RESEARCH ARTICLE | DECEMBER 17 2025
Microwave and terahertz frequencies of O, determined with
saturated absorption spectroscopy near 763 nm @3

Special Collection: Yijing Yan Festschrift

Ya-Qi Cheng (f&FiH) © ; Zi-Tan Zhang (B4£E); Yu-Rong Xu (IFEZE); Cheng-Xun Zuo (ZZ7&RD);
Yan Tan (i) © ; An-Wen Liu (XII252) & © ; Shui-Ming Hu (587KB3)

‘ '.) Check for updates ‘

J. Chem. Phys. 163, 234310 (2025)
https://doi.org/10.1063/5.0304720

@ B

View Export
Online  Citation

Chemical Physics

T
o
4]
c
-
=)
O
ﬂ
Q
L
-

Articles You May Be Interested In

Simulation of glint reflectance and determination of surface roughness of turbid coastal and inland aquatic
waters

AIP Conf. Proc. (February 2017)

Webinar From Noise to Knowledge

= Iy man
N 1
.“‘," ‘A‘ ‘ “ "\ ‘\.‘
| I Y
N\ A/ Zurich Universitat
/ AIP : : N\ Instruments  Konstanz
Z=, Publishing

0€:8€:51 G20 Joquesaq 0g


https://pubs.aip.org/aip/jcp/article/163/23/234310/3375062/Microwave-and-terahertz-frequencies-of-O2
https://pubs.aip.org/aip/jcp/article/163/23/234310/3375062/Microwave-and-terahertz-frequencies-of-O2?pdfCoverIconEvent=cite
https://pubs.aip.org/jcp/collection/577653/Yijing-Yan-Festschrift
javascript:;
https://orcid.org/0009-0000-3384-4929
javascript:;
javascript:;
javascript:;
javascript:;
https://orcid.org/0000-0003-3073-3152
javascript:;
https://orcid.org/0000-0001-9835-3530
javascript:;
https://orcid.org/0000-0002-1565-8468
https://crossmark.crossref.org/dialog/?doi=10.1063/5.0304720&domain=pdf&date_stamp=2025-12-17
https://doi.org/10.1063/5.0304720
https://pubs.aip.org/aip/acp/article/1810/1/120003/859619/Simulation-of-glint-reflectance-and-determination
https://servedbyadbutler.com/redirect.spark?MID=188841&plid=3318679&setID=1044501&channelID=0&CID=1578976&banID=524060176&PID=0&textadID=0&tc=1&rnd=5254801318&scheduleID=3474739&adSize=1640x440&data_keys=%7B%22%22%3A%22%22%7D&metadata=%5B%5D&mt=1767109110414032&spr=1&referrer=http%3A%2F%2Fpubs.aip.org%2Faip%2Fjcp%2Farticle-pdf%2Fdoi%2F10.1063%2F5.0304720%2F20840734%2F234310_1_5.0304720.pdf&request_uuid=dfbcdd53-99d4-4e65-b8e8-3fd777c35eee&hc=415c954246220c8dd43c5cee355fc2f87a34a522&location=

The Journal

of Chemical Physics ARTICLE

pubs.aip.org/aip/jcp

Microwave and terahertz frequencies
of O, determined with saturated absorption
spectroscopy hear 763 nm

Cite as: J. Chem. Phys. 163, 234310 (2025); doi: 10.1063/5.0304720 @ Lk @
Submitted: 30 September 2025 « Accepted: 2 December 2025 :
Published Online: 17 December 2025

Ya-Qi Cheng (f27iH),’
Yan Tan (i%#),” © An-Wen Liu (X]%5),"**

Zi-Tan Zhang (EZ4£=),’ Yu-Rong Xu (¥ %), Cheng-Xun Zuo (%),
and Shui-Ming Hu (#i7K 87 )

AFFILIATIONS
T State Key Laboratory of Chemical Reaction Dynamics, Department of Chemical Physics, University of Science and Technology
of China, Hefei 230026, China

2Hefei National Research Center for Physical Sciences at the Microscale, University of Science and Technology of China,
Hefei 230026, China

*Hefei National Laboratory, University of Science and Technology of China, Hefei 230088, China

Note: This paper is part of the Special Topic, Yijing Yan Festschrift.
@ Author to whom correspondence should be addressed: awliu@ustc.edu.cn

