lines in the 30012e−00001e band recorded under
different experimental conditions, respectively. Lorentzian
functions with linear baselines were used to fit the Lamb-
dips, and the simulated spectra are shown as solid lines in the
top panels of Figure 3, along with the fitting residuals
illustrated in the bottom panels of Figure 3.
Here, the P(2) line in the 30012e−00001e band is used as

an example for the uncertainty analysis. Various sources of
uncertainty for the transition frequency are discussed below
and summarized in Table. 1. In Lamb-dip measurements, the

ring-down signals no longer decrease exponentially with time.
A nonexponential model has been proposed to obtain more
reliable Lamb-dip profiles.28 However, we can still use simple
exponential functions to fit the ring-down curve in studies
focusing on transition frequencies,16,29,30 despite the fact that
this treatment may distort the line profile of the Lamp-dip.31

One reason is that the saturation parameter is still small in this
work (S ≪ 1), and another is that the symmetry of the Lamb-
dip should not shift the line center. As shown in Figure 4, when
we used different start voltages (while the end voltages remain
the same) in fitting the ring-down curves, we could see a
change in the Lamb-dip depths, but the change of center
frequencies is within the experimental uncertainty. We did not
see a dramatic systematic variation due to the fitting strategy
reported by Bielska et al.32 Figure 4(c) shows a standard
deviation of 0.04 kHz and is used as an estimate of the
systematic uncertainty from this effect.
We measured the Lamb-dips at different sample pressures of

0.3, 0.5, 0.8, 1.2, and 1.5 Pa under the same input laser power
of 0.64 mW. Line centers derived from these spectra are given
in Figure 5(a), which show no pressure dependence. A linear
fit gave a slope of 0.03 ± 0.87 kHz/Pa. Note that the collision-
induced pressure shift of this line obtained from Doppler-
limited measurements was −1.4 kHz/Pa.33 The phenomenon
that the pressure shift in line centers obtained in Lamb-dip
measurements vanishes at low pressures has also been reported
in our previous studies16,17 of 12CO2. The mechanism has also
been discussed in studies of some other molecules.34,35 The
deviation of 0.3 kHz between the line centers obtained at
different pressures is used as the systematic uncertainty due to
the pressure shift. We also measured the Lamb-dips of the
P(2) line at 0.8 Pa and different input laser powers of 0.64,
0.94, 1.5, and 2.95 mW. The intracavity laser power was
estimated according to the signal obtained from the photo-
diode and the transmittance of the cavity.28,36 The intracavity
power is calculated to be 3.2, 4.6, 7.4, and 14.6 W, respectively,

Figure 3. Lamb-dip spectra of the R(0) and P(62) lines in the 30012e−00001e band of 13CO2 recorded under different experimental conditions.
Red lines represent fitted curves by using a Lorentzian profile and a linear baseline. Fitting residuals are shown in the lower panels.

Table 1. Uncertainty Budget for the Position of the P(2)
Line in the 30012e−00001e Band of 13CO2 (Unit: kHz)

Source Frequency Uncertainty

Statistical 187 082 468 105.3 0.06
Comb frequency 0.4
Locking servo 0.1
AOM frequency <0.05
Pressure shift 0.3
Power shift 0.3
Exponential fit range 0.04
Line profile asymmetry 0.3
Second-order doppler +0.17 0.01
Total 187 082 468 105.5 0.6
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Figure 4. (a) Fitting a ring-down curve within a given set of start (Ustart) and end (Uend) voltage signal ranges. (b) Lamb-dip spectra of the P(2)
line in the 30012e−00001e band obtained with different Ustart (while Uend remains the same). Spectra were shifted for a better illustration. The
sample pressure was 0.8 Pa, and the input laser power was 1.5 mW. (c) Positions of the P(2) line obtained with different Ustart.

