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Saturated absorption spectroscopy of M1 transitions of O2 near 764 nm
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Magnetic dipole transitions of oxygen molecules, which span the microwave-to-infrared region, play a crucial
role in remote sensing applications. However, accurately determining the parameters of these weak transitions
has long been a challenge. In this work, we present a saturated absorption spectroscopy measurement of magnetic
dipole transitions of 16O2 near 764 nm using a comb-locked cavity ring-down spectrometer. The Line positions
of eight transitions in the P branch of the b 1�+

g ← X 3�−
g (0, 0) band were determined with an accuracy of

better than 3.5 kHz under zero magnetic field, an improvement of two orders of magnitude over previous studies.
Zeeman splittings induced by the Earth’s geomagnetic field were partially resolved, and their influence on the
spectral line profile was meticulously analyzed using the Stokes matrix formalism. The results of this study also
indicate the potential for the experimental determination of the Landé g factors of the energies of O2 with better
accuracy.
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I. INTRODUCTION

As an essential component of the Earth’s atmosphere,
the role of molecular oxygen in geochemical and biological
processes [1–3] motivates long-term observations in a wide
variety of scientific and environmental research [4,5]. Tech-
niques based on absorption spectroscopy provide direct and
noninvasive measurements. However, only weak magnetic
dipole and electric quadrupole transitions are allowed from
the ground state (X 3�−

g ) of oxygen in the microwave region
to the infrared region. Various highly sensitive spectroscopic
techniques [6–10] have been developed for the trace detection
of O2. Meanwhile, due to its wide dynamic range and regular
spectral line distribution, atmospheric oxygen absorption has
been extensively included in various remote sensing missions,
such as GOME [11], OCO-2/3 [12], GOSAT [13], TANSAT
[14], and TCCON [15]. The oxygen spectra are used to extract
a variety of atmospheric data, such as the cloud top height,
cloud optical depth, surface pressure, atmospheric pressure
profile, upper atmospheric temperature profile, aerosol profile,
and surface albedo. Microwave radiometers [16] and Limb
sounders (EOS aura/mls) [17] can also remotely measure
the distribution of the geomagnetic field using the oxygen
Zeeman effect, which was discovered as a critical factor in
the radiative transfer model [18–21] to extend the atmospheric
temperature measurements to altitudes up to 55 km [22–25].
Applications of oxygen remote sensing in atmospheric sci-
ence, in turn, encourage more high-precision spectroscopic
studies of O2.

Decades after Babcock and Herzberg’s first observation
of oxygen absorption spectroscopy in 1948 [26], O’Keefe
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and Deacon measured the Doppler-limited absorption
spectroscopy of the A band of oxygen using cavity ring-down
spectroscopy (CRDS) [27]. It was also the first demonstration
of the CRDS technique that is extensively applied in many
fields nowadays.

In particular, the development of frequency-stabilized
cavity ring-down spectrometers has led to significant improve-
ments in the precision of line profile parameters [28–33].
These include the sub-MHz line positions [28,29], line inten-
sities of transitions with J values up to 51 [30], and line mixing
parameters at the A- and B-band heads [32,33]. The Einstein A
coefficients of magnetic dipole (M1) and electric quadrupole
(E2) transitions are 10−14 ∼ 10−9 of those allowed electric
dipole (E1) transitions between electronic states [34]. So far,
only Doppler-free saturated absorption spectroscopy (SAS) of
the H2 electric quadrupole transition has been reported very
recently [35], and no SAS measurements of the magnetic
dipole transitions. Extremely high requirements for optical
intensity and detection sensitivity prevent the determination
of the Landé g factors of the oxygen rotational energy states
in the X 3�−

g state by SAS measured at a magnetic field of
several Gauss. These factors greatly influence the accurate
evaluation of the unpolarized cross section and brightness
temperature from remote sensing observations using oxygen
microwave spectroscopy [36]. Meanwhile, the accurate Landé
g factors of molecular rovibrational states can also be used as a
benchmark to test the spin-spin interaction in the Hamiltonian
model, with deviations of up to 15% in the calculated values
for different Hamiltonian models [37].

