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Preface

In recent years, quantum precision measurement technology has developed rapidly and obtained

important applications in many fields. They have demonstrated extremely high accuracy in the

measurement of physical quantities, such as time, gravity, magnetic fields, and electric fields. The

optically pumped magnetometer (OPM) is a common type of quantum magnetometer, which relies on

the measurement of Larmor precession of an atomic spin ensemble in the magnetic field. They need

specific frequency light interacting with atomic ensembles to complete the pumping and detection

process. Classical OPMs typically work under the Earth’s magnetic field or a limited field, achieving

scalar measurement of the magnetic field by measuring the Larmor precession frequency. About 20

years ago, researchers at Princeton University discovered that if OPMs were operating in near near-zero

field, they could realize the spin-exchange relaxation-free (SERF) regime. Under this state, a substantial

increase in sensitivity can be achieved. In addition, other types of OPMs have been developed,

including nonlinear magneto-optical rotation (NMOR) magnetometers, coherent population trapping

(CPT) magnetometers, radio-frequency magnetometers, etc. Each of them has unique characteristics

and can meet the requirements of different application scenarios. At present, OPMs have been

widely used in magnetoencephalography, magnetocardiography, geomagnetic detection, and inertia

measurement (comagnetometer). There are a large number of researchers engaged in the study of

relevant mechanisms, devices, technologies, and applications. More importantly, supported by MEMS

technology and micro/nano optics, OPMs have the potential to move toward chip-scale sensors.

This reprint originates from the special issue "Optically Pumped Magnetometer and Its Application"

from the Photonics journal. Guest editors of this special issue have long been engaged in research on

OPMs and have continuously paid close attention to the latest advancements in this field. Therefore,

they invited relevant scholars to report their research in this Special Issue. They provide valuable

references for improving the performance of atomic magnetometers or for meeting special application

requirements. We hope the reprint can promote innovative research for researchers in the related field.

Jixi Lu and Yao Chen

Guest Editors
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Article

Theoretical Study on Performing Movement-Related MEG
with 83Kr-Based Atomic Comagnetometer

Yao Chen *, Ruyang Guo, Jiyang Wang, Mingzhi Yu, Man Zhao and Libo Zhao *

School of Instrument Science and Technology, Xi’an Jiaotong University, Xi’an 710049, China;
3123301344@stu.xjtu.edu.cn (R.G.); jiyangwang@stu.xjtu.edu.cn (J.W.); yumingzhi@stu.xjtu.edu.cn (M.Y.);
zm1994@stu.xjtu.edu.cn (M.Z.)
* Correspondence: yaochen@xjtu.edu.cn (Y.C.); libozhao@xjtu.edu.cn (L.Z.)

Abstract: A K–Rb–83Kr-based atomic comagnetometer for performing movement-related Magnetoen-
cephalography (MEG) is theoretically studied in this paper. Parameters such as the spin-exchange
rates, the spin-dephasing rates and the polarization of the nuclear spins are studied to configure the
comagnetometer. The results show that the nuclear spin can generate a magnetic field of around
700 nT, at which the nuclear spin can compensate for a wide range of magnetic fields. In this paper,
we also show the fabrication process for hybrid optical-pumping vapor cells, whereby alkali metals
are mixed in a glove box that is then connected to the alkali vapor-cell fabrication system.

Keywords: atomic comagnetometer; spin-exchange optical pumping; optically pumped magnetometer;
MEG; atomic spin gyroscope

1. Introduction

Magnetoencephalography (MEG) recordings have found various applications, including
source localization of epilepsy-related seizures to aid in planning epilepsy surgery [1,2]; the
study of the brain’s response to specific external stimuli, which helps map the motor system [3];
and sensory areas [4], such as language, vision, etc. MEG signal recordings can also be used
for the diagnosis of early-stage Alzheimer’s disease [5] and the study of cerebral networks in
tremor syndromes [6]. The typically used traditional MEG measurement equipment includes
SQUIDs (super-conducting quantum interference devices), in which a very large helmet with
liquid helium is used, which limits the application of magnetometers to the motor system,
therefore, it is not feasible to perform MEG while a person freely moves their head [7,8].

With the development of the optically pumped magnetometer (OPM), which can work
at room temperature and reach sensitivity equal to that of SQUID magnetometers [9,10],
future MEG equipment might be wearable [11–13]. A wearable OPM system and EEG
(electroencephalography) have been combined for the study of brain function [14]. This
could reinforce more applications of MEG equipment, such as motor system-related space
navigation of the brain and MEG for visual–motor integration.

Even though OPMs are wearable and movable, an important technique-related problem
should be considered. Different from EEG, in which there is no large background electric field
in the environment, MEG recording could be affected by the geomagnetic field of the earth. We
know that the brain magnetic field is quite weak compared with the geomagnetic field. Thus,
magnetic-field shield rooms (MSRs) are typically used for suppression of the environmental
magnetic field. Moreover, the penetration of the magnetic field into MSRs can still affect MEG
recording. In order to perform movement-related MEG, a large bi-planar coil was used for
movement-related background-magnetic-field compensation [15]. During MEG recording,
a person can only move in a small area, or only very small movements can be performed, such
as drinking water [8]. In order to enable ambulatory movements in wearable MEG, matrix
coil active magnetic shielding was used [16]. Some other methods based on magnetic-field
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compensation have also been studied [17–19]. The magnetic-field differential method can also
be used for background-magnetic-field suppression [20].

Even though many methods have been developed for movement-related MEG measure-
ment, most of these methods are based on magnetic-field compensation in the space of the
movement. Large compensation coils are required, which can make the system very compli-
cated. Moreover, this method cannot compensate for the magnetic field of each sensor head,
and some of the sensors could be over- or under-compensated.

As we understand, the crucial aspect of performing movement-related MEG lies in
compensating for fluctuations in the magnetic field. The method based on hyperpolarized
nuclear spins can also be used [7]. The nuclear spin method could compensate for the
magnetic field in situ as well as automatically compensate for the fluctuations in the
magnetic field in each of the OPMs. Complicated compensation coils are not needed,
resulting in a significant reduction in the system’s volume.

Hyperpolarized nuclear spins include those of 3He,21Ne,129Xe and 131Xe. The first
demonstration of MEG measurement during movement was performed with 21Ne [7]. There
is a small spin-exchange rate between 21Ne and alkali atoms such as K or Rb and the 21Ne
nuclear spin features a very large quadrupolar relaxation rate [21]. In addition, 21Ne nu-
clear spins could not be easily polarized and hybrid pumping technique is required [22].
Moreover, the vapor cell temperature could reach 473 K for the polarization. The typically
used boro-silicate glass could not withstand such high temperatures due to glass corrosion.
The 21Ne nuclear spins are widely used for rotation sensing or the studying of fundamental
physics [23–27]. However, due to the very low natural abundance of isotope-enriched 21Ne, it
is very expensive to buy this gas. The 3He nuclear spins feature a very small spin-exchange
optical-pumping rate with alkali metals; thus, it is very hard to polarize the nuclear spins of
3He. A hybrid pumping technique may be used. However, there is no report about the hybrid
pumping of 3He for applications with atomic comagnetometers. Moreover, 3He nuclear spins
are quite sensitive to magnetic-field gradients and can be easily depolarized in a holding
magnetic field. Even the stem of a vapor cell could affect the spin polarization of nuclear
spins [28–30]. It is worth noting that 129Xe and 131Xe can also be used. However, due to
the large collision relaxation at the container walls, it is hard to polarize the nuclear spins of
these elements [31,32]. For 83Kr nuclear spins whose atom mass is much smaller than that
of Xe atoms, we can estimate smaller wall relaxation as well as weaker interaction strength
for these alkali atoms. Moreover, 83Kr is easier to polarize than that of the 3He and 21Ne. In
addition, 83Kr is a good candidate for movement-related MEG measurement. In this paper,
we will focus on the study of 83Kr nuclear spins for background-magnetic-field fluctuation
compensation in movement-related MEG measurement. We will first study the configuration
of the 83Kr-based comagnetometer. The relaxation of 83Kr should be studied first since the
relaxation could determine the polarization of the nuclear spins. Then the polarization of the
nuclear spins is calculated. In order to acquire the sensitivity of the nuclear spin detection,
we studied the Rb relaxation. The sensitivity of the comagnetometer will be calculated in
the “Configuration of the Comagnetometer” section. In the Section 3, we studied the hybrid
pumping cell fabrication. As we know, before we study the atomic comagnetometer, we need
to first fabricate an alkali vapor cell. Hybrid pumping cells are needed. Thus, we have shown
the method for hybrid pumping cell fabrication. The Sections 4 and 5 of the paper are the
“Discussion” and “Conclusions”.

2. Configuration of the Comagnetometer

2.1. Relaxation of 83Kr

The nuclear spin-based field compensation method for movement-related MEG is heavily
related to nuclear spin polarization, which is closely related to the spin relaxation of nuclear
spins. The 83Kr atom has a nuclear spin of I = 9/2; thus, it has a quadrupolar moment. We can
say that quadrupolar relaxation is the main relaxation process of these nuclear spins. Moreover,
container-wall-related quadrupolar relaxation of nuclear spins and quadrupolar relaxation in
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83Kr–83Kr collisions are the main quadrupolar relaxation processes. There are several classical
papers which illustrated the relaxation of 83Kr in detail; see [32–34].

Quadrupolar relaxation in 83Kr–83Kr collisions is related to the number density of 83Kr
atoms. The higher the number density of the nuclear spins, the faster the relaxation that is
caused by quadrupolar interaction. It is reported that the relationship between quadrupolar
relaxation time T1 and number density of the nuclear spins ρ, in Amagat (1 Amagat is
2.69 × 1019/cm3), is 1/T1 = ρ(2.13 ± 0.05) × 10−3s−1 [34]. Under typical conditions of
50 Torr gas, the relaxation rate of gas-phase 83Kr collisions is 1.4 × 10−4s−1.

Quadrupolar relaxation at the container wall and spin-exchange relaxation of alkali
atoms are the main relaxation processes and are around an order of magnitude higher
than the 83Kr–83Kr collision process. Since 83Kr has a quadrupolar moment, the nuclear
spins can be relaxed by having them collide with the container wall of the vapor cell,
where the impurities in the wall could produce electric-field gradients (EFGs). The spin-
exchange optical-pumping process of alkali atoms can also cause the decay of nuclear
spin polarization. The spin momentum can transfer between alkali atoms and 83Kr atoms.
Note that the spin-exchange process can also be the pumping process, which can make
the nuclear spins become polarized. We define the total relaxation rate of 83Kr nuclear
spins [32] as

(
1
T2

)m,n = fm,n < ω2
Q > J(0) + σexv̄nRb, (1)

where m and n represent the energy level, and in our study, we typically consider the
m = 1/2 and n = −1/2 sublevels. For 83Kr nuclear spins, we calculate fm,n = 5/4 using
Equation (118) in reference [35].

< ω2
Q >= (

3e2Q(1 − γ∞)

2h̄I(2I − 1)
)2 < q2 >, (2)

which includes the mean square of the local quadrupole coupling constant (< e2qQ
(1 − γ∞)h−1 >2) as a measure of the mean interaction strength at the surface-wall site.
In the reference, the coupling constant is measured to be 5.6 MHz for 83Kr atoms on typical
Duran glass [32]. I is the nuclear spin quantum number of 83Kr. h̄ is Planck’s constant. Note
that q is equal to

√
< q2 >, which is defined to be the root mean square of the electric-field

gradient. With these parameters, we can calculate < ω2
Q >, which is approximately not

temperature-dependent. J(0) is defined to be the spectral density function of the normal-
ized correlation function at zero frequency [36]. It is related to the stochastic sequence of
wall collisions and thermally activated surface diffusion. Under our experimental condi-
tions, it is believed that diffusion along the surface is strongly hindered and that quadruple
relaxation is governed by the adsorption and desorption processes.

J(0) ≈ τ2
s

τv
∝ exp(2EA/kBT) (3)

In the above equation, τv equals v̄S/4V, which is the average time it takes the nuclear spin
to move to the wall. v̄ =

√
8kBT/πM is the average velocity of the nuclear spins. M is the atom

mass of the noble gas atom. V is the volume of the vapor cell, and S is the overall surface of the
vapor cell. kB is the Boltzmann constant. EA is the activation energy of desorption. We cannot
directly obtain τs, which is defined as the adsorption time of the nuclear spins on the surface
wall. However, we can use the squared phase angle, < θ2 >, as in the reference [32], to acquire
τs. Using the relation τ2

s = (τ0exp(2EA/kBT))2 =< θ2 > / < ω2
Q >, we can calculate τs

with the measured < θ2 > at 373 K as 4.9 × 10−8rad2. Note that τv is related to v̄S/4V.
The cell shape and dimensions could determine the relaxation rate. In our simulation, we
suppose that 4V/S is equal to 10 mm for approximation. This value is typical for vapor
cells utilized in the hyper polarization experiments. It is also approximately equal to values
in reference [32].
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The total relaxation of 83Kr also includes the spin-exchange interaction with Rb atom
spins, which will be considered in our study. The spin-exchange interaction cross-section
(σex), the velocity (v̄) and the number density of Rb (nRb) determine the relaxation rate.
Based on the spin-exchange term σexv̄2 = 1.9× 10−12cm4s−2 measured in the reference [32],
we can obtain a numerical simulation of the total relaxation rate, as shown in Figure 1.
The smallest relaxation rate happen at the temperature of 382 K and the relaxation rate
is approximately 0.0021 s−1. The relaxation time is around 500 s. This relaxation time
is coincidental with the relaxation times acquired in these references [32,33]. Note that
here we only consider the collision relaxation with Rb atoms and without considering the
collision with the K atom spins. We have mentioned that K-Rb hybrid pumping would be
utilized in the comagnetometer.

Figure 1. Numerical modeling of the dependent relaxation rate of nuclear spins on the temperature
of the vapor cell. At low temperatures, 83Kr is adsorbed on the surface walls for a longer time,
and fluctuation EFGs cause the relaxation of the nuclear spin. As the temperature increases, relaxation
among collisions with Rb atoms is larger, because the number density of Rb is larger, and more alkali
atoms depolarize the nuclear spins. The spin-exchange relaxation is dominant at high temperatures,
since the atoms stay on the surface for a short time and the quadrupolar relaxation can be neglected.

In a hybrid optical pumping experiment, a mixture of the metals is typically used.
According to the Raoult’s law, the partial pressure of the saturated vapor of a metal above
a liquid phase is determined by the composition of the mixture or the mole fraction ratio
of a metal in the mixture. The partial pressure of a metal can vary from 0 to the value of
the pure vapor pressure. As we know, the partial pressure of the metal could determine
the density of the metal in the vapor cell. Thus, the density ratio of Rb to K could be
determined. In the hybrid pumping experiment for the atomic comagnetoemter in which
very large nuclear spin polarization is required, the density ratio of Rb to K is typically
very large which means that most of the alkali atoms are Rb. The density ratio of Rb to K is
more than 200 in these experiments [37].

In the hybrid pumping experiment, K is directly pumped by the laser and Rb is
pumped by spin exchange interaction with K electron spins. As we have mentioned that
the K density ratio is quite smaller than that of the Rb metal in our vapor cell design, the K
medium could be designed to be optically thin (the optical depth is typically from 1 to 2,
the temperature of the vapor cell could be changed to reach the required optical depth).
Due to the large density ratio of Rb to K, the optical depth of Rb is larger than that of K.
This means that Rb could not be directly pumped efficiently by a laser. The polarization
gradient of Rb in the laser pass is quite large. However, due to the large collision cross
section of the spin exchange interaction between K and Rb, the spin transfer rate from K to
Rb is quite large. Rb could be uniformly polarized under hybrid pumping conditions. The
polarization gradient could greatly affect the spin polarization of the nuclear spin. A large
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polarization gradient could lead to the failure of an efficient nuclear spin hyper polarization.
Note that even though we could allow the laser power to be as large as possible to reach
a polarization of 1, we need to keep the alkali metal electron spin polarization at 0.5 to
obtain the best sensitivity of the comagnetometer. We could see that in the hybrid pumping
experiment, the Rb atomic spins are mainly used for spin exchange optical pumping of the
nuclear spins. Due to the large density of Rb, some of the nuclear spins, such as 3He and
21Ne, which are very hard to polarize, could be efficiently polarized. It is reasonable to
only consider the Rb-related collision relaxation in Equation (1).

2.2. Polarization of 83Kr

The polarization of the nuclear spin is very important, because it can determine the
magnetic field experienced by the electron spins. With the relaxation and the spin-exchange
optical-pumping rate of alkali atoms and nuclear spins, we can determine the polarization
of the nuclear spins. In Equation (1), the term σexv̄nRb can also be defined to be the spin-
exchange optical-pumping rate of Rb and nuclear spins. The polarization of the nuclear
spins can be defined as

Pn = Pe σexv̄nRb

fm,n < ω2
Q > J(0) + σexv̄nRb

, (4)

where Pe is the polarization of the electron spin. We can see that the highest polarization of
the nuclear spin can reach that of electron spins. It is known that the polarization of the
electron spin can be 0.5, at which the magnetometer has the highest sensitivity. Thus, we
let Pe be 0.5. We performed a numerical simulation of the polarization of nuclear spins
with the change in temperature. Figure 2a shows the results.

Figure 2. (a) Theoretical estimation of the relationship between temperature and nuclear spin
polarization (Pn). As the temperature of the vapor-cell changes, we can estimate a rise in the spin-
exchange optical pumping of the nuclear spins as well as a decrease in quadrupolar relaxation. Thus,
the polarization of nuclear spins increases with the rise in temperature. (b) Theoretical estimation of
the relationship between the temperature and the Fermi contact interaction enhanced magnetic field
produced by the nuclear spin (Bn). As the magnetic field produced by the nuclear spin is directly
related to nuclear spin polarization, we can estimate a similar change in Bn with temperature.

As shown in Figure 1, the lowest relaxation falls at 382 K. We need to choose the
appropriate temperature to minimize the relaxation rate as well as achieve very high
nuclear spin polarization. Even though the lowest relaxation rate occurs at 382 K, however,
as shown in Figure 2a, the polarization at 382 K is around 0.15—far less than the highest
polarization, which is around 0.4. Thus, it is better for us to choose a working temperature
at which the polarization of the nuclear spin is relatively higher as well as the boro-silicate
glass could withstand such temperatures without corrosion of the glass. It is better for us
to choose the temperature around 420 K.

In order to compensate for the fluctuation in the background magnetic field experi-
enced by electron spins used in brain magnetic-field sensing, it is necessary to calculate
the magnetic field generated by the nuclear spins (Bn). We can estimate that the larger the

5
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nuclear spin magnetic field is, the higher the compensation ability of the nuclear spins is.
The magnetic field produced by the nuclear spins is defined as

Bn =
8
3

πk0μKrnKrPn, (5)

where k0 is the Fermi contact interaction enhancement factor, equal to 270 for the Rb −83 Kr
pair [38,39]. μKr is the magnetic moment of the 83Kr nuclear spin. nKr is the number density
of the nuclear spins. We supposed that the partial pressure of 83Kr gas inside the vapor cell
was 50 Torr. We performed a simulation of the nuclear spin magnetic field with the change
in temperature. Figure 2b shows the results.

The polarized nuclear spin could produce magnetic field Bn. This field could com-
pensate the background disturbing field By or Bx. As shown in Figure 3, the pump laser
polarized the electron spins in the z direction and the electron spins could produce a similar
magnetic field Be as that of the nuclear spin Bn. We can add a holding magnetic field
which is constant in the z direction and the direction of this field is opposite to Bn and
Be. The strength of this field is equal to Bn + Be. Under this condition, the nuclear spin
could automatically compensate the disturbing field in the x or y direction. If there is no
disturbing field, both Bn and Be will settle in the z direction. Due to the Fermi contact
interaction, the nuclear spins could experience Be. The total magnetic field experienced
by the nuclear spin would be Bc�z + �Be. The net magnetic field experienced by the nuclear
spin could be the same as the nuclear spin magnetic field Bn and the only difference is that
the direction is opposite. If there is a y disturbing magnetic field By input, a total magnetic
field �Btot will be produced and the nuclear spin will also precess to a new direction which
is approximately opposite to the total magnetic field direction. The projection of �Bn in
the y direction would be Bn

y . We can calculate that Bn
y is equal to By. This means that the

nuclear spins have compensated the disturbing field By. The electron spins will stay in
the z direction and there will be no signal output in the comagnetometer. Note that the
electron spins are used to detect the magnetic field produced by the brain or the background
magnetic field. However, if there is a brain’s magnetic field input whose frequency is very
large compared to the comagnetometer’s compensation bandwidth, the comagnetometer
may not be fast enough to compensate for it. Thus, the comagnetometer could be used for
the measurement of the brain’s magnetic field as well as being insensitive to the disturbing
low-frequency background magnetic field.

Figure 3. The principle of disturbing field compensation by the polarized nuclear spins.

The disturbing magnetic field suppression should also be studied in this paper. The nu-
clear spin could compensate the disturbing magnetic field. To illustrate this process, we
assume that there is sinusoidal disturbing magnetic field input in the comagnetometer
Bycos(2π f t) in which f is the frequency of the disturbing magnetic field. The signal out-
put of the comagnetometer Sy is equal to Ks fyBycos(2π f t + Φy). Here, Φy is the relative
phase between the input and the output signal. K is a factor that links the input magnetic
field and the final comagnetometer output voltage signal and it is constant. If there is no
suppression process, which means no nuclear spins are used, the signal output could be
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KBycos(2π f t + Φy). The factor s fy is defined to be the suppression factor of the By field
which (see [25,40]) is:

s fy =
ω2

[ω2
n + ω2ω2

e /(Rtot/γe)2]
, (6)

where ω is the angular frequency of the input magnetic field and it is equal to 2π f , ωn
is equal to γnBn and γn is the gyro-magnetic ratio of the nuclear spin, ωe is equal to
γeBe/Q(Pe), γe and Q(Pe) are the gyro-magnetic ratio of the electron spin and the slow
down factor [41], respectively, and Rtot is the total relaxation of the electron spins which
are shown in the following section. Similarly, we can define the x direction magnetic field
suppression factor:

s fx =
ω

[ω2
n + ω2ω2

e /(Rtot/γe)2]1/2 . (7)

To further show the compensation process, we show a picture in Figure 4. Here, we
chose the typical parameters whereby the temperature of the vapor cell is 420 K. Other
parameters such as the nuclear spin polarization and the nuclear spin magnetic field Bn

could be determined. We chose the electron spin polarization to be typically 0.5 under
which the comagnetometer could utilize the best sensitivity. The magnetic field produced
by the electron spins could be:

Be =
8
3

πk0μBnRbPe, (8)

in which μB is the Bohr Magneton and nRb is the number density of Rb. The relation be-
tween the frequency of the disturbing magnetic field and the suppression factors are shown.
As we can see in the frequency range of 1 to 100 Hz, the responses of the comagnetometer
to magnetic field is flat and there is about three times the suppression of the magnetic field
in the x direction. Moreover, as the frequency changes decrease in size, the suppression
factor decreases and the magnetic field is suppressed more efficiently. For the y direction,
the magnetic field suppression is larger.

Figure 4. Theoretical simulation of the relationship between magnetic field suppression factors of the
comagnetometer and the input magnetic disturbing magnetic fields’ frequencies.

2.3. Relaxation of Rb and Fundamental Sensitivity Estimation

The relaxation of Rb needs to be considered, because it is related to the spin projection
noise of comagnetometers. Since Rb is used for the detection of the brain’s magnetic field as
well as the nuclear spins’ compensation magnetic field, the sensitivity of a magnetometer
is largely determined by the relaxation of Rb. The relaxation of Rb is caused by several
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collision processes, such as collisions with itself, collisions with N2 quenching buffer gas
and collisions with 83Kr nuclear spins. These collision relaxation rates are closely related
to the collision cross-sections and number densities of gases. We performed a simulation
of the relaxation rates, and Figure 5 shows the results. We changed the temperature of
the vapor cell; thus, both Rb–Rb spin destruction relaxation and Rb–83Kr spin-exchange
relaxation changed with the temperature. The spin destruction rate of Rb–N2 resulted to be
weakly temperature-dependent. We also show the relationship between the temperature
and the Rb–83Kr spin-exchange relaxation rates.

