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Abstract: We evaluated the alignment-to-orientation conversion (AOC) at the cesium D1 line
to improve a nonlinear magneto–optical rotation (NMOR) optical atomic magnetometer’s signal
amplitude and bandwidth. For the 6 2S1/2 F = 3→ 6 2P1/2 F′ = 4 transition, the AOC-related
NMOR achieves a 1.7-fold enhancement in signal amplitude compared to the conventional
NMOR, benefiting from narrow linewidth and ultraweak power broadening. Therefore, an
effective amplitude-to-linewidth ratio is maintained in the high-laser-power region. This method
is beneficial for detecting high-frequency magnetic signals in nuclear magnetic resonance and
biomagnetism, as the NMOR magnetometer bandwidth increases with laser power.

© 2021 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Optical atomic magnetometers are one of the most sensitive sensors for detecting ultraweak
magnetic fields, which are used for biomagnetism [1–5], optically detected nuclear magnetic
resonance (NMR) [6–9], and fundamental physics [10]. Spin-exchange relaxation-free (SERF)
optical atomic magnetometers [11] have an outstanding magnetic sensitivity below 1 fTrms/

√
Hz

[12], and are used for measuring weak magnetic signals such as magnetoencephalographic signals
[1] and indirect nuclear spin–spin coupling spectra at zero magnetic field [6]. However, the
thermal insulation of SERF magnetometers, being indispensable owing to their high operating
temperature (typically above 100 ◦C) [11,12], increases the detection distance to biological or
low-boiling samples and results in the attenuation of magnetic signals (B ∝ r−3). Therefore,
an atomic magnetometer with moderate operating temperature and high sensitivity is required.
Another type of optical atomic magnetometer is based on nonlinear magneto–optical rotation
(NMOR) [13]. Such a magnetometer can operate at room temperature [14,15] and a finite
magnetic field far away from zero [16,17] because there is no need for rapid collisions between
alkalis atoms. However, the absolute sensitivity of NMOR magnetometers is generally one or two
orders of magnitude lower than that of SERF counterparts [15]. Therefore, many technologies
and mechanisms have been developed to improve the sensitivity of NMOR magnetometers, such
as wave mixing [18] and squeezed light [19,20]. These methods introduce another laser beam
inconducive to the integration of a magnetometer.

Various mechanisms cause NMOR with a typical curve and linewidth. The NMOR caused by
Bennett-structure effect [21] is attributed to the variation of the ground state population during
optical pumping. Its linewidth is related to the spontaneous emission rate Γ (tens of megahertz).
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The coherence effect that involves the creation and evolution of atomic polarization has a linewidth
that is characterized by the rate of atomic depolarization γ (tens to thousands of hertz). The
slope of NMOR curve at zero field represents the coefficient of the magnetometer output versus
the target magnetic field, and it is a vital parameter that affects the sensor’s sensitivity. For a
dispersion NMOR curve, the amplitude-to-linewidth ratio (ALR) is equal to half the value of the
slope. Therefore, the coherence effect is the typical NMOR mechanism used in magnetic field
detection.

The mechanism of coherence effect in the scheme with a single laser beam, which is used
for pumping and probing simultaneously, can be described in three stages [22]. First, in the
“pumping” stage, linearly polarized light optically pumps the atoms into a polarization of
alignment with linear dichroism. Second, in the “evolving” stage, the atomic alignment undergoes
Larmor precession in a magnetic field and rotates. Third, in the “probing” stage, the laser
polarization is rotated via the interaction with the aligned polarized atoms. The coherence
of the atomic ensemble increases with laser intensity. Moreover, another NMOR mechanism
related to alignment-to-orientation conversion (AOC) [23] occurs at high laser intensity. Under
the condition of AOC, intense linearly polarized light causes the aligned polarized atoms to
generate an induced dipole moment when the atoms undergo Larmor precession. At that
moment, the atomic polarization is no longer in the state of alignment (corresponding to the
linear dichroism) but is converted to a state mixed with the orientation, causing the emergence of
circular birefringence.