Compared to microwave transitions from X 3�−
g states,

rovibrational transitions from the same low electronic state in
the A or B bands of oxygen are better suited for the experi-
mental determination of the Landé g factors because the upper
singlet electronic states are immune to the Zeeman effect.
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FIG. 1. Configuration of the saturated cavity ring-down spec-
troscopy apparatus. BS: beam splitter; PBS: polarized beam splitter;
HWP: half-wave plate; AOM: acoustic-optic modulator; EOM:
electro-optic modulator; PZT: piezoelectric ceramic actuator; PD:
photodiode; APD: Avalanche photodiode.

A comb-locked cavity ring-down spectrometer centered at
780 nm has recently been developed in our laboratory, which
combines a sensitivity (the minimum detectable absorption
coefficient) on the order of 10−11 cm−1, a frequency reso-
lution of a few kHz and an intracavity intensity of several
kW/cm2 as other similar setups in the near-infrared region
[38,39]. With this spectrometer, we are able to observe the
SAS of oxygen magnetic dipole transitions with saturation
intensities above 30 kW/cm2. Line positions were deter-
mined with an accuracy of 3.5 kHz for eight transitions in
the range 763.7–765.2 nm under geomagnetic field shielding.
Discrepancies between the SAS values and those obtained
from Doppler-limited measurements are discussed, as well as
microwave frequency comparisons between the values calcu-
lated in this work and those reported in the literature. We also
study the Lamb-dip spectra of these transitions under geomag-
netic field, using the Stokes matrix formalism to analyze the
influence of the Zeeman effect on the spectral profile.

II. EXPERIMENTS

The comb-locked cavity ring-down spectrometer is
schematically shown in Fig. 1. The optical layout is similar
to those used in our previous work [38,40]. A high-finesse
optical resonant cavity is used to increase both the effective
absorption path length and the intracavity laser power by a
factor of over 103. The laser source is an external cavity diode
laser (ECDL, Toptica DL Pro100) tunable in the range of 763
to 805 nm. One beam from the laser, noted as the “locking
beam,” is first shifted by an acoustic-optic modulator AOM1
in Fig. 1, then phase-modulated by an electrooptical modu-
lator (EOM), and used to lock to a high-finesse cavity with
the Pound-Drever-Hall (PDH) method. The optical cavity is
composed of two mirrors with a reflectivity of R = 99.995%
at 760 to 810 nm (Layertec GmbH Inc.). The distance be-
tween the two mirrors is 70.3 cm, corresponding to a free
spectral range (FSR) of 213.1 MHz. The cavity is installed
in a stainless-steel chamber pumped by a turbo pump, and
the leaking rate of the chamber is below 0.2 Pa/day. An-
other beam from the laser, denoted as the “probing beam,” is
frequency shifted by another acoustooptic modulator (AOM2
in Fig. 1), and then coupled into the cavity for CRDS

measurements. Its frequency is shifted by one FSR of the
cavity from the “locking” beam. Consequently, the probing
beam will pass through the cavity when the locking servo
loop is closed. The polarization of the probing beam is set
perpendicular to the locking beam to avoid crosstalk between
the two beams.

The beat frequency between the locking beam and an op-
tical frequency comb (OFC) is recorded to calibrate the laser
frequency. One of the cavity mirrors is attached to a piezo-
electric ceramic actuator (PZT), and a locking loop is used to
stabilize the cavity length according to the beat frequency. The
optical comb is the second harmonic generation of a 1520-nm
Yb-dopped comb with a repetition frequency fr of 205 MHz
and a carrier frequency f0 of 250 MHz referenced to a local
active hydrogen maser (VCH-1003M). The drift of the maser
has been measured to be below 2 × 10−13 s−1. The overall
uncertainty of the comb teeth frequency has been determined
to be less than 0.3 kHz. The absolute frequency of our probe
light can be expressed as

ν = 2 f0 + n fr + fA + fB, (1)

where fA is the frequency shift of AOM2, fB is the beat
frequency between the optical comb and the laser, and the
integer n represents the comb tooth index. Laser scanning is
implemented by changing the frequency fB.

The beam waist radius is about 0.5 mm. About 3-mW
incident laser power was used for the measurements of the
Lamb dips. The unidirectional laser power inside the vacuum
cavity was estimated to be about 9 W according to the trans-
mittance of the cavity [41]. Ring-down events were generated
by periodically chopping the “probe” beam with AOM2. The
ring-down curve recorded by an acquisition card was fit by
a single exponential decay function to derive the ring-down
time τ . The absorption coefficient of the sample gas was
obtained as α = 1

cτ − 1
cτ0

, where τ0 is the ring-down time
without absorption and c is the speed of light.