Figure 5. Theoretical simulation of the relationship between temperature and the relaxation of Rb,
which is used to polarize the nuclear spins. ’SE Relaxation’ stands for ’Spin Exchange Relaxation’.
Total relaxation includes spin destruction relaxation between Rb and N2, spin destruction relaxation
between Rb and Rb, and the spin transfer rate from Rb to 83Kr. SE relaxation only includes the
transfer rate of the Rb electron spin to the nuclear spins.

After we have obtained the total relaxation of Rb electron spins, we can calculate
the fundamental sensitivity of a comagnetometer, which is limited by the spin projection
noise. The fundamental sensitivity of the comagnetometer is limited by the total relaxation
of the atomic spins, the number density of the spins and the volume of the vapor cell.
The fundamental sensitivity of a comagnetometer is defined as δB:

δB =
1
γe

√
Q(Pe)2Rtot

nRbV
, (9)

where γe is the gyro-magnetic ratio of the electron spin. Q(Pe) is the slow-down factor of
Rb electron spins [9]. Rtot is the total relaxation of Rb spins, which is calculated in the above
subsection. Note that there is a factor of 2 here. This factor here means that the optical
pumping was also considered. As the optical pumping rate is equal to the total relaxation
rate of Rb, the comagnetometer utilizes the best signal-to-noise ratio or sensitivity. Thus,
a factor of 2 here considered both optical pumping as well as relaxation’s contribution to
the spin projection noise. We know that Rb was not directly pumped by the laser. However,
we can calculate an equivalent pumping rate which is approximately equal to the optical
pumping rate of K divided by the density ratio of Rb to K [42]. nRb is the number density of
Rb, which is related to the temperature of the vapor cell. V is the interaction volume of Rb
atoms and laser light. With the equation, we can calculate the fundamental sensitivity of a
comagnetometer with changes in temperature and interaction volume. Figure 6 shows the
results. We can see that even in a very small volume (0.002 cm3), we can obtain more than
10 fT estimated sensitivity if the temperature of the vapor cell is high enough. This means
that we can fabricate very small sensor heads for MEG detection. The space resolution is
quite high if we use relatively high temperatures for the vapor cell.
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Figure 6. Theoretical simulation of the dependent fundamental sensitivity of the comagnetometer
on the temperature and the active volume of the vapor cell. The temperature of the vapor cell
was changed; thus, the number density of Rb atoms changed. As the temperature increased, we
estimated higher sensitivity. We also changed the active volume of the vapor cell in which laser light
interacts with Rb atom spins; then, the fundamental estimated sensitivity of the comagnetometer was
calculated. As the volume increased, the fundamental sensitivity increased.

Note that the suppression factor could also contribute to the sensor’s sensitivity. There
is approximately a suppression factor of 3 for the x direction magnetic field in the frequency
range of 1–100 Hz. Thus, we believe that the sensitivity of the comagnetometer for detection
of the x magnetic field could also be suppressed by a factor of 3. The y direction suppression
factor is much larger and thus we think that the comagnetometer is not sensitive to the y
magnetic field and it could be treated as a single axis magnetometer. Even though there are
some suppression factors for magnetic field detection, we can improve the fundamental
sensitivity through increasing the interaction volume of the cell as well as the temperature
of the vapor cell.

3. Cell Fabrication

3.1. K–Rb Mixture Preparation

In order to achieve very high nuclear spin polarization as well as reduce the spin-
exchange relaxation of Rb and 83Kr nuclear spins, hybrid optical pumping is a good solution.
If we want to achieve very high nuclear spin polarization, we need to increase the vapor-
cell temperature. However, a high-temperature vapor cell could lead to very large optical
depth; thus, the laser light might not easily pass through the medium. The polarization of
nuclear spins might also be decreased. Hybrid optical pumping is thus needed. The hybrid
optical pumping is usually applied in the comagnetometer because its efficiency is higher
than a normal optical pump. There are alkali atoms and noble gas atoms in the vapor cell
and the electron spin of the alkali metal and the nuclear spin of the inert gas are coupled to
achieve hybrid optical pumping. The process is as follows: the electron spin is first pumped
by the laser and the nuclear spin is hyperpolarized by spin-exchange collision. Therefore,
the polarizability is greatly improved as well as the sensitivity of the comagnetometer.
With this technique, we can achieve very high nuclear spin polarization.

We had to prepare the alkali vapor cell before the experiment could be performed.
The hybrid optical-pumping cell had to be filled with a mixture of alkali metals. Before the
vapor cell was filled with K–Rb mixture using a torch flame on the fabrication apparatus,
the K–Rb mixture with the intended Mole Fraction Ratio (MFR) had to be prepared in the
glove box. The glove box is an inert gas protection box that can be vacuumed to the main
box, so that the system is kept in a high purity inert gas protection environment.

When preparing the K–Rb mixture, the mass ratio of K to Rb had to be determined
first. The mass ratio is defined as Mr = mK / (mRb + mK), where mK is the mass of K and
mRb is the mass of Rb. The mass ratio determines the MFR and the density ratio of K to
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Rb in a hybrid pumping cell (HPC) [43]. In a K − Rb −87 Kr comagnetometer, the density
ratio (DR) of K to Rb is controlled for improving the uniformity of spin polarization at the
operation temperature. For example, we prepared groups of mixtures in density ratios of
1/212 and 1/109 at 463 K after the cell was filled with them. In order to reach the intended
DR, Table 1 shows the masses of K and Rb that had to be mixed together in the glove box.

Table 1. The calculation of the masses of K and Rb that had to be mixed together to reach the intended Dr.

Intended
Dr@463 K

Mr mK (mg) mRb (g) MFR of K

1/212 0.014 30 2.13 0.029
1/109 0.026 41 1.54 0.055

The calculation of the mass of K and Rb determines the amount of alkali metal that
should be mixed together in the glove box. Here, before the mixing of alkali metals,
the glassware used in this experiment was cleaned before being put into the glove box
to protect the alkali metals against impurities. All of the glassware was immersed into
piranha solution and cleaned with an ultrasonic cleaner for 5 minutes. Several rounds of
rinsing with deionized water were employed to rinse away the residual piranha solution.
After cleaning it, we quickly put the glassware into a drying box and left it there for several
hours to remove any water on the glassware. When the glassware was put into the transfer
chamber of the glove box, the gases in the chamber were pumped away to further dry
the glassware.

The mixing of K–Rb metals was performed after a low concentration of oxygen was
achieved in the glove box. Commercial Rb and K break-seal ampoules were employed.
A homemade glass spoon was used to scoop Rb and K metals out of the ampoules. With a
glass knife, we cut the metals into small pieces in a Petri dish. A piece of weighting paper was
put on the analytical balance to weigh the pieces of alkali metals. According the calculation
results in Table 1, 30 mg of K and 2.13 g of Rb were added to a homemade break-seal ampoule
to obtain 1/212 Dr at 463 K in a hybrid pumping cell. A Teflon valve and an O-ring sealed the
alkali metal mixture in the ampoule to protect the mixture against air when the ampoule was
taken out of the glove box. To seal the mixture in the glass ampoule and protect the mixture
against air, a vacuum pump was used to pump out the gases in the ampoule. Methane flame
was used to seal the glass at the neck of the ampoule during pumping. The mixture was finally
sealed in the glass ampoule. Figure 7 shows this process. For HPCs with small MFRs, we used
a glass knife to cut the alkali metal into small pieces of approximately 30 mg. Moreover, we
used a valve-and-pumping technique to protect the mixture against oxygen and water after
the ampoules were moved out of the glass box.

Figure 7. The process of experimentally preparing the K–Rb mixture in a glove box: 1. The cutting of
the alkali metals. 2. The weighting of the alkali metals. 3. The sealing of the mixed alkali metals.
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3.2. Alkali Chasing and Gas Filling

The mixture break-seal ampoule was attached to the alkali vapor-cell fabrication
apparatus, and the cell fabrication process began when the ampoule was ready. Figure 8
shows the method of filling the vapor cells with the K–Rb mixture. The K–Rb mixture
ampoule was connected to the alkali fabrication apparatus with a glass tube. An iron
hammer, which was connected with the ampoule to break the seal, was sealed in the
vertical glass tube. The vapor cell was connected to the glass tube, and the glass tube
was connected to the vacuum pumping system and the gas line system. The vacuum
pumping system pumped the whole system, and the gas line system supplied the vapor
cell with gases such as 21Ne, 131Xe, 129Xe, 83Kr, N2. The gas line system and the vacuum
pumping system were similar to the system described in reference [44]. All the glassware
was cleaned with piranha solution and deionized water, like the glassware used to make
the mixture ampoule. To further clean the surface of the glassware, after it was connected
to the fabrication system, an oven was used to heat the glassware to about 473 K when the
pumping system was on. After 2 to 3 days of heating and pumping, the vacuum pressure
reached the 10−5 Pa level. The vapor cells were filled with K–Rb mixture when the vacuum
reached the 10−5 Pa level. Then, the K–Rb mixture was slowly chased into the retort using
a flame for thoroughly mixing the K–Rb alloy and purifying the alloy. The ampoule fired
off at the small neck of the glass tube after the mixture was chased into the retort. After that,
the mixture was chased into the vapor cell, and the experimental results show that Rb
moved faster than K due to the lower melting point of Rb. As a result, a special chasing
method was developed to ensure that the MFR in the HPC was right. Most of the mixture
was chased into the cell and then chased out of the cell to leave the amount of alloy that
was needed. This process ensured that the MFR in the cell was close to the MFR in the
ampoule. Figure 8 shows the schematic of the filling process.

After the vapor cells were filled with alkali metal mixtures, the vapor cells were filled
with gases through the gas line. In some of the experiments, the vapor cell was filled with
gases at about 2 Atm. For sealing the glass using a flame, the cell cannot be sealed until the
inner pressure is lower than the pressure outside. Liquid nitrogen was used to fill the cell
with gases at more than 1 Atm.

Figure 8. Schematic of filling the vapor cell with K–Rb mixture and gases experimentally.

Figure 8 shows the schematic of filling the glass cell with gas with a pressure more
than 1 Atm. The liquid nitrogen trap was taken down, and the temperature of the trap
rose to room temperature before gas filling. The needle valve allowed the gas to flow into
the cell, and the pressure gauge measured the pressure in the cell. When the intended
pressure (P0) was reached, the gas line was shut down. A homemade Dewar was filled
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with liquid nitrogen, and the Dewar was lifted with a lifting platform to immerse the cell
into liquid nitrogen. The pressure decreased and settled down to a lower pressure (P1). A
torch flame was used to fire off the stem of the cell, and the pressure rose slightly to P2.
This phenomenon was due to the increase in the temperature of the cell when the flame
was used to fire off the cell from the glass tube. In order to know exactly the pressure of the
cell after it was fired off from the glass tube and the temperature of the cell increased to
room temperature, the ideal gas equation was used to calculate the pressure. The volume
of the cell was measured to be Vc, and the volume of the glass tube and the gas line tube
was measured to be Vg (the measurement method is described below). The pressure of the
cell at room temperature should be

Pc = P0 + (P0 − P2)
Vg

Vc
(10)

Further, Vg was calculated with the ideal gas equation, and standard calibration volume
was used for the calculation. We supposed that the standard calibration volume was Vcal and
that the calibration volume was pumped to vacuum state. Vg was filled with gas, and the
pressure was Pg0. After opening the angle valve of the calibration volume, the pressure changed
to Pg1. The volume of the glass tube and the gas line was calculated to be

Vg =
Pg1Vcal

Pg0 − Pg1
(11)

After volume Vg was measured, cell pressure Pc was finally calculated with Equation (10).
Pc is the pressure of the gases in the vapor cell at room temperature.

4. Discussion

This paper theoretically studies a 83Kr-based atomic comagnetometer, which is a
promising device for movement-related MEG recording. The main applications of moving
MEG include the diagnosis of neuropsychiatric diseases such as epilepsy and Alzheimer’s
disease, the determination of brain function injury, and the localization of brain function
before craniocerebral surgery. Moving MEG can also be used to explore brain functions,
such as what people are thinking while drinking coffee or playing the guitar.

Due to the large Fermi contact interaction with Rb electron spins, the compensation
field produced by the nuclear spin is quite large. A wide compensation range can be
achieved, which is of utmost importance for effectively compensating for fluctuations in
background magnetic fields in the future. Due to the small destruction collision relaxation
rate of 83Kr atoms, Rb magnetometers could achieve very high sensitivity. An experimental
setup is under way to configure a K–Rb–83Kr comagnetometer.

The temperature of the vapor cell designed in this study is 420 K and around 760Torr
N2 is filled in the vapor cell. The condition here is quite different from the typical 83Kr
polarization experiment in which the temperature of the vapor cell is around 373 K and
only several tens of Torr N2 is filled in the vapor cell. The polarization of 83Kr is typically
smaller than 10% [33,45]. With the high density of Rb, the polarization of 83Kr could nearly
reach that of the Rb polarization. The high pressure of N2 in our design also eliminates the
relaxation of Rb-83Kr due to the formation of van de Waals molecules. The characteristic
spin-relaxation rate due to the van der Waals molecule γM is only 63 sec−1 [33] which is
much smaller than that of the Rb-Xe pair [46]. That is because Rb-Xe pair could form van
der Waals molecules more easily. N2 could also affect the formation of the molecule and we
fill the high pressure of N2 to stop the formation of the molecules in our design. According
to this reference [46], the spin exchange rate coefficient due to van der Waals molecule κT is
(γMζ)/([Kr](1+ br)). ζ = 0.179 is related to the ratio between the two isotopes of Rb. [Kr] is
the number density of Kr. r = P(N2)/P(Kr) is the ratio of the N2 pressure P(N2) to the Kr
pressure P(Kr) which is around 15 in our design. The coefficient b = P0(N2)/P0(Kr) = 1.9,
where P0(N2) and P0(Kr) are the characteristic pressures defined in the reference [33]. We

12



Photonics 2023, 10, 1302

finally could calculate that κT is an order smaller than that of the binary spin exchange rate
coefficient σsev̄. Thus, we could neglect the van der Waals molecule formation-related spin
exchange optical pumping.

We know that comagnetometers are also sensitive to rotation velocity. For the 83Kr-
based atomic comagnetometer, the nuclear spin is 9/2, and we estimated a very small
gyro-magnetic ratio, which means that this comagnetometer is quite sensitive to rotation.
When performing movement-related MEG, we can only measure movements without
rotation. Further experiments need to be performed to study this topic. The study of
83Kr-based atomic comagnetometers also contributes to the study of gyroscopes.

Relaxation rate, polarization and fundamental sensitivity are important parameters
for atomic comagnetometers. Note that 83Kr nuclear spin relaxation is quite complicated,
since quadrupolar relaxation at the wall as well as the nuclear spin itself should be consid-
ered. Especially, collisions with the wall, desorption energy and collision-related average
angle should be studied. The quadrupolar interaction process makes simulations more
complicated. Our results give very concrete evidence for future comagnetometer design.

The sensitivity of the comagnetometer is fundamentally determined by Equation (9).
It is mainly determined by the total relaxation of Rb Rtot and the number of the Rb nRbV
which are used for the magnetic field detection. As we know, we want nRbV to be as
small as possible and thus we can fabricate very small alkali vapor cells. The size of the
sensor could be smaller and the spatial resolution of magnetic field measurement could
be improved. The total relaxation of Rb Rtot is determined by several collision relaxation
processes. The merit of using 83Kr is that the spin collision relaxation with 83Kr is quite
small compared with that of the Rb-129Xe collision. To further show this clearly, we have
conducted a simulation shown in Figure 6. The results show that even with very small
volume (0.002 cm3), the estimated sensitivity of the comagnetometer could reach higher
than 10 fT/Hz1/2.

In the last part of the paper, we show the alkali fabrication process. It is especially
noteworthy that hybrid optical pumping is needed. We give details on how to make
a hybrid-pumping vapor cell. We also present the alkali fabrication process with the
glass-blowing technique.

With the development of the micro-electro mechanical system (MEMS), the key elements
of the comagnetometer such as alkali vapor cell, micro-electrical non-magnetic field heating
chips, optical lens and the semiconductor laser diodes can be fabricated into chip-scale. There-
fore, the size of the future comagnetometer will be smaller and smaller. As we have calculated,
we only need 0.002 cm3 effective alkali vapor cell space for the comagnetometer. Other ele-
ments of the comagnetometer which need to be designed around the vapor cell could also be
fabricated to be very small. The comagnetoemter could finally be fabricated in chip-scale.

In comparison, the 83Kr-based atomic comagnetometer could work under 420 K
and the compensation bandwidth is around 1 Hz which is similar to that of the 21Ne
comagnetometer [47]. However, the 21Ne-based atomic comagnetometer needs to work
under around 473 K. Special aluminosilicate glass is required for the cell fabrication. This
makes the experiment complicated since it is not easy to obtain the aluminosilicate glass.
There are around 3 Amagats 21Ne filled in the vapor cell, while there is only 50 Torr 83Kr
filled in the vapor cell. Again, it is easier to fabricate a vapor cell based on 83Kr. The total
relaxation of Rb which could determine the sensitivity of the comagnetometer is around
300 s−1 in the 83Kr atomic comagnetometer which is only around 1/6 of that of the 21Ne
comagnetometer [47]. This would make sure that the sensitivity of the 83Kr-based atomic
comagnetometer will be higher.

5. Conclusions

In conclusion, we have theoretically designed a new kind of atomic comagnetometer
that is based on 83Kr nuclear spins. Compared with 21Ne-, 3He- and 129Xe-based atomic
comagnetometers, the new comagnetometer has the merits of high sensitivity, relatively
low temperature and a large compensation field range. We conclude that the 83Kr-based
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comagnetometer is quite promising for movement-related MEG recording. We give the key
parameters for the design of the comagnetometer, such as spin relaxation and polarization.
These parameters are highly important for future experiments. Considering that the alkali
vapor cell is important for the comagnetometer, we show a method for developing hybrid
optical-pumping vapor cells. The study presented in this paper is highly valuable for a
future experimental setup.
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Abstract: Zero-field optically pumped magnetometers operating in the spin-exchange relaxation-
free (SERF) regime have been extensively studied, and usually depend on zeroth-order parametric
resonance to measure the magnetic field. However, the studies conducted on this topic lack thor-
ough analyses and in-depth discussion of nonzero-order magnetic resonances in single-beam SERF
magnetometers. In this paper, we analyzed the nonzero-order resonance, especially the first-order
resonance, based on a single-beam SERF magnetometer, and discussed its various applications.
A comprehensive theoretical analysis and experiments were conducted with respect to multiple
functions, including nonzero finite magnetic field measurements, spin polarization measurement,
and in situ coil constant calibration. The results showed that first-order resonance can be utilized
for nonzerofinite magnetic field measurements, and the spin polarization of alkali-metal atoms can
be determined by measuring the slowing-down factor using the resonance condition. Furthermore,
acquiring the first-order resonance point at an equivalent zero pump light power through fitting
offers an approach for quick and precise in situ coil constant calibration. This study contributes to the
applications of SERF magnetometers in nonzero finite magnetic fields.

Keywords: SERF magnetometers; parametric resonances; slowing-down factor; spin polarization;
coil constant calibration

1. Introduction

Optically pumped magnetometers (OPMs) have attracted considerable attention ow-
ing to their ultra-high sensitivity, flexible positioning, and cryogenic-free working condi-
tions, and they provide superior advantages over traditional superconducting quantum
interference devices [1–3]. They are increasingly used in fundamental physics [4,5], geo-
physical measurements [6,7], and magnetic imaging of the human body [8,9]. In particular,
OPMs operating in the spin-exchange relaxation-free (SERF) regime have undergone rapid
development [10,11]. Thanks to their convenient miniaturization, SERF magnetometers
with single-beam configuration, employing power detection of transmitted circularly
polarized pump light to measure the magnetic field, are the most commonly applied
scheme [12–15], and their operation relies on transverse magnetic field modulation and
zeroth-order parametric resonance.

The parametric resonance response theory of light-pumped atoms in a modulated
magnetic field was dissertated by Cohen-Tannoudji et al. in 1970 [16] and was demon-
strated by Slocum et al. in 1973 using a 4He magnetometer [17]; however, they mainly
focused on the zeroth-order resonance. Nevertheless, there are still only a few studies
on the first-order or higher-order resonances. For instance, Xiao et al. proposed that the
first-order resonance of a SERF magnetometer could be employed to calibrate coil constants
and simultaneously showed the possibility of measuring a magnetic field under a large
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field background [18]. For other types of magnetometers, Eklund [19] and Chen et al. [20]
employed the resonance order of rubidium magnetization and discussed its application
in nuclear magnetic resonance. Jiang et al. developed a rubidium atomic magnetometer
that satisfies the first-order resonance to study the heater-induced longitudinal magnetic
field [21]. Yang et al. proposed a novel plan for magnetic sensing based on multi-order
resonance utilizing an Mx magnetometer, and the measurement sensitivity was below
3 pT/Hz1/2 [22]. However, these studies lack comprehensive analyses and detailed discus-
sion of nonzero-order magnetic resonances in single-beam SERF magnetometers; therefore,
a comprehensive study on this topic is still desirable.

In this study, we analyzed several phenomena with respect to the nonzero-order reso-
nances of single-beam SERF magnetometers and discussed their applications, including
spin polarization measurement and coil constant calibration. We conducted a theoreti-
cal analysis, numerical simulation, and experiments to study the parametric resonance
phenomena and their applications. First, a nonzero finite magnetic field was measured.
A finite magnetic field was acquired by detecting the resonant frequency in combination
with the resonance condition. Second, the spin polarization of alkali-metal atoms was
measured by measuring the slowing-down factor q(P) based on the resonance condition.
Finally, the first-order resonance point at the equivalent zero light power with a definitive
known q(P) was determined by fitting; this offered a method to calibrate the coil constants
rapidly and precisely. Moreover, the sensitivity of the magnetic field measurement reached
54 fT/Hz1/2.

2. Principles

OPMs are employed to measure the magnetic field by detecting the time evolution
of atomic spin polarization created by optical pumping. When the spin-exchange rate is
significantly higher than the Larmor precession frequency, the Bloch equation derived from
the density matrix equations can be adopted to describe the behavior of the atomic spin
polarization vector P [23] as follows:

dP

dt
=

1
q(P)

[
γeB × P + Rop(sẑ − P)− RrelP

]
(1)

where P is the magnitude of the atomic spin polarization vector, P =
[
Px, Py, Pz

]T; and q(P)
is the nuclear slowing-down factor as a function of P [24]. In particular, for 87Rb atoms
(I = 3/2) the expression of q(P) is given as

q(P) =
6 + 2P2

1 + P2 (2)

which indicates that the amplitude of spin polarization can be obtained by measuring
q(P). In addition, γe ≈ 2π × 28 Hz/nT is the gyromagnetic ratio of the electron, B is the
magnetic field vector expressed as B =

[
Bx, By, Bz

]T , Rop is the optical pumping rate, Rrel
is the spin-relaxation rate, and s is the degree of circular polarization of the pump light
whose direction propagates along the z-axis; for circularly polarized light, this is s = ±1.

Specifically, for single-beam OPMs, the transmitted light intensity of a circularly
polarized laser beam which only reflects the longitudinal polarization Pz can act as a
magnetic field information medium [25–27]. The relationship between the output of the
magnetometer Rout and Pz is given as [25]

Rout = R0·exp[−OD(ν)(1 − Pz)] (3)

where R0 is the original signal before the vapor cell; OD(ν) = nνLσ(ν) is the optical depth
of the vapor cell; nν is the number density of the alkali-metal vapor; σ(ν) is the absorption
cross-section as a function of light frequency ν; and L is the length of the vapor cell. Thus,
the response of Pz to a magnetic field is the subject of concern. In single-beam SERF
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magnetometers, a bias magnetic field Bx0 and a modulation field Bmcos(ωt) were applied
along the x-axis, as shown in Figure 1a. After magnetic compensation, the magnetic field
along the three axes was described as B = [Bx0 + Bmcos(ωt), 0, 0]T . From Equation (1),
we know that Px(t) approaches zero, and P oscillates and evolves only in the y-z plane.
Therefore, we define polarization as P+ = Pz + iPy, which follows the evolution

dP+
dt

=
1

q(P)
{−iγe[Bx0 + Bmcos(ωt)]P+ − (

Rop + Rrel
)
P+ + Rop

}
(4)

Figure 1. (a) Schematic of our single-beam SERF magnetometer with the modulated magnetic field
along the x-axis. (b) Simulation results of the magnetometer response R under different ω/2π and
Bx0, with Bm = 200 nT.