The AOC-related NMOR at the D2 lines of rubidium and cesium have been investigated
previously [23–26]. The AOC caused the reversal of rotation for the F → F + 1 transition at
high intensity [23,24], This reversal indicated that the main contribution of rotation is from the
alignment atomic medium with dichroism to the orientation atomic medium with birefringence
[23]. Many NMOR magnetometers that optimized the sensitivity work at the region of AOC.
The effects of elliptical polarization and transverse magnetic fields on the AOC-related NMOR
have been discussed [25]. The transition between an aligned and an oriented atomic sample
can be observed by monitoring atomic radio-frequency spectra [26]. However, the curve of
AOC-related of NMOR is usually covered by the coherence NMOR and is not striking. Therefore,
the response capacity of the AOC-related NMOR, especially the signal amplitude and bandwidth,
is an important topic that requires further investigation.

Herein, we utilized the AOC mechanism in NMOR to enhance the signal detection of an optical
atomic magnetometer. We evaluated the AOC-related NMOR in the D1 transition of cesium at a
high laser power region. To optimize the AOC-related NMOR, the effects of laser power and
detuning were investigated. With an increase in laser power, the AOC-related NMOR indicated
an increased amplitude as well as a narrow linewidth, thereby resulting in a high ALR in the high-
laser-power region. An exceptional reversal of rotation sign at 6 2S1/2 F = 4 → 6 2P1/2 F′ = 3
transition. A theoretical evaluation based on nonperturbative density matrix calculations was
performed to clarify the origin of the sign of laser polarization rotation in NMOR. Finally, owing
to the improvement of the bandwidth at a high laser power, applications such as zero-field NMR
and multinuclear NMR are discussed herein.

2. Principle

2.1. Experimental description

Figure 1 shows the diagram of the experimental apparatus. The cesium vapor cell (a cube with a
side length of 10 mm) was paraffin coated to reduce the relaxation of the atom–wall collisions.
The temperature of the cesium vapor cell was maintained at 37 ◦C with hot air and monitored
using a PT100 thermometer. Five-layer magnetic shields (Mu metal, shielding factor of 105)
were used to prevent the vapor cell from the disturbance of the geomagnetic field. A three-axis
Helmholtz coils system was used to compensate for the residual magnetic field (nanotesla level).
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In addition, this coils system could be used for the application of a scanning magnetic field to test
the NMOR signal.

Fig. 1. Experimental setup. The diagram shows a single-beam scheme comprising a
Ti:sapphire laser, an acousto–optic modulator (AOM), a lock-in amplifier (LIA), a mirror
(M), a polarization beam splitter (PBS), a function generator (FG), an attenuator (A), a
polarizer (P), Mu metal magnetic shielding layers (Shields), coils for shimming and pulsing
(Coils), a 133Cs vapor cell (Cell), a Wollaston prism (WP), a balanced photodetector (PD),
and a computer system for programming control and data acquisition (PC), a wavelength
meter (WM).

In this study, a Ti:sapphire laser system (Coherent, MR110) with characteristics of high
power (2 W), wide-range continuous tunable wavelength (700 – 1030 nm), and narrow linewidth
(<75 kHz) was applied. These characteristics are beneficial for evaluating the properties of
the AOC-related NMOR. The laser frequency was locked through a Fabry–Pérot cavity and
monitored using a wavemeter (Highfinesse, WS-6). The laser power was stabilized through
a noise eater (Thorlabs, NEL03). An adjustable optical attenuator was used to control the
power of the incident laser beam. The laser light propagating along the z-direction was linearly
polarized along the x-direction via a polarizer before entering the vapor cell. The size of the
laser beam is 0.46 mm2. The rotation of the laser polarization was measured using a Wollaston
prism and a balanced photodetector (New Focus 2307). To improve the SNR, the laser was
amplitude modulated (Ωm = 1800 Hz, 50% duty cycle and 100% modulated depth) by using an
acousto–optic modulator and demodulated via a lock-in amplifier.

2.2. Theory of light polarization rotation in AOC-related NMOR

To describe the change in atomic polarization, the density matrix ρ is expanded with the
polarization operators T κq as follows [27]:

ρ =

2F∑︂
κ=0

κ∑︂
q=−κ
ρκqT

κq. (1)

where κ is the rank of the polarization moments and ρ0, ρ1, and ρ2 represent the monopole
moment, dipole moment (orientation), and quadrupole moment (alignment), respectively. The
polarization of atoms can be represented by the polarization moments.