An oxygen gas sample (purity >99 %) was used in the
experiment without further purification. The temperature of
the sample cell was stabilized at 298.15 K and the temperature
drift was less than 50 mK/day.

III. RESULTS AND DISCUSSION

The studied O2 lines near 764 nm are magnetic dipole
transitions in the P branch of the b 1�−

g (ν = 0)–X 3�−
g (ν=0)

band. Under Hund’s case [Fig. 2(b)] coupling scheme, a
rovibrational energy level can be denoted by three quantum
numbers: S, N , and J , where S is the spin angular momentum,
N is the rotational angular momentum, and J is the total
angular momentum. Due to the spin-rotation coupling, the
energy level with rotational quantum number N in the triplet
state X 3�−

g splits into three sublevels (J = N − 1, N , N + 1)
for N > 1, while the singlet state b 1�+

g has J = N . Therefore,
there are four branches, PP, PQ, RQ, and RR in the vibrational
band. They are illustrated in Fig. 2(a). Transitions studied in
this work are also indicated in Fig. 2(b) together with the line
intensity given in the HITRAN2020 datatbase [42].

Figure 3 shows the saturated absorption spectra of the
PQ(10) and PP(11) lines recorded at a sample pressure of
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FIG. 2. (a) Energy level diagram of the A band transitions of
16O2. (b) Overview of the A band of O2 near 760 nm. The rectangle
indicates eight lines studied in this work.

FIG. 3. Saturated absorption spectra of the PQ(10) and PP(11)
transitions. Red points are experimental data recorded with mag-
netic shielding, and they were fitted with the following function:
1

cτ = A + B(ν − ν0 ) + 2C
π

w

4(ν−ν0 )2+w2 , where A and B represent the
intercept and slope of the baseline, C is the integral of the absorption
coefficient, w is the full width at half maximum (FWHM) of the
peak, and ν0 is the central frequency of the line. Solid black lines
are simulated spectra and the fitting residuals are shown in the lower
panels. Blue points show the experimental data recorded under the
geomagnetic field (31◦50′34′′N, 117◦15′12′′E) on April 9, 2022, 0.55
Gauss, without using magnetic shielding. Oxygen sample pressure:
2 Pa. Number of scan: 518.

about 2 Pa. Red and blue dots indicate spectra recorded
with and without magnetic shielding, respectively. The spectra
recorded with magnetic shielding were fitted with Lorentzian
functions (solid black lines), and the fit residuals are shown
in the lower panels. The signal-to-noise ratio is around 30 : 1
for a spectrum averaged with about 100 scans, with each scan
accomplished in about 30 s.

With the magnetic shield applied, a single peak is ob-
served which could be fitted by a Lorentzian function with
a linewidth of 0.58 MHz (full width at half maximum). Under
the geomagnetic field, the spectrum shows two bumps that
could be fitted with Lorentzian peaks with widths of 1.3 MHz
and 1.5 MHz, respectively, and the distance between the two
bumps is about 2 MHz. Other lines in the PQ branch show
similar profiles as the PQ(10) line shown in Fig. 3.

A. Line positions under zero magnetic field

To eliminate the influence of geomagnetic fields on the
lineshape of the oxygen M1 transition, the chamber was cov-
ered with multiple layers of permalloy. The residual magnetic
field in the optical cavity was found to be less than 0.05 Gauss.
For a PQ transition, only one peak was observed under the
zero magnetic field, but a broad feature with double peaks was
observed when the magnetic shield was removed (discussion
in the next subsection), as shown in Fig. 3. It allows us to
determine the line position with a statistical uncertainty of less
than 3 kHz. In total, we determine the positions of eight lines
in four pairs. Each pair shares the same upper level.