After employing the Jacobi-Anger expansion and mathematical derivation, the analyt-
ical solution to Pz can be obtained as [16,17,19]

Pz(t) =
+∞
∑

n=−∞

+∞
∑

k=−∞

Rop Jn(u)Jn+k(u)

(Rop+Rrel)
2
+(γeBx0+nqω)2

[(
Rop + Rrel

)
cos(kωt)

+(γeBx0 + nqω)sin(kωt)]
(5)

where Jn(u) is the nth-order Bessel function of the first kind; and u = γeBm/(qω) is the
modulation index. Here, n denotes the resonance order, with each order appearing at the
magnetic field offset satisfying γeBx0 + nqω = 0.

To eliminate low-frequency 1/f noise, the lock-in detection system for the first har-
monic ω, the dominant term of the spectrum, was employed. The longitudinal polarization
embodied in the demodulated signal is Pz−de(t), which is expressed as follows:

Pz−de(t) =
+∞
∑

n=−∞

Rop Jn(u)

(Rop+Rrel)
2
+(γeBx0+nqω)2

{(
Rop + Rrel

)
[Jn+1(u) + Jn−1(u)]cos(ωt)

+(γeBx0 + nqω)[Jn+1(u)− Jn−1(u)]sin(ωt)}
(6)

The demodulated in-phase component Xn and out-of-phase component Yn for the
nth-order resonance are

Xn = Jn(u)[Jn+1(u) + Jn−1(u)]
Rop

(
Rop + Rrel

)
(

Rop + Rrel
)2

+ (γeBx0 + nqω)2
(7)
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Yn = Jn(u)[Jn+1(u)− Jn−1(u)]
Rop(γeBx0 + nqω)(

Rop + Rrel
)2

+ (γeBx0 + nqω)2
(8)

The amplitude component Rn depends both on Xn and Yn:

Rn =
√

X2
n + Y2

n (9)

Here, Xn and Yn are closely related to the phase of the demodulation process, and the
phase varies when the sweeping magnetic field is offset. Consequently, Rn was selected
as observable in our experiment. The Yn component presented a dispersion relation with
Bx0 near the nth resonance point Bxn = −nqω/γe, which can be utilized for magnetic
field measurement. The total in-phase component X, total out-of-phase component Y,
and total amplitude component R are expressed as X = ∑n=+∞

n=−∞ Xn, Y = ∑n=+∞
n=−∞ Yn, and

R = ∑n=+∞
n=−∞ Rn, respectively.

The analysis of each order of resonance was based on the response amplitude R of
the magnetometer, owing to its insensitivity to the demodulation phase. We performed
a simulation to calculate the magnetometer response R under different ω/2π and Bx0,
with typical experimental parameters of Rop = Rrel = 250 s−1 and Bm = 200 nT. The
simulation covered a span range of ω/2π from 100 Hz to 1000 Hz and a span range of
Bx0 from −200 nT to 200 nT, as depicted in Figure 1b. From the simulation, we found that
the resonance point Bx0 of each order was linear to ω/2π under resonance conditions,
whereas the interval between each order increased when ω/2π grew. Furthermore, the
attenuation of the modulation index u, corresponding to the growth of ω

2π , results in the
gradual dominance of the lower-order resonance, indicating that u must be controlled in
the appropriate range to maintain the predominance of the first-order resonance. In other
words, the higher-order resonance response of the magnetometer (n > 1) only emerges
markedly with lower ω/2π (<350 Hz, shown in Figure 1b), which restricts the performance
of the lock-in system and further limits the sensitivity of measurement. Moreover, Figure 1b
shows that the higher-order resonance response (n > 1) appears at an absolute value of
magnetic offset larger than 100 nT, which can induce strong relaxation of alkali atoms.
Hence, in this study, our attention was mostly paid to the first-order resonance response.

In addition, by focusing on the amplitude of the demodulated signal at each resonance
order, we found that if n �= 0 then Yn = 0. By contrast, when n = 0, Xn =0. Consequently,
the demodulated signal at the nth-order resonance is given as

Rres
n =

⎧⎪⎨
⎪⎩

2J0(u)J1(u)RopγeBx0

(Rop+Rrel)
2
+(γeBx0)

2 = 0 n = 0

2nJ2
n(u)
u · Rop

Rop+Rrel
n �= 0

(10)

and the linear region of Rres
n could be utilized to measure the low-frequency alternating

magnetic field [22].
We revealed that the magnitude of spin polarization at the first-order resonance point

is constant and time-independent. At the first-order resonance point, by substituting n = 1
(n = −1 is similar) and γeBx0 + qω = 0 conditions for the corresponding expressions in
Equation (5), we obtain

Pz(t) =
Rop J1(u)
Rop+Rrel

∑+∞
k=−∞ Jk+1(u)cos(kωt)

=
Rop J1(u)
Rop+Rrel

{sin(ωt)sin[usin(ωt)] + cos(ωt)cos[usin(ωt)]}
(11)

Similar equations can be derived for Py(t) utilizing the same method as

Py(t) =
Rop J1(u)
Rop+Rrel

∑+∞
k=−∞ Jk+1(u)sin(kωt)

=
Rop J1(u)
Rop+Rrel

{cos(ωt)sin[usin(ωt)]− sin(ωt)cos[usin(ωt)]}
(12)
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As Px(t) approaches zero, the amplitude of total spin polarization is given as

P =

√
[Pz(t)]

2 +
[
Py(t)

]2
=

Rop J1(u)
Rop + Rrel

(13)

Here, we assumed that Rop, Rrel, and J1(u) are invariant during the experiment. The
resulting stable magnitude of P can be applied to derive the fit function in the following
Sections 4.2 and 4.3.

3. Experimental Setup and Procedure

The experimental setup for measuring the magnetic field, based on the first-order
parametric resonances of our single-beam SERF magnetometer, is illustrated in Figure 2. A
cubic vapor cell made of borosilicate glass, with an internal size of 8 mm × 8 mm × 8 mm,
was filled with a droplet of 87Rb and approximately 600 Torr N2. The vapor cell was
electrically heated to 433 K using an alternating current at 200 kHz.

Figure 2. Experimental setup. PMF: polarization maintaining fiber; C: collimating lens; LP: linear
polarizer; QP: quarter-wave plate; PD: photodiode; TIA: transimpedance amplifier; LIA: lock-in
amplifiers; DAQ: data-acquisition; R1, R2, and R3: resistors.

The laser beam generated by a distributed-feedback laser was first transmitted to
the OPM via a polarization-maintaining fiber, and then was transformed into circularly
polarized light using a quarter-wave plate, which finally illuminated the vapor cell; this
acts as both an optical pumping and probing light. The wavelength of the laser beam was
set to approximately 794.98 nm, near the 87Rb D1 line. The light transmitted through the
vapor cell was sensed and converted into a current signal by the photodiode, then finally
transformed into a voltage signal by the trans-impedance amplifier (PDA200C; Thorlabs,
Newton, MA, USA).

The voltage signal was then sent to the electronic test system for signal processing. In
the electronic system, a lock-in amplifier (MFLI; Zurich Instruments, Zürich, Switzerland)
was used to demodulate the magnetometer signal. Finally, all signals were acquired using
the data-acquisition system (PXIe-4464; National Instruments, Austin, TX, USA).

A four-layer μ-metal magnetic shield was utilized to ensure a near-zero magnetic
field environment for the OPM. In addition, a group of triaxial coils inside the shield
was adopted for further active magnetic field compensation and generation of modulated
magnetic fields. The coil group comprised a nested saddle coil [28] for the radial magnetic
field and a Lee-Whiting coil [29] for the axial magnetic field; these were both driven by
waveform generators (33522B; Keysight, Santa Rosa, United States) via selected resistors.
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The experiment primarily comprised three steps. First, we demonstrated the mea-
surement of the non-zero finite magnetic field based on the first-order resonance of the
magnetometer. The measurement of the non-zero finite field was realized by detecting the
resonance frequency, according to Bun = nq(P)ω/γe. Second, spin polarization measure-
ment was implemented by measuring the slowing-down factor, and this process was staged
with different modulated magnetic field amplitudes. Finally, we performed a precise coil
constant calibration by fitting the first-order resonance points under different pump light
powers and acquiring the point at equivalent zero pump light powers.

4. Results and Discussions

4.1. Nonzero Finite Magnetic Field Measurement

In this subsection, a method for measuring the non-zero finite magnetic field based
on the first-order resonance is proposed and demonstrated. The non-zero finite field was
measured by detecting the resonant frequency. Before sweeping the modulated magnetic
field frequency, we first swept the magnetic field offset to acquire the slowing-down factor
q at each first-order resonance point. Specifically, the magnetic field offset was swept under
different modulated magnetic field frequencies ω/2π, from 500 Hz to 700 Hz, with a fixed
modulated amplitude Bm = 360 nT. At each turn the first-order resonance points were
recorded, as depicted in Figure 3a.

Figure 3. (a) Magnetometer responses when sweeping the magnetic field offset Bx0 under different
modulated magnetic field frequencies ranging from 500 Hz to 700 Hz. Each peak of R at the first-
order resonance is marked with a red inverted triangle and recorded. (b) Each first-order resonance
point Bxavrg (red solid circle) with different modulated magnetic frequencies ω/2π. The fit value is
presented as a red solid line.

Two first-order resonance points, corresponding to Bx1 with n = 1 and Bx−1 with
n = −1, were extracted, averaged as Bxavrg, and plotted with the corresponding ω/2π
in Figure 3b, wherein the fit value was obtained based on the proportional relationship
between Bxavrg and ω/2π. In addition, the derived value of q(P), which is called q f it, was
further calculated for each fit value of Bxavrg (the red solid line in Figure 3b). Then, we
actively employed different magnetic field offsets along the same x-axis, each corresponding
to Bxavrg. Simultaneously, we swept ω/2π from 500 Hz to 700 Hz, with the same fixed
modulated amplitude Bm = 360 nT as that used when sweeping the magnetic field offset.
The magnetometer response at each sweeping turn is recorded in Figure 4a, and its peak
resonant frequency ωpeak/2π is marked with red inverted triangles.
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Figure 4. (a) Dependence of the magnetometer response on ω/2π under different magnetic field
offsets Bxavrg. Resonance frequency peaks are marked with red inverted triangles. (b) Comparison
between the active applied magnetic field Bxavrg and Bacq acquired from (a). The label of horizontal
axis “Measurement Time” represents each measurement with different Bxavrg.

The measurement results for different finite field offsets are summarized in Figure 4b.
The Bacq represents the magnetic field acquired by detecting the resonance frequency
ωpeak/2π, i.e., Bacq = q f itωpeak/γe. The label of horizontal axis “Measurement Time”
represents each measurement with different Bxavrg, as in Figure 4a, and “1st” and “11th”
correspond to “Bxavrg= 98.3 nT” and “Bxavrg= 130 nT”, respectively. The Bacq was close to
Bxavrg, i.e., within a 5% error range, which verified our non-zero finite measurement method
based on the first-order resonance. In addition, the difference between Bacq and Bxavrg may
result from the following factors: the residual magnetic field affected the detection of peaks
when sweeping Bx0 and caused the inequality between the actively applied magnetic field
Bact and Bxavrg; the comprehensive effect of magnetic offset and modulated magnetic field
induced the variation in the effective gyromagnetic ratio; and the nuclear slowing-down
factor [30].

4.2. Spin Polarization Measurement

The spin polarization of 87Rb atoms was obtained by obtaining q(P), which can be
measured by determining the first-order resonance point. For instance, we swept the
magnetic field offset along the x-axis with different Bm values, ranging from 100 nT peak-
peak value to 260 nT peak-peak value, with a ωm/2π fixed at 600 Hz. The magnetometer
response for each sweep is plotted in Figure 5a. The first-order resonance points were
extracted and recorded, and each corresponding slowing-down factor (spin polarization)
was calculated and plotted in Figure 5b to present the relationship between the slowing-
down factor (spin polarization) and Bm. Increasing the modulated magnetic field amplitude
Bm leads to a larger relaxation rate Rrel.

By utilizing the spin polarization amplitude expression in Equation (13), we deter-
mined the relationship between q(P) and Bm. The Rrel is composed of kSEγ2

e B2
m, related to

the modulation amplitude Bm, and Rrel2, which is not directly related to Bm. Here, kSE is
the proportional factor of Rrel related to γ2

e B2
m. For 87Rb atoms, according to Equation (13),

q(P) can be expressed with respect to Bm as follows:

q(P) ∝
6
(

Rop + kSEγ2
e B2

m + Rrel2
)2

+ 2J2
1 (u)R2

op(
Rop + kSEγ2

e B2
m + Rrel2

)2
+ J2

1 (u)R2
op

(14)

The fit of the experimental data was performed according to Equation (14), and the
results indicate that the coefficient of determination r2 of the fit is 0.993. From Figure 5b,
we observed that the larger the modulated magnetic field amplitude, the lower the spin
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polarization in the stable state. This finding is reasonable and consistent with the theo-
ries proposed by Shah et al. [31] and Yan et al. [32], for that the relaxation rate of alkali
atoms caused by a modulated magnetic field is proportional to the squared value of the
modulation amplitude.

Figure 5. (a) Magnetometer response when sweeping the magnetic field offset along the x-axis Bx0

with different Bm values ranging from 260 nT peak-peak value to 460 nT peak-peak value, and the
ωm/2π fixed at 600 Hz. The peak of each first-order resonance is marked with red inverted triangles
and recorded. (b) The slowing-down factor q(P) and spin polarization P when different Bm values are
employed, wherein each record is extracted from the data depicted in subfigure (a). The solid circle
points represent the experimental data, whereas each solid curve represents the fit curve according to
Equation (14).

4.3. In Situ Coil Constant Calibration

In the experiment, the actual value we set when applying a magnetic field was voltage
Ux0, and the coil constant along the x-axis was kx = Bx0Rx/Ux0. In this equation, Rx is
the known resistor value, and the certain value of Bx0, i.e., Bx1, can be acquired through
the resonance condition γeBx1 + qωx1 = 0. The coil constant along the y-axis showed a
similar relationship. However, simply utilizing the resonance condition to calibrate the coil
constant may result in an error caused by the undetermined value of q(P). Our method
provides precise calibration based on combining the first-order resonance condition with
the definitive value of q(P) obtained by fitting.

Deriving the relationship between ωx1 and Ipump helps fitting for ωx1 when Ipump → 0 ,
i.e., Rop → 0 causes atoms unpumped with zero P and definitive q(P) → 6 for 87Rb
atoms. At the limit of Ipump → 0 , the magnetic field at the first-order resonance is known
to be Bx1 = 6ωx1/γe. In this manner, the coil constants can be precisely calibrated as
kx = Bx1Rx/Ux0.

We swept ω/2π, from 200 Hz to 1000 Hz, with an invariable Bx1. The magnetometer
response is illustrated in Figure 6a. At each sweeping turn, the pump light power Ipump
was set as a different value ranging from 0.40 mW to 2.40 mW, with a step size of 0.20 mW,
and the peak of each first-order resonance is marked in Figure 6a and recorded. The other
experimental parameters were consistent with simulation parameters.

Subsequently, we listed the first-order resonance points (expressed as the modulation
frequency ωx1/2π), and plotted Figure 6b to denote the relationship between ωx1/2π
and Ipump. Determining the resonance in the modulation frequency ωx1/2π is better than
reading from the resonance when sweeping the magnetic field offset Bx0, due to the error
caused by the residual magnetic fields.

Based on Equation (13), the relationship between ωx1/2π and Ipump can be derived.
Rop is approximately proportional to Ipump, and Rop ≈ kop Ipump. From the first-order
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resonance condition γeBx0 + qω = 0, the proportional relationship for ωx1/2π is ωx1/2π ∝
1/q(P). Thereby, for 87Rb atoms the expression can be derived as

ωx1/2π ∝

(
kop Ipump + Rrel

)2
+ J2

1 (u)k
2
op I2

pump

6
(
kop Ipump + Rrel

)2
+ 2J2

1(u)k2
op I2

pump

(15)

Equation (15) is adopted as the fit function between ωx1/2π and Ipump.
We employed Equation (15) to fit the data in Figure 6b, and the fit value of ωx1

for Ipump → 0 with r2 = 0.985 can be obtained as ωx1_0 = 517.0 Hz. Consequently, we
showed that kx = Bx1Rx/Ux0 =14.54 nT/mA, and the coil constant along the same x-axis
measured with a flux-gate magnetometer is 14.50 nT/mA, as shown in Figure 7a. This
is regarded as the benchmark of the measured result of kx herein. The coil constants kx
measured through these two methods, with a relative error of 0.29%, are almost similar. In
addition, by employing a similar method, the coil constant along the y-axis was acquired
as ky = By1Ry/Uy0 =14.53 nT/mA.

Figure 6. (a) Magnetometer response to different frequencies of the modulated magnetic field and
with different pump light powers Ipump (plotted using different colors). Each peak of magnetometer
response of R at the first-order resonance is marked with a red inverted triangle and recorded. (b) The
plotted ωx1/2π under different Ipump, wherein each record is extracted from the data depicted in (a).
This plot indicates the relationship between ωx1/2π and Ipump, and, moreover, the fit value of ωx1

for Ipump → 0 can be acquired.

Figure 7. (a) The measurement of magnetic field generated by the same coil as that in Section 4.3
with different coil currents, and using a flux-gate magnetometer, for comparison. (b) Sensitivity of
the magnetic field measurement based on the first-order resonance of single-beam SERF magnetome-
ters. The measurement sensitivity is evaluated by applying the calibration magnetic field signal
to the magnetometer along with the modulated magnetic field. The sensitivity of magnetic field
measurement is 54 fT/Hz1/2.
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Furthermore, we evaluated the sensitivity of the magnetic field measurement based
on the first-order resonance of a single-beam SERF magnetometer. The measurement
sensitivity was analyzed by acquiring the noise spectrum of the output signal of the
OPM. For direct measurement, a 100 pTrms magnetic calibration signal at 30.5 Hz and the
magnetic field offset corresponding to the first-order resonance pointwere employed along
the sensitive axis (x-axis in the experiment). Subsequently, the voltage output signal was
acquired and collected for 60 s, and a noise spectral analysis was conducted to determine
the sensitivities of the magnetometer. The sensitivity results are given in Figure 7b, where
the maximum peaks in each noise spectrum represent the calibration signals. The sensitivity
of magnetic field measurement was 54 fT/Hz1/2.

5. Conclusions

In this study, we assessed the nonzero-order parametric resonances of alkali-metal
atoms in a single-beam SERF magnetometer and primarily focused on the first-order
resonance. Based on the first-order resonance, not only can the nonzerofinite magnetic
field be measured, but the spin polarization of alkali-metal atoms can also be determined
by measuring the slowing-down factor. Moreover, precise calibration of the coil constants
can be achieved by acquiring the first-order resonance points under a fitted equivalent
zero light power (with a definitive q(P) for certain types of alkali-metal atoms). Our study
summarizes parametric resonance, and the proposed method has the potential to function
as a component of the systematic analysis of single-beam SERF magnetometers. Future
studies may focus on the comprehensive response of SERF magnetometers at different
harmonic and resonance orders.
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Abstract: Inside a spin-exchange relaxation-free (SERF) co-magnetometer with a high-pressure buffer
gas atomic cell, the magnetic field gradient causes the decoherence of atomic spins to produce
magnetic-field gradient relaxation. This paper presents a new method for the accurate measurement
of magnetic field gradient relaxation of alkali metal atoms and inert atoms of strongly coupled spin
systems under triaxial magnetic field gradients in the K-Rb-21Ne co-magnetometer. The magnetic
field gradient relaxation of alkali metal atoms is measured using a step magnetic field modulation
method, and the magnetic field gradient relaxation of inert atoms is measured using a combined free
induction decay and spin growth method. The method does not require the use of large background
magnetic fields and RF fields to maintain the atoms in the SERF state, does not require additional
optics, and is not affected by the pumping or detecting of optical power. A kinetic model that
considers a large electron-equivalent magnetic field was designed and a gradient relaxation model
was developed. The quadratic coefficients of the experimentally measured gradient relaxation curves
fit the theoretical model well over the range of the applied magnetic field gradients, confirming the
validity of the proposed method.

Keywords: spin-exchange relaxation-free (SERF) co-magnetometer; magnetic field gradient
relaxation; strongly coupled spin system

1. Introduction

The atomic spin inertial sensor has angular momentum based on the spin properties
of the atom. It carries out Larmor precession in the presence of a magnetic field to achieve
inertial measurement. It was developed based on the spin-exchange relaxation-free (SERF)
effect proposed by the Happer team in 1973, in which the spin-exchange relaxation between
atoms can be eliminated under high-temperature conditions with high-density atoms in a
low magnetic environment [1,2]. The co-magnetometer can be divided into nuclear spin
inertial measurements as inertial sensing carriers and ultrahigh-sensitive magnetometers
as the final signal output to detect magnetic field signal probes. The ultrahigh-sensitive
magnetometer has surpassed the superconducting quantum interference device by achiev-
ing a 0.16 fT/Hz1/2 magnetic field measurement index [3,4]. The SERF co-magnetometer is
an important development direction and research focus in the field of quantum precision
measurements [5–8]. Current studies show that magnetic field gradient is an important
factor affecting the performance improvement of co-magnetometers [9,10]. A magnetic field
gradient produced by a light field, magnetic shield system, and temperature field exists
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inside the device. In an atomic vapor cell with a high-pressure buffer gas, the magnetic
field gradient causes atomic spin decoherence to produce magnetic field gradient relax-
ation. Incoherent precession results in the attenuation of the total spin polarization and an
increase in the resonance line width [11]. Theoretical analysis and accurate measurement of
the influence of the triaxial magnetic field gradient on magnetic-field gradient relaxation of
hybrid atomic-coupled spin systems is key to improving the co-magnetometer sensitivity.

Several conventional measurement methods for the relaxation of alkali atoms in the
SERF regime have been calculated using the resonance line width [12]. Most of these
are based on the synchronous pumping technique [13] and electron paramagnetic reso-
nance [14]. In the case of the synchronous pumping method, the original optical path of
the device must be changed, additional optical modulators such as choppers are invoked
to switch the pumping optical field, and relaxation parameters are measured according to
the transient atomic response [15,16]. This method increases the complexity of the system
and introduces additional noise. Additional application of a transverse RF field or a large
background field is required using the electron paramagnetic resonance method. This
is contrary to the condition that atoms in the SERF regime should be in an extremely
weak magnetic environment. To measure the triaxial magnetic field gradient relaxation of
pure alkali metal atoms, we proposed a fast spin-exchange interaction method that uses
magnetic field excitation and amplitude spectrum analysis [17]. However, for the SERF
co-magnetometer, the atomic source includes alkali metal atoms and noble atoms with long
relaxation times. The alkali metal atoms are pumped-polarized and subsequently transfer
the angular momentum to the inert atoms through spin-exchange collisions. This results in
the hyperpolarization of the inert atoms, which are strongly coupled with the alkali metal
atoms, and the above-mentioned atomic magnetic field gradient relaxation measurement
method is no longer applicable.

Methods for measuring the relaxation of inert atoms include spin-flip, spin-growth [18],
and free-induction decay (FID) methods [19]. The spin-flip method requires the reversal
of polarization by using π pulses. This method requires additional optical elements to be
introduced into the device, which increases the complexity of the experiment and reduces
the measurement accuracy. The signal intensity of the state in which the unpolarized status
of the coupled atomic system is synthesized and gradually reaches stability was measured
using the spin-growth method. The free induction decay method was used to obtain the
spin-decay curve by applying a magnetic field step modulation signal to record the signal
amplitude. Because applying magnetic field modulation will affect the polarization of inert
atoms, the measurement accuracy is not high using the FID method alone in the experiment.
The above two methods are not affected by the pumped optical power and detected optical
power and do not require the addition of external measurement equipment.

