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Abstract: The Xe isotope comagnetometer in the nuclear magnetic resonance regime can be used as a
promising high-precision inertial measurement unit because of the absolute frequency measurement
and high bandwidth. The fluctuation of the electron spin polarization leads to equivalent magnetic
noise in the Xe isotope comagnetometer, which is one of the main factors limiting the stability of the
comagnetometer. Here, we demonstrate systematic research of equivalent magnetic noise suppres-
sion and analyze the influence of the electron spin polarization on the Xe isotope comagnetometer.
Based on the spin–exchange method between Xe isotopes and alkali metal atoms through the
Fermi contact hyperfine interaction, the error equation of the Xe Larmor frequency is established.
The equivalent magnetic noise can be suppressed by controlling the static magnetic field.
This suppression method for Xe isotope comagnetometers improved the stability while maintaining
high bandwidth. The experimental results show that this method can reduce the fluctuations of the
129Xe and 131Xe frequencies by 75% and 68.6%, respectively.

Keywords: Xe isotope comagnetometer; electron spin polarization; noise suppression; equivalent
magnetic noise

1. Introduction

Atomic comagnetometers using optically pumped alkali metal atoms to polarize noble
gas molecules have a great advantage of having the long coherence time of the nuclear
spin [1–3]. Benefiting from the absolute frequency measurement and high bandwidth, co-
magnetometers in the nuclear magnetic resonance (NMR) regime are widely used in
searching for axion-like dark matter [4–6] and the inertial measurement [7,8]. More-
over, the system of Xe isotopes mixed with alkali metal atoms is a universal choice
to suppress the effects of the ambient stray field [9–11]. The collisions of the Xe iso-
topes with polarized alkali metal atoms result in an effective magnetic field propor-
tional to the electron spin polarization, which can shift the Xe Larmor frequency [12,13].
Therefore, the equivalent magnetic noise caused by the fluctuation of the electron spin
polarization is undesired for the stability of the Xe isotope comagnetometer.

The electron spin polarization is mainly affected by the temperature, intensity, and fre-
quency of the pump beam [14,15]. Many researchers suppressed the equivalent magnetic
noise by only controlling a single factor, such as the stability of the pump beam frequency
based on the light absorption method [16,17], the stability of the pump beam intensity rely-
ing on additional instruments [15,18], and the optimal temperature [19–21]. They lacked
an overall analysis of the equivalent magnetic noise and failed to consider the electron spin
polarization as a whole.

In this study, we demonstrate systematic research of equivalent magnetic noise sup-
pression, and study the influence of the electron spin polarization on the Xe isotope
comagnetometer operated in the NMR regime. We describe the spin exchange between
Xe isotopes and alkali metal atoms through the Fermi contact hyperfine interaction, and
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then obtain the error equation of the Xe Larmor frequency. The absolute electron spin
polarization in different average photon spins is measured based on the free induction
decay (FID) method to assess the magnitude of the equivalent magnetic noise. By analyzing
the factors affecting the Xe Larmor frequency, we found that the equivalent magnetic noise
can be suppressed by controlling the static magnetic field. The long-term stability of the
Xe isotope comagnetometer is measured in the open-loop control and closed-loop control.
Additionally, the impact of this method on the bandwidth is experimentally studied.

2. Principle

In the vapor cell of a Xe isotope comagnetometer, the nuclear spins are polarized by
the spin–exchange interaction with alkali metal atoms that are optically pumped by the
circularly polarized light. Neglecting the interaction between the neighboring nuclei, the
dynamics of the comagnetometer with nuclear magnetization K can be described using the
Bloch equation as [22]:

dK
dt

= −ω×K− {Γn
2 , Γn

2 , Γn
1} ·K + Rse (1)

where ω = γnB is the effective Larmor frequency of the nuclear spins related to the applied
magnetic field, the effective magnetic field Be, and the inertial rotation ωR. γn is the gyro-
magnetic ratio. The separate matrix term accounts for the longitudinal relaxation rate Γn

1
and transverse relaxation rate Γn

2 . Additionally, Rse is determined by the spin–exchange
interaction between noble gas molecules and polarized alkali metal atoms. The effec-
tive magnetic field of the alkali metal atoms due to the Fermi contact interaction can be
expressed as [23,24]:

Be = −κ
8πgsµB

3
nePe (2)

where gs ≈ 2, µB is the electron magnetic moments. ne is the density of the alkali metal
atoms. κ is the enhancement factor for the Rb-Xe ensemble, which varies in amplitude for
the Xe isotopes [13]. The electron spin polarization Pe can be expressed as [25]:

Pe = s
Rop

Rop + Rrel
(3)

where the alkali metal atoms are polarized by the pump beam at the pump rate Rop and
the average photon spin s. The alkali relaxation rate Rrel exists due to the volume of the
cell and the motion of atoms and molecules [26,27]. The optical pumping rate is related
to the intensity and frequency of the pumping beam fitting Voigt profiles, which can be
expressed as [27]:

Rop =
I0

hvr2 rec f ∑
F,F′

AF,F′Re
[
V
(
vs.− vF,F′

)]
(4)

where I0 is the pumping intensity and r is the spot radius, h is the Plank constant and ν is the
frequency of the pumping beam, re is the classical electron radius, c is the light velocity, f is
the oscillator strength, and AF,F′ is the transition strength. In this case, the drift of the pump-
ing beam intensity and frequency will cause instability for the electron spin polarization,
which can cause the equivalent magnetic noise δBe. According to Equation (3), the electron
spin polarization changes linearly with the average photon spin. When alkali metal atoms
are pumped by the light of the ellipticity π

4 − α, the average photon spin s is provided by
s = cos 2α [25,28] (define that α is the angle of the fast axis of the quarter-wave plate with
respect to the polarization axis of the polarized beam splitter). It is possible to suppress the
equivalent magnetic noise by controlling the ellipticity of the pumping beam, but this will
adversely affect the spin–exchange rate Rse.

The Larmor frequency of Xe isotopes with the equivalent magnetic noise can be
expressed as:

ωa = γa(B0 + Ba
e + δBa

e ) + ωR (5)
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ωb = −γb

(
B0 + Bb

e + δBb
e

)
−ωR (6)

where B0 is the static magnetic field applied along the pump beam. The subscript or
superscript a and b correspond to 129Xe and 131Xe, respectively. Besides that, the Xe
isotopes respond oppositely to the inertial rotation since their nuclear spins have opposite
signs. The inertial rotation can be eliminated by adding the Larmor frequencies of the Xe
isotopes, which can be expressed as:

ωsum = (γa − γb)B0 + γaBa
e

(
1− γb

γa
∆Be

)
(7)

where ∆Be is the equivalent magnetic noise. The high-order noise can be omitted, which is
far less than the equivalent magnetic field. Alternatively, the static magnetic field B0 can
be controlled to suppress the equivalent magnetic noise. In this way, when the Larmor
frequencies of the Xe isotopes are summarized, the sum frequency only corresponds to the
magnetic field and is unaffected by the inertial rotation. It can be seen from Equation (7)
that the sum frequency contains two parts: the static magnetic field part and the equivalent
magnetic noise part. Both changing B0 and δBe can adjust the magnetic field along the
z-axis to change the precession frequency of the Xe isotopes. Therefore, by controlling B0
to compensate δBe, the sum frequency can keep the stability. We designed a closed-loop
control of the static magnetic field to suppress the influence of the equivalent magnetic
noise on the precession frequency stability for both 129Xe and 131Xe.

3. Experimental Setup

Figure 1 provides the schematic of a Xe isotope comagnetometer. The vapor cell with
a 3 mm inner-side length is heated to 120 ◦C by two homemade polyimide heaters, filled
with 5 Torr 129Xe, 20 Torr 131Xe, 20 Torr N2, 200 Torr 4He, and a small drop of Rb. A three-
dimensional Helmholtz coil designed in our system produces uniform magnetic fields
and compensates for the residual magnetism. The static magnetic field along the z-axis
is generated using an ultra-low noise current source whose noise density is 4 nA/