Similar to the studies we carried out for some other
molecules such as 12C 16O [38], 12C2 H2 [40], and CO2 [39],
systematic uncertainties were investigated, including those
from the frequency comb, the drift of AOM, the frequency
shift induced by laser power and sample pressure, the possible
asymmetry in the line profile, and the second-order Doppler
shift. The frequency drift of AOM2 is about 0.05 kHz. Lamb-
dip spectra of PP(11) were recorded at different sample
pressures and different laser powers to determine the power-
and pressure-induced shifts. The upper panel of Fig. 4 shows
Lamb-dip spectra recorded with various laser powers (a) and
at different oxygen pressures (b). The saturation parameter
S was estimated as the ratio between the intracavity laser
power and the saturation power [43]. As the laser power
changes during a ring-down event, we adopted an effective
S value according to the averaged amplitude of the RD signal
included in the single exponential decay fit. A noticeable aug-
mentation was observed in both the dip depth and linewidth
as the laser power and sample pressure increased. The
pressure-broadening coefficient of PP(11) was measured to be
124(11) kHz/Pa, which is approximately seven times greater
than the value of 15.1 kHz/Pa given in the HITRAN2020
database [42]. Similar pressure dependence was also found for
the other seven lines studied in this work. Note that the
pressure-broadening coefficients given in the HITRAN database
were determined from Doppler-limited spectroscopy recorded
under moderate pressures (typically 103–105 Pa), they could
be significantly less than those obtained from SAS measure-
ment at much lower pressures. This effect has been observed
in a number of studies for various molecules [38–40,44,45].
Further quantitative analysis on the pressure-broadening ef-
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FIG. 4. Upper panels: Cavity ring-down saturation spectra of the
PP(11) line retrieved with (a) various laser powers (Sample pressure:
3.0 Pa) and (b) at different sample pressures. Spectra were vertically
shifted for a better illustration. Lower panels: (c) Line centers ob-
tained at different effective saturated coefficients S, (d) line centers
obtained at different sample pressures. Red shadows show the 68%
confidence intervals of the linear fit. Note that the effective S value
was derived using the average laser power of the ring-down curve
used in the single-exponential decay fitting, and all frequencies are
shifted by 392 254 548 991.1 kHz.

fect requires better control of the incident laser power applied
in the measurements.

The lower panel of Fig. 4(c) shows the line centers acquired
at different laser powers, and the power shift is determined to
be negligible. Spectra obtained at different pressures within
the range of 2 to 4 Pa show that the pressure-induced shift
is also negligible with in an uncertainty of about 1.2 kHz,
as shown in Fig. 4(d). Note that the pressure-induced shifts
are about −1.5 kHz/Pa for eight transitions in the Doppler
regime [46]. As discussed in our previous studies [38–40],
we estimated the uncertainty within the frequency range of
0.1–1.4 kHz to account for potential asymmetry in the line
profile model. The second-order Doppler shift, taking the

most probable gas velocity of 392 m/s of 16O2 at 298 K, is
estimated to be −0.32 kHz with an uncertainty below 10 Hz.
The recoil-induced doublet of 20 kHz difference [47] results
in symmetry spectral broadening, leaving no recoil shift. The
overall uncertainties are below 3.5 kHz for eight lines in the
oxygen A band near 764 nm. Their frequencies together with
the uncertainties are given in the third column of Table I.

For comparison, sub-MHz accurate values obtained from
Doppler-limited spectroscopy [28] are also given in the sec-
ond column. Note that line positions given by Yu et al. [48]
are calculated from an empirical global fit, identical to that
in the HITRAN2020 database [42]. Discrepancies between the
literature values and our frequencies are found to be below
0.5 MHz, falling within the range of uncertainties given in
Ref. [28]. The average difference between the line positions
in the HITRAN2020 database [42] and our values is 0.54 MHz.
This deviation exceeds the accuracy range (0.03–0.3 MHz)
evaluated by the HITRAN group. As shown in Fig. 2, the PP and
PQ transitions share the same upper levels J = N − 1 in the
b1�+

g electronic state. Their frequency difference δν therefore
represents the energy difference in the ground state, which can
be measured directly by microwave spectroscopy. The energy
difference δνthis, determined in this work, is presented in the
fourth column of Table I, together with a comparison with
the values obtained from microwave spectroscopy δνMW [49].
The discrepancies � = δνthis − δνMW are all below 4 kHz, in
agreement with the combined experimental uncertainty.

B. Zeeman splittings under geomagnetic field

The geomagnetic field removes the Zeeman degeneracy
of the ground triplet state 3�−

g of O2, while the 1�+
g state

remains degenerate. Each Zeeman component in the ground
electronic state has a frequency shift in a magnetic field

�νZ = −Mg(J )
μBB

h
. (2)

Here B is the magnitude of the magnetic field, μB is the Bohr
magneton, M = −J,−J + 1, . . . , J , is the quantum number
of J projected along the direction of the magnetic field, and
g(J ) is the Landé factor. The magnetic dipole transition se-

TABLE I. Frequency centers (under the zero magnetic field) of the transitions in the A band of 16O2, unit in kHz. Numbers in parentheses
represent 1σ uncertainties in the last quoted digit.