The objective of this study was to design an accurate measurement method for the
magnetic gradient relaxation of alkali metal and inert atoms in the strongly coupled spin-
system synthesis of the SERF co-magnetometer under triaxial gradient magnetic field
conditions. The magnetic field gradient relaxation of alkali metal atoms is measured using
a step magnetic field modulation method, and the magnetic field gradient relaxation of
inert atoms is measured using a combined free induction decay and spin growth method.
The method provides a measurement means for reducing the relaxation of the magnetic
field gradient in coupled atomic systems and provides data support for enhancing the self-
compensating capability of coupled atomic systems and further improving the sensitivity
of co-magnetometers.

2. Basic Principle

2.1. Fundamentals of Co-Magnetometer

The atomic spin system in the K-Rb-21Ne co-magnetometer includes light-pumping
alkali metal electron spin processes and alkali metal electron spins hyperpolarizing inert
nucleus spins through spin-exchange collisions. In co-magnetometers, the polarized noble
gas atoms are the key working substance for the measurements. The start-up time of the
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device is determined by the hyperpolarization time of the nuclear spins, and the degree of
spin polarization of the inert atomic nuclei determines the dynamic range of the inertial
measurements [8]. Electron spins of alkali metal atoms transfer photon energy to inert
atomic nuclear spins through spin-exchange collisions. The inert nucleon polarization is
low when the atomic density of the alkali metal is small, and increasing the atomic density
of the alkali metal can further increase the inert nucleon polarization. When only a single
alkali metal atom is present inside the gas chamber, the greater the atomic density and the
greater the optical depth inside the chamber, the faster the optical decay of the pumped
light, which not only reduces the efficiency of the hyperpolarized inert atoms but also
brings about a large polarization gradient which affects the inertial measurement sensitivity.
This problem is solved using a hybrid pumping technique, whereby two alkali metal atoms
are charged into the gas chamber, one of which has a lower density and can be uniformly
polarized by the pumping laser. The polarized low-density alkali metal atoms transfer their
atomic spin uniformly to the high-density alkali metal via atomic spin-exchange collisions,
and the polarized high-density alkali metal atoms then hyperpolarize the inert atoms by
the spin-exchange optical pumping process [20].

For alkali metal atoms, the spin-collision cross-sectional area of the K atom is smaller
than that of the Rb atom, but at the same experimental temperature, the saturated vapor
temperature pressure density of the Rb atom is greater than that of the K atom, and the
Rb atom reaches a higher density at lower experimental temperatures. The laser pumping
of low-density K atoms and the polarization of high-density Rb atoms by spin-exchange
collisions are therefore used for hybrid pumping [21].

Polarized alkali metal atomic spin ensembles have optical rotation properties. After
the linearly polarized detection light synthesized by left-circularly polarized light and right-
circularly polarized light, which is detuned to the resonance frequency, passes through
the polarized atom vapor due to the birefringence effect, the polarization direction of the
detected light changes. The angle of polarization change of the detected light incident
along the x direction is proportional to the projection of alkali metal polarizability in the
x direction. It is used to detect the magnetic field and rotation signal of the input device.
The angle of rotation when the detection light is detected using the D1 line is [22]:

θ = −π

2
nRblrecPe fD1

vpr − vD1(
vpr − vD1

)2 − (ΓD1/2)2
, (1)

where l is the interaction distance between the probe light and the alkali metal atom, nRb is
the density number of the rubidium atom, c is the propagation speed of the light, re is the
radius of the electron. ΓD1, f D1, and vD1 are the pressure width, oscillation intensity, and
resonance frequency of the probe light on the Rb D1 line, respectively. vpr is the frequency
of the probe light.

In order to suppress low-frequency noise, a photoelastic modulator (PEM) is used
to detect the light in the high-frequency band to improve the detection sensitivity. The
PEM’s modulation amplitude is αm, and modulation frequency is ωm. The amount of phase
delay is δ(t) = αm sin(ωmt). According to Marius’ law and the principle of polarized light
propagation, the light intensity received by the photodetector It is:

It =

[
I0α2

m
8

+ I0θαm sin(ωmt)− I0α2
m

8
cos(2ωmt)

]
, (2)

I0 is the initial light intensity into the vapor cell through the deflector. Finally, PD
is used to convert the optical signal into an electrical signal. The final output Vout of the
co-magnetometer is as follows:

Vout = ηMac I0e−oD(v)αmθ, (3)

where η is the conversion factor of PD, Mac is preamplifier gain, and OD is the optical depth.
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2.2. Dynamics Modeling of Spin Ensembles in Magnetic Fields

The density matrix can be used to describe the mathematical model of atomic-spin
system synthesis under the combined effect of the magnetic field, rotation signal, and
spin coupling system in the SERF co-magnetometer. However, its solution process is too
complicated. The atoms are subjected to a notably small spin-in angle by the external
environment, and the Bloch equations are simplified into a linearized matrix.

In this paper, based on the SERF co-magnetometer of the K-Rb-21Ne atomic source,
the alkali metal atoms K and Rb are indistinguishable from each other owing to the fast
atomic-spin-exchange collision process, the polarization rates of K and Rb atoms, and the
signals of their responses to the magnetic field being the same. The Bloch equations of
the two atoms are combined to establish the equivalent K-Rb atomic mixing equation. In
this equation, when the density ratio of K and Rb atoms is Dr = nK/nRb, the equivalent
equation is [23,24]:

RRb
p =

DrRK
p

1 + Dr
, (4)

Rne
se =

DrR
21Ne−K
se + R

21Ne−Rb
se

1 + Dr
, (5)

Ren
se = RK−21Ne

se + RRb−21Ne
se , (6)

where RRb
p and RK

p is the rate of pumping to Rb and K atoms, respectively; Rne
se . Ren

se are the
K-Rb to 21Ne exchange-collision relaxation rate and 21Ne to K-Rb exchange-collision relax-
ation rate, respectively. RK−21Ne

se and RRb−21Ne
se are K to 21Ne exchange-collision relaxation

rate and Rb to 21Ne exchange-collision relaxation rate, respectively.
When the pumping light is along the z-axis, and the probe light is along the x-axis, the

equivalent set of Bloch equations for the mixed K-Rb atomic source with inert atom 21Ne
can be expressed as follows [23,25]:

∂
→
Pe

∂t
=

γe

Q(Pe)

(→
B + λMn

0

→
Pn
)
×

→
Pe −

→
Ω ×

→
Pe +

RRb
p

→
sp + Ren

se
→
Pn

Q(Pe)
−
{

Re
1, Re

2, Re
2
}→

Pe

Q(Pe)
, (7)

∂
→
Pn

∂t
= γn

(→
B + λMe

0

→
Pe
)
×

→
Pn −

→
Ω ×

→
Pn + Rne

se

→
Pe − {Rn

1 , Rn
2 , Rn

2}
→
Pn, (8)

where Pn and Pe represent the electron and nuclear spin polarization of alkali metal and
inert atoms, respectively; γn and γe represent the gyromagnetic ratio of the alkali metal
and inert atoms, respectively; Q(Pe) is the slowing factor for alkali metal atoms in the SERF
regime; and B and Ω, respectively, denote the externally applied magnetic field and the
angular velocity of rotation information. In addition, the direction of angular momentum
transfer of the pumped photon is sp; and R1 and R2 are the respective longitudinal and
transverse relaxation rates of the atoms. Moreover, the equivalent magnetic fields engen-
dered by the strongly joined coupling of alkali metal atoms and noble gas nuclei due to
the interatomic Fermi contact interaction are λMe

0Pe and λMn
0 Pn, respectively. Equations

Me
0 and Mn

0 are the fully polarized magnetic moments of the alkali metal and inert atoms,
respectively; λ is the enhancement factor for the Fermi contact interaction.

In the experimentally mixed atomic gas chamber, the density of inert atoms is much
greater than that of the alkali metals, and the magnetic field generated by inert atoms is
greater than the electron magnetic field. In a spherical atomic vapor cell, the enhancement
factor for the Fermi contact interaction can be expressed as λ= 2κ0/3, where κ0 is the
contact constant for the Fermi interaction between atoms. The κ0 values for different atomic
sources are listed in Table 1.
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Table 1. Contact constants of Fermi interactions between different atomic sources.

Atomic Source Type Fermi Contact Constant

K-21Ne 30.8 ± 2.7 [26]
K-4He 5.99 ± 0.11 [27]

Rb-21Ne 32.0 ± 2.9 [28]
Rb-4He 6.39 ± 0.02 [28]

Rb-129Xe 644 ± 269 [29]
Cs-129Xe 653 ± 20 [30]

In our experiments using the large Fermi contact constant of Rb-21Ne, the equivalent
magnetic field generated by the alkali metal atoms cannot be neglected during the solution
of the Bloch equation. When the transverse square-wave step magnetic fields ΔBy and ΔBx
are input, the transverse polarization of the alkali metal atoms changes ΔPe

x according to
the steady-state solution of Equation (7) as

ΔPe
x

ΔBy
=

(
λMn

0 Pn
z − δBz

)
δBzPe

z Re
2γe(

λMn
0 Pn

z − δBz
)2Re

2
2 +

(
λMe

0Pe
z + λMn

0 Pn
z − δBz

)2
δBz2γe2

, (9)

ΔPe
x

ΔBx
=

(
λMe

0Pe
z + λMn

0 Pn
z − δBz

)
δBz

2Pe
z γe

2(
λMn

0 Pn
z − δBz

)2Re
2

2 +
(
λMe

0Pe
z + λMn

0 Pn
z − δBz

)2
δBz2γe2

. (10)

In the above solution, δBz is the residual magnetic field in the z-direction, and the
expression is δBz = Bz − Bc

z; Bz is the magnetic field applied in the z-direction; Bc
z is

the working self-compensating point of the SERF co-magnetometer with the expression
Bc

z = λMe
0Pe

z + λMn
0 Pn

z . At the operating point Bc
z, the strongly coupled atomic spin system

has a self-compensating feature that automatically compensates for the disturbing magnetic
field noise introduced by the external environment. It has the best dynamic performance
currently [31].

Figure 1 shows the output response curves of the device obtained using the trans-
verse square-wave modulation method for different residual magnetic fields, δBz, under
simulated conditions.

Figure 1. By and Bx step magnetic field modulation output response of SERF co-magnetometer. (a) By

modulation output response at different residual magnetic fields. (b) Bx modulation output response
at different residual magnetic fields.

By changing the residual magnetic field, δBz, when applying Bx square-wave magnetic
field modulation, the output response of the inertial device is an absorption curve line, and
the output response is a Lorentzian line when modulated by a By square-wave magnetic
field. The transverse relaxation parameters of the alkali metal atoms Re

2 in the strongly
coupled atomic source can be obtained using Equations (9) and (10).
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2.3. Magnetic Gradient Relaxation Theory for Coupled Atomic Spin Systems

Here, the alkali metal atomic relaxation rate and inert atomic relaxation rate in the
SERF co-magnetometer system are discussed. For alkali metals, the atomic relaxation
rates are divided into transverse and longitudinal relaxation rates, where the longitudinal
relaxation rates of alkali metal atoms are composed as follows [32]:

Re
1 =

1
Q(Pe)

(
Re

sd
+ Rp + Rpr

)
+ Re

wall
+ Re

1ΔB
, (11)

where Re
sd

is the spin-destroying collisional relaxation, which occurs when there are colli-
sions between alkali metal atoms, between alkali metal atoms and inert atoms, and between
alkali metal atoms and buffer and quenching gases. Re

wall
is the collisional relaxation of al-

kali metal atoms colliding with the walls of the gas chamber, where the collision causes the
atoms to incur decoherence and to relax rapidly. Re

1ΔB
is a longitudinal gradient relaxation

of alkali metal atoms.
For the lateral relaxation of alkali metal atoms, the factors causing atomic spin preces-

sion decoherence act on the lateral relaxation, which is expressed as

Re
2 = Re

1 + RSE + Re
2ΔB

, (12)

where RSE is the spin-exchange collisional relaxation between atoms. Re
2ΔB

is a transverse
gradient relaxation of alkali metal atoms.

When the alkali metal atomic density is high and, in a notably low magnetic field
experimental environment, the spin-exchange collisional relaxation of alkali metal atoms
can be suppressed or even eliminated when the spin-exchange collisional rate is much
higher than the spin-Larmor feeding frequency of the alkali metal atoms in the SERF state.
Alkali metal atoms in the SERF operating state exhibit a spin-temperature distribution with
a spin-exchange relaxation rate expressed as [33]

RSE =
γe

2B2(Q(Pe)2 − (2I + 1)2)

2Q(Pe)2Re
se

. (13)

Inside the inertial measurement device, the pumped optical field polarization rate
gradient, the magnetic shielding static magnetic field gradient, and the residual magnetic
field gradient of the heating system result in the decoherence of the atomic spins. The large
value of the main magnetic field, the alkali metal atomic spin longitudinal magnetic field
gradient relaxation, and the transverse magnetic field gradient relaxation are expressed
as [17]

Re
1ΔB

= 2D

∣∣∣∣→∇Bx

∣∣∣∣
2
+

∣∣∣∣→∇By

∣∣∣∣
2

B2
0

, (14)

Re
2ΔB

=

8γe2r4
∣∣∣∣→∇Bz

∣∣∣∣
2

175DQ(Pz)
2 , (15)

where B0 is the value of the main magnetic field incurred by atoms on the z-axis, r is the radius of
the atomic vapor cell, and D is the temperature- and pressure-dependent diffusion coefficients.

The 21Ne noble atomic relaxation rate in the K-Rb-21Ne co-magnetometer is

Rn
rel = Ren

se + Rn
quad + Rn

sd + Rn
ΔB, (16)

where Rn
quad is the electric quadrupole moment relaxation resulting from collisions between

21Ne atoms, which is related to the atomic density. Rn
ΔB is the magnetic gradient relaxation

term of 21Ne in the magnetic field gradient, where the longitudinal magnetic field gradient
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relaxation term is like those of the alkali metal atoms, and the transverse magnetic field
gradient relaxation is the following [34,35]:

Rn
1ΔB

= 2D

∣∣∣∣→∇Bx

∣∣∣∣
2
+

∣∣∣∣→∇By

∣∣∣∣
2

B2
0

, (17)

Rn
2ΔB

=

8γe2r4
∣∣∣∣→∇Bz

∣∣∣∣
2

175D
, (18)

By means of the above-mentioned modeling of the dynamics of the strongly coupled
atomic spin system and the relaxation model under magnetic field gradients, the magnetic
gradient relaxation of alkali metal atoms and inert atoms was accurately measured. More
specifically, a triaxial magnetic field gradient was applied through a gradient coil, and a
step magnetic field modulation method and spin-growth method combined with the FID
method were applied.

3. Experimental Setup

A diagram of the experimental setup is shown in Figure 2. The device is divided
into four main subsystems: a sensitive head system, an electronic measurement and heat-
ing system, magnetic shielding and magnetic compensation system, and a pumping and
probe light system. The sensitive head system is at the center of the unit and includes
a mixed atomic vapor cell, a non-magnetic vacuum structure, and a water-cooled struc-
ture. A spherical vapor cell with a 6 mm radius contains K and Rb with a density ratio
Dr = 1:86. The mixed alkali metal atomic density is ne = 7.51 × 1013 cm−3; 15 Torr N2 is
the quench gas, and 2080Torr 21Ne. The atomic vapor cell is made of aluminosilicate glass.
Non-magnetic materials are used inside the device to keep the atoms in extremely weak
magnetic field experimental conditions, ensuring that the atoms are always in the SERF
state. The non-magnetic vacuum structure is mainly used to ensure temperature stability
so that the atomic parameters in the atomic gas chamber are fixed values and prevent
uneven distribution of atomic density in the atomic gas chamber caused by temperature
gradient generated by heating. The water-cooled part is wound around the outside of
the vacuum cavity to reduce temperature, prevent the high temperature from affecting
magnetic shielding and magnetic compensation performance, and avoid introducing new
thermal magnetic noise.

The cells were placed in a ceramic oven controlled by a proportional-integral conductor
at 80 kHz AC and heated to 190 ◦C. At the same time, in order to avoid generating additional
magnetic field noise, the heating line is twisted to cancel the magnetic field of the heating
coil. The cell temperature was monitored using a PT1000 resistor with a temperature
control accuracy of ±5 mK. Insulation outside the oven was achieved with a non-magnetic
polyether ether ketone vacuum cavity. The device required an extremely weak magnetic
field condition—ensuring that the atoms were in a SERF state—using a magnetic shielding
system with low magnetic noise and a high magnetic shielding factor [36,37]. The magnetic
shielding system consisted of an outer layer of four μ-metals with a shielding factor of 105,
as well as a residual field of 0.5 nT and a magnetic noise of 5 fT/Hz1/2 inside the device
after shielding [38]. A set of triaxial compensation coils with a set of triaxial gradient coils
driven by a function generator (33500B, Keysight, Santa Rosa, CA, USA) was used.
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Figure 2. Experimental setup. λ/4: quarter-wave plate. λ/2: half-wave plate. PD: photodetector.
PBS: polarized beam splitter. PEM: photoelastic modulator.

Both the pumping and probe lights were generated by the distributed Bragg reflector
laser. The pumping laser was beaming split by a PBS, and one of the beams was used to
monitor the laser wavelength. The beam radius was expanded to 7 mm by a lens beam
spreading system and then passed through a quarter-wave to circularly polarize light for
pumping the alkali metal atoms. The pumping power was 412 mW, and the wavelength
was locked to the D1 line of the K atom at 770.107 nm. The probe light beam radius was
2 mm, the power was 11.3 mW, and the wavelength was 795.511 nm. It was detuned
away from the D1 line of Rb atoms. To isolate low-frequency noise and improve the probe
sensitivity, a photoelastic modulator (PEM) probe method was used. The PEM model
used in the experiments was from I/FS Hinds Instruments with a modulation frequency
of 50 kHz and a modulation angle of 0.08 rad. The co-magnetometer mainly focuses on
low-frequency signals, so it needs to use a low-frequency non-magnetic vibration isolation
device to isolate the vibration in the environment so that the vibration noise felt by the
optical platform on the isolator is as small as possible.

Figure 2 shows the pumping light along the z-axis and the probe light along the x-axis.
Polarized atomic spin ensembles exhibit optical rotation properties. After the linearly
polarized probe light passes through the polarized atomic cell, the polarization direction of
the probe light changes owing to the birefringence effect [39], where the refractive indices
of the left- and right-handed polarized light are different. The angle of change in the
polarization of the detection light incident along the x-direction is proportional to the
projection of the alkali metal polarization rate in the x-direction for detecting the input
device signal. The light rotation angle information is measured by a photodetector; the
signal is amplified by a lock-in amplifier (HF2LI, Zurich Instruments, Zurich, Switzerland),
and the optical signal is converted into a voltage signal. The voltage signal is then collected
and processed using DAQ.

4. Results and Discussion

4.1. Magnetic Gradient Relaxation of Alkali Metal Atom Measurement

The residual magnetic field in the device was compensated with a DC magnetic
field using triaxial compensation coils to identify the self-compensating operating point,
where δBz = 0. The magnetic gradient relaxation of alkali metal atoms in strongly coupled
ensembles was measured. When no gradient magnetic field was applied, a step magnetic

35



Photonics 2023, 10, 400

field modulation was applied along the y-axis, the magnitude of the residual bias magnetic
field δBz value in the z-axis was changed, and the difference in the output signal response
amplitude was measured. Accordingly, the transverse relaxation rate of the alkali metal
atoms was measured according to Equation (9). From Equations (14) and (15), the transverse
gradient magnetic field was related to the longitudinal magnetic gradient relaxation, and
the longitudinal gradient magnetic field was related to the transverse magnetic gradient
relaxation when the triaxial gradient magnetic field was applied separately. Equation (12)
can be expressed as follows:

Re
2 = Re

1−0 + RSE + Re
1ΔB + Re

2ΔB, (19)

where Re
1−0 is the fixed relaxation value other than the spin-exchange relaxation rate, RSE is the

spin-exchange collisional relaxation between atoms before the triaxial magnetic field gradient is
applied to the device. When no magnetic field gradient is applied, Re

1ΔB = 0, Re
2ΔB = 0.

The value of Re
2 can be obtained from the description in Section 2.2 by changing

the residual magnetic field when applying square-wave magnetic field modulation. The
slowing factor Q(Pe) could be obtained by measuring the polarizability of alkali metal
atoms in coupled spin ensembles based on the steady-state AC response [40], and the
value of RSE was calculated according to Equation (13). A fixed value of Re

1−0 = Re
2 − RSE

was obtained according to the above steps. For the experimental measurements without
magnetic field gradients, the transverse relaxation of the alkali metal atoms was at the
self-compensating point Re

2 = 4020.67 s−1, the theoretical spin-exchange relaxation rate was
RSE = 189.57 s−1 with a fixed relaxation value Re

1−0 = 3831.43 s−1. The value of Re
1−0 was

maintained constant in subsequent experiments with magnetic field gradients.
Subsequently, a triaxial magnetic field gradient ranging from 5 to 25 nT/cm was

applied separately. The above steps were repeated to obtain an accurate measurement
of the magnetic gradient relaxation of alkali metal atoms by measuring the transverse
relaxation rate, measuring the slowing down factor, and calculating the spin-exchange
relaxation rate. Figure 3 shows the difference between the highest and lowest output
voltage of the device signal corresponding to the different residual magnetic field points of
the step magnetic field modulation in the case of an applied magnetic field gradient along
the z-axis and step-modulated magnetic field with amplitude 0.5 nT and frequency 0.2 Hz.

Figure 3. Experimental measurements of the stepped magnetic field modulated output response
with an applied z-axis magnetic field gradient.

The results of the experimental measurements of the relaxation of the magnetic-field
gradients of the alkali metal atoms in the applied x- and y-axis magnetic-field gradients are
shown in Tables 2 and 3.
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Table 2. Experimental results of magnetic gradient relaxation of alkali metal atoms in coupled spin
ensemble under applied x-axis magnetic gradient.

Magnetic Field
Gradient

5 nT/cm 10 nT/cm 15 nT/cm 20 nT/cm 25 nT/cm

Re
2 4032.65 s−1 4048.53 s−1 4066.20 s−1 4085.12 s−1 4103.62 s−1

RSE 192.81 s−1 208.91 s−1 226.51 s−1 244.77 s−1 264.3 s−1

Re
1ΔBx

8.41 s−1 8.13 s−1 8.26 s−1 8.92 s−1 7.89 s−1

Table 3. Experimental results of magnetic gradient relaxation of alkali metal atoms in coupled spin
ensemble under applied y-axis magnetic gradient.

Magnetic Field
Gradient

5 nT/cm 10 nT/cm 15 nT/cm 20 nT/cm 25 nT/cm

Re
2 4051.22 s−1 4069.02 s−1 4072.18 s−1 4089.65 s−1 4094.43 s−1

RSE 160.57 s−1 175.06 s−1 183.20 s−1 193.51 s−1 204.96 s−1

Re
1ΔBx

59.22 s−1 62.53 s−1 57.55 s−1 62.71 s−1 58.04 s−1

As observed in the above table, when only the transverse magnetic field gradient is
applied, the relaxation of the magnetic field gradient of the alkali metal atoms does not
change over the range of the applied magnetic field gradient. In the SERF co-magnetometer,
both the alkali metal atoms and inert atoms experience the equivalent magnetic field
generated by the atoms themselves in the self-compensating operating state owing to Fermi
interactions for large main magnetic field conditions. According to Equation (14), in the
range of 5 nT/cm to 25 nT/cm of transverse magnetic field gradients, the relaxation time
of the magnetic-field gradient of the alkali metal atoms is on the order of milliseconds for
this relaxation term to be undetectable.

The experimental measurements of the magnetic gradient relaxation with the z-axis
magnetic field gradient applied alone are shown in Figure 4. The measured value is larger
than the theoretical value owing to an increase in the longitudinal magnetic field gradient
value along a quadratic curve. Here, the theoretical value quadratic coefficient is 0.0459,
the experimental value quadratic coefficient is 0.0444, and the experimental measurement
gradient relaxation changes in line with the theory, proving the correctness and validity of
the proposed method.