Nonperturbative density matrix calculations [22] can be performed to evaluate the AOC-related
NMOR. This theory was established by Budker and Rochester [27] and is suitable for both high
and low laser powers. In this model, the rotation angle of the probe light is associated with
the population of the ground-state atoms, which is related to the atomic density matrix ρ. The
time-dependent evolution of the atomic density matrix ρ can be described via the Liouville
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equation as follows [22]:

ρ̇ = −iℏ−1[H0 + HL + HB, ρ] − {ΓR, ρ}/2 + Λ. (2)

where H0 is the unperturbed Hamiltonian, HL is the light–atom Hamiltonian, HB is the magnetic-
field–atom interaction Hamiltonian, ΓR is the relaxation matrix, and Λ is the pumping matrix.

For the F → F ± 1 transitions, the rotation angle φ per unit distance for an optically thin
medium can be written in the polarization tensor coordinator as follows:

dφ
dz
= −

2πω
ε0c

(︂ (︁
ρg,e

)︁κ=1
q=+1 +

(︁
ρg,e

)︁κ=1
q=−1 +

(︁
ρe,g

)︁κ=1
q=+1 +

(︁
ρe,g

)︁κ=1
q=−1

)︂
. (3)

where ω represents the laser frequency, ε0 is the vacuum electric permittivity, c is the speed of
light, g is the ground state, and e is the excited state. The ellipticity is neglected owing to the
linearly polarized light. Equation (3) shows the contribution of the atomic polarization tensor of
rank 1 between the ground and excited states to the rotation of the light polarization; additionally,
it reflects the alignment and orientation of the atomic polarization.

3. Results and discussions

3.1. AOC at Cs D1 line

To interpret the AOC-related NMOR at high intensity, numerical simulations at the 6 2S1/2 F =
3 → 6 2P1/2 F′ = 4 transition of the cesium D1 line were performed using the AtomicDensi-
tyMatrix package developed by Rochester and Budker [28]. The rotation of laser polarization
with the magnetic field is shown in Fig. 2(a). The Doppler broadening effect was considered
in the simulations by convolving the Doppler-free calculated results of different detuning with
the Doppler distribution. Such treatment is reasonable as the atoms are pumping and probing
simultaneously. The relaxation of the ground state is chosen at the level of tens of Hz to fit a
cell system with paraffin coated. It should be noted that a “twist” structure [13,25] was clearly
visible, as shown as the central red curve in Fig. 2(a). The insets in Fig. 2(a) show the probability
surfaces [27] of the atomic polarization of the ground state at magnetic fields of −0.2 and 20 nT.
The atomic polarization shows a superposition of the alignment and orientation in the “twist”
structure at −0.2 nT. Further, we calculated the components of the emergent orientation and
alignment, as shown in Fig. 2(b-d). The horizontal scales in Fig. 2(b-d) are from −5 nT to 5 nT for
the clear show of the polarization components around the “twist” structure. When the magnetic
field is outside the “twist” structure, the orientation component ρ10 are almost zero, and the
alignment component ρ20 is on the level of 0.04, indicating the alignment domain region. For a
better comparison, the “twist” structure is for the AOC-related NMOR, whereas the wider curve
is for the conventional NMOR. Evidently, the AOC-related NMOR achieves a higher ALR.