Figure 5. (a) Line centers measured at different sample pressures (0.3−1.5 Pa) with input laser power of 0.7 mW. The red line and band indicate
the linear fitting result with 1σ confidence. (b) Line centers measured at different input laser powers (0.6−3 mW) with the same sample pressure of
0.8 Pa. The blue line and band indicate the linear fitting result with 1σ confidence. (c) Line centers obtained from each CRDS scan (466 in total).
(d) Histogram plot of the line centers in 0.4 kHz bins with an overlaid normal distribution. (e) Allan deviation of the line centers.
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corresponding to a saturation parameter of 0.16, 0.24, 0.38,
and 0.75 at the beginning of the ring-down events. Note that
the values of saturation power used here are calculated by the
line width retrieved from spectra with simple exponential ring-
down treatment, which may result in deviations from the
saturated cavity ring-down treatment.37 Line centers obtained
with different laser powers are shown in Figure 5(b). We found
very little dependence of the line center on the laser power. We
applied a linear fit and obtained the center at the zero-power

limit, which has a 0.3 kHz difference from the average line
center. Therefore, we used the average value of the line centers,
and the value of 0.3 kHz is taken for the systematic uncertainty
due to the power shift, which may come from saturation-
induced line profile distortion, as we mentioned above. In total,
466 line centers are obtained from all of the recorded spectra,
as shown in Figure 5(c), together with the histogram shown in
Figure 5(d). The average line center for the P(2) transition is

Table 2. Frequencies of the Transitions in the 3001(1,2,3)e−00001e Bands of 13CO2 Determined in This Work with Their 1σ
Uncertainties (Unit: kHz)

Line Freq Nsa Pb Line Freq Nsa Pb

30011e−00001e
R(0) 190 799 777 279.3(11) 528 0.5 P(28) 190 049 805 963.1(22) 70 1.0
R(4) 190 890 672 027.4(13) 54 0.5 P(30) 189 992 382 212.8(20) 60 1.0
R(10) 191 021 241 519.5(06) 143 0.5 P(32) 189 934 259 773.7(08) 58 1.0
R(16) 191 144 926 559.1(08) 52 0.5 P(34) 189 875 447 361.9(13) 62 1.0
P(2) 190 729 583 309.4(10) 246 0.5 P(36) 189 815 953 960.1(15) 100 1.0
P(6) 190 633 299 069.6(11) 181 1.0 P(38) 189 755 788 698.3(14) 100 1.0
P(10) 190 533 951 351.8(08) 26 0.5 P(40) 189 694 960 673.1(24) 100 2.5
P(12) 190 483 135 559.0(14) 60 1.0 P(42) 189 633 478 720.3(24) 140 2.5
P(16) 190 379 238 808.9(08) 26 0.5 P(44) 189 571 351 068.8(28) 100 2.5
P(18) 190 326 167 003.4(09) 120 1.0 P(46) 189 508 584 854.1(34) 100 2.5
P(22) 190 217 791 559.1(16) 100 1.0 P(48) 189 445 185 380.0(28) 400 2.5
P(24) 190 162 524 357.8(13) 60 1.0

30012e−00001e
R(0) 187 152 662 074.3(07) 102 0.5 R(44) 187 912 156 388.0(07) 52 0.5
R(2) 187 198 143 171.3(06) 52 0.5 R(46) 187 934 880 987.6(07) 51 0.5
R(4) 187 242 571 937.7(06) 50 0.5 R(48) 187 956 608 779.4(11) 53 0.5
R(6) 187 285 948 406.9(06) 60 0.5 R(50) 187 977 345 420.1(13) 60 0.5
R(8) 187 328 272 941.7(06) 50 0.5 R(52) 187 997 097 092.6(08) 80 1.5
R(10) 187 369 546 236.4(06) 60 0.5 R(54) 188 015 870 624.8(13) 59 1.5
R(12) 187 409 769 270.5(06) 86 0.5 R(56) 188 033 673 625.1(14) 100 1.5
R(14) 187 448 943 312.4(06) 60 0.5 R(58) 188 050 514 635.5(20) 200 1.5
R(16) 187 487 069 871.6(06) 62 0.5 R(60) 188 066 403 392.8(25) 146 1.5
R(18) 187 524 150 694.3(06) 60 0.5 P(2) 187 082 468 105.5(06) 466 0.3−1.5
R(20) 187 560 187 723.1(06) 53 0.5 P(6) 186 985 198 980.2(06) 50 0.5
R(22) 187 595 183 099.3(06) 60 0.5 P(10) 186 883 737 873.3(06) 50 0.5
R(24) 187 629 139 125.9(06) 50 0.5 P(14 186 778 101 243.6(06) 50 0.5
R(26) 187 662 058 279.8(06) 53 0.5 P(18) 186 668 310 313.4(06) 50 0.5
R(28) 187 693 943 194.0(06) 50 0.5 P(22) 186 554 390 332.3(06) 51 0.5
R(30) 187 724 796 674.1(06) 50 0.5 P(26) 186 436 369 869.0(06) 54 0.5
R(32) 187 754 621 730.6(06) 50 0.5 P(32) 186 251 720 134.7(06) 78 0.5
R(34) 187 783 421 711.6(06) 54 0.5 P(38) 186 058 034 912.1(06) 51 0.5
R(36) 187 811 201 333.0(06) 50 0.5 P(44) 185 855 432 163.2(08) 60 0.5
R(38) 187 837 935 797.8(06) 51 0.5 P(50) 185 644 080 186.5(08) 80 1.5
R(40) 187 863 695 616.4(06) 50 0.5 P(56) 185 424 152 360.9(19) 63 1.5
R(42) 187 888 429 711.6(06) 50 0.5 P(62) 185 195 878 089.3(21) 100 1.5