Figure 4. Experimental results of magnetic gradient relaxation of alkali metal atoms in coupled spin
ensemble under applied z-axis magnetic gradient. (a) The experimental measurement results; (b) The
simulation results based on the theoretical Equation (15).
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4.2. Magnetic Gradient Relaxation of Inert Atom Measurement

The experimental measurements of the relaxation of the magnetic field gradient of
inert atoms in a strongly coupled atomic system are presented below. The Bloch equation
for inert atoms shows that when a transverse step magnetic field is applied, the solution to
Equation (8) is:

Pn
x = Pn

z e−tRn
2 sin(γnB0t), (20)

Pn
z = Pn

z0

[
1 − e−tRn

1 1

(
1 − Pn

z0

Pn
0

)]
, (21)

where t is the measurement time and Pn
0

is the initial polarization rate of the inert atom is:

Pn
z0 =

Ren
se

Ren
se + Rn

rel
Pe, (22)

The above equation facilitates the measurement of the transverse and longitudinal
relaxation rates of inert atoms using the FID method combined with the spin growth
method. The inert atoms are coupled to the alkali metal atoms by hyperfine interactions,
and the polarized noble gas atoms generate an equivalent magnetic field acting on the
alkali metal atoms so that the incoming 21Ne atoms can be detected by the in-situ atomic
magnetometer composed of Rb atoms, which causes a change in the output signal of the
co-magnetometer. The main magnetic field in the experiment is the value of the magnetic
field at the self-compensating operating point, the step magnetic field is applied along the
y-axis, and the device output signal and output amplitude fitting equations are:

S(t) = A sin(ω0t)e−tRn
2 + S0, (23)

A(tpump) = k
(

1 − e−tpumpRn
1

)
, (24)

where S0 is the output signal bias, tpump is the optical pumping time, and k is the scaling
factor related to the initial polarization rate of the inert atoms. Figure 5 shows the experi-
mental measurement of Rn

2 of the inert atom without an applied magnetic field gradient.
The experimental measurements fit the theoretical equation curve well, with a fit factor
greater than 0.994, and the transverse relaxation of the inert atom without the applied
magnetic field gradient is 0.065 s−1.

Figure 5. Experimental measurement of transverse relaxation rate of inert atoms in strongly coupled
spin ensemble without magnetic field gradient.

This method, combined with the spin growth method, enables both the measurement
of the transverse relaxation rate of inert atoms and the measurement of the Rn

1 of inert atoms.
According to Equations (20) and (21), the output signal amplitude in the measured FID
curve is related to the polarization rate and the initial polarization rate of inert atoms, and
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Rn
1 of inert atoms is obtained from the relationship between the output signal amplitude

and the optical pumping time.
The experimental procedure involved recording the amplitude values at regular

intervals after the pumping light was switched on and until the polarization of the inert
nuclei was completed. Figure 6 shows the results of the Rn

1 measurements of inert atoms
in the inertial atomic system. Rn

1 of the inert atoms without application of the gradient
coil is 0.00063 s−1, which is a larger value than the Rn

quad from the collisions between the
21Ne atoms calculated using the theoretical equation. This finding indicates the existence
of gradient relaxation due to the transverse magnetic field gradient inside the device.

Figure 6. Experimental measurement of longitudinal relaxation rate of inert atoms in strongly coupled
spin ensemble without magnetic field gradient.

The magnetic field gradient relaxation could then be accurately measured by applying
a triaxial magnetic field gradient separately in the device and measuring the change in the
transverse and longitudinal relaxation rates of the inert atoms using the method described
above. Table 4 shows the measured Rn

2 and Rn
1 when the x-, y-, and z-axis magnetic field

gradients were applied separately.

Table 4. Experimental results of Rn
2 and Rn

1 when the x-, y-, and z- axis magnetic field gradients are
applied separately.

Magnetic Field Gradient
(x-axis)

5 nT/cm 10 nT/cm 15 nT/cm 20 nT/cm 25 nT/cm

Rn
2 0.0660 s−1 0.0678 s−1 0.0650 s−1 0.0661 s−1 0.0659 s−1

Rn
1 0.000826 s−1 0.00104 s−1 0.00128 s−1 0.000158 s−1 0.000189 s−1

Magnetic Field Gradient
(y-axis)

5 nT/cm 10 nT/cm 15 nT/cm 20 nT/cm 25 nT/cm

Rn
2 0.0682 s−1 0.0686 s−1 0.070 s−1 0.0682 s−1 0.0679 s−1

Rn
1 0.000864 s−1 0.00107 s−1 0.00133 s−1 0.000159 s−1 0.000196 s−1

Magnetic Field Gradient
(z-axis)

5 nT/cm 10 nT/cm 15 nT/cm 20 nT/cm 25 nT/cm

Rn
2 0.128 s−1 0.151 s−1 0.179 s−1 0.208 s−1 0.242 s−1

Rn
1 0.000639 s−1 0.000641 s−1 0.000648 s−1 0.000657 s−1 0.000638 s−1

It is clear from the measurements that Rn
2 is almost constant when the x-axis and y-axis

magnetic field gradients are applied separately, and that Rn
1 is constant when the z-axis

magnetic field gradient is applied alone.
Section 4.2 and Figure 8 show the experimental measurements of the longitudinal

magnetic gradient relaxation time of inert atoms Rn
1ΔB

when the x- and y-axis magnetic
field gradients are applied separately, the transverse magnetic gradient relaxation time of
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inert atoms Rn
2ΔB

when the z-axis magnetic field gradients are applied alone, and the curves
calculated by the theoretical formula.

Figure 7. Measured relaxation times of the longitudinal magnetic gradient of inert atoms with an applied
x- and y-axis magnetic field gradient, respectively, and curves calculated by the theoretical equations.

Figure 8. Measured relaxation times of transverse magnetic field gradients of inert atoms with z-axis
magnetic field gradients applied alone and curves calculated from theoretical equations.

From the above experimental results, the quadratic coefficients of the longitudinal
and transverse magnetic field gradient relaxation rate variation curves were 1 × 10−6

and 7 × 10−5, respectively, and the variation patterns and magnitudes were the same as
those of the theoretical model. The experimental measurement of the relaxation time was
considerably lower than the value calculated by the theoretical equation. The theoretical
values are calculated using a triaxial gradient magnetic field applied in the range of
5 nT/cm to 25 nT/cm. Before the application of the gradient coil, the inherent magnetic
field gradient in the x- and y-axes inside the co-magnetometer was 5–10 nT/cm, and the
inherent magnetic field gradient in the z-axis of the device was 20–25 nT/cm. In addition, in
the measurement environment, the electrical heating system, the coupling of the coils, and
the mutual coupling between the coils and the magnetic shield can generate other order
gradients of magnetic fields. Improving the linearity of the compensation and magnetic
field gradient coils can further improve the accuracy of the proposed measurement method.

40



Photonics 2023, 10, 400

5. Conclusions

In this paper, precise measurements and analyses of the magnetic gradient relaxation
of strongly coupled spin-system-synthesized alkali metal atoms and inert atoms in the SERF
co-magnetometer under a triaxial magnetic field gradient were presented. In this study,
a kinetic model for the large electron equivalent magnetic field of alkali metal atoms was
developed and solved. A model for the relaxation of the magnetic field gradient of a coupled
atomic system was developed. The magnetic gradient relaxation of alkali metal atoms was
measured using the device response to the step magnetic field modulation method, and
the magnetic gradient relaxation of inert atoms was measured using a combination of FID
and spin-growth methods.

The proposed method does not require the application of a large background magnetic
field, and it changes the optical path with additional optics. The atoms are guaranteed to
be in the SERF state, and the measurements are independent of the pumping and detection
powers. The experimental quadratic coefficient of magnetic field gradient relaxation
for alkali metal atoms was 0.0444, and the theoretical quadratic coefficient was 0.0459
over the range of applied magnetic field gradients. The quadratic coefficients of the
longitudinal and transverse magnetic field gradient relaxation variation curves measured
experimentally for inert atoms were 1 × 10−6 and 7 × 10−5, respectively, which well aligned
with the theoretical model. The validity of the proposed method was thus confirmed. The
experimental results demonstrated that, in the SERF co-magnetometer, the longitudinal
magnetic field gradient acts mainly on the transverse magnetic gradient relaxation of
the alkali metal and inert atoms, and the transverse magnetic gradient acts mainly on
the longitudinal magnetic gradient relaxation of the inert atoms. Based on the research
presented herein, we suggest the design of new methods to suppress the magnetic field
gradient in the SERF co-magnetometer to improve its dynamic performance and sensitivity.
This will be the focus of future research.
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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 ap-
plied magnetic field, the effective magnetic field Be, and the inertial rotation ωR. γn is the
gyromagnetic 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
ΔBe

)
(7)

where ΔBe 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 polar-
ization is measured by the nuclear frequency shift Δνn, 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 Δνn = 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
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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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Figure 6. Experimental performance of the Xe isotopes under open-loop control and closed-loop
control. (a) relates to 129Xe, while (b) relates to 131Xe. The frequencies of the Xe isotopes are measured
simultaneously. The horizontal dashed lines indicate the noise level of the closed-loop control.
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Figure 7. Comagnetometer signal noise of 129Xe and 131Xe under open-loop control and closed-
loop control.
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Figure 8. The output frequency ωR of the Xe isotope comagnetometer in rotation range from 300 ◦/s
to −300 ◦/s. (a) The output rotation rate in the time domain. (b) The relationship between input
(line) and output (circle) rotation rate.
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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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Abstract: Alkali metal atomic cells are crucial components of atomic instruments, such as atomic
magnetometers, atomic gyroscopes, and atomic clocks. A highly uniform and stable heating structure
can ensure the stability of the alkali metal atom density. The vapor cell of an atomic magnetometer that
uses laser heating has no magnetic field interference and ease of miniaturization, making it superior
to hot air heating and AC electric heating. However, the current laser heating structure suffers from
low heating efficiency and uneven temperature distribution inside the vapor cell. In this paper, we
designed a non-magnetic heating structure based on the laser heating principle. We studied the
temperature distribution of the heating structure using the finite element method (FEM) and analyzed
the conversion and transfer of laser energy. We found that the heat conduction between the vapor
cell and the heating chips (colored filters) is poor, resulting in uneven temperature distribution and
low heating efficiency in the vapor cell. Therefore, the addition of graphite film to the four surfaces
of the vapor cell was an important improvement. This addition helped to balance the temperature
distribution and improve the conduction efficiency of the heating structure. It was measured that
the power of the heating laser remained unchanged. After the addition of the graphite film, the
temperature difference coefficient (CVT) used to evaluate the internal temperature uniformity of the
vapor cell was reduced from 0.1308 to 0.0426. This research paper is crucial for improving the heating
efficiency of the non-magnetic heating structure and the temperature uniformity of the vapor cell.

Keywords: SERF magnetometer; non-magnetic laser heating; graphite film

1. Introduction

With the rapid development of atomic operation technology and optical technology,
the ultra-sensitive magnetic field sensor based on SERF (Spin-Exchange Relaxation-Free)
effect, which uses atoms as sensitive components, has been widely used in various fields,
such as medicine, national defense, and aerospace. Examples of their applications include
magnetoencephalography (MEG) for brain imaging [1–4], magnetocardiography (MCG)
for heart imaging [5–7], and geological dating investigations [8]. The world’s most sensitive
SERF atomic magnetometer has a sensitivity of 160 aT/Hz1/2, which is also the record
for magnetic field measurements [9]. In high-sensitivity magnetometers, a drop of alkali
metal in the vapor cell needs to be heated into high-density vapor, and the saturation
vapor pressure of alkali metal atoms directly affects the sensitivity of the SERF atomic
magnetometer. The spatial distribution of alkali vapor density in a large vapor cell has a
direct impact on the processing of measurement signals for multichannel magnetic fields.
The density distribution depends on the spatial temperature distribution [10]. Therefore, it
is essential to optimize the heating method and structure of the vapor cell to improve its
temperature stability and uniformity. Additionally, any additional magnetic noise should
be avoided during the heating process [11].

There are three common heating methods: electric heating [12–16], flow hot air heat-
ing [17,18], and laser heating [19–25]. Although flow hot air heating can ensure that no
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additional magnetic noise is introduced, its heating efficiency is low, and the overall struc-
ture is too large to be integrated. Electric heating can use a lock-in amplifier to filter out
additional magnetic noise in the signal, but the working frequency must remove the heating
current frequency, which limits the measurement range of the atomic magnetometer. More
importantly, this method cannot completely filter out residual magnetic noise. Although
intermittent electric heating can completely avoid additional magnetic noise, the atomic
magnetometer does not work during the heating process, and it cannot measure the con-
tinuous changes in the magnetic field, directly leading to a decrease in the sensitivity of
the atomic magnetometer. In contrast, laser heating is a good option compared to other
heating technologies because it does not generate additional magnetic noise. Furthermore,
as atomic magnetometers continue to miniaturize and integrate, the energy required to heat
chip-level atomic cells to the target temperature is very low. The continuous optimization
and updating of the laser heating structure also promote laser heating as the mainstream
heating method for alkali metal cells in the future. Therefore, the non-magnetic heating
method chosen in this study is laser heating. Preusser et al. [23] used a 915 nm semicon-
ductor laser to directly heat the vapor cell, which was heated to 97 ◦C with a required laser
power of 200 mW. The laser energy cannot be completely absorbed by the vapor cell, and
the heating efficiency is limited. Mhaskar et al. [24] and Sheng [25] installed colored filters
on both sides of the vapor cell to improve the laser absorption efficiency, but there is still
residual energy that has not been utilized. In Sheng’s study, two 1550 nm laser beams
were used simultaneously to heat the vapor cell, which made the heating structure more
complex. Therefore, improving the laser heating efficiency and the spatial uniformity of
the temperature inside the vapor cell while simplifying the heating structure is also the key
to improving laser heating technology.

In this paper, we study a heating structure for a cell that utilizes laser heating technol-
ogy, which is to improve the heating efficiency and temperature uniformity of the vapor
cell. First, a finite element (FEM) model is established to study the internal temperature of
the vapor cell and analyze the laser energy conversion and transfer. To solve the problems
of low heating efficiency and uneven temperature distribution inside the vapor cell caused
by the poor thermal conductivity of the vapor cell and the heating chips (colored filters),
we added a graphite film to the heating structure. To validate the proposed method, the
operating power of the heating laser is kept constant, and graphite films of different sizes
are added to the heating structure. This is performed to measure the temperature variation
inside the vapor cell. The CVT and the temperature error distribution plots of the vapor
cell are used to characterize the uniformity of the temperature distribution inside the vapor
cell.

2. Analysis and Simulation Methods

2.1. Heat Transfer Analysis

The heating process involves three types of heat transfer: thermal radiation, thermal
convection, and thermal conduction. The heating chips convert laser energy to thermal
energy and transfer it evenly to the outer wall of the vapor cell through heat conduction.
The outer wall of the vapor cell then radiates heat to the gas inside the vapor cell. Simul-
taneously, the colored filters and the vapor cell emit thermal energy to the surrounding
environment through thermal radiation. Eventually, the entire system reaches a dynamic
equilibrium state, where heat conduction can be expressed by Fourier’s law of heat con-
duction as follows [26]:

∂2T
∂x2 +

∂2T
∂y2 +

∂2T
∂z2 =

ρ · Cp

k
· ∂T

∂t
. (1)

In Equation (1), T is temperature, t is time, ρ is the density of the object, Cp is constant
pressure heat capacity, k is the thermal conductivity. The left side of the equation shows the
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rate of heat transfer, so heat transfer is only affected by the material properties of the object.
The heat radiation can be expressed by the Stefan–Boltzmann equation as follows:

q1 = εσA
(

T4
amd − T4

)
, (2)

where q1 is the heat flow rate, ε is the rate of radiation, σ is Stefan–Boltzmann constant, A
is the area of radiation surface, Tamd is temperature of the vapor cell’s wall, and T is the
temperature of the alkali metal gas in the vapor cell. The heat convection can be expressed
by Newton cooling equation as follows:

q2 = hA1(TSolid − TFluid), (3)

where h is the heat transfer coefficient, A1 is the area of the radiating surface, TSolid is the
temperature of solid surface, and TFluid is the fluid temperature around the solid. When
the system finally reaches dynamic stability, the thermal balance equation is obtained
as follows:

Q = ρCp
∂T
∂t

+ ρCpv · ∇T +∇ · (−k · ∇T), (4)

where Q is the total heat input; v is the velocity field in the fluid; ∇ is the Nabla operator,
and it is defined as a differential operator; it also has vector form, so ∇T is the changes of
temperature in all directions in space; and ρ is the density of the object. The heating chips
and the vapor cell are closely bonded and placed in the insulating layer. When the system
reaches a stable state, the primary heat transfer mode is conduction, and convection and
radiation can be disregarded. In this study, both the vapor cell and the heating chips are
made of quartz glass, which has low thermal conductivity and high thermal capacity at
constant pressure. Therefore, the thermal conductivity of the system is poor. To improve
the thermal conductivity of the system, the graphene thin layers are added to the heating
structure. As a material with high thermal conductivity, graphite sheets have a lamellar
structure with anisotropy [27–29]. The thermal conductivity is high along the lamellar
direction and low in the vertical direction.

2.2. Finite Element Analysis

Based on the COMSOL Multiphysics simulation software, the temperature distribution
of a cell heated by a pair of heating chips on the X-axis is studied using the finite element
analysis method. The required physical field is heat transfer in solid. The simulation
process consists of four steps. First, the heating structure model is built, including heating
chips, the vapor cell, and graphite films. Second, material properties are set, and physical
fields are added for solid and fluid heat transfer. The heating chip heats the vapor cell by
absorbing the energy of the laser, so the boundary of the heating chip is set as the heat
source in the way of heat flux. The energy of the heating laser is a continuous laser with a
Gaussian spatial distribution (GSD). The laser source is defined as follows [30]:

Q = GSD × ρlaser. (5)

Q is the heat produced by the laser; ρlaser is the energy density of the laser, expressed
as 2 · Plaser/D; Plaser is the working power of the laser; and D is the area of the laser spot.
Gaussian spatial distribution (GSD) is represented by Equation (6):

GSD = e−2·r2
f ocus/r2

spot . (6)

rspot is the radius of the laser spot. r f ocus is the distance to the center of the laser spot,

which is expressed as r f ocus =

√(
x − x f ocus

)2
+
(

y − y f ocus

)2
+
(

z − z f ocus

)2
;(

x f ocus, y f ocus, z f ocus

)
represents the coordinates of the center point of the laser source;

the radius of the laser spot is set to 4 mm; and the initial temperature of the environment
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is set to 20 ◦C. In order to improve the calculation precision, the whole heating model is
partitioned by grid. The sizes of the grid units of the heating chips and the vapor cell are,
respectively, set to fine and extremely fine. Finally, the transient temperature of the heating
structure is analyzed, and the temperature distribution when temperature of the vapor cell
reaches dynamic stability is analyzed.

3. Experimental Setup

The rubidium SERF magnetometer comprise a cell, a pump laser, a detection laser,
a magnetically shielded barrel, and a non-magnetic heating structure. The non-magnetic
heating structure is responsible for heating the rubidium vapor to operational temperature
without creating any magnetic noise during the heating process. In this paper, we selected a
laser to heat the rubidium gas cell. As illustrated in Figure 1, the heating structure consists
of the following components: a 1550 nm heating laser, two heating chips (colored filters),
a temperature sensor (PT100), a cell, an insulation layer, a graphite film, and a thermal
imaging camera with a real-time 160 × 120-pixel thermal map.

Figure 1. Non-magnetic laser heating structure.

In this experiment, colored filters from SCHOTT were utilized as heating chips to
absorb laser energy in the 1550 nm wavelength range. The incident and exit window filters
for the heating laser were 1 mm UG-5 and 3 mm RG-9, respectively; the incident optical
power absorbed by the two filters was 56.3% and 100%, allowing each filter to absorb
approximately equal amounts of heating laser energy; and the converted heat was then
used to heat the vapor cell. The temperature and temperature distribution of the vapor
cell were measured via a temperature sensor (PT100) and thermal imager, respectively, the
rubidium atomic vapor and buffer gas are enclosed in a 20 mm × 20 mm × 20 mm cubic
alkali metal cell. An insulating layer is incorporated to reduce heat loss and enhance heat
transfer efficiency; the cube-shaped insulating layer with a side length of 40 mm is made
of polyimide foam, which has a thermal conductivity of 0.035 W/(m·K). Two cylindrical
holes with a diameter of 10 mm intersect with the cube, allowing for the passage of lasers
that irradiate the vapor cell.

After conducting the experiment, it was found that the thermal conductivity of the
vapor cell and heating was poor. Therefore, a graphite film is added to the heating structure
as a high thermal conductive layer to balance the temperature distribution and improve
the conduction efficiency. The thickness of the graphite film is 0.2 mm. The thermal con-
ductivity along the fiber axis is 800 W/(m·K), and the thermal conductivity perpendicular
to the fiber axis is 10 W/(m·K). The graphene thin layer, as shown in Figure 2, is a square
sheet of 20 mm × 80 mm in size. This sheet contains two circular holes of 10 mm diameter
each for light passage and one circular hole of 6 mm diameter for passage through the
vapor cell shank.
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Figure 2. The core part of the heating structure.

4. Results and Discussion

4.1. Simulated Results

During the simulation process, it was observed that the thermal conductivity of the
heating chips and the vapor cell was extremely low. As a result, a significant amount of heat
was concentrated in the center of the heating chips, and it is not transferred to the vapor
cell, which led to a high level of thermal loss and low internal temperature uniformity in
the vapor cell. To address this issue, the thin layer structure was introduced for solid heat
transfer. A graphite film was added to the contact surface of the vapor cell and the heating
chips to increase the thermal conductivity of the heating structure. The layer thickness was
set to 0.2 mm for optimal results, and the thermal conductivity along the fiber direction
of the graphite film was 800 W/(m·K), whereas that perpendicular to the fiber axis was
10 W/(m·K). Figure 3 displays the distribution of isotherms on the heating chips’ surface
with or without the addition of a graphite film. The temperature distribution of the heating
chips with the graphite film is more uniform compared to the one without the graphite
film under the same power of the heating laser.

Figure 3. Graphite film reduces the temperature gradient on the surface of the heating chip. (a) The
distribution of isotherms of the heating chip without adding a graphite film; (b) The distribution of
isotherms of the heating chip with adding a graphite film.

The ambient temperature is 20 ◦C, the laser power is set to 2.4 W, and the diameter of
the heated laser spot is 8 mm. Heating time can be reduced via a pair of heating chips to
heat the vapor cell simultaneously. The temperature gradient of the vapor cell is smaller
when a heater is placed in each of the two windows of the heating laser compared to
placing a heater in only one window. Using the finite element method to simulate the heat
transfer of the heating structure with added graphite film, Figure 4a shows the temperature
distribution of the two heating chips when heating the vapor cell.
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Figure 4. (a) The temperature distribution diagram of the heating structure when the temperature in the
vapor cell is around 120 ◦C; (b) Temperature distribution on the XAY, YAZ, and XAZ planes; (c) Taking
the center of the vapor cell as the coordinate origin, the temperature curve along the three axes.

We define the center point of the vapor cell as A, and the space coordinates of point
A is (0,0,10), and two heating chips are distributed at 10 mm and −10 mm of the x axis.
Figure 4b shows the temperature distribution of the heating structure on the XAY, YAZ,
and XAZ planes. L1, L2, and L3 represent three straight lines passing through the x, y, and
z axes of the central point inside the vapor cell. In contrast to the temperature graph in
Figure 4c, the temperature gradient in the direction of the X-axis is larger. This is because
the perforations of the insulating layer are oriented in the direction of both the x-axis
and the y-axis, and the two heating chips are also located in the direction of the x-axis.
Furthermore, the heating chip located in the incident window of the heating laser absorbed
12.6% more laser energy than the heating chip located in the outgoing window of the
heating laser. This is the main reason for the large temperature gradient along the X-axis.
The smaller temperature gradient in the Y-axis direction is due to the smaller aperture
and less thermal exchange between the vapor cell and the external environment. In the
Z-axis direction, the vapor cell’s temperature gradient is the smallest, and the outer wall
temperature of the vapor cell is close to the interior temperature. Therefore, to reduce the
temperature measurement error, the temperature sensor (PT100) can be placed in the upper
shell center of the vapor cell to measure its temperature.