ABSTRACT

We report kilohertz-level precision measurements of magnetic dipole transitions in the °0,A-band using optical frequency comb-referenced
cavity ring-down saturation absorption spectroscopy. Under a zero magnetic field, 30 transitions were recorded with center frequency uncer-
tainties within several kilohertz, representing an improvement of two orders of magnitude over previous studies. From these measurements,
19 AN = 0 (microwave) and 12 AN = 2 (terahertz) ground-state rotational frequencies were derived using the combination difference method.
A global fit of the data produced a new set of spectroscopic parameters for the X* %, (0) and b12;' (0) states, achieving a root-mean-square
deviation of 18 kHz and surpassing earlier benchmarks. Our results reveal systematic deviations in existing terahertz frequency data and
demonstrate that saturation spectroscopy provides superior accuracy for determining rotational energies compared to direct microwave or
terahertz measurements, particularly at high rotational quantum numbers. This work establishes the most precise frequency reference to
date for the oxygen A-band and terahertz region, supporting future advances in high-resolution spectroscopic databases, atmospheric remote
sensing, and interstellar O, searching.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0304720
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I. INTRODUCTION

Owing to its stable mixing ratio and homogeneous distribu-
tion in Earth’s atmosphere, oxygen serves as an excellent tracer for
atmospheric remote sensing applications.' * The oxygen A-band,
corresponding to the IJIZ‘;r « X X, electronic transition, exhibits
the strongest absorption features in the near-infrared to visible spec-
tral region. It offers several distinct advantages, including a broad
dynamic range and minimal interference from other atmospheric
absorbers, making it a critical window for retrieving key atmospheric
parameters. These characteristics have led to the adoption of the
oxygen A-band in multiple satellite missions, such as OCO-2/0CO-
3,"° GOSAT/GOSAT-2,”® TanSat,” and GF-5.!° These missions

enable accurate quantification of the column-averaged dry-air mole
fraction of CO, (XCOZ),H B cloud properties,H 1 and aerosol
properties.'”'” Since the first observation of oxygen absorption spec-
troscopy in 1948, significant improvements have been made in the
accuracy of line positions,"” intensities,”””! and line shapes,: B
meeting the demands of high-precision remote sensing applica-
tions. Notably, the absolute frequencies of eight magnetic-dipole
(M1) transitions within the oxygen A-band have been determined
with kilohertz-level accuracy,” approaching the frequency precision
typically achieved in the microwave region.

As the third most abundant element in the universe after hydro-
gen and helium, oxygen and its chemistry in dense interstellar clouds
play a crucial role in characterizing the properties of molecular

J. Chem. Phys. 163, 234310 (2025); doi: 10.1063/5.0304720
Published under an exclusive license by AIP Publishing

163, 234310-1


https://pubs.aip.org/aip/jcp
https://doi.org/10.1063/5.0304720
https://pubs.aip.org/action/showCitFormats?type=show&doi=10.1063/5.0304720
https://crossmark.crossref.org/dialog/?doi=10.1063/5.0304720&domain=pdf&date_stamp=2025-December-17
https://doi.org/10.1063/5.0304720
https://orcid.org/0009-0000-3384-4929
https://orcid.org/0000-0003-3073-3152
https://orcid.org/0000-0001-9835-3530
https://orcid.org/0000-0002-1565-8468
mailto:awliu@ustc.edu.cn
https://doi.org/10.1063/5.0304720

The Journal

of Chemical Physics

1ot AN=0 AN=2
b3}
+ =N+
N+1 vy i e J=N+1
PQ(N+1 [RR
N-1 L “ J=N-1
ey [reav-n
FoovH)| - [FOEV+H)
X35
PPN+ [RQ(NHY)
J=N+2
N+2 J=N+3
J=N+1
J=N
N J=N+1
J=N-1

FIG. 1. Diagram of the b'x — X*3; band transitions of .

gas. However, due to strong attenuation by Earth’s atmosphere,
observations of oxygen transitions near their rest frequencies are
not feasible from the ground. Instead, the search for interstellar
molecular oxygen has been conducted using orbital observatories
such as the SWAS (Submillimeter Wave Astronomy Satellite),”’
Odin,”® and Herschel,”” primarily through lines at 118.8, 487, 774,
and 1121 GHz. Currently, frequency accuracy in the terahertz region
remains around 50 kHz.”""" This limitation arises because the pro-
portionality between Doppler broadening and transition frequency
directly degrades measurement precision by one to two orders
of magnitude in the terahertz band compared to the microwave
band with the Doppler-limited absorption spectroscopy. Further-
more, improving frequency accuracy with saturated absorption
spectroscopy poses a challenge for oxygen pure rotational transitions
whose absorption intensities are below 6 x 1072* cm/molecule.