30013e−00001e
R(0) 183 484 826 360.5(08) 70 0.8 P(16) 183 068 171 005.0(10) 100 1.2
R(6) 183 620 922 670.0(06) 100 0.8 P(18) 183 016 118 170.1(10) 110 1.2
R(12) 183 751 247 352.5(06) 100 0.8 P(20) 182 963 417 199.1(07) 100 1.2
R(16) 183 834 877 727.7(06) 59 0.8 P(22) 182 910 063 984.6(11) 100 1.2
P(2) 183 414 632 389.9(08) 110 1.2 P(24) 182 856 053 922.4(07) 100 1.2
P(4) 183 367 044 053.0(12) 100 1.2 P(26) 182 801 381 954.7(09) 100 1.2
P(6) 183 318 822 003.3(13) 104 1.2 P(34) 182 575 958 433.5(06) 73 0.8
P(8) 183 269 965 779.4(07) 100 1.2 P(38) 182 459 112 366.8(10) 60 0.8
P(10) 183 220 474 377.1(07) 109 1.2 P(44) 182 278 506 105.7(07) 60 0.8
P(12) 183 170 346 249.7(11) 100 1.2 P(50) 182 091 294 074.6(12) 87 0.8
P(14) 183 119 579 328.(18) 110 1.2

aNumber of measured spectra. bExperimental pressure in Pa.
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187 082 468 105.3 kHz. The Allan deviation of the line centers
over the number of spectra is shown in Figure 5(e).
The frequency comb contributed an uncertainty of 0.4 kHz

due to the drift of 2 × 10−12 from the GPS-disciplined
rubidium clock. The frequency shift due to the bias in the
cavity locking servo is estimated to be about 0.1 kHz, including
the drift in the PDH lock and the fluctuation in the phase-lock
loop, estimated from the Allan deviation of the beat frequency
between the comb and the “lock” light. The uncertainty of the
radiofrequency driving the AOM due to room temperature
variation is estimated to be less than 50 Hz. According to the
root-mean-square velocity of 406 m/s of the 13C16O2 molecule
at 298 K, the second-order Doppler shift is calculated to be
0.17 kHz with an uncertainty of less than 10 Hz. The AC Stark
shift is estimated to be within a few tens of Hz, which was
neglected in this work. The 13C16O2 has a hyperfine structure
due to the presence of the 13C atom, which has been observed
in previous rotational spectra of 13CO.38 The hyperfine
splitting was not resolved in our measurements, but it could
broaden the line and lead to some asymmetry in the line
profile. This asymmetry will result in a difference between the

fitting center and the centroid of the hyperfine transitions. By
estimating the asymmetry of the residuals obtained by fitting
the spectra with a Lorentzian function, we gave an uncertainty
of 0.3 kHz for the P(2) line. Taking into account all the
corrections and uncertainties given above, we determined the
center of the P(2) line to be 187 082 468 105.5 ± 0.6 kHz.
In total, we obtained the frequencies together with

uncertainties of 88 lines in the 3001(1,2,3)e−00001e bands.
They are listed in Table 2, including the number of measured
spectra and the experimental pressure for each line.