4.2. Experiments

To study the uniformity of the vapor cell under laser heating, we measured the internal
temperature using a temperature sensor (PT100) and a thermal imager. The temperature
sensor (PT100) was attached to the upper center of the vapor cell, and the measurement
results are shown in Figure 5.

When graphite film is added to the four sides of the vapor cell, the operating power
of the 1550 nm heating laser is 2.4 W. It can be seen from Figure 5 that when the power of
the heating laser is 2.4 W, the simulated interior temperature of the vapor cell is 120 ◦C,
while the experimental temperature of the vapor cell is 118 ◦C. This is because the thermal
insulation structure cannot completely eliminate the vapor cell and the outside thermal
radiation, resulting in heat loss of the vapor cell, so there is a deviation between theoretical
simulation and experimental data.
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Figure 5. Simulated (red) and experimental (black) temperature curves of the vapor cell were measured.

Figure 6 is a thermal image of the internal temperature radiation of the vapor cell with
the Y-axis facing. This is when the graphite film is not added to the surface of the vapor
cell, and the graphite film with different sizes is added.

Figure 6. Temperature radiography was performed on the vapor cell with different sizes of graphite
films added. (a) the vapor cell without any graphite films; (b) the vapor cell with graphite films on
two surfaces; (c) the vapor cell with graphite films on three surfaces; (d) the vapor cell with graphite
films on four surfaces.

From Figure 6, it is evident that the temperature near the laser incident window in
the vapor cell is the highest. This is because the heating chip located in the exit window
absorbed too much laser energy, resulting in the two colored filters absorbing different
amounts of laser energy. Therefore, one can select either a thin heating chip or a heating
chip with a low absorption rate to the heating laser. Figure 6a shows the temperature
radiography of the vapor cell without the addition of a graphite film. The material of the
vapor cell and the heating chips is quartz glass, which has a poor thermal conductivity
at 1.4 W/(m·K). This leads to a significant accumulation of heat in the incident window
of the laser. The thermal energy inside the vapor cell comes from the radiant heat of the
vapor cell wall. However, there is a shank at the bottom of the vapor cell, which increases
the radiant distance at the bottom of the vapor cell. As a result, the temperature of the
bottom side is lower than the upper side. In the experiment, when the laser power reached
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600 mW, the UG-5 heating chip broke due to the large difference in temperature between
the center and the surrounding areas. In Figure 6b, the graphite film was pasted on the
two surfaces of the vapor cell that were in contact with the heating chips, which obviously
improved the uniformity of the temperature distribution of the incident window. However,
the temperature of the exit window remained low, which was due to the poor thermal
conductivity of the vapor cell. In Figure 6c, we have pasted graphite films on the upper
surface of the vapor cell to increase heat transfer along the X-axis. As can be seen from the
figure, the heat from the incident window is transferred to the exit window by the graphite
film, improving the temperature uniformity of the upper part of the vapor cell.

In order to improve the temperature uniformity of the vapor cell, the graphite film
covers the upper and lower top surfaces of the vapor cell, the incident light window, and
the outgoing light window at the same time. Under the same heating condition, the thermal
radiation Figure 6d is obtained. By comparing the temperature radiation in Figure 6, it
can be concluded that the graphite film improves the thermal conductivity of the system
and makes the temperature distribution of the vapor cell more uniform. However, the
thermal radiation between the vapor cell and the outside also increased, and the overall
temperature of the vapor cell decreased.

Converting the temperature radiography of the vapor cell in Figure 6 to the tem-
perature error analysis diagram shown in Figure 7 in order to visualize the temperature
uniformity of the vapor cell.

Figure 7. Temperature error profiles were measured for the vapor cell with different graphite films
being added. (a) The vapor cell without graphite films; (b) the vapor cell with graphite film added to
two surfaces; (c) the vapor cell with graphite films added to three surfaces; (d) the vapor cell with
graphite films added to four surfaces.

It can be seen from Figure 7 that the graphite film can improve the thermal conductivity
of the heating structure and balance the temperature distribution of the vapor cell. However,
due to the heating chip of the incident window absorbing too much laser energy, the
temperature of the incident window is higher. The reason why the two surfaces in the
Y-axis direction of the vapor cell are not chosen to stick graphite films is to capture the
temperature radiation pattern of the vapor cell.

Figures 6 and 7 show the influence of graphite film on the temperature uniformity of
the vapor cell. Finally, we introduce the temperature difference coefficient to evaluate the
temperature uniformity of the vapor cell.
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The expression for the CVT is as follows:

CVT =
f

Taver
, (7)

where Taver is the average temperature, and f is the unbiased variance of the temperature.
Taver denotes ∑ Ti/S, where Ti is the temperature of each plane point, and S is the surface

area; f is denoted by
√

∑(Ti − Taver)
2/S. According to Equation (7), the smaller the CVT is,

the more uniform the temperature distribution is. The measured temperature radiography
was converted into a temperature matrix to obtain the CVT values, and the different CVTs
were obtained, as shown in Table 1.

Table 1. The CVT value of the vapor cell changes when graphite films of different sizes are applied to
the outer wall of the vapor cell.

Size CVT

0 0.1308
20 mm × 20 mm (two pieces) 0.1038

20 mm × 60 mm 0.0697
20 mm × 80 mm 0.0426

From Table 1, as the size of the graphite film increases, the calculated CVT of the vapor
cell decreases, and the temperature uniformity of the vapor cell improves. Therefore, the
temperature uniformity of the heating structure is greatly improved by adding graphite films.

5. Conclusions

In this paper, a vapor cell heating structure based on laser heating technology was
constructed, and the spatial distribution of temperature was optimized via graphite films.
By constructing the finite element model, the numerical analysis of the thermal transfer in
the heating system shows that the uniformity of the temperature in the vapor cell is limited
because the heat transfer is poor between the vapor cell and the heating chips. The laser
power is constant, and the inner temperature CVT of the vapor cell decreased by 67% after
adding graphite film on the four sides of the vapor cell, so the structure of graphite film
can efficiently improve the temperature distribution homogeneity in the vapor cell. In the
next step, we will study the action mechanism between the temperature homogeneity and
the magnetometer output signal.
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Abstract: The method of laser far-detuned frequency locking is proposed based on a fiber Fabry–
Perot cavity which transfers the ultra-stable atomic reference frequency stability to the target laser
utilized for atomic sensors. The control transfer function of the closed-loop system is established to
elucidate the process of perturbation suppression. It is illustrated that this method is robust against
the disturbance to the laser and cavity by controlling the cavity with different parameters. After the
long-term experimental test, the stability of the laser frequency locked on the fiber cavity achieves an
Allan deviation of 9.9 × 10−11 and the detuning of the nearest atomic frequency resonance point is
more than 200 GHz. Its stability and detuning value exceed previous reports.

Keywords: laser frequency; frequency detuning and stabilization; fiber Fabry–Perot cavity; transfer
control loop

1. Introduction

The latest generation of ultra-high-sensitivity quantum sensors, exemplified by atomic
magnetometers and gyroscopes, are pivotal for measuring biological and Earth magnetic
fields, as well as inertial information [1–3]. These devices typically necessitate a pump laser
to polarize the atoms and a probe laser to detect the signal [4]. The pump laser operates
at the atomic hyperfine resonance frequency. Deviations from this resonance point can
result in light shifts and magnetic noise [5,6]. Conversely, the probe laser operates at the
far-detuned frequency relative to the resonance point, at a detuning range from 100 to
200 GHz, to confirm the optimal scale coefficient. Frequency fluctuations of the pump laser
and probe laser decrease both the long-term stability and sensitivity [7].

In previous studies on spin-exchange relaxation-free (SERF) atomic sensors, the pump
laser typically achieves long-term frequency locking through techniques such as satu-
rated absorption frequency stabilization [8], circular dichroism frequency stabilization [9],
and polarization spectrum frequency stabilization [10]. But the probe laser still lacks
an effective detuning frequency stabilization method because it is challenging to simul-
taneously achieve large detuning, long-term stability, and prototyping with the exiting
active frequency control techniques. Recently, WeiYao attempted an in situ frequency
detuning stabilization method in a SERF co-magnetometer, while the frequency stability
after locking was still poor, and the frequency drift reached more than 100 MHz/5 h [7].
Within the atomic clock domain, detuning the laser frequency to the magic wavelength
often involves using an optical frequency comb [11]. Despite the comb’s ability to offer
broad repetition frequencies for extensive detuning and locking, its long-term stability
relies on the stability of a hydrogen maser clock [12]. Alternatively, an ultra-stable cavity
constructed from materials with extremely low thermal expansion coefficients can also
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generate a comb-shaped resonant frequency for frequency detuning and locking, but it
requires operation in a vacuum and temperature-controlled environment to mitigate fre-
quency drift [13,14]. Consequently, a frequency detuning locking method for probe lasers
that can ensure miniaturization and high stability at the same time is urgently needed.

By reusing the pump laser frequency of the atomic sensor as a reference and compen-
sating the drift and jitter of the cavity, the frequency stability of the resonant reference is
transferred to the far-detuned target laser. To analyze the intriguing phenomenon why
the transferred frequency stability could exceed the reference frequency, we established
the transfer function of the control system and studied the main factors affecting the trans-
ferred laser frequency stability, including discriminator noise, open-loop gain, and the
discriminator coefficient determined by the cavity parameters. The frequency stability was
evaluated using the noise power spectral density of the error signal and the Allan variance
of the wavelength data after locking. This method facilitates miniaturization and sustains
high-precision frequency control.

2. Theory

2.1. Principle of Transferred FFP Frequency Locking

The intrinsic optical fiber Fabry–Perot (FFP) cavity is made by coating parallel end
faces on both ends of a single-mode optical fiber, allowing for cavity mode coupling without
the need for complex mirror adjustments [15]. According to the Jones matrix of the cavity,
the reflected light field after resonating in the optical FFP cavity is expressed as

[
Eout x

Eout y

]
=

[
Mx 0
0 My

]
·
[

Einx
Einy

]
(1)

where
[

Eoutx
Eouty

]
is the Jones vector of the reflected light field,

[
Einx
Einy

]
is the Jones vector of

the input light field. Mx = R − R
(
1 − R2)ej2δx · ∑n=h

n=0
(

R2ej2δx
)n, and

My = R − R
(
1 − R2)ej2δy · ∑n=h

n=0

(
R2ej2δy

)n
. R is the coating reflectivity (0 < R < 1).

δx and δy are the phase produced by the reflection light along the x polarization axis and
the y polarization axis of the fiber FP cavity, respectively. So when the input light is a beam
of linearly polarized light, the azimuth angle of which is determined by the polarization

axis of the polarization-maintaining fiber circulator (PM-OPC) (
[

Einx
Einy

]
=

[
cos α
sin α

]
), the

intensity of the output reflection spectrum is stable. Based on IRx,y =
∣∣∣Eout x,y

∣∣∣, the intensity
is calculated as

IRx =
cos2 αR2

1 + (R−1)2

4R(sin δx)
2

, IRy =
sin2 αR2

1 + (R−1)2

4R(sin δx)
2

(2)

From Equation (2), it can be seen that the reflection spectrum is Lorentz line-type, and
when the phase satisfies δx,y = kπ, the spectral intensity reaches the maximum. According

to the relationship between the phase and the laser frequency in the cavity, δx,y =
2πnx,y Lvx,y

c ,
where nx,y is the refractive index of light transmitted in the optical fiber. L is the fiber length
and vx,y is the laser frequency.

The corresponding resonant frequencies of the two orthogonal polarization modes at
the maximum intensity are calculated as

vqx,y =
qc

2nx,yL
(3)

where q is an integer that represents the q-th mode.
Due to the birefringence of the fiber FP cavity, the fiber FP cavity can simultaneously

generate two sets of orthogonal resonance peaks. And its resonance frequency is not only
related to the cavity length, but also related to the refractive index of the two polarization
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axes. So the single FFP used as the frequency reference is much more sensitive than the
traditional quartz FP cavity. On the other hand, this also means that the FFP cavity is much
easier to control. Let τ = nL

c , so the resonance frequency is expressed as

v =
q

2τ
(4)

The delay τ of the cavity can always be adjusted to resonant with the frequency-
stabilized laser by adjusting the cavity temperature or applying elastic stress to the cavity.
Considering the thermal and elastic effects of the optical fiber, Δτ ≈ K · ΔT + J · L · ε [16],
where K is the thermal-optic coefficient, J is a constant related to the elastic-optic coefficient,
ΔT is the temperature difference of the cavity, and ε represents the strain applied to the
cavity. As the response bandwidth of PZT (dozens KHz) is much higher than that of TEC
(several Hz), so the thermal drift of the cavity with the ambient temperature is compensated
easily by elastic control.

2.2. Locked Frequency Stability Analysis

In this paper, the demodulated error signal of the cavity and lasers are all dispersive
lines. The pump laser frequency is locked on the saturated absorbed peak of the Rb atomic
D1 line. Then, the FFP cavity phase delay (τ) is locked on the reflected spectrum of the pump
laser resonating within the cavity. Lastly, the probe laser frequency is locked on the resonant
spectrum of the FFP cavity’s phase delay. The reference of the saturated absorption line and
the phase delay of the FFP cavity are converted to error signal zeros by the discriminator.
The entire control process is shown in Figure 1. The residual frequency noise of the pump
laser (output from loop 1) is converted to the input noise of loop 2. Identically, the residual
frequency noise of loop 2 is added to the input noise of loop 3.

Figure 1. The control block diagram of the transferring locking system.

In the block diagram, the main disturbance is introduced from the discriminator
and the environment, and the control noise and actuator noise are disregarded. The
discriminator noise [17] is expressed as

Sdisc ( f ) = kQ
√

NEP2 + 2h̄vPdet/ηd (5)
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where k is the conversion loss of the frequency discriminator. Q is the responsivity constant
determined by the photodetector and the pre-amplifier. ηd is a constant representing the
quantum efficiency of the PD. Therefore, the Sdisc ( f ) is mainly affected by the intensity
noise in the frequency domain of the input spectrum, and there is no correlation between
the frequency discrimination noise in the three loops. Sdisc (s) is the expression of the
Laplace domain. The frequency noise of a free-running laser subject to environmental
disturbances in the s-domain is expressed as Slaser (s). According to the Wiener–Khintchine
theorem, the modulation noise broadens the line-width of the laser [18], but has little effect
on long-term stability. Due to the bandwidth limitations of the PID closed-loop control
system, the line-width noise caused by modulation is not considered here. Therefore, the
primary term of laser frequency noise is the slow drift which limits the long-term stability.
The SMF-FP noise in the s-plane is expressed as SFFP(s), which is mainly composed of 1/f
noise and random polarization fluctuation.

According to Figure 1, the output noise of the pump laser, the output noise of the FFP
cavity, and the output noise of the probe laser are expressed as

Y1 =
A1

1 + A1B1
Sdisc1 (s) +

Slaser (s)
1 + A1B1

(6)

Y2 =
A2

1 + A2B2
(Sdisc2 (s) + Y1(s)) +

SFFP(s)
1 + A2B2

(7)

Y3 =
A3

1 + A3B3
(Sdisc3 (s) + Y2(s)) +

Slaser (s)
1 + A3B3

(8)

where A1 = I1K1G1, B1 = D1; A2 = I2K2G2, B2 = D2; and A3 = I3K3G3, B3 = D3. Both
I and K are constants determined by the device. When A1 	 1, Yloop 1 ≈ Sdisc1 (s)

B1
. After

the loop becomes a closed loop, the low-frequency slow drift of the laser frequency is
greatly suppressed, and the remaining frequency noise is approximately high-frequency
white noise.

As the FFP cavity locking loop adopts phase modulation with 100 MHz, the closed-
loop control bandwidth of loop 2 reaches the MHz level.The PIID controller in loop 2
is employed to increase the open-loop gain. As indicated by Equation (7), when the
open-loop gain is sufficiently high, the slow drift (SFFP(s)) of the cavity is significantly
suppressed, leaving only the extremely weak frequency discrimination noise Sdisc2 (s).
Then, by substituting the simplified Y1(s) into Equation (4), Y2(s) is simplified as

Y2(s) ≈ 1
B2

Sdisc2 (s) +
1

B2B1
Sdisc1 (s) (9)

The loop 3 bandwidth is also limited by the cut-off frequency of the discriminator, and
the simplified Equation (8) is expressed as

Y3(s) ≈ Sdisc3 (s)
B3

+
Sdisc2 (s)

B2B3
+

Sdisc1 (s)
B1B2B3

(10)

According to Equation (10), the transferred probe laser frequency noise is mainly
composed of discrimination noise. The low drift of the probe laser frequency is significantly
suppressed under the influence of three closed-loop loops. It is seen that the influence
of the three kinds of frequency discrimination noise is Sdisc3 (s) > Sdisc2 (s) > Sdisc1 (s).
And by optimizing the coefficients of the frequency discriminator of the three loops, the
output noise of the probe laser can be further reduced. Notably, when large environmental
disturbance (SFFP(s)) is introduced to the cavity in loop 2, it can easily cause the integral
saturation of the cavity and the whole system is no longer locked. Therefore, it is still
necessary to add passive temperature control to the cavity to reduce the noise transmitted
to the cavity in loop 3, which ensures the long-term stability of the entire system.
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3. Experimental Setup

The experiment setup of the transferred frequency stabilization system is illustrated
in Figure 2. The homemade 780 nm semiconductor laser (of which the diode style is
EYP-DFB-0780-00080-150) is divided into two beams by the polarizing beam splitter (PBS),
and one part of the light beam is transmitted in the Rubidium cell (Rb Cell) to lock the
pump laser frequency on the saturated absorption peak. The error signal is obtained by
the demodulation method and controlled with a Proportional-Integral-Dfferential (P-I-D)
controller. The control loop is shown as Loop 1 in Figure 1. The other part of the beam light
is coupled into the fiber splitter to pump the atoms (or monitor the stabilized frequency)
and to stabilize the tunable FFP cavity.

Figure 2. Experiment setupof the transferred frequency locking system. ISO: Isolator; HWP: Half-
wave plane; PBS: Polarizing beam splitter; HTLRM: High-transmittance low reflective mirror; FC:
Fiber coupler; FS: Fiber splitter; EOPM: Electro-optic phase modulator; PM-FOC: Polarization-
maintaining fiber optic circulator; PD: Photo-detector; WM: Wavelength meter.

The tunable transferred fiber cavity is composed of an FFP, two thermoelectric cooler
(TEC) plates, two negative thermistors, and a piezoelectric transducer (PZT) actuator.
The FFP cavity is made of a single-mode fiber plating high-reflection coating (>98%), the
fineness of which is about 125 and the Full Width at Half Maximum (FWHM) is about
8.25 MHz [19]. Its resonance characteristics have been reported in another study.

As directly modulating the cavity’s PZT causes the vibration noise of the FFP, an
electro-optic phase modulator (EOPM) is used for modulating the light phase to stabilize
the FFP cavity. The PDH technique is used to obtain the error signal and the proportional-
integral-integral-differential controller (P-I-I-D controller) at loop 2, seen in Figure 1. This
is applied to control the cavity stability. The modulated light transmits the polarization-
maintaining fiber optic circulator (PM-FOC) from port 1 to port 2, and then inputs it into
the FFP cavity. The reflected spectrum is output from port 3 of PM-FOC-1. Benefiting
from PM-FOC’s polarization-maintaining and the nonreciprocal properties, the input light
remains linearly polarized and the reflected light does not interfere with the input light.

The 795 nm laser used in the experiment is a distributed grating feedback semiconduc-
tor laser (EYP-DFB-0795-00080), which has the advantage of a narrow line-width of single
longitudinal mode. The light emitted by the laser is divided into two beams of light with
different power. One is used as the probe light in the atomic sensors, and the other beam
is coupled into the fiber splitter for the purpose of frequency detuned locking. Considering
the simplification of the optical pathway, the frequency modulation of the 795 nm laser is
achieved through current modulation, with a bandwidth capability of 4 MHz. The modulated
light is transmitted to the fiber FP cavity through PM-FOC-2. Its reflected resonant spectrum
is received by a photo detector. Similarly, demodulating the modulated spectrum achieves the
error signal and controls the frequency in a closed loop denoted as loop 3 in Figure 1.
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It is noteworthy that the photo-diode bandwidth within the three loops depicted in
Figure 1 is contingent upon their respective modulation bandwidths. As the modulation
frequency ranges in loop 1, loop 2, and loop 3 are 10 KHz to 50 KHz, 10 MHz to 100 MHz,
and 200 KHz to 1.5 MHz, respectively, the PD bandwidths of loop 1, loop 2, and loop 3 are
100 KHz, 350 MHz, and 15 MHz, respectively.

4. Experimental Results

4.1. Parameter Optimization

The frequency discrimination slope (D-slope) of the three loops’ discriminator under
various conditions is tested as seen in Figure 3. Limited by the line-width of the saturated
absorption spectrum, B1 is approximately a constant whose impact on the output is also
minimal. B2 and B3 are affected by modulation depth, modulation frequency, and the
line-width of fiber FP cavity. For phase modulation in loop 2, the D-slope increases with
modulation depth and the fineness of the FFP cavity, independent of modulation frequency.
However, for frequency modulation in loop 3, achieved through laser current modulation,
the D-slope exhibits more complex variations. Experimental results indicate that beyond
a certain modulation depth, the D-slope decreases, possibly due to the increased laser
line-width from current modulation. The D-slopes corresponding to different parameters
are experimentally selected to optimize the control performance. Due to the low sample
rate of the wavelength meter, the frequency stability in the loop is evaluated by calculating
the noise power spectral density (PSD) in the actual experiment.

(a) (b)

(c) (d)

Figure 3. The red lines show the relationship between the discrimination slope (D-slope) and the
modulation parameters, measured by calculating the ratio of the difference between the voltage
between the two extreme values of the error signal and the difference between the abscissa sweep
times. The error bar is obtained by three repeated independent measurements. (a) The D-slope vs.
the phase modulation amplitude of loop 2; (b) the D-slope vs. the phase modulation frequency of
loop 2; (c) the D-slope vs. the frequency modulation amplitude of loop 3; (d) the D-slope vs. the
frequency modulation frequency of loop 3.

69



Photonics 2024, 11, 1027

The error signals of the probe laser in both open loop and closed loop states are
collected to calculate the system PSD that are depicted in Figure 4. It is shown that the
frequency noise in the three loop bandwidths is greatly suppressed compared to the open-
loop state. And compared to the single integrator control method, the double-integral
closed-loop controller has a better disturbance suppression effect.

Figure 4. The blue, orangeand green lines are the power spectral densitie (PSD) lines of the probe
laser’s error signals under the open loop, the closed loop using the P-I-D control method, and the
closed loop using the P-I-I-D control method, respectively.

According to Equations (9) and (10), when the D-slope value of loop 2 (B2) is increased,
the PSD of loop 2 will decrease and the PSD of loop 3 will not change significantly as
the frequency noise of loop 3 is mainly determined by Sdisc3 . Figure 5 shows the tested
PSD of loop 2 and loop 3 by varying the modulation amplitudes of loop 2. The results are
consistent with the analysis (the signal sampling rate for calculating PSD is 500 KHz). Since
the bandwidth of loop 2 can reach MHz, the PSD of loop 2 shown in Figure 5a has only
one corner frequency, f1 ( f1 = 120 Hz), which is determined by the cut-off frequency of the
integrator of loop 2.

Figure 5. The loop 2 PSD line of the cavity error signal and the loop 3 PSD line of the probe laser
error signal measured by varying the modulation amplitude in loop 2. (a) The PSD of loop 2. The
blue and orange lines are the PSD lines measured when the modulation amplitudes of loop 2 are
equal to 1 V and 2 V, respectively, and D-slope = 70 V/s and D-slope = 110 V/s. (b) The PSD of loop
3. The blue and orange lines are the PSD when the modulation amplitudes of loop 2 are equal to 1 V
and 2 V, respectively, and D-slope = 70 V/s and D-slope = 110 V/s.
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Similarly, the D-slope of loop 3 is adjusted by varying the current modulation fre-
quency. As shown in Figure 6a, the B3 at 1000 KHz of loop 3 is higher than it is at
500 KHz. And the closed-loop frequency noise corresponding to the modulation frequency
of 1000 KHz is lower than it is in the condition of 500 KHz, which is all tested above the
integral crossover frequency. It is shown in Figure 6b that the frequency noise declines
when increasing the open-loop gain of the controller. By appropriately increasing the
open-loop gain, a better noise suppression effect can be obtained. The results are consistent
with the analysis.