Frequency, ν δν a

Transition Doppler [28] This work This work Microwave �b

PQ(8) 392 537 926 760(720) 392 537 926 288.4(18) 58 323 877.7(25) 58 323 876.6(17) 1.1(30)
PP(9) 392 479 602 760(690) 392 479 602 410.7(18)
PQ(10) 392 312 161 930(660) 392 312 161 477.0(21) 57 612 486.1(40) 57 612 483.4(05) 2.7(40)
PP(11) 392 254 549 230(630) 392 254 548 990.9(33)
PQ(12) 392 075 397 630(600) 392 075 397 631.2(20) 56 968 208.3(37) 56 968 207.7(15) 0.6(40)
PP(13) 392 018 429 960(600) 392 018 429 422.9(31)
PQ(14) 391 827 599 710(600) 391 827 599 805.7(15) 56 363 394.6(23) 56 363 398.3(16) −3.7(28)
PP(15) 391 771 236 450(570) 391 771 236 411.2(17)

aEnergy difference in the ground state, δν = ν[PQ(J − 1)] − ν[PP(J )] = E ′′(N, J ) − E ′′(N, J − 1).
b Difference between δν obtained from this work and that from the microwave spectroscopy [49], � = δνthis − δνMW.
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lection rule follows �M = 0,±1, corresponding to π and σ±
transitions, respectively.

Taking the Hund’s case [Fig. 2(b)] description of the
ground state X 3�−

g , the factor g(J ) is roughly equal to
2/[J (J + 1)] and −2/J for the transitions in the PP and PQ
branches, respectively [37]. The distance between nearby Zee-
man components for a PP(J ′′) (J ′′ = 9, 11, 13, 15) transition
is expected to be in the range of 5–15 kHz under the geo-
magnetic field of 0.55 Gauss. It is only 2% of the measured
linewidth and is unresolved in our measurements. As shown
in the right panel of Fig. 3, the linewidth of the PP(11) line
in the local geomagnetic field is only slightly larger than that
recorded with magnetic shielding. Analogous behaviors were
observed for the three other lines in the PP branch.

The Landé factor g(J ) for the PQ branch is approximately
ten times larger than that for the PP branch [37]. It leads to
a Zeeman splitting up to a few hundred kilohertz and a broad
feature with two peaks under the geomagnetic field, as shown
in the left panel of Fig. 3. For a transition in the PQ branch, we
have �J = 0, and the intensity of each M component is given
by [50]

Sπ = 3M2

J (J + 1)(2J + 1)
,

Sσ± = 3(J ∓ M )(J + 1 ± M )

2J (J + 1)(2J + 1)
. (3)

Consequently, the intensities of different Zeeman components
are related to the direction of the magnetic field, the prop-
agation, and the polarization of the radiation. Quantitative
investigations of Zeeman transitions have been established for
cases where the magnetic field is parallel or perpendicular
to the light-propagating direction, and the Faraday model
and Voigt model are used in these two cases, respectively
[22,51,52]. However, when there is an angle between the mag-
netic field and the direction of light propagation, one cannot
simply decompose the magnetic field into two directions and
use separate models for quantitative analysis.

The Zeeman effect in the atmospheric radiative transfer
has been analytically derived with both coherency [53,54] and
Stokes formalisms [55,56]. The latter is widely adopted by the
solar physics community to study the magnetic field of stars
[57,58]. Atmospheric radiative transfer simulator (ARTS)
[59,60] uses the Stokes formalism and has been successfully
applied to verify ground-based microwave radiometer mea-
surements [22]. Here we use this formalism to analyze the
saturated spectrum of O2 under the geomagnetic field. Ac-
cording to the results given in the Appendix, the total light
intensity [Eq. (A1)] can be expressed as

I ∝ 1
2φπ sin2 θ + 1

4 (φσ+ + φσ− )(1 + cos2 θ )

+ 1
2 [φπ − 1

2 (φσ+ + φσ− )] sin2 θ cos 2η, (4)

where φπ,σ± represent the absorption for π , σ+, and σ− tran-
sitions, as defined by Eq. (A4) in the Appendix.