Spectroscopic Analysis and Comparison to Litera-
ture. For an isolated vibrational state, the vibration−rotation
energy levels can be reproduced with a simple model:

= + + + + +
+ + + ···

E J G B J J D J J H J J

L J J

( ) ( 1) ( 1) ( 1)

( 1)
v v v v

v

2 2 3 3

4 4 (2)

where Gv is the vibrational term and Bv, Dv, Hv, and Lv are
rotational and centrifugal distortion constants. 13C16O2, as a
symmetric molecule similar to 12C16O2, has no microwave
absorption. In addition, its line positions have yet to be

Table 3. Fitted Spectroscopic Parameters for 00001e, 3001(1,2,3)e Vibrational States of 13C16O2 (Unit: MHz)

00001e (ref 40) 00001e 30011e 30012e 30013e

Gv 190 776 571.67824(55) 187 129 525.26490(23) 183 461 586.93433(36)
Bv 11 699.01868(45) 11 699.0185604(67) 11 602.7115087(52) 11 567.5753840(13) 11 619.7226400(31)
Dv × 103 3.99561(28) 3.9960333(44) 2.540936(12) 3.122633(02) 5.423200(10)
Hv × 109 0.296(43) 0.40682(81) 24.188(10) −70.99005(83) 30.9100(46)
Lv × 1012 −17.6299(25) 8.38775(12) 0.1314(10)
Jmax 72 61 47 61 49
N 21 23 44 21
RMS 1.38 0.0013 0.51 3.81 0.0017

Figure 6. Energy level difference Δcal−exp = Ecal − Eexp between those calculated rotational energy derived from the spectroscopic parameters and
the experimental value versus the rotational quantum number J′. Note that the vertical axis units are MHz in the upper and middle panels but kHz
in the lowest panel.
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determined with sub-MHz accuracy for transitions from the
ground vibrational state. As a result, the ground state energies
of 13C16O2 have not been reproduced with uncertainties at the
kHz levels as those15,16,39 of the main isotopologue 12C16O2.
Twenty-one ground combination differences, ΔE(J′) = R(J′ −
1) − P(J′ + 1), where J′ is the rotational quantum number of
the upper energy level, were obtained from 88 line positions in
the 3001(1,2,3)e−00001e bands. They were used to retrieve a
new set of ground state spectroscopic constants of 13C16O2
with a fit RMS (root-mean-square) of 1.3 kHz. The method is
similar to the one we applied16 to 12C16O2. Compared to the
value of 1.38 MHz reported by Miller et al.,40 the result
improved by 3 orders of magnitude. The new set of ground-
state spectroscopic constants listed in Table 3 allows us to
reproduce all experimental ground-state combination differ-
ences obtained in this work within the respective 3σ combined
experimental uncertainties.
By fitting 88 transition frequencies using the ground state

parameters to the values determined above, we derived
rovibrational spectroscopic parameters for 3001(1,2,3)e states,
and they are listed in Table 3. The parameters can reproduce
the line positions in the 30013e−00001e band within 3σ
experimental uncertainties, as shown in the lower panel of
Figure 6 (stars), indicating that the 30013e state can be
considered as a very well isolated vibrational state for J < 50.

However, the RMS deviations reach 0.5 and 3.8 MHz for the
30011e−00001e and 30012e−00001e bands, respectively,
which are hundreds of times the experimental uncertainty.
This indicates that the simple model (eq 2) is not sufficiently
accurate for the line positions for the 30011e and 30012e
states. Based on the effective Hamiltonian model, the Carbon
Dioxide Spectroscopic Databank (CDSD) group20,41 identified
the interaction mechanism from experimental line shifts and
anomalous intensities. For example, the 30012e state has an
anharmonic resonance interaction with the 14411e state
crossing at J = 39 and a Coriolis resonance interaction with
the 33301e state crossing at J = 83. The residuals of the fit
plotted in the middle panel of Figure 6 (squares) clearly show
that the rotational energy levels of the 30012e states are
perturbed around J = 39. Meanwhile, we can also see that the
rotational energies (J ≤ 47) in the 30011e state (circles) are
perturbed by about 1 MHz.
Taking into account perturbations to the 3001(1,2)e states,

we provide a hybrid set of line positions of 150 13C16O2
transitions in the 1564−1646 nm region as Supporting
Information, which was constructed as follows.