As illustrated in Fig. 1, certain rovibrational transitions across
four sub-branches (°P, *Q, R, and RQ) of oxygen A-band share
common upper energy levels in the blZ;r electronic state. The
frequency differences 6v among these transitions thus yield pure
rotational frequencies in the X° %, electronic state, spanning both
the microwave (AN = 0) and terahertz (AN = 2) regions.

Complementarily, high-precision infrared saturation absorp-
tion spectroscopy offers another pathway for determining
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ground-state rotational frequencies of molecules. Using the ground-
state combination difference method, energy differences between
rotational levels in the ground electronic state can be directly
deduced. Capable of achieving kHz or even sub-kHz accuracy, this
technique enables direct extraction of highly precise lower-state
energy levels and spectroscopic parameters—a level of accuracy
that may, in some cases, exceed that achievable through direct
microwave or terahertz spectroscopy. This approach has been
successfully employed for several molecules, such as C,H,, "
CO,,°** and CO,* and is particularly advantageous for study-
ing molecular systems that lack dipole-allowed pure rotational
transitions.

In this work, we employ optical frequency comb-locked CRDS
to perform Doppler-free saturation absorption spectroscopy mea-
surements on the oxygen A-band, aiming to acquire transition
frequencies with kHz-level accuracy. Based on the experimental
results, ground-state rotational energy differences are derived. An
effective Hamiltonian model is then used to fit the obtained data.
The results not only provide the most precise frequency standards
to date for the oxygen A-band but also yield accurate microwave
and terahertz transition frequencies. These data will support radia-
tive transfer modeling in atmospheric remote sensing and provide
references for THz-band observations.

Il. EXPERIMENTAL DETAILS

A schematic diagram of the frequency-comb-stabilized cavity
ring-down spectrometer is presented in Fig. 2. The setup is similar
to that used in our previous work.” The light source is a tunable
external-cavity diode laser (ECDL, Toptica DL Prol00) operat-
ing in the 760-805 nm wavelength range. Its output is split into
two beams for “Locking” and “Probing” functions. The “Locking”
beam is frequency-shifted by an acoustic-optic modulator (AOM1),
phase-modulated by an electro-optical modulator (EOM), and sub-
sequently used to stabilize the laser frequency to a temperature-
stabilized, high-finesse optical cavity via the Pound-Drever-Hall
(PDH) technique. The “Probing” beam is amplified by a tapered
amplifier. This amplified beam is primarily used for CRDS mea-
surements, while a small portion (designated the “Beating” beam)
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is diverted for beating with an optical frequency comb to provide
precise frequency calibration.

The optical cavity consists of an aluminum spacer holding two
high-reflectivity mirrors (R ~ 99.997% at 760-810 nm, 1 m radius
of curvature) separated by 70.3 cm, yielding a free spectral range
(FSR) of 213.1 MHz. It is enclosed within a stainless-steel vacuum
chamber, which is surrounded by multiple layers of permalloy mag-
netic shielding to reduce the residual field below 0.05 G. The cavity
length is stabilized via a piezoelectric actuator (PZT), controlled by
a phase-locked loop that utilizes the beat note between a portion of
the “Beating” beam and the optical frequency comb. The frequency
comb is generated by frequency-doubling the output of a 1560 nm
erbium-doped fiber laser. The fundamental comb is broadened in
a photonic crystal fiber to produce a supercontinuum, from which
the second harmonic around 780 nm is derived. Both the repeti-
tion frequency (frp ~ 184.8 MHz) and the carrier-envelope offset
frequency (fo = 20 MHz) of the comb are phase-locked to a local
active hydrogen maser (VCH-1003M).