Figure 6. The loop 3 PSD lines of the probe laser error signal measured by varying the modulation
frequency and the proportional gain in loop 3. (a) The blue and orange lines are the PSD lines
when the modulation frequencies of loop 2 are equal to 500 KHz and 1000 KHz, respectively, and
D-slope = 10 V/s and D-slope = 50 V/s. (b) The blue, orange, and green lines are the PSD lines when
the proportional gains of the control loop equal −27.4 dB, −16.3 dB, and −9.3 dB, respectively.

This experiment also elucidates why the final frequency stability of loop 3 has the
potential to surpass that of loop 1. Although the latter loop uses the previous loop as the
locking reference, the control performance in each loop is mostly influenced by the D-slope
and the control parameters of its own loop. The D-slope for saturated absorption frequency
stabilization in loop 1 is much lower than that of the Pound-Drever-Hall (PDH) frequency
stabilization system in loop 3, and thuse the transfer frequency stabilization method based
on the FFP cavity achieves superior stability.

4.2. Pump and Probe Laser Locking Results

After optimization, the modulation parameters of loop 2 are set as fmod = 60 MHz
and Amod = 2 V, and the modulation parameters of loop 3 are set as fmod = 1.1 MHz and
Amod = 30 mV. The referenced laser (pump laser) and the transferred laser (probe laser)
frequency are sampled by a wavelength meter (Highfiness, WS7-60) for 2 days to measure
the long-term stability. Figure 7 shows the wavelength fluctuation and drift of the pump
laser, probe laser, and free-running probe laser. The probe laser wavelength fluctuation
after locking on the transferred FFP cavity is only 2.3 MHz within an hour, while it reaches
19.9 MHz in the free-running state. Moreover, as the measure time increases, the difference
in wavelength drift is more significant in the free-running and locked states. The pump laser
wavelength locked with the saturation absorb line, the probe laser wavelength locked with
the transferred FFP cavity, and the free-running probe laser wavelength drift are 6.4 MHz,
5.2 MHz, and 66.7 MHz, respectively, in 48 h. For a more accurate analysis, Figure 8
illustrates the Allan deviation based on their wavelength data. The results indicate that the
Allan deviation of the laser locked on the SAS line and that locked on the transferred FFP
cavity is 7.8−11 and 9.9−11, respectively, at the integration time of 100 s, which is two orders
of magnitude better than that of the free-running laser. The locking results are compared
with other methods shown in Table 1.
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(a) (b)

Figure 7. The pump laser and probe laser wavelength drift trend after 48 h measured with the
wavelength meter (b) The laser frequency variation details during one hour, which are marked with
the red box in (a).

Figure 8. The black line is the Allan variance of the probe laser in the free-running state. The blue
line is the Allan variance of the pump laser locking on the saturated absorption line. The orange line
is the Allan variance of the probe laser locking on the transferred FFP cavity.

Table 1. Comparison of laser long-term stabilization performance locking by different methods

Locking Method Locking Duration Locking Performance

Presented in this article 48 h Drift 6.4 MHz
Locked on a fiber Fabry Perot cavity [20] 35 h Drift 10 MHz

Locked on open-loop PZT—controlled Fabry Perot cavity [21] 41 h Drift 11 MHz
Injection—locked to a fiber ring resonator [22] 15 min Drift less than 15 MHz

5. Discussion

As Figure 8 indicates, when the integration time is less than 1 s marked with the blue
box, the Allan deviation of the 795 nm probe laser is lower than the 780 nm referenced
pump laser in this method. Due to the influence of temperature fluctuation caused by air
conditioning on the cavity, SFFP(s) in loop 2 is superimposed on loop 3, which reduces
the long-term frequency stability of the 795 nm probe laser. Through the analysis of
Equations (7) and (8), increasing the frequency discrimination slope of loop 2 and loop 3
can distinctly suppress this negative effect.

Consequently, the frequency stability of the laser controlled in this method can be
further enhanced by increasing the D-slope, such as by improving the coating reflectivity of
the fiber FP cavity or optimizing the cavity length. Otherwise, spectral broadening caused
by internal current modulation makes the D-slope decrease. If the error signals of loop 1
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and loop 3 are obtained by modulating the laser phase using an external phase modulator,
the laser frequency noise will be further reduced.

6. Conclusions

In this study, the laser frequency transferred locking from 780.2 nm to 795.2 nm
wasrealized by controlling a coated fiber FP cavity. By analyzing the transfer function
of the control loop, the factors constraining the transferred laser frequency stability were
investigated and the strategies enhancing its locking performance were explored. Although
the laser has no stable natural frequency reference at the detuning frequency point, it has
the potential to surpass the laser frequency stability locked on the atomic transition line
by designing a high-fineness transferred FFP. The FFP cavity is employed as the detuned
frequency reference and exhibits excellent long-term performance for the first time to
our knowledge.
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Abstract: Measuring the internal dynamic temperature of alkali metal vapor cells is crucial for en-
hancing the performance of numerous atomic devices. However, conventional methods of measuring
the internal dynamic temperature of the cell are prone to errors. To obtain a more accurate internal
dynamic temperature of the alkali metal vapor cell, a temperature measuring method based on the
data fusion of the Kalman filter has been proposed. This method combines the indirect temperature
measurement signal from a resistance temperature detector with the atomic absorption spectrometric
temperature measurement signal. This provides a high-accuracy set of internal dynamic temperatures
in the cell. The atomic vapor density calculated from the final fusion results is 37% average lower
than that measured by external wall temperature measurements, which is in line with the conclusions
reached in many previous studies. This study is highly beneficial to measure the temperature of
alkali metal vapor cells.

Keywords: alkali metal vapor cell; atomic devices; atomic absorption spectrometry (AAS); Kalman
filter (KF); data fusion

1. Introduction

A cell containing one or more alkali metals, inert and buffer vapors, is commonly used
as a core device in atomic clocks [1], laser stabilizers [2], and optical magnetometers [3–7].
In magnetic field detection, spin-exchange-free spin (SERF) atomic magnetometers are
highly valued for their ultra-high sensitivity. SERF atomic magnetometers are now widely
used in biomedical [8,9] and geomagnetic exploration [10] fields. The density of alkali
metal vapor in the cell is closely related to its temperature. Alcock’s [11] formula for the
saturation vapor pressure of alkali metals can be used to calculate the temperature. The
density of alkali metal vapor significantly affects the optical depth of the cell medium,
atomic polarization, atomic relaxation rate, and other factors. Therefore, exploring the
internal dynamic temperature of the alkali metal cell is important.

Traditional temperature measurement of the cell involves installing a resistance tem-
perature detector (RTD) on the outer wall of the cell, which is non-destructive [12]. However,
this method has limitations. This is because the saturated vapor pressure of the cell is
determined by the lowest temperature point of the entire cell, but the external temperature
of the cell is not consistent, making it difficult to find the lowest temperature point of the
alkali metal cell.

To address this problem many scholars have studied methods for cell temperature
measurement. Shang et al. [13] used atomic absorption spectrometry (AAS) to obtain
the internal temperature of the cell, which is more accurate than using RTD. Meanwhile,
many scholars have found that the atomic vapor density obtained by RTD temperature
using Killian’s formula is much higher than the true atomic vapor density. Shao et al. [14]
measured the density of alkali metal vapor, which is about half of the result calculated by the
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Killian formula; Shang et al. [15] come to the same conclusion based on the measurement of
alkali metal vapor density using the Faraday modulator. The reason for this phenomenon
is currently unknown, but obtaining the true temperature inside the cell is an area worth
exploring.

The methods for measuring the temperature of the cell are divided into two types: con-
tact and non-contact. The non-contact measurement method is based on AAS. It offers high
sensitivity, calibration-free operation, fast detection, and the ability to remotely measure the
internal dynamic temperature inside the cell without entering the cell [15]. Therefore, the
AAS temperature measurement method is beneficial for measuring the temperature inside
the cell. RTDs have high measurement accuracy and stable performance, which is suitable
for measuring temperature signals. Therefore, RTD-based temperature measurement is also
suitable for measuring the temperature of cells. However, both temperature measurement
methods have technical drawbacks that are hard to avoid. Measurements using RTDs
require additional calculations to obtain the temperature at the center of the cell. Hence,
temperature measurements using this method are inaccurate. AAS temperature measure-
ment utilizes fitting absorption spectra, but measurement becomes challenging when the
vapor density is high. This is because directly measuring the extremely weak transmitted
light near resonance is difficult. Moreover, severe attenuation of light within the resonance
linewidth makes it hard to determine the absorption line shape, which makes it impossible
to measure through far detuned measurement [16]. Additionally, AAS measurement is
affected by factors such as power fluctuations and changes in external magnetic fields. As
a result, AAS may not be an accurate method for temperature measurement [17]. In this
study, the results of indirect temperature measurement by RTD, temperature measurement
by AAS, and direct temperature measurement of the external wall by RTD are compared.
This study has found that measured temperatures vary greatly, especially during periods
of increased internal dynamic temperature. The dynamic internal temperature of the cell
requires a high precision measurement, but the results obtained from different temperature
measurement methods may vary. Measuring the internal dynamic temperature of a cell
requires high accuracy. For this purpose, a method of fusing data from two temperature
measurement devices is used to measure the internal dynamic temperature of the cell.
This multimodal sensor-data fusion method allows more accurate measurements [18].
Multi-sensor data fusion is useful when the measured temperature by a single sensor does
not have the desired precision. So, the data from multiple sensors is processed to com-
pensate for the individual sensor’s deficiencies [19]. The data fusion methods are mainly
divided into two types: modern and classical fusion methods. The modern fusion methods
are based on neural networks [20], cluster analysis [21], and intelligent algorithms [22].
The classical fusion methods revolve around the Kalman filter (KF) [23] and Bayesian
estimation [24].

Many research studies have been done on the KF data fusion method. Sun et al. [25]
proposed an optimal information fusion dispersion KF for multiple sensors and verified the
effectiveness of the method with a three-sensor radar tracking system. Wang et al. [26] fused
the signals from lead-zirconium-titanium oxide (PZT) sensors and optical fiber sensors
for monitoring bore edge cracks through a weighted adaptive KF. They found that the
method could significantly improve the accuracy compared to single-sensor monitoring.
Xu et al. [27] used KF to fuse resolution-enhanced surface temperature data with coarse-
resolution surface temperature data to obtain a more accurate set of surface temperatures
with a root mean square error in the range from 0.79–1.47 K. Chen et al. [28] proposed
a KF-based algorithm to fuse temperature and humidity data. The experimental results
showed that the algorithm filtered the data noise, reduced the data measurement error, and
obtained highly accurate values.

The KF is used to fuse the measurement data from multimodal sensors. The KF
acquires accurate data by combining the model state estimation with the observed data [29].
It can obtain a better set of measurements for the same object. In this study, the KF is used
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to measure the more accurate internal dynamic temperature of the cell. It is done by fusing
correlated time series data of AAS and RTD.

The structure of this article is as follows. Firstly, the acquisition of the external wall
temperature data of the vapor cell and the AAS measurement data related to the internal
dynamic temperature of the cell is presented. Afterward, the data processing of the internal
dynamic temperature of the cell is discussed. Next, the calculation of the internal dynamic
temperature of the cell through KF data fusion for a more accurate internal dynamic
temperature of the cell is done. Finally, the fusion results are compared with the external
wall measurements of RTD to verify the KF fusion results. In the end, it is shown, based on
the experimental results, that it is feasible to measure the internal dynamic temperature of
the cell with multiple sensor data after processing with KF.

2. Measurement Procedures

2.1. AAS Temperature Measurement

Due to the lack of hyperfine pumping, hyperfine absorption is completely overlapped.
Hence, the optical depth of the target can be measured according to the change in light
intensity. The schematic diagram of the AAS setup is shown in Figure 1. Based on Lambert’s
law, the relationship between the corresponding quantities is presented in Equation (1) [30]:

I(O) = I(I) exp(−OD) = I(I) exp(−ρ · l · s) (1)

where I(I) is the light intensity of the laser incident on the cell, I(O) is the light intensity of
the laser exiting the cell, OD is the optical depth, ρ is the atomic density of the alkali metal
vapor, s is the photon absorption cross-section, and l is the optical length of the laser beam
in the cell.

Figure 1. The schematic diagram of AAS setup. A 795 nm laser beam enters the heated cell with a
light intensity I(I), gets absorbed and exits the cell with a light intensity I(O).

The buffer gas atom causes a linear Lorentz broadening between atoms. To avoid
collision relaxation, the cell used in the experiment injects three atmospheres of 4He.
Under these conditions, an approximate broadening of 50 GHz is observed, and saturated
absorption peaks were not visible. Consequently, based on a known set of measurement
data, the single peak Lorentz function in Equation (2) is capable of fitting the data [31]. The
fitting results are then used to calculate the full width at half maximum (FWHM) Γ, the
center frequency v0.

L(v − v0) =
Γ/(2π)

(v − v0)
2 + (Γ/2)2 (2)
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Substituting Γ of the curve into Equation (3) representing the absorption area at the
resonant frequency point, the photon absorption cross-sectional area s(v) can be calculated
as follows [32].

s(v) = πrec f · L(v − v0) (3)

In Equation (3), re is the electron radius, c is the speed of light in vacuum, and f is the
intensity of the oscillator. The atomic density n of alkali metal vapor is obtained through
Equation (4), where ODmax is the maximum optical depth, s(v0) = smax is the maximum
photon absorption cross-sectional area at resonance [33]:

ρ =
ODmax

smaxl
(4)

The empirical formula given in Equation (5) presents the relationship between cell
temperature and the atomic density of alkali metal vapor [11,13]:

ρ =
1

TG
10A− B

TG (5)

Equation (5) provides the cell temperature TG if all the other quantities are known. A
and B are the density parameters of liquid rubidium (Rb) vapor with the following values
A = 31.178 and B = 4040.

2.2. RTD Indirect Temperature Measurement

The RTD temperature measurement method is invasive, which means that it needs
to be in direct contact with the object being measured. However, because the cell is
non-destructive and the RTD is pre-installed during cell manufacturing, the RTD may be
corroded by alkali metal vapor. As a result, RTD can only measure the temperature of the
outer wall of the cell.

According to Fourier’s law of heat conduction, heat will move from a high temperature
region to a low temperature region when there is non-uniform temperature distribution.
Equation (5) indicates that the temperature of the cell is directly proportional to the atomic
density of alkali metal vapor. The electric heating plate is in close contact with the cell
while it is being charged and heated. The lack of internal heating in the cell results in a
slight gradient of temperature along its radius. Thus, the external wall of the cell with
a radius of 10 mm can be simulated as being in a state of thermal equilibrium. In the
transient case of 428 K, the cell is simulated in two dimensions. In the two-dimensional
case, the temperature distribution in the cell is approximated by the two-dimensional
Gaussian distribution model shown in Figure 2. Therefore, in this work, a simplified
temperature distribution model is proposed, in which the temperature distribution of the
cell is considered to have an inverse Gaussian function.

Figure 2. Cell temperature model. (a) The simulation plot, and (b) the cone distribution plot.
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This article describes a simple simulation of the constant temperature situation in the
428 K cell, as shown in Figure 2a. In this case, the temperature of the cell has reached a
steady state. We treat the cell wall as a constant temperature heat source, regardless of the
temperature exchange between the cell and the environment.

Thus, the isotherms of the cell can be simplified into regular circles. When measured
outside the cell, the extended isotherms of the heat source at any point are perpendicular
to the heat transfer and, as a result, must pass through the center of the spherical cell.
Additionally, assuming that heat transfer comes from an infinite number of equivalent
heat sources, a way to estimate cell temperature from the temperature of the outer wall is
provided.

The concentration of alkali metal vapor in the cell is determined by the point where the
alkali condenses at low temperatures. However, Guo et al. [34] found that the distribution
of alkali metal vapor within the cell is not uniform, and the reason for this is not fully
understood. Therefore, let’s consider Equation (1) and assume that the object has the same
atomic density at the same temperature. In the full optical range, there are i optical lengths
of varying density, and each optical length with the same density is considered a unit length.
By substituting these variables in Equation (1), we can express the attenuation coefficient
of laser light passing through the cell as λ1, λ2, λ3 . . . . . . λi, and the corresponding optical
length as l1, l2, l3 · · · li. The following expression is obtained:

λ1l1 + λ2l2 + λ3l3 + · · ·+ λi li = ln(
I(I)
I(O)

) (6)

The internal distribution of alkali metal vapor in the heating cell is not uneven. From
Equations (4) and (5) it is clear that temperature, optical depth, and alkali metal vapor
density are positively correlated. Therefore, the variation of the attenuation coefficient is
also distributed in the inverted Gaussian function. Hence, Equation (7) can be used to
represent the optical depth of the medium within a certain range. la and lb are the lower
and upper limits within the cell.

∫ lb

la
λ(x, y)dl = OD′ (7)

Substituting this value in Equations (4) and (5) gives the temperature TD at a point in
the interval.

2.3. KF Fusion Algorithm

The KF is a recursive optimization algorithm whose main application is in time-
varying dynamic systems with uncertainty [25]. It is difficult to establish an accurate
mathematical model of the internal dynamic temperature of a cell. Whether the internal
dynamic temperature of the cell is extrapolated from RTD measurements or measured by
AAS, there will always be unmeasurable errors. Therefore, the use of a KF for data fusion
is very appropriate.

The spatial state system model of the object under test can be expressed as:

x(k + 1) = Ax(k) + w(k) (8)

y(k) = Hx(k) + v(k) (9)

where x(k) is the state matrix of the object under observation at the moment k. y(k) is the
state observation signal of the object under test at the moment k. w(k) is the process noise at
the moment k. v(k) is the observation noise at the moment k. A and H are the state transfer
matrix and the observation matrix, respectively. Both w(k) and v(k) are Gaussian white
noises, and their corresponding covariance matrices are Q and R. The core formula for the
KF is as follows [28].
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State space projections:
x( k|k − 1) = Ax(k − 1) (10)

P( k|k − 1) = AP(k − 1)AT + Q (11)

Updated state space:

K(k) = P( k|k − 1)HT
[

HP( k|k − 1)HT + R
]−1

(12)

x(k) = x( k|k − 1) + K(k)[y(k)− Hx( k|k − 1)] (13)

P(k) = [I − K(k)H]P( k|k − 1) (14)

where x(k|k − 1) is the estimate obtained from the optimal estimate at k − 1. K(k) is the
Kalman gain at k. x(k) is the optimal estimate at k. P(k) is the covariance matrix at k, and I is
the unit matrix.

Data fusion with KF is the analysis of the sensor data followed by the execution
of the KF algorithm to obtain an optimum estimate of the measured values. The best
estimate from Equation (13) can be considered the optimal fusion of the observations and
estimates consisting of time series signals collected by multiple sensors. The KF-based
equation of state for the internal dynamic temperature of the cell can be expressed as
Equations (15) and (16):

TG(k)= BGxG(k) + vG(k) (15)

TD(k)= BDxD(k) + vD(k) (16)

where TG(k) is the temperature measured using AAS. TD(k) is the temperature measured
using RTD indirect temperature measurement method. BG is the observation matrix
for temperature measurement using AAS. BD is the observation matrix for temperature
measurement using RTD. vG(k) and vD(k) are the measurement noises for both methods.
According to the core formula of the KF, a relationship given in Equation (17) exists between
the two unrelated measurements.

TF =
D−1

G TG

D−1
G + D−1

D
+

D−1
D TD

D−1
G + D−1

D
(17)

where TF is the temperature obtained after KF fusion, DG and DD are the variance of the two
measurements, which can be obtained from multiple measurements at a fixed temperature.

To test the effectiveness of the data fusion algorithm that relied on KF, we conducted a
simple simulation. During the simulation, the standard deviations of inputs A and B are
0.5 and 0.4, respectively.

Figure 3 shows the KF fusion result, demonstrating the potential temperature signals
using KF fusing. The simulate output’s standard deviation was reduced to 0.31, indi-
cating the efficacy of the signal fusion algorithm using KF in temperature measurement
experiments on cells.
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Figure 3. Simulation results of a signal fusion using a KF. It is evident that the variance of the output
signal is significantly lower than that of the two input signals.

3. Experimental Setups

The experimental setup consists of a Rb atomic cell, heating oven, electric heating plate,
a computer, UniQuanta laser (DFB801-795), two photodetectors (S142C), optical power
meter (PM100USB), RTD data acquisition card (M2111) and four RTDs. The schematic
diagram of the experimental setup is shown in Figure 4. A 20 mm diameter spherical
borosilicate glass cell containing Rb atoms, quenching gas N2, and buffer gas 4He is placed
in an oven made of boron nitride. The heating capacity of the oven is provided by two
non-magnetic, temperature-controlled electric heating plates with a maximum heating
capacity of 473 K. N2, and 4He gases do not produce absorption peaks in the visible light
band. In the visible light band, the wavelength of Rb atomic line is at about 794.98 nm.
Therefore, the N2 and 4He gases do not affect the experiment. Four RTDs are attached to
the outer wall of the cell on both sides of the two ventilation holes. The RTDs are small
enough (2 × 5 mm) not to obstruct the transmission of light. This ensures that the RTDs
can obtain the most direct temperature of the outer wall of the cell. This also prevents
experimental failure due to the malfunction of the small RTDs during experiments. The
temperature value measured by the RTD is the average of four individual temperature
measurements.

Figure 4. Schematic diagram of the internal dynamic temperature measurement test platform inside
the cell.

The heated oven is packed in a non-magnetic tank with two ventilation holes. The
detection light enters through a vent on one side of the tank, passes through the cell, and
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exits through a vent on the other side. A distributed feedback laser supplies the detection
light with a central wavelength of 795 nm. After passing through two plano-convex
lenses, the beam is transformed into a linearly polarized beam by using a Glan-Taylor
prism as a polarizer. The linearly polarized beam is split in two with a 1:1 ratio using
a non-polarization beam splitter (NPBS). One of the beams is directly captured by the
photodetector PD1 to detect the intensity of the light. The other beam is captured by the
photodetector PD2 after passing through the oven and being absorbed by the Rb atoms to
detect the intensity of the light.

Since the cell needs to reach a specific temperature before it can start working, the
data for this experiment is recorded from when the temperature of the cell reached 373 K
and ended when the external temperature control section of the cell showed a stable
temperature of 428 K. A total of 10,800 sampling points were recorded.

Finally, two sets of dynamic internal cell temperatures were obtained for data fusion.
Another data set, the external wall’s internal dynamic temperature, measured directly, was
used for subsequent comparison.

4. Results and Discussion

To measure temperature using AAS, it is necessary to scan DFB lasers near the Rb
atomic D1 line to obtain optical depths at different laser frequencies. This is required due to
the optical thickness that occurs at higher temperatures and drifts in the DFB laser during
usage, which makes it difficult to measure temperature at a fixed frequency. To conduct the
experiment, the oven must first be set to a certain temperature. After the oven has reached
the desired temperature and has stabilized within a fluctuation range of ±0.1 K, adjust the
wavelength of the DFB laser to scan near the Rb atom’s D1 line. It is important to note that
the wavelength adjustment step size of the DFB laser varies. Near the D1 line, the step size
is 0.08 nm, while it is 0.16 nm, 0.24 nm, and 0.4 nm away from the D1 line. This process was
repeated at each working temperature of the cell to calibrate the temperature measurement
by AAS.

The OD obtained by AAS varies at different temperatures. This is because, as the cell
temperature increases, I(O) gradually decreases while I(I) remains constant. To ensure
consistent evaluation of the residual sum of squares (RSS) evaluation indicators for different
sets of data after fitting, OD was normalized. RSS is a metric that measures the sum of

squares between the actual value OD∗
i and the fitted value

�
ODi . Usually lower values

indicates a better fit. The expression for RSS can be found in Equation (18).