(i) Transitions in the 30011e−00001e band: Frequencies of
23 transitions are experimental values. The calculated
values were retrieved by the equation νR(J)

calc = νP(J+2)
exp + E(J

+ 2) − E(J) for rest transitions in the R branch, where

Figure 7. Comparison between the transition frequencies reported in HITRAN2020 (a)25 and AMES2021 (b),22 with the values obtained in this
work versus J″ for P-branches of 30011e (stars), 30012e (circles), and 30013e (squares) cold bands. Residuals from a polynomial fit of the line
positions around J′ = 39 in the 30012e−00001e band are depicted in the insets.

The Journal of Physical Chemistry A pubs.acs.org/JPCA Article

https://doi.org/10.1021/acs.jpca.4c00697
J. Phys. Chem. A 2024, 128, 2366−2375

2372

https://pubs.acs.org/doi/suppl/10.1021/acs.jpca.4c00697/suppl_file/jp4c00697_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpca.4c00697/suppl_file/jp4c00697_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.4c00697?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.4c00697?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.4c00697?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.4c00697?fig=fig7&ref=pdf
pubs.acs.org/JPCA?ref=pdf
https://doi.org/10.1021/acs.jpca.4c00697?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


E(J + 2) and E(J) are the calculated ground state
energies.

(ii) Transitions in the 30012e−00001e band: Line positions
were composed with the experimental values in the R
branch, the calculated values in the P branch retrieved
by the equation νP(J)

calc = νR(J−2)
exp + E(J − 2) − E(J).

(iii) Transitions in the 30013e−00001e band: Line positions
were given as calculated values with the spectroscopic
parameters of 00001e and 30013e vibrational states
listed in Table 3.

The frequencies in the P-branch of three bands are listed in
the Supporting Information are compared with the values in
different databases (Figure 7), including HITRAN2020
derived from CDSD and AMES2021. The deviations are
between −20 and +20 MHz for HITRAN2020 (Figure 7a).
They are not only more than 20 times larger than those of the
12C16O2 isotopologue16,17 but also larger than the difference
shown in Figure 6. The comparison with AMES202122 shows
differences of hundreds of MHz (Figure 7b). Both
HITRAN2020 and AMES2021 deviations show a strong J″
dependence for the transitions in three bands. A third-order
polynomial function can reproduce the deviations with tens of
kHz residuals in the 3001(1,3)e−00001e bands but leaves
jumps of +0.4 and −1.6 MHz at J′ = 39 in the 30012e band for
CDSD (Figure 7c) and AMES2021 (Figure 7d), respectively.
The very accurate line positions obtained in this work not only
are complementary to the frequency standards in this region
but also may be useful to refine the parameters of the effective
Hamiltonian model for better line position predictions of the
13C16O2 isotopologue.

■ CONCLUSIONS
In summary, we have performed Lamb-dip measurements of
the 3001(1,2,3)e−00001e bands for 13C16O2 using comb-
locked cavity ring-down spectroscopy. In the measurements,
both the probe laser and the optical cavity are stabilized and
precisely controlled, allowing us to achieve kHz accuracy for all
of the measured 88 line centers. By fitting 21 ground
combination differences (with J′ up to 61) from the measured
transitions in the 3001(1,2,3)e−00001e bands, we obtained
the ground state spectroscopic constants of 13C16O2 with
uncertainties at the kHz level for the first time. The fitted
spectroscopic constants of the 30013e vibrational states allow
reproducing the rovibrational energy levels (J ≤ 49) with an
RMS deviation of 1.7 kHz, indicating that the vibrational state
is well isolated. Meanwhile, the RMS values for the 3001(1,2)e
states are hundreds of times of experimental uncertainties,
indicating perturbations in these two states. Compared with
line positions in different databases, HITRAN2020 derived
from CDSD and AMES2021, the differences show strong J″
dependence for the transitions in all three bands. Our accurate
line positions could be used to increase the accuracy of other
transition frequencies by applying the Ritz principle to refine
the effective Hamiltonian model.42 The result can also help
advance accurate remote sensing and isotope ratio determi-
nation.
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