Subsequently, we measured the magnetometer response to a series of magnetic fields along the
z-axis (Bz-fields) for the two proposed types of NMOR signals. The laser power was 0.5 mW,
and the frequency was selected at the center of the 6 2S1/2 F = 3 → 6 2P1/2 F′ = 4 transition.
Two types of NMOR appeared corresponding to the different mechanisms, as shown in Fig. 3(a).
The ALRs for the AOC-related and conventional NMOR were 0.60 mrad/nT and 0.04 mrad/nT,
respectively. They can be used to characterize the magnetometer response. Furthermore, the
responses to alternating current (AC) magnetic signals were measured and compared. An
additional sinusoidal magnetic field with an amplitude of 38 pT (rms value) and a frequency
of 80 Hz was applied in the z-direction to quantify the response of the magnetometer. The
response amplitude of the magnetometer to this AC magnetic field was obtained through a
discrete Fourier transformation. As shown in Fig. 3(b), the AC response varied with the different
static Bz offset. The central peak corresponded to the AOC-related NMOR, and the two side
peaks corresponded to the conventional NMOR. The asymmetry of the two side peaks could
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Fig. 2. Numerical calculations for the 6 2S1/2 F = 3 → 6 2P1/2 F′ = 4 transition of the
cesium D1 line. (a) Polarization rotation varies as a function of the magnetic field. The
light propagation direction was chosen as the quantization axis. The direction of magnetic
field and light propagation is parallel. The insets show the probability surfaces of the
atomic polarization at different magnetic fields and the polarization rotation around 0 nT.
(b) Atomic orientation polarization components. The imaginary part is zero. (c-d) Real and
imaginary parts of the atomic alignment polarization components, respectively. The curves
of ρ2

±1 in (b), ρ2
±1 and ρ2

±2 in (c), and ρ2
±1,0 in (d) overlap. Atomic polarization components

vary as a function of the magnetic field. The calculations show the change of the atomic
polarization domain region from the aligned to the oriented state in the low-magnetic-field
range, thus resulting in a narrow AOC-related NMOR signal. The calculated parameters are
laser intensity: 0.2 mW/cm2, and rate of atomic depolarization: γ = 2π × 1.59 s−1.

be caused by the transverse magnetic field [13,25]. The maximum AC signal response in the
AOC region was 0.428 mrad/nT, which was a 1.7 fold enhancement of the value (0.159 mrad/nT)
in the coherence region (Bz = 11 nT). We also measured the noise of the magnetometer in the
absence of AC magnetic field. The noise was almost constant as a function of the offset magnetic
field with slightly higher intensities in the AOC region.

To evaluate the effect of laser detuning, the NMOR signals with a laser frequency from
335.1103 to 335.1223 THz were measured at an incident laser power of 0.5 mW. The analyzed
results are shown in Fig. 4(a-c). At this laser power, the AOC effect only occurred around
the 6 2S1/2 F = 3 → 6 2P1/2 F′ = 4 transition. As shown in Fig. 4(a), the amplitudes of the
AOC- and conventional NMOR curve are at the same level. However, the linewidths of the
AOC-related NMOR are almost one order narrower than those of the conventional NMOR, as
shown in Fig. 4(b). The significant reduction in the linewidth resulted in a higher ALR, as
shown in Fig. 4(c). The ALR of the AOC-related NMOR at the 6 2S1/2 F = 3 → 6 2P1/2 F′ = 4
transition is lower than the ALR around the 6 2S1/2 F = 4 → 6 2P1/2 F′ = 3 transition at 0.5 mW.
However, the AOC-related NMOR has an ALR advantage at higher laser power region, as shown
in Fig. 4(d).
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Fig. 3. Response of the optical atomic magnetometer. The incident laser power was
0.5 mW before entering the magnetic shields. The laser frequency was set at the center of
the 6 2S1/2 F = 3 → 6 2P1/2 F′ = 4 transition. (a) The optical rotation angle of the laser
polarization to a series of longitudinal Bz magnetic fields, depicting the NMOR signal with
a “twist” structure. The dots represent experimental data, and the line represents the fitting
curve. (b) Response of the magnetometer to a sinusoidal magnetic field at different Bz offsets.
The noise is one order lower than the response amplitude. The response amplitude in the
AOC region was higher than that in the coherence region.

Fig. 4. Results obtained from the measurements of NMOR curves under different laser
detuning. (a) Amplitude; (b) linewidth; and (c) ALR. The laser detuning ∆ = 0 GHz
corresponds to the center of the cesium D1 transition. For a laser power of 0.5 mW, the
AOC-related NMOR appeared near the 6 2S1/2 F = 3 → 6 2P1/2 F′ = 4 transition. (d) The
results of the ALR vary as a function of laser power. The convention NMOR is the results
of the 6 2S1/2 F = 4 → 6 2P1/2 F′ = 3 transition. The AOC NMOR is the results of the
6 2S1/2 F = 3 → 6 2P1/2 F′ = 4 transition. The results of higher laser power show that the
ALR of AOC-related NMOR is higher than the ALR of conventional NMOR at the 4 → 3
transition.