To minimize optical crosstalk, the “Probing” beam is isolated
from the “Locking” beam using a polarizing beam splitter in con-
junction with half-wave plates. Before injection into the cavity,

ARTICLE pubs.aip.org/aipl/jcp

the “Probing” beam is frequency-shifted by exactly one FSR using
a second acoustic-optic modulator (AOM2) to generate the ring-
down signal. The resulting ring-down transient is digitized and
fitted to a single-exponential function to extract the ring-down time
constant, 7. The absorption coefficient of the sample gas is sub-
sequently calculated as a = X — %, where 79 is the empty-cavity

ring-down time and c is the speed of light. Accordingly, the absolute
frequency of the “Probing” beam can be expressed as

v=2fo+Nx fr + fp + f aom2, )

where faomz represents the frequency shift introduced by AOM2,
/s is the beat frequency between the optical comb and the laser, and
N denotes the comb tooth index.

The O, gas sample (from Nanjing Tezhong Gas Company),
with a purity over 99%, was subjected to “freeze-pump-thaw”
purification prior to measurement. Lamb-dip spectra of 30 transi-
tions in the bllg (0)-x° %, (0) band were recorded at pressures in
the range of 2.0-2.5 Pa.
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FIG. 3. Position of the Q(6) line from saturated absorption spectroscopy. (a) Fitting the ring-down curve between the starting and ending voltages. (b) Saturated absorption
spectra of the "Q(6) line obtained with different starting voltages but the same ending voltage of 0.02 V. (c) Frequencies of the PQ(6) line obtained with different starting
voltages. (d) Frequencies of the Q(6) line recorded under different gas pressures. The orange dashed line and the green dashed line represent linear fits without slope
and with a free slope, respectively. The shadows represent 1o confidence regions. (e) Frequencies obtained by seven independent experimental runs over the course of
two months. The red line and the shaded area show the mean and its 1-o uncertainty interval.
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I1l. RESULTS AND DISCUSSIONS
A. Electronic transition frequencies

Figure 3(a) presents the Lamb-dip spectra of the YQ(6) transi-
tion under a pressure of 2.1 Pa. The uncertainty budget analysis for
the center frequency of this transition is presented in the following,
with detailed contributions from individual sources summarized in
Table I.

1. Frequency calibration

Owing to the frequency comb being phase-locked to a hydro-
gen maser, a frequency accuracy of 3 x 107" is achieved, corre-
sponding to 0.12 kHz at 760 nm. During spectral measurements,
both the signal generator and the frequency counter were referenced
to a rubidium clock, with frequency uncertainties below 50 Hz. The
overall uncertainty in the frequency calibration is, therefore, less
than 0.2 kHz.

2. Locking servo

The signal-to-noise ratio of the beat note between the fre-
quency comb and the laser was ~27 dB, leading to larger fre-
quency fluctuations in the cavity locking servo compared to previous
work.””" Based on the Allan deviation of the beat frequency, the
corresponding uncertainty is estimated to be ~3.9 kHz.

3. Power shift

The intracavity laser power is estimated to be ~19 W for a
3.0 mW input excitation, based on a combined analysis of the vac-
uum cavity transmission and the absorption from 2.0 Pa of 16, 3839
The AC-Stark shift is negligible at the calculated saturation para-
meter of §$=0.1, which was derived from the saturation power
P, and a full width at half maximum (FWHM) linewidth of 0.5 MHz.

4. Exponential fit range

Fitting the ring-down curves over different voltage regions, as
illustrated in Fig. 3(a), has been reported to cause systematic varia-
tions.”’ To mitigate this effect, we fitted the ring-down curves using
various start voltages (from 0.3 to 0.8 V) while maintaining a fixed
end voltage 0of 0.02 V. This approach led to a noticeable change in the
Lamb-dip depths, as shown in Fig. 3(b), while the center frequencies
varied by less than 0.1 kHz, well within the experimental uncertainty.
As presented in Fig. 1(c), this standard deviation of 0.1 kHz is taken
as the estimated uncertainty due to the fitting procedure.

TABLE . Uncertainty budget of the Q(6) line position (Unit: kHz). The absolute
frequency and its total uncertainty are given in bold.