In Eq. (4), θ denotes the angle between the magnetic field
vector �B and the z axis, and η is the angle between the
y axis and the projection of �B in the xy plane, as shown
in Fig. 5, where the xz plane is horizontal and the laser
propagates along the z axis. The local geomagnetic field

FIG. 5. Definition of the reference frame. The laser propagates
along the z axis, which is linearly polarized along the x axis. The lo-
cal geomagnetic vector �B is 0.55 Gauss with θ = 56◦ and η = 157◦.

was measured by a TESLA meter TM-801EXP. The field
has an amplitude of 0.55 Gauss and the direction is 50◦
downward north. The optical cavity is orientated 30◦ north-
east. Using the geometric relationship shown in Fig. 5, we
obtained θ = 56◦ and η = 157◦ for the experimental condi-
tions in this work.

The Zeeman structure in an arbitrary magnetic field can
be calculated with the above equations and those given in
the Appendix. We simulated spectral envelopes of the PQ(10)
transition under magnetic fields in different directions with the
same amplitude of 0.55 Gauss. In two particular cases where
the laser propagates in a parallel direction and perpendicu-
larly to the magnetic field, as shown in Figs. 6(a) and 6(b),
the spectra exhibit different characteristics. When the laser
beam is parallel to the magnetic field, only σ± components
are presented in the spectrum. When they are perpendicular,
as shown in Fig. 6(b), only σπ components are presented.
Under the local geomagnetic field, the simulated spectrum is
composed of 39% σ± and 61% π components, shown as the
black solid line in Fig. 6(c). It agrees reasonably well with
the experimental spectrum (red dots). Note that the simulation
does not include crossovers [61] among different Zeeman
subcomponents.

Under a given magnetic field, each transition in the A band
of O2 splits to multiple Zeeman components and the Zeeman
shifts follow Eq. (2). We calculate the Zeeman splittings “d”
under the magnetic field of 1.0 Gauss, using the g factors
given in Ref. [37] where anisotropic spin, rotational, and
spin-spin corrections to g factors are included. The results
are shown in Fig. 7. For comparison, splittings based on a
simplified Hund’s case (b) model [54] are also given, and
the differences between these two models are shown in the
lower panel of Fig. 7 for different transitions. As we can see,
the Zeeman splitting decreases rapidly with an increasing J
value. Under the geomagnetic field in this work, the d value
is below 0.1 MHz for transitions J ′′ > 10. That is the reason
why the Zeeman components were unresolved in this work.
However, it is possible to resolve the Zeeman components
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FIG. 6. Absorption spectra of PQ(10) under magnetic fields in
different directions with the same amplitude of 0.55 Gauss. Bold
solid lines show sums of all simulated Zeeman components (thin
lines). (a) The magnetic field is parallel to the laser propagation
direction (z), θ = 0◦ and η = 90◦. (b) The magnetic field is perpen-
dicular to the laser beam and parallel to the y direction, θ = 90◦

and η = 180◦. The distance between two nearby Zeeman compo-
nents is indicated as “d.” (c) The local geomagnetic field, θ = 56◦,
and η = 157◦. Red scattering points with error bars are experimen-
tal data. Definition of the direction of the magnetic field is given
in Fig. 5.

by SAS measurements for low-J transitions. Moreover, as
shown in the lower panel of Fig. 7, deviations due to the
models with or without corrections calculating the g(J ) factors
are significant for PQ and RQ transitions with low J values.
Saturated absorption spectroscopy of these transitions may
yield a determination of the g(J ) value with an accuracy at
the 1% level if the magnetic field is also precisely measured,
giving an experimental evaluation of the models. In turn, such
a measurement could be used to assess the Zeeman effect
on atmospheric temperature remote sensing profiles at high
altitudes and allow applications in remote sensing of astro-
physical magnetic fields. Unfortunately, these transitions are
beyond the scanning range of the diode laser used in this work,
and they will be studied in a succeeding work.