Detailed results about the effect of laser power on the NMOR signals are summarized in
Fig. 5. The first experiment was performed at the transition of 6 2S1/2 F = 3 → 6 2P1/2 F′ = 4
(Figs. 5(a,c,d)), corresponding to F → F + 1. Figure 5(a) shows the polarization rotation of
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the laser dependence on the Bz magnetic field at different laser powers. As the laser power
was increased, the amplitude of the AOC-related NMOR increased owing to the growth of the
induced dipole. Meanwhile, the conventional NMOR showed decreasing and broadening trends,
and vanished at laser powers above 5 mW. One feature of the AOC in NMOR is that the sign of
rotation of F → F + 1 is opposite at low and high laser intensity. The experimental results of
laser power in Fig. 5(a) show the change of the rotation sign owning to the growing AOC-related
NMOR signals with laser power. These experimental results are consistent with the feature of
AOC in NMOR.

Fig. 5. Experimental results of the NMOR signal at different laser powers. (a) Polarization
rotation of the laser dependence on the longitudinal Bz magnetic field at the transition
of 6 2S1/2 F = 3 → 6 2P1/2 F′ = 4. The sign reversal occurs at low laser power (below
0.05 mW). (b) Polarization rotation of the laser dependence on the longitudinal Bz magnetic
field at the transition of 6 2S1/2 F = 4 → 6 2P1/2 F′ = 3. The rotation reversal occurred at
high laser powers (above 3 mW). The lines were scaled for better visibility. (c) Amplitude and
(d) linewidth of NMOR versus laser power at the transition of 6 2S1/2 F = 3 → 6 2P1/2 F′ =

4.

Further analysis of NMOR curves in Fig. 5(c) shows that the amplitude of the conventional
NMOR signal decreased as the laser power was increased from 0.8 to 2 mW. In contrast, the
amplitude of the AOC-related NMOR increased monotonically as the laser power was increased
from 0.8 to 30 mW; subsequently, it decreased at higher powers. Figure 5(d) shows the results
of NMOR linewidth versus laser power. The linewidth of the AOC-related NMOR was on the
level of 9 nT (equivalent to 31.5 Hz for cesium atoms, ∆ν = ∆B · γCs, γCs = 3.5 Hz/nT) in the
power range from 0.1 to 2 mW, which was significantly narrower than that of the conventional
NMOR. Additionally, with an increase in the laser power, the linewidth of the AOC-related
NMOR broadened more slowly than that of the conventional NMOR. The laser broadening
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coefficients of the two types of NMOR signals obtained via linear fitting with the laser power
were 1.37 Hz/mW and 459.56 Hz/mW for the AOC- and conventional NMORs, respectively.

The second experiment was performed at the transition of 6 2S1/2 F = 4 → 6 2P1/2 F′ = 3
(corresponding to the F → F − 1 transition). Figure 5(b) shows the results of NMOR signals
at different laser powers. In addition, a reversal of the NMOR signal at a high laser power was
observed. Such reversal at high laser power differs from the result of the rubidium D2 line
[23,24], where the flip of the rotation sign causing by AOC only occurred at the F → F + 1
transition. More calculations have been done to explain the reversal of rotation sign with laser
power in the next subsection.

Fig. 6. Numerical calculations of the laser polarization rotation and absorption as a function
of the laser frequency detuning with the Doppler effect. (a) κ = 10−7, linear Faraday effect
domain region; (b) κ = 10−1, coherence effect domain region; (c) κ = 103 and (d) κ = 107,
AOC effect domain region; (e) κ = 103 and (f) κ = 107, with single ground state Fg = 4.
The black lines inside the absorption curves indicate the frequency of D1 transitions. The
detuning ∆ = 0 GHz corresponds to the center of the cesium D1 line. The rotation sign
is determined by various magneto-optical effects with different κ value. The calculated
parameters are: γ = 2π × 15.9 s−1, Bz = 0.1 nT, and T = 25 ◦C.
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3.2. Calculation for the relation between the rotation sign and laser power