Source Frequency Uncertainty
Statistic 392752754989.6 0.5
Frequency comb <02
Locking servo 3.9
Pressure shift 24
Exponential fit range 0.1
Line profile asymmetry 0.2
Second-order Doppler +0.34 <0.1
Total 392752754990.0 4.6

ARTICLE pubs.aip.org/aipl/jcp

5. Pressure shift

To determine the corresponding shift in the sub-Doppler
regime, Lamb-dip spectra were measured at five sample pressures:
0.8, 1.4, 2.0, 3.3, and 3.7 Pa. The line centers extracted from
these spectra are shown in Fig. 3(d). A linear fit yields a slope of
1.2 + 1.7 kHz/Pa. To evaluate the systematic uncertainty due to the
pressure shift, we take the intercept difference of 2.4 kHz between
linear fits with the slope fixed at zero and those without constraint.
This value is consistent with the pressure shift of 1.2 kHz reported
in our previous work on a different transition, P P(11).”> Moreover,
a broader study conducted in the Doppler regime observed shifts
ranging from —2.7 to —1.5 kHz/Pa across 26 transitions,'” which
are of the same order of magnitude. Based on this consistency, the
pressure-induced shift of 2.4 kHz is adopted as a representative value
for the other measured °O, transitions.

6. Line profile asymmetry

The use of multiple layers of permalloy magnetic shielding
effectively suppresses the Zeeman effect. However, residual mag-
netic fields can still cause slight asymmetries in the spectral line
shape. Such distortions appear as systematic residual patterns, with
observable asymmetry in the absorption profile. As discussed in

previous work,””"” this effect is quantifiable and contributes an
uncertainty of 0.2 kHz.

7. Second-order Doppler

The second-order Doppler shift is estimated to be —0.34 kHz,
calculated using the root-mean-square velocity of 480 m/s for
160, at 297 K. The associated uncertainty is less than 10 Hz.

8. Statistical and reproducibility

Seven independent experimental runs of the same line were
performed over two months, with the results presented in Fig. 3(e).
The data points for these runs are plotted with error bars that incor-
porate all the systematic uncertainties discussed above, along with a
statistical error of less than 0.5 kHz. The frequencies agree well with
each other, demonstrating excellent reproducibility.

Based on the above, the total uncertainty is 4.6 kHz, and the fre-
quency of the PQ(6) transition is determined to be 392 752 754 990.0
+4.6 kHz.

For the 29 transitions other than ?Q(6), the observed Lamb-
dip depths are approximately proportional to the line intensities
under comparable intracavity pump laser power, yielding statistical
uncertainties ranging from 0.3 to 16.8 kHz. Combined with the sys-
tematic uncertainty budget discussed earlier, the total uncertainties
for all 30 measured transitions range from 4.6 to 17 kHz. Table II
summarizes the measured transition frequencies and their uncer-
tainties, including values for eight transitions previously reported
in Ref. 25.

The upper panel in Fig. 4 shows the frequency differences
between the HITRAN2020 database’' and the values measured in
this work. Transitions with AJ = +1 and AJ =0 are represented
by the orange circles and blue hexagons, respectively, and are
labeled with the quantum number m, where m = —N corresponds to
AN =-1 and m = N to AN = +1. The observed deviations range
from 0.2 to 0.6 MHz, revealing considerable inaccuracies in the
HITRAN database.
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TABLE Il. Frequencies of the transitions in the A band of 180, under zero magnetic field, with the unit in kHz. The numbers in parentheses represent 1o uncertainties in the last

quoted digit.
N PP PQ RR RQ
1 393519 330676.8(50) 393575595 454.0(28)
3 393088346 188.4(47) 393150 832 444.6(48) 393672208 030.6(47) 393730654 624.8(47)
5 392896 509 092.8(46) 392956 815 147.2(46) 393813878 813.5(47) 393 873 469 800.3(46)
7 392693590 787.8(46) 392752754 991.2(46) 393944298 434.1(47) 394004 733 205.0(47)
9 392479602 410.7(18)" 392537926 288.4(18)" 394063416 180.5(47) 394 124 566 744.8(46)
11 392254 548 990.9(33)" 392312161477.0(21)" 394171175 237.4(47) 394232975 396.5(47)
13 392018429422.9(31)" 392075397 631.2(20)"
15 391771236411.2(17)" 391827599 805.7(15)"
17 391512956 495.1(48) 391568 740 311.6(46)
19 391243569 932.8(58) 391298791 323.7(48)
21 390963 050 700.4(50) 391017 721876.0(88)
23 390671 366407.2(62) 390725496 429.7(60)
25 390368478238(12) 390422074 003(10)
29 389728902 414(16) 389781444 836(17)
*Frequencies reported by Xu ef al.”>
~ 0.6 2 v(A] =+1,N) =w —Vp ,
S 609040, o00%¢0 ( +) ROV T V(i)
E 0.44e ° ® AN=2: V(A =0,N") =vrg(y41) ~ Vigns1) (3)
+
E 02{ o° V(AT = +1,N7) = vag(ni1) = Vp(aisnys
3
9
= Y1 - b _ _
S HITRAN 2020 where N, N™, and N indicate that ] = N, N ) 1, an.d N + 1 for the
& ———— lower state, respectively. As a result, we obtained nineteen AN =0
A 0.021 - and 12 AN = 2 rotational frequencies. These values are compared
2 0.014 i * to previously reported experimental results’"** shown in Fig. 5. The
g ‘ j_ [ i oo 3 * N literature uncertainties for terahertz transitions®' range from 14 to
& 0.0049- - 0-3--Teol__11 {--‘ ) ) ) .
3 el *‘ 8 g ¢ 79 * { 70 kHz—over ten times larger than those in the microwave region
= —0.014 7 | ? = § (0.3-5.4 kHz).*> In contrast, the uncertainties from our saturation
—0.02 4 Cal. - Exp. spectroscopy measurements are ~6.5 kHz for transitions originat-