√
Hz

(Stanford Research Systems CS580). The magnetic shield is set up outside the coils to
weaken the effect of an external magnetic field. The pump beam with the frequency at
the Rb D1 line first passes through the lens to acquire a 2.5 mm diameter. By rotating the
half-wave plate, the intensity of the pump beam after the polarized beam splitter is set
to 2 mW and linear polarization is ensured. A quarter-wave plate establishes the pump
beam at a circular polarization to optically pump the alkali metal atoms. By using a neutral
density filter, the probe beam is adjusted to 1 mW. The pump and probe laser are both
emitted by the same type of DBR laser diodes (Photodigm PH795DBR080TS) and are driven
by the circuit produced by UniQuanta. Passing through the vapor cell, the probe beam
is separated into two mutually perpendicular linearly polarized beams using a polarized
beam splitter. The signal of the comagnetometer is obtained by a balanced photodetector
(Thorlabs PDA015A) and is processed in a lock-in amplifier (Zurich Instruments HF2LI).
The concrete operation process can be accomplished in PC software (LabOne), which is
applied by Zurich Instruments. As a result of the demodulation and filtering of the original
signal from the balanced photodetector, the real-time Larmor frequencies of Xe isotopes
can be obtained. The nuclear response curves can be measured by sweeping the frequency
of the oscillating magnetic field along the x-axis. The resonant frequency is the Larmor
frequency of the Xe isotope. The sum frequency (ωre f

a +ω
re f
b ) is regarded as the reference

frequency. By comparing the real-time frequency and the reference frequency, the frequency
discriminator calculates the difference between them and inputs it into the PID controller.
It is necessary to ensure that the real-time output frequency of the nucleus is equal to the
set value. The driving current consists of the output signal of the PID controller and the
DC current input to the z-axis coil to control the static magnetic field.
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Figure 1. The schematic of a Xe isotope comagnetometer and processing. HWP: half-wave plate,
QWP: quarter-wave plate, PBS: polarized beam splitter, PD: photodetector, NDF: neutral density
filter, BPD: balanced photodetector,and Ref: reference signal used in the frequency discriminator.

4. Results and Discussion

To assess the magnitude of the equivalent magnetic noise, the electron spin polarization
is measured by the nuclear frequency shift ∆νn, which is widely used in the spin–exchange
optical pumping system [14,15,29]. The equivalent magnetic field produced by electron
spin polarization can be calculated by ∆νn = γnBe. Firstly, the alkali metal atoms are
pumped by a circularly polarized beam. A π/2 pulsed magnetic field is applied along the
x-axis to drive the 129Xe precession and the coherence decays naturally. Then, the pump
beam is blocked before the next π/2 pulsed magnetic field is applied. An example set for
free induction decay (FID) signal and its Fast Fourier Transform (FFT) is shown in Figure 2.
The black line is measured with the optical pump condition, and the red line is without
the laser irradiation. The nuclear frequency shift is 0.191 Hz corresponding to a 16.1 nT
equivalent magnetic field.
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Figure 2. Top: FID signal of 129Xe with and without a circular pump beam. Bottom: FFT of transients.

The relationship between the electron spin polarization and the average photon spin
can be obtained by rotating the QWP, while the other operations remain unchanged.
We calculated the electronic spin polarization of the simulation results and compared it
with the experiment as shown in Figure 3. The measured results are also based on the
nuclear frequency shift method as described above. As the average photon spin changes
from 1 to 0.18 (corresponding to α from 0° to 40°), the electronic spin polarization decreases
gradually from 0.54 to 0.2. This indicates a change in the equivalent magnetic field of
5.96 nT. However, the signal-to-noise ratio of the comagnetometer will be affected by
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changing the average photon spin. The low electron spin polarization is able to cause a
false signal and influence the system sensitivity.
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Figure 3. Comparison of the experimental results with simulations of the electron spin polariza-
tion in different ellipticity. The error bars represent the maximum and minimum values in the
repeated experiments.

In the following, we study the suppression of the equivalent magnetic noise by con-
trolling the static magnetic field. The reference frequency is acquired from the analysis
of the frequency response for different magnitudes of the static magnetic field as shown
in Figure 4. The magnetic linewidth is the transverse relaxation rate that consists of the
relaxation in alkali metal collisions, the relaxation due to collisions with the cell wall sur-
face, the relaxation due to magnetic-field inhomogeneities, and the gas-phase relaxation
due to the self-collisions of the noble gas atoms [30,31]. Each of the blue, pink, green,
and yellow dots and lines corresponds to the static magnetic field B0 at 10.79 µT, 10.82 µT,
10.85 µT, and 10.88 µT. Figure 4a shows that the Larmor precession frequency of 129Xe
changes from 127.430 Hz to 128.483 Hz. Likewise, the Larmor precession frequency of
131Xe changes proportionally, as shown in Figure 4b. With the increasing magnitude of the
static magnetic field, the Larmor frequency of Xe isotopes rises, which is consistent with
Equations (5) and (6).