Consider the case of the cesium D1 line, a system with four ground and excited states hyperfine
sublevels. The calculated results of the polarization rotations as a function of the laser frequency
detuning are shown in Fig. 6. The Doppler effect was also considered in the calculation. The
saturation parameter κ = Ω2

R/(Γγ) was introduced to characterize the laser power effects. The
parameter ΩR is the Rabi frequency and the Γ is the relaxation rate of the transition. The
comparison of polarization rotation in Figs. 6(a) and 6(b) reveal the change of rotation sign
at the low κ range from 10−7 to 10−1. This reversal can be illustrated via a closed transition
F = 1 → F′ = 0, because the domain effect changes from a linear Faraday to a coherence
effect, as shown in Supplement 1, Fig. S1. Figure 6(b) also shows a typical feature of the
coherence effect domain region that the signs of laser polarization rotation at the F → F and
F → F1 transitions are the same, and are opposite to the sign at the F → F + 1 transition [23].
Another reversal of the rotation sign at 6 2S1/2 F = 3 → 6 2P1/2 F′ = 4 transition emerges with
the increase in κ, as shown in Figs. 6(b) and 6(c). This phenomenon is caused by the AOC
effect and is consistent with the previous results [23]. Figure 6(d) shows the results of κ = 107,
where the hyperfine transitions become partially resolved [29], subject to the combinational
effect of the AC Stark shift and Doppler effects. An interesting reversal of the rotation sign
for the 6 2S1/2 F = 4 → 6 2P1/2 F′ = 3 transition occurs. This reversal contradicts the results
that the contributions of laser polarization rotation from the linear dichroism and the circular
birefringence at F → F − 1 transition have the same sign [23], signifying the existence of other
mechanisms. Results in Figs. 6(e) and 6(f) indicate that such a reversal does not occur in the case
of a single ground state.

To address the effect of hyperfine sublevels at relatively high κ, the rotation of laser polarization
was decomposed to the components from the ground- and excited-states hyperfine sublevels,
φtotal = φFg=3,Fe=3 + φFg=3,Fe=4 + φFg=4,Fe=3 + φFg=4,Fe=4, as shown in Fig. 7. Herein, the term
φFg,Fe is contributed from the phase shift of σ+ and σ− between Fg and Fe. The Doppler-free
case was used to show the details. The 6 2S1/2 F = 4 → 6 2P1/2 F′ = 3 transition was chosen
specially to study. In the case of the relatively high κ (= 107), the calculated rotation of laser
polarization with the magnetic field is shown in Fig. 7(a). A “twist” structure similar to the
experimental results shown in Fig. 4(b) appears. The wide structure was broadened by the laser
intensity. At such high κ, the majority of atoms were pumped out from the initial hyperfine
sublevel and repopulated to another hyperfine sublevel under the spontaneous emission, thus
making the transition no longer closed. Therefore, the contributions attributed to other hyperfine
sublevels emerge as shown in Fig. 7(c). The main contribution at 0.1 nT is φFg=3,Fe=4 that leads
to a negative rotation. This phenomenon depends on the magnetic field strength. Thus, when
the magnetic field increases to 200 nT, the main contribution comes from the Fg = 4 hyperfine
sublevel, and the sign of the rotation becomes positive, as shown in Fig. 7(d). In comparison,
in the case of the lower κ (= 103), the contribution owing to other hyperfine sublevels can be
neglected. Therefore, the rotation sign is positive, as shown in Fig. 7(b). Accordingly, the
rotation reversal for 6 2S1/2 F = 4 → 6 2P1/2 F′ = 3 transition at relatively high κ is attributed
to the combinational effect of AOC and hyperfine sublevels. Such a phenomenon can occur
at laser power level of milliwatts in a low γ system. For example, to realize the κ = 103 and
κ = 107 in this calculation, the laser intensities were approximately 2.9 µW/cm2 and 29 mW/cm2,
respectively.