—28 —24 —20 —16 12 -8 —4
m

0 4 8 12

FIG. 4. Upper panel: The frequency differences between those reported in
HITRAN2020*" and those obtained in this work. Lower panel: Differences between
the experimental results and those calculated using the spectroscopic parameters
obtained in this work (see Table Ill). The orange balls and the blue hexagons

denote transitions of AJ = +1 and AJ = 0, respectively.

B. Microwave and terahertz frequencies

As shown in Fig. 1, pure rotational frequencies of oxygen
in the microwave (AN =0) and terahertz (AN =2) regions can
be directly determined using ground-state combination differ-
ences derived from magnetic-dipole transition frequencies in the
b'27 (0) - X2, (0) band, via the following expressions:

v(A] =-1,N") = VRQ(N+1) ~ VRR(N)>

2

V(A] = +1,N7) = VPQ(N_I) - VPP(N)’

ing from lower states with N < 21. Notably, some reported tera-
hertz frequencies deviate from their true values beyond the stated
1o uncertainty ranges.

C. Rotational parameters in the V = 0 states
of b'z} and X33

The energy levels in the b'S} and X3, states can be derived
from the following Hamiltonian model:**

H =T, +G, +BN"+D,(N*)* + H,(N*)®
2
+3 (382 = $*)[Ay + Ap,N* + A, (N*)?]
+N-S[y, + o, N + yr, (N*)?], 4)

where T, is the electronic energy; G, is the vibrational energy;
B, is the rotational constant; D, and H, are the centrifugal distor-
tion constants; A, Apy, and Agy are the electron spin-spin interaction
parameter; and y,, yp,,» and y,, are the electron spin-rotation inter-
action parameters. The rotational levels of the 32; electronic state
for a given total angular momentum J are obtained by diagonaliz-
ing a 3 x 3 block Hamiltonian containing non-zero matrix elements
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for AN = +2, as described in Ref. 44. In contrast, the bIE;,' state has
vanishing spin-spin and spin-rotation interactions, and its rota-
tional energy levels can be expressed as a polynomial function of
J(J +1).

A total of 101 experimental frequencies, corresponding to
64 rotational transitions from Refs. 31 and 42 together with those
combination differences from this work, were utilized to fit a new
set of rotational parameters for the V = 0 state of X3Z§, which are
summarized in Table ITI. The resulting fit yields a root-mean-square
(RMS) deviation of 0.018 MHz, compared to 0.031 MHz reported in
Ref. 42. The uncertainties of the present parameters are considerably
reduced compared to those previously reported.*

Although the differences between the newly determined rota-
tional parameters and those from Ref. 42 lie within reported

TABLE Ill. Spectroscopic parameters (in MHz) in the V = 0 states of X*5; and b’z .

uncertainties, the rotational energy differences calculated using the
two parameter sets increase rapidly with N, reaching 21 MHz at
N =43, as shown in Fig. 6(a). It is not possible to determine which
parameter set better represents the true energy levels since the
AN = 0 combination differences—corresponding to rotational tran-
sitions in the microwave region—remain below 3 kHz and are
thus within experimental uncertainties [Fig. 6(b)]. In contrast, the
AN =2 combination differences—associated with terahertz transi-
tions and shown in Fig. 6(c)—display a similar N-dependent trend
as in panel (a), reaching up to 8 MHz at N = 43. Differences between
the two parameter sets are already noticeable at low N values: at
N =9, 11, and 13, the deviations approach 20 kHz, several times
larger than the experimental uncertainties of this work. Due to
the limited tuning range of the laser system used in this work,