To further verify the linear relationship described in Equations (5) and (6), the Larmor
frequencies of the Xe isotopes are measured at a series of static magnetic fields, as shown
in Figure 5. The coefficient of determining the R-Square of the Xe isotopes’ experimental
data are both larger than 98.6%, which describes a good linearity of the static magnetic
field and the Larmor frequency of the Xe isotopes. The inset figure represents the ratio of
the two frequencies under different magnitudes of the static magnetic field. The ratio is a
constant when the equivalent magnetic noises equal to zero. When the equivalent magnetic
noise cannot be ignored, the ratio tends to maintain a steady level with the growing of
B0, thus indicating the synchronization and stability of the inertial information in the Xe
isotope measurements.

The theoretical value marked in the solid line approximates the ratio of the spin
magnetic ratios of the Xe isotopes. In addition, it is easier to control the static magnetic
field than the average photon spin in the experimental operations. Therefore, controlling
the static magnetic field is a better way to suppress the equivalent magnetic noise caused
by electron spin polarization.

The real-time Larmor frequencies of Xe isotopes in the static magnetic field of open-loop
control and closed-loop control are measured over 15 h, as shown in Figure 6. The open-loop
control is conducted in the first 9 h, in which the range of frequency fluctuations of 129Xe
and 131Xe, due to the equivalent magnetic noise, is 0.01 Hz and 0.0035 Hz, respectively.
The closed-loop control conducted in the last 6 h is applied to suppress the long-term drift
caused by this noise. The variation in the frequency fluctuations of 129Xe and 131Xe are
0.0025 Hz and 0.0011 Hz, respectively, reduced by 75% and 68.6%. This notably reduces



Photonics 2023, 10, 423 6 of 9

the interference of the noise and improves the stability of the Xe isotope comagnetome-
ter. A greater enhancement of the noise suppression effect is restricted by magnetic field
gradient produced by inhomogeneous electron spin polarization and errors introduced by
signal processing. Figure 7 shows the signal noise measurement results of the Xe isotope
comagnetometer under the same conditions of Figure 6. According to the experimental test
results, the signal noise of the co-magnetometer in closed-loop control is lower than it in
the open-loop control. Both frequencies of 129Xe and 131Xe have better performance under
the closed-loop control. The noise level of 129Xe is greater than 131Xe because of the larger
gyromagnetic ratio.
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Figure 4. Xe isotopes response amplitudes (a) 129Xe, (b) 131Xe under different magnitudes of the
static magnetic field. B0 changes from 10.79 µT to 10.88 µT.
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Figure 5. Measured nuclei Larmor frequency at different static magnetic fields. In the legend,
the subscript “a” denotes 129Xe, and subscript “b” denotes 131Xe. Inset: dependence of the ratio of
precession frequencies of 129Xe and 131Xe.

To assess the influence of this method on the bandwidth, the output frequency of
the Xe isotope comagnetometer is measured as shown in Figure 8. As can be seen from
Equations (5) and (6), the output frequency is provided by:

ωR =
γaωb + γbωa

γb − γa
(8)

The input rotation rate changes from 300 ◦/s to −300 ◦/s at a step of 50 ◦/s, and
Figure 8a shows the absolute frequency measured using the comagnetometer with the
sampling rate at 200 Hz. The output frequencies calculated according to the standard that
the method in each rotation rate (circle) are compared with the input signal (line), which can
be seen in Figure 8b. The scale factor is 0.997. Thereby, our method to suppress the equiva-
lent magnetic noise caused by electron spin polarization has realized a groundbreaking
compromise between the stability and bandwidth.
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5. Conclusions

In conclusion, the influence of the electron spin polarization on the Larmor frequency
of the Xe isotope comagnetometer was analyzed in this study. The drift of the pumping
beam intensity and frequency causes fluctuation for the electron spin polarization, which
can lead to the equivalent magnetic noise. We found that the equivalent magnetic noise can
be suppressed by controlling the static magnetic field rather than adjusting the ellipticity
of the pump beam, which can improve the stability while maintaining a high bandwidth.
Experimentally, the long-term stability of the Xe isotope comagnetometer is measured
under the open-loop and closed-loop operations. The fluctuations of the 129Xe and 131Xe
frequencies have been reduced by 75% and 68.6%, respectively. This study provides a novel
method to suppress the equivalent magnetic noise caused by electron spin polarization and
has great significance in the performance of the Xe isotope comagnetometer.
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