3.3. Discussion

Next, we discuss the applications of AOC-related NMOR. Our experimental results show that
the AOC effect results in a higher ALR than the coherence owing to the narrower linewidth,
thereby improving the sensitivity of the optical atomic magnetometer. Moreover, the AOC-related
NMOR can be used for the detection of high-frequency magnetic fields (e.g., hundreds of hertz).

https://doi.org/10.6084/m9.figshare.15172743
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Fig. 7. Numerical calculations for the effect of hyperfine ground state in the absence of
the Doppler effect. (a) Polarization rotation variation as a function of the magnetic field of
the 6 2S1/2 F = 4 → 6 2P1/2 F′ = 3 transition at κ = 107. The inset shows the polarization
rotation around the zero magnetic field. (b-d) Laser polarization rotation variation as a
function of laser detuning at (b) κ = 103, Bz = 0.1 nT, (c) κ = 107, Bz = 0.1 nT, and
(d) κ = 107, Bz = 200 nT, respectively. In the relatively low κ range (<103), the main
contributions to the rotation of laser polarization are attributed to the corresponding transition
line. The transition can be assumed to be a closed transition. Meanwhile, the effect of
hyperfine ground state emerges in the relatively high κ (∼ 107) region. The γ value in the
calculations is 2π × 15.9 s−1.

Importantly, the response bandwidth of the NMOR magnetometer can be improved by almost
one order of magnitude by increasing the laser power to 20 mW, as shown in Fig. 8. However,
increasing the laser power broadened the signal linewidth of the conventional NMOR and then
decreased the sensitivity, as shown in Fig. 5. In contrast, the NMOR signal related to the
AOC effect could maintain an effective response to the magnetic signal in the high-laser-power
region. Hence, the evaluations of AOC-related NMOR are significant to the measurement of
zero-field NMR, where the J-coupling (∼ hundreds of hertz [6]) effect dominates. A higher field
(approximately tens of microtesla) for multinuclear NMR necessitates a larger magnetometer
bandwidth. Furthermore, magnetometers with extended bandwidth (temporal resolution) can
also find useful applications in the detection of fast-varying biomagnetic signals, such as P-waves,
QRS-complexes, and T-waves (up to 200 Hz [2]) in magnetocardiograms.

A major limitation of AOC-related NMOR is that it is highly sensitive to the transverse
magnetic field. On one hand, the transverse magnetic field will cause the dampening, broadening,
and asymmetry of the AOC-related NMOR curve, leading to a significant decrease in the response
amplitude of signals. Thus, magnetic shielding and compensation of the residual magnetic
field should be carefully considered. On the other hand, it can be used to shim the residual
magnetic field. The atomic velocities were assumed to be invariant with Maxwell distribution
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Fig. 8. Experiment results of −3 dB bandwidth versus laser power. The laser frequency is
set to the center of the 6 2S1/2 F = 3 → 6 2P1/2 F′ = 4 transition.

in our nonperturbative density matrix calculation. This theoretical treatment is succeeded in
clarifying the relationship between the sign of laser polarization rotation and laser intensity, as
demonstrated in the case described in Figs. 6 and 7. Further, some factors are neglected in our
calculations, such as wall effect, spin-exchange and spin-destruction due to collisions. These
factors should be considered for precisely evaluation in future.

4. Conclusion

We have proposed an optical atomic magnetometer based on the AOC mechanism working at
the cesium D1 transition. The effects of laser power and frequency on the response amplitude
and bandwidth of the magnetometer were evaluated. The response amplitude of the AOC-
related NMOR was 170% higher than that of the conventional NMOR at the 6 2S1/2 F = 3 →

6 2P1/2 F′ = 4 transition. This was due to the narrow linewidth and ultraweak power broadening.
The bandwidth of the magnetometer can be improved by almost one order of magnitude by
increasing the laser power. Furthermore, the abnormal phenomenon of rotation reversal at the
6 2S1/2 F = 4 → 6 2P1/2 F′ = 3 transition was observed owing to the AOC and hyperfine effect
at high κ region. These variations were effectively explained by a theoretical model based on
nonperturbative density matrix calculations. Overall, we conclude that the AOC-related NMOR
at the cesium D1 line can be used to improve the sensitivity and bandwidth of NMOR atomic
magnetometers. Moreover, it benefits practical applications such as NMR optical detection and
biomagnetism, where measurements require high bandwidths and the ability to be performed at
room temperature.
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