X’%, (v=0) b'Es(v=0)
This work Ref. 42 This work Ref. 19
T. 393 387 834.1972(19) 393 387 835.8(3)

By 43100.441 837(19) 43100.441 83(83) By 41708.602 121(46) 41708.6137(3)
Do(x10%) 145.115 37(66) 145.1175(76) Dy(x10%) 160.932 15(30) 160.986(9)
Hop(x10%) 20.7(29) 24.9(191) Ho(x10%) -116.27(69) ~54(6)
Ao 59501.343 105(19) 59501.343 18(25) Lo(x10'%) —3.38(48)
Ap(x10%) 58.3552(14) 58.3552(21)
A (x107) 3.017(20) 3.017(25)
Yo -252.586522(17) —252.586 504(39)
¥p(x10°) -242.936(92) —243.018(146)
¥ (x10%) -1.578(89) ~1.555(111)
RMS 0.018 0.031 RMS 0.0050 0.57
Lines 101 62 Lines 38 32
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we were unable to observe AN =2 transition pairs with higher
N values and thus cannot accurately determine the corresponding
energy levels. Nevertheless, the present method clearly demon-
strates the feasibility of precisely determining the energy level struc-
ture of the X° T, ground state. Although direct measurement of
AN = 2 pure rotational transitions could in principle provide such
results, the transition frequencies exceed 2 THz at high N, making
high-precision measurements experimentally challenging. Mean-
while, AN = 0 microwave spectra are insensitive to the N-dependent
energy variations and, therefore, cannot achieve this goal. For conve-
nience, the calculated microwave/terahertz frequencies, the derived
energy levels for the X state, and their associated uncertainties are
provided in the supplementary material I.

The ground-state rotational parameters and the electronic
energy T. for the blzg+ state were subsequently determined by fit-
ting 38 transition frequencies using the newly derived rotational
parameters of the X° %, (V = 0) state. The fit achieves a root-mean-
square deviation of 5.0 kHz—an improvement of two orders of
magnitude over previous results.'” A new parameter set can repro-
duce the observed frequencies within the experimental uncertainties,
as illustrated in the lower panel of Fig. 4. The experimental and cal-
culated A-band frequencies, the corresponding energy levels, and
their uncertainties are summarized in supplementary material IL.
Beyond being accurate frequency standards in the 760.4-769.2 nm
region, the 38 accurate 'O, magnetic-dipole transitions also per-
mit the study of advanced line profiles involving speed dependence,
collisional narrowing, and line mixing-effects key to atmospheric
remote sensing.

IV. CONCLUSION

In summary, we have demonstrated kHz-level precision spec-
troscopy on the magnetically dipole-allowed A-band of 'O,
by combining optical frequency comb calibration with cavity

ring-down saturated absorption spectroscopy. A total of 30 Doppler-
free transitions were measured with kilohertz uncertainties, improv-
ing the accuracy of line centers by two orders of magnitude over
previous studies. The ground-state combination differences derived
from these measurements provided microwave and terahertz
rotational frequencies with unprecedented accuracy. These data,
combined with existing literature values, enabled a refined determi-
nation of the spectroscopic parameters for the X3Z§ (0) and blZ; (0)
states.

The methodology established in this work highlights the
capability of optical comb-referenced saturation spectroscopy in
determining ground-state rotational energy levels, particularly for
molecules that are challenging to study through direct rotational
spectroscopy. For oxygen, this approach overcomes the limitations
of both direct THz measurements at high N values and the inherent
insensitivity of AN =0 microwave transitions to certain energy-
level variations. Our results not only provide the most accurate
frequency standards for the oxygen A-band to date but also yield
a set of precise rotational energies critical for radiative transfer mod-
els. This dataset is expected to serve as a fundamental reference for
future high-resolution remote sensing applications, spectroscopic
database development, and diverse follow-up studies across multiple
disciplines.

SUPPLEMENTARY MATERIAL

See the supplementary material for the experimental and cal-
culated frequencies, and the derived energy levels for the X and b
states.
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