IV. CONCLUSION

This work presents a saturated absorption spectroscopy
measurement of magnetic dipole (M1) transitions of
molecules. Lamb dips of eight transitions around 764 nm

FIG. 7. (a) Calculated Zeeman splittings d under the magnetic
field of 1.0 Gauss for transitions in the A band, using g(J ) values
given by the models with [37] (red solid symbol) or without [54]
(blue open symbol) corrections. (b) Differences between both values
from two models.

in the P branch of the oxygen A band were observed.
The spectral splittings caused by the Zeeman effect under
the geomagnetic field for PQ transitions were partially re-
solved, which were analyzed using the Stokes formalism.
Magnetic shielding was applied to reduce the influence of
the geomagnetic field, which allows for determinations of
line positions with an accuracy of a few kHz. The re-
sults in this study show that the oxygen Landé factors in
the ground state X 3�−

g can be experimentally determined
with the SAS measurements under a uniform magnetic field.
Such Landé factors are of great importance in atmospheric
remote sensing.
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APPENDIX: TRANSLATING
THE PROPAGATION MATRIX

Stokes proposed [62] that the polarization and intensity of
a laser beam can be described using four parameters, forming
a four-dimensional column vector, which can be expressed as

�S =

⎡
⎢⎢⎢⎢⎣

I

Q

U

V

⎤
⎥⎥⎥⎥⎦

=

⎡
⎢⎢⎢⎢⎣

E2
x + E2

y

E2
x − E2

y

2ExEycosδ

2ExEysinδ

⎤
⎥⎥⎥⎥⎦

. (A1)

Here, I is the total intensity of the light wave; Q describes
the intensity difference between the x and y directions; U is
the difference between the +45◦ and −45◦ polarization com-
ponents; and V is the intensity difference between left- and
right-circular components. After normalization, horizontally
polarized light can be represented as [1 1 0 0]T .

At the same time, polarized optical devices can be rep-
resented by a 4 × 4 matrix M, and the transformation
characteristics can be expressed by a Mueller matrix [63]. The
matrix to describe passing through a polarized beam splitter
(PBS) can be written as

M = 1

2

⎡
⎢⎢⎣

1 1 0 0
1 1 0 0
0 0 0 0
0 0 0 0

⎤
⎥⎥⎦. (A2)

The matrix for absorption by oxygen molecules in a mag-
netic field is provided in Ref. [55]:


 =

⎡
⎢⎢⎢⎢⎣

φI φQ φU φV

φQ φI φ′
V −φ′

U

φU −φ′
V φI φ′

Q

φV φ′
U −φ′

Q φI

⎤
⎥⎥⎥⎥⎦

,

φI = 1
2φπ sin2 θ + 1

4 (φσ+ + φσ− )(1 + cos2 θ ),

φQ = 1
2

[
φπ − 1

2 (φσ+ + φσ− )
]

sin2 θ cos 2η,

φU = 1
2

[
φπ − 1

2 (φσ+ + φσ− )
]

sin2 θ sin 2η,

φV = 1
2 (φσ− − φσ+ ) cos θ,

φ′
Q = 1

2

[
φ′

π − 1
2 (φ′

σ+ + φ′
σ− )

]
sin2 θ cos 2η,

φ′
U = 1

2

[
φ′

π − 1
2 (φ′

σ+ + φ′
σ− )

]
sin2 θ sin 2η,

φ′
V = 1

2 (φ′
σ− − φ′

σ+ ) cos θ. (A3)

In the above equations, terms φ and φ′ represent absorption
attenuation and the magnetooptical effect, respectively,

φi =
∑

i

SiF (ν, ν0 + �ν0),

φ′
i =

∑
i

SiF
′(ν, ν0 + �ν0). (A4)

The subscript i represents each Zeeman component. F and
F ′ are the absorption line shape and magnetooptical line
shape functions, respectively. Since the pressure broadening
is dominant in our experiment, we use Lorentzian functions
to describe the absorption line shapes for different Zee-
man components. As for the magnetooptical line shapes,
the Faraday-Voigt function is used [55]. However, in our
subsequent theoretical analysis, the impact of polarization
combinations does not exist in our theoretical model.

Therefore, the overall optical propagation process can be
expressed as

1

2

⎡
⎢⎢⎢⎢⎣

1 1 0 0

1 1 0 0

0 0 0 0

0 0 0 0

⎤
⎥⎥⎥⎥⎦

⎡
⎢⎢⎢⎢⎣

φI φQ φU φV

φQ φI φ′
V −φ′

U

φU −φ′
V φI φ′

Q

φV φ′
U −φ′

Q φI

⎤
⎥⎥⎥⎥⎦

⎡
⎢⎢⎢⎢⎣

1

1

0

0

⎤
⎥⎥⎥⎥⎦

=

⎡
⎢⎢⎢⎢⎣

I

Q

U

V

⎤
⎥⎥⎥⎥⎦

.

(A5)

In our experimental configuration, we detected the total
light intensity I , which is the sum of two terms: I = φI + φQ.
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