RSS = ∑
(

OD∗
i −

�
ODi

)2
(18)

Normalization does not affect the data wavelength and therefore does not affect the
FWHM obtained after fitting. In this experiment, extreme difference normalization was
selected, as shown in Equation (19):

OD∗
i =

ODi − minODi
maxODi − minODi

(19)

Temperature measurements by AAS were carried out in 5 K intervals in the operating
temperature range of 333–428 K inside the Rb cell. The optical depth as a function of
wavelength is obtained over the wavelength range of 794–796 nm in various intervals, as
shown in Figure 5, which illustrates the absorption peaks at each sampling temperature.
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Figure 5. Raw data and fitting results of AAS measurements at each temperature. In items (b–e),
the dots represent the measurement results of laser at different wavelengths at a fixed temperature,
while the red line represents the fitting curve at the fixed temperature. (a) Absorption peaks at
each sampling temperature in the wavelength range from 794–796 nm. (b) Lorentzian fit at 358 K.
(c) Lorentzian fit at 378 K. (d) Lorentzian fit at 398 K. (e) Lorentzian fit at 418 K.

The results in Figure 5a indicate that the absorption peak exhibits significant fluctua-
tions on both sides below 333 K, which could be attributed to the incomplete work of the
cell. Moreover, Figure 5b–e demonstrates that the absorption peaks become more optically
thick as the temperature increases. The waveforms of the absorption peaks also gradually
become irregular from the Lorentzian type, resulting in incomplete fitting. An optically
thick phenomenon is evident after 398 K.

Table 1 shows that after 11 iterations of fitting with the Lorentz function, the raw
data obtained with AAS provides a better fit at low temperatures, but a poorer fit at high
temperatures. Inaccuracies in the FWHM obtained by the Lorentz fit can occur due to
lower fits, resulting in deviations in calculated temperatures. The high atomic density of
the alkali metal vapor at higher temperatures results in complete absorption of the incident
beam, ultimately leading to an optically thick absorption peak. In addition, when the laser
emitted from the cell is very small, the limited sensitivity of the photodetector resulting in
intensity values is unmeasurable, leading to flat peaks. This variance is significant because
the indirect RTD measurement method calculates the internal dynamic temperature of
the cell using the external temperature of the cell measured by the RTD, and Equation (7)
is used in this process. It can seriously affect the accurate measurement of the internal
dynamic temperature of the cell.

Table 1. Lorentz function fitting at 358 K, 378 K, 398 K, and 418 K.

Temperature 358 K 378 K 398 K 418 K

RSS R2 RSS R2 RSS R2 RSS R2

0.02576 0.9932 0.01307 0.99729 0.14769 0.98528 0.32702 0.97621

To ensure the accuracy of the data fusion via KF, the oven was cooled to room temper-
ature and reheated to 373 K. Afterwards, both temperature measurement methods were
repeated once the temperature stabilized, with fluctuations around ±0.1 K. The purpose of
these measurements was to calculate the variance of the respective methods. The final vari-
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ance values are DG = 0.0517 and DD = 0.1059. Subsequently, the data from two temperature
measurement methods were fused by KF. The results are displayed in Figure 6.

Figure 6. Temperature measurement results using Kalman filter fusion, RTD indirect temperature
measurement and AAS temperature measurement.

Figure 6 indicates that the KF fused data is not as high or low as the input data. This
is because the output data combines the characteristics of the two input data sets using
KF. In this study, the non-magnetic electric heating plates method was used to increase
the temperature. However, this method resulted in a sudden temperature rise, most likely
due to frequency variation of the plates. This sudden increase in temperature after KF
data fusion cannot be eliminated. The consistency of the three curves is high because the
measurement data of AAS used RTD measurement data as a reference, resulting in the
same trend of the two sets of data. The KF fusion results calculated by Equation (17) also
obtained this trend information, thereby ensuring higher consistency.

As shown in Figure 7, the atomic vapor density calculated from the temperature values
obtained by fusing the KF data is approximately 37% lower on average than the correspond-
ing values from conventional external wall temperature measurements. This finding is
consistent with the results of other studies on calculating atomic vapor density [14,15,35,36].
Furthermore, the density of atomic vapor within the cell becomes progressively more ho-
mogeneous as the temperature increases. This is due to the gradual increase of the ratio
between the two results. However, after 10,000 s, the temperature increase reaches a state
of stagnation. Even when the temperature is stabilized, there is still a 20% difference
between the measurement results of the two methods, which may be attributed to the
inhomogeneous temperature of the cell.

Figure 7. The values of atomic vapor density by KF data fusion and conventional direct gas method.
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5. Conclusions

In this study, we used the KF data fusion algorithm to fuse data from RTD and
AAS to measure cell temperature more precisely, which is typically difficult. We applied
the algorithm to experimental data and observed an improvement in the output result.
The experimental results indicate that the proposed KF fusion method can accurately
measure the internal dynamic temperature of the cell. In addition, the atomic vapor density
calculated by the KF fusion method is approximately 37% lower than the corresponding
values directly measured from the outer wall of the cell. This study can be beneficial in
improving the accuracy of cell temperature measurement during heating and enhancing
the performance of the related atomic precision instrumentation.

However, the low sensitivity of the photodetector used in this study limited the
precision of the measurements in the AAS method, specifically for high-temperature
measurements. In future work, we could consider using the Faraday modulator [15,37]
to address the issue of optical thickness and improve the optical path to enhance the
performance of the equipment for the improvement of this study.
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Abstract: A typical solid-state quantum sensor can be developed based on negatively charged
nitrogen-vacancy (NV−) centers in diamond. The electron spin state of NV− can be controlled
and read at room temperature. Through optical detection magnetic resonance (ODMR) technology,
temperature measurement can be achieved at the nanoscale. The key to ODMR technology is
to apply microwave resonance to manipulate the electron spin state of the NV−. Therefore, the
microwave field characteristics formed near the NV− have a crucial impact on the sensitivity of
ODMR measurement. This article mainly focuses on the temperature situation in cellular applications
and simulates the influence of structural parameters of double open loop resonant (DOLR) microwave
antennas and broadband large-area (BLA) microwave antennas on the microwave field’s resonance
frequency, quality factor Q, magnetic field strength, uniformity, etc. The parameters are optimized
to have sufficient bandwidth, high signal-to-noise ratio, low power loss, and high magnetic field
strength in the temperature range of 36 ◦C to 42.5 ◦C. Finally, the ODMR spectra are used for effect
comparison, and the signal-to-noise ratio and Q values of the ODMR spectra are compared when
using different antennas. We have provided an optimization method for the design of microwave
antennas and it is concluded that the DOLR microwave antenna is more suitable for living cell
temperature measurement in the future.

Keywords: NV− centers in diamond; microwave field characteristics; microwave antenna; living cell
temperature measurement

1. Introduction

Temperature is a fundamental factor reflecting the physical and chemical changes in
living organisms. For example, living cells can cause internal temperature changes when
responding to environmental changes [1,2], but the temperature changes generated by this
process are usually small and brief [3], posing a challenge to temperature measurement
technology. In recent years, existing intracellular temperature measurement technologies,
such as fluorescent proteins [4], organic dyes [5], and rare earth particles [6], have generally
suffered from low measurement accuracy [7], insufficient temporal and spatial resolution,
and unstable fluorescence [8]. The method of NV centers in diamond stands out due to
its stable physical and chemical properties, good biocompatibility [9,10], and ultra-high
sensitivity in electronic spin measurement [11]. Meanwhile, it can measure multiple physi-
cal quantities such as temperature [12–14], magnetic field [15,16], pressure [17,18], electric
field [19,20], etc. Therefore, it has become an emerging micro–nanoscale quantum measure-
ment technology, especially in the fields of temperature and magnetic measurement. In
2010, the principle of temperature measurement was first proposed by D. Budker et al. [21]
and the sensitivity of zero field splitting energy D to temperature was discovered. In 2021,
the sensitivity (the noise spectral density) reached the level of 76 μK/

√
Hz [7]. The NV
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center sensing technology requires microwave tuning, and the microwave field character-
istics will directly affect the measurement signal-to-noise ratio. Microwave fields can be
generated through different types of microwave antennas, among which the microwave
field generated by straight copper wire antennas has poor uniformity, and the field strength
decreases rapidly with increasing distance from the wire. The microwave field strength
generated by a circular antenna is more uniform, but the field strength is often much
weaker than that of a single copper wire [22]. For a resonator antenna, the shape, size,
and thickness of the surface copper will determine the resonance frequency and magnetic
field uniformity.

Therefore, in recent years, domestic and foreign research groups have designed various
microwave antennas to meet the different requirements of NV center thermometers applied
in different scenarios. In 2014, K. Bayat et al. designed a double open loop resonant (DOLR)
microwave antenna with a resonance frequency near 2.87 GHz at room temperature.
The antenna has a good quality factor, narrow bandwidth, and is suitable for ODMR
spectral line measurement with a single resonant peak [23]. In 2015, D. S. Rudnicki et al.
designed a microwave antenna that can adjust the resonance frequency between 2.7 GHz
and 3.1 GHz, corresponding to a magnetic field of 0-100 Gauss, allowing the microwave
to be arbitrarily adjusted between linear polarization and circular polarization. However,
the distance between microstrip lines must match the distance between the microstrip
line and the excitation point in order to obtain a good polarization state, resulting in
strong position dependence and high calibration difficulty [24]. In 2016, K. Sasaki et al.
designed a microwave antenna that operates near 2.87 GHz at room temperature, with
a bandwidth of around 400 MHz. It can be directly applied to observe multiple Zeeman
level splitting peaks under an external magnetic field, without readjusting the antenna’s
resonance frequency [22]. Qin et al. compared the performance between copper wire and
ring microstrip antennas in 2018 [25]. After 2018, research on antennas mainly focused
on optimizing uniformity in three-dimensional space. Among them, Tang Jun’s team [26]
designed a large-area three-dimensional uniform microwave antenna, which can increase
the bandwidth and improve the contrast of ODMR. Multiple resonance frequencies can be
manipulated and the antenna can be kept away from the sample without interfering with
the objective lens or sample by increasing the signal-to-noise ratio (SNR) of the antenna.
Moreover, the impact of microwave heating on diamond can be suppressed and quality
factors can be improved. In the same year, Chu-Feng Liu’s team [7] designed a dielectric
resonator antenna for three-dimensional uniform operation of NV centers, achieving a Rabi
frequency of 10 MHz in a 7 mm3 space, which can increase the sensitivity of magnetometers
by two orders of magnitude. Fujiwara and Shikano also reviewed the different kinds of
antennas [27].

At present, the design of microwave antennas is mainly aimed at applications at room
temperature or situations with external magnetic fields. However, there is a lack of further
analysis on antennas used in cellular environments. On the basis of existing antenna design,
this study conducts parameter optimization design research to meet the requirements of
microwave fields in cell experiments. In recent years, the electromagnetic properties of
cells and molecules have also received attention with the deepening of interdisciplinary
research. The configuration of culture dishes [28], dielectric parameters, and electromag-
netic parameters of culture media can all affect the microwave field characteristics, thereby
affecting the temperature measurement of NV centers. The temperature range of the cell
activity research is 36~42.5 ◦C, that is, from the optimal culture temperature for live cells
to the temperature at which tumor cell are killed. The corresponding frequencies of zero
field splitting energy are about 2.86892~2.86844 GHz. The microwave antenna itself has
a more significant thermal effect compared with the relatively small changes in the ther-
mal environment of cells. Thus, the influence of microwave thermal effect needs to be
considered, and it was first observed in the study of Fujiwara et al. [29]. However, it only
qualitatively revealed the existence of this phenomenon and its impact on temperature
measurement accuracy. Quantitative research can be found in Ref. [30], which showed that

88



Photonics 2024, 11, 436

the temperature rise caused by microwave thermal effect increases with the increase in the
application time and power. At a microwave power of 6 dBm, the maximum temperature
rise can reach 43.68 K. The temperature difference that living cells can adapt to is only about
5.5 K. The heat generated by microwaves is transferred to cells through the culture medium,
which not only affects the accuracy of temperature measurement but also causes cell death.
In summary, the requirements for microwave field characteristics in living cell temperature
measurement mainly include: 1. High Q value and low heat production; 2. low return
loss and high energy transmission efficiency of microwave antennas; 3. bandwidth and
magnetic field uniformity meet requirements but are not demanding.

This article describes in-depth research on the microwave characteristics of two types
of irregular microwave antennas, double open loop resonance (DOLR) and broadband
and large-area (BLA) microwave antennas, in the temperature measurement of living cells.
Firstly, the characteristics of microwave fields required for cell temperature measurement
have been analyzed. Secondly, the characteristics of antenna microwave reflection param-
eters (S11), magnetic field strength and uniformity, as well as quality factor have been
simulated, and parameter optimization methods were studied. Finally, ODMR spectral line
tests were conducted to compare performance of a straight copper wire (SCW) antenna
and the optimized irregular antenna. The improvement of microwave field characteristics
was verified through changes in spectral line contrast, line width, and signal-to-noise ratio.

2. The Fundamental Principles

Diamond crystal is a tetrahedron composed of carbon atoms, each of which forms
a covalent bond with the other four carbon atoms in a sp3 hybrid orbital, exhibiting
high symmetry [31]. When one of the carbon atoms is replaced by a nitrogen atom and
the adjacent carbon atom is replaced by a vacancy, a nitrogen vacancy center is formed.
According to whether they are negatively charged or not, the nitrogen vacancy centers
can be divided into two types: NV0 and NV−, which can be converted to each other
under certain environmental conditions [32,33]. The outermost layer of NV− has two free
electrons that can generate zero field splitting through spin–spin interaction. The zero field
splitting energy D is temperature dependent, so temperature measurement can be achieved
through spin manipulation.

As shown in Figure 1, the ground state of the NV center includes ms = ±1 and ms = 0.
The zero field splitting D of the ground state electronic spins at room temperature is about
2.87 GHz. ODMR spectral lines can be obtained by scanning the microwave frequency
and collecting the fluorescence [34–36]. When the NV color center is excited from the
ground state to the excited state, there are two ways of de-excitation. One is spontaneous
emission transition, which mainly occurs in the electronic spins in the excited state of | 0>.
The electronic spin in this process directly returns from the excited state to the ground
state and radiates photons. Another type is intersystem crossing (ISC), which mainly
occurs when the electronic spin is in the excited state of | ± 1>. This process reaches a
metastable state before returning to the ground state without radiating photons. From
the perspective of fluorescence brightness, | 0> is in the bright state and | ± 1> is in
the dark state. The function of microwaves is to manipulate the electronic spins between
the | 0> state and the | ± 1> state, causing population flipping. When the microwave
frequency is the same as the frequency of zero field splitting energy D, the population
of electronic spins in the | ± 1> state is the highest, resulting in the lowest fluorescence
emitted by the NV−. Moreover, the variation of microwave power can cause a change in
the population of electron spin in the | ± 1> state, manifested as a variation in ODMR
contrast. In addition, changes in microwave power can cause changes in the spectral line
width [27]. The contrast C and line width Δυ directly affect the theoretical signal-to-noise
ratio of temperature measurement ηT(K/

√
Hz), i.e., ηT(K/

√
Hz) ≈ PF(

dT
dυ )T0

Δυ/(C
√

R).
It is known that the larger the contrast C and the narrower the line width Δυ, the lower the
noise spectral density. Therefore, the design of microwave antennas is crucial.
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Figure 1. The energy level structure of NV− center without considering external magnetic field and stress.

The DOLR and BLA microwave antennas studied by K. Bayat [23] and K. Sasaki [22]
are suitable for room temperature applications, as shown in Figure 2. The impact of
culture dishes and media on the performance of microwave antennas in cell temperature
measurement was not considered. Therefore, it is necessary to optimize the structural
parameters to make them suitable for cell research scenarios.

 
Figure 2. Schematic diagram of two types of irregular microwave antennas. (a) BLA microwave
antenna structure; (b) DOLR microwave antenna structure.

3. Simulation and Optimization of Irregular Antennas

3.1. Microwave Radiation Element Simulation

Firstly, numerical simulation was conducted based on the microwave antenna struc-
tural parameters set in the K. Bayat [23] and K. Sasaki [22] papers. The simulation results
are analyzed from the aspects of reflection parameter S11, quality factor Q, magnetic field
strength, uniformity, etc.

For the center frequency of microwave antennas, that of the BLA microwave antenna
is 2.9680 GHz, which is 0.098 GHz larger than 2.87 GHz with a frequency deviation of
about 3.4%. The center frequency of the DOLR microwave antenna is 2.8797 GHz, which
is close to the microwave frequency corresponding to zero field splitting energy at room
temperature, with a frequency deviation of only 0.3%. The center frequency of the two
types of antennas can be adjusted later by pasting copper strips. The bandwidth of BLA
microwave antennas can reach 400 MHz, ensuring that Zeeman level splitting lines can
be observed under an external magnetic field of up to 100 Gauss. For DOLR microwave
antennas, the bandwidth is only a few tens of megahertz, making it difficult to measure
multiple resonance peaks simultaneously within the bandwidth range. However, for the
temperature measurement of the cell environment, the D value changes by about 400 kHz,
and the bandwidth requirement is not strict. The reflection parameter S11 of the two
antennas is shown in Figure 3. The S11 of the DOLR is about −9 dBm and that of BLA is
about −5 dBm, thus the return loss of the DOLR microwave antenna is relatively small
and the power transmission efficiency will be higher. The quality factor Q is the ratio of
the electromagnetic energy stored in the resonator to the energy lost in one cycle, which is

90



Photonics 2024, 11, 436

related to the ohmic loss of the metal wire, the dielectric loss of the printed circuit board,
the radiation loss, and the coupling loss of the microstrip line. Its value can be obtained
by the ratio of center frequency to line width. The microwave field characteristics of the
two antennas are listed in Table 1, and the Q value of DOLR is 18 times larger than that of
BLA. In summary, the DOLR microwave antenna is more suitable for situations where the
antenna heating effects need to be weakened and measured at the nanoscale.

Figure 3. Reflection parameter S11 spectra of two types of microwave antennas.

Table 1. Microwave Field Characteristics of Microwave Antennas.

Microwave Field
Characteristics

Antenna Type

BLA Microwave Antenna
DOLR Microwave

Antenna

Center frequency (GHz) 2.968 2.880

Bandwidth (MHz) 379 19

Q value 7.8 151.6

Uniformity of microwave field on different areas of
microwave antennas

(H’
homogeneity = (Hmax − Hmin)/Hmid)

4 mm × 4 mm 1.95 1.80

3 mm × 3 mm 1.89 1.75

2 mm × 2 mm 1.80 1.27

1 mm × 1 mm 0.77 0.65

Radiation element microwave field strength
Hmax (A/m) 4405.7 2569.5

Considering the microwave field strength under the
diamond chip model H’

max (A/m) 82.8 36.6

For BLA microwave antennas, the overall field strength distribution decreases outward
from the center of a small circular notch with a microwave element radius of r (Figure 2)
and is symmetrically distributed along the gap g (Figure 2). Therefore, diamond samples
should be placed at the center of the small circular notch, and the microwave field strength
in the radiation element region at the sample placement is shown in Figure 4a, with a
maximum field strength of 82.8A/m. For the DOLR microwave antenna, it is symmetrical
along the x-axis at the center (the x-axis and y-axis are in the diamond horizontal plane,
and the z-axis is perpendicular to the plane), decreasing along the z-axis. Therefore, the
sample should be placed at the center of the antenna, and the field strength near the sample
placement is shown in Figure 4b, with a maximum field strength of 36.6 A/m. In terms
of microwave field uniformity, we use (Hmax − Hmin)/Hmid to calculate the magnetic field
uniformity H′

homogeneity, and the smaller the value, the better the surface uniformity. For
the xy plane, as shown in Table 1, for BLA microwave antennas and DOLR microwave
antennas, the smaller the area, the better the uniformity. When the area is less than 1 mm2,
the uniformity is close to but less than 1, and the planar uniformity of the DOLR microwave
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antenna is slightly better. In addition, the microwave field strength within the range of
0–10 mm from the antenna surface in the z-axis direction has been analyzed. As shown
in Figure 5, the field strength of both types of antennas shows a trend of first increasing
and then decreasing with increasing distance, whose maximum points are located around
2 mm from the xy plane of the antenna. Therefore, the NV centers are recommended to be
placed at about 2 mm away from the surface of the antenna. Moreover, the diamond does
not directly contact the antenna, and the heating effect on the diamond is also reduced.
Diamond can be placed on 3D printed hollow brackets, or optical tweezers can be used to
control the position of the nanodiamonds to achieve this goal. In theory, considering the
effects of return loss, thermal effects, magnetic field strength, etc., the DOLR antenna may
be more suitable for applications in cellular environments.

Figure 4. Simulation results of microwave field strength in the radiation element area where diamond
samples are placed. (a) BLA microwave antenna (Hmax = 82.8 A/m); (b) DOLR microwave antenna
(Hmax = 36.6 A/m).

Figure 5. Simulation results of magnetic field strength along z-axis. (a) BLA microwave antenna
diagram; (b) DOLR microwave antenna.

3.2. Model Optimization

In recent years, the D-T relationship of NV center thermometers has been studied [37].
For instance, a third-order polynomial has been proposed to fit the D-T relationship in the
temperature range of 300–600 K [35]. The optimal temperature for human cell activity is
known to be (36.5 ± 0.5) ◦C. If the temperature inside the cells exceeds 42.5 ◦C or they
are irradiated for a long time at this temperature, the active cells, and even tumor cells,
will be uniformly killed [38–41]. Therefore, we set the experimental study temperature at
36–42.5 ◦C, at which dD/Dt ≈ −74.2 kHz/K, and the corresponding change in D value is
about 400 kHz. In the cellular application scenario, diamond does not directly contact the
microwave antenna but is swallowed by the cells. The simulations in Figure 5 show that
the maximum field intensities of the two irregular antennas are about 2 mm away from
the surface, so there is a natural advantage in this aspect. Both cells and diamonds are
suspended in a solution environment, so that microwaves need to pass through the culture
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dish (dielectric constant εr = 3.01, loss tangent angle tanδ = 0.0015), glass slide (dielectric
constant εr = 5.42, loss tangent angle tanδ = 0.044), and culture medium (conductivity
σ = 5400 ± 100 μS/cm) to act on the NV centers. The culture medium, culture dish, and
glass slide will affect the center frequency and the heating effect of the microwave antenna.
Water is the main component of the culture medium, with a higher specific heat capacity,
making it easy to absorb the heat generated by the antenna. Therefore, it directly affects
the environmental temperature and cell activity. In the design process, it is necessary to
consider correcting the offset of the center frequency in advance and focus on reducing
the influence of thermal effects, that is, improving the quality factor Q and S11 parameters
of the microwave antenna. In addition, media such as culture dishes and culture media
can cause microwave power loss. On the premise of ensuring the accuracy of the center
frequency and minimal heating effect, the microwave field strength should be increased as
much as possible to improve the effectiveness of microwave power acting on cells. Based
on the above analysis, we established a model in the cellular environment, as shown in
Figure 6.

Figure 6. Model diagrams of two types of microwave antennas in a cellular environment. (a) Model
diagram of the BLA microwave antenna; (b) Model diagram of the DOLR microwave antenna.

As shown in Figure 7, materials such as diamond samples and culture dishes will
affect the microwave resonance frequency of the antenna, causing a left shift of the center
frequency. Compared to the resonance frequency of the original design of the antenna in
Table 2, sheet-like diamond only causes a frequency shift of 0.0105 GHz, while the cellular
environment causes a frequency shift of 0.4009 GHz for BLA microwave antennas, which is
40 times greater than that in the case of sheet-like diamonds. For the DOLR microwave
antenna, the sheet-like diamond causes a frequency shift of 0.0069 GHz, and the cellular
environment causes a frequency shift of 0.1589 GHz, which is about 23 times more than that
in the case of sheet-like diamonds. The DOLR antenna has a smaller offset than the BLA
antennas. For the cellular environment, it is necessary to optimize the antenna size again
based on the influence of culture dishes, culture media, and glass slides to reduce the center
frequency offset. Moreover, the bandwidth of the BLA antenna can reach 400 MHz, while
the bandwidth of the DOLR antenna is only about 20 MHz. It is known that the frequency
variation of zero field splitting energy D caused by temperature changes in the cellular
environment is about 400 kHz, so both the antennas meet the bandwidth requirements. The
heating effect of microwave antennas can be reflected by their quality factor Q value, where
the larger the Q value, the smaller the heating effect. As shown in Table 2, the Q value of
a BLA antenna is about 7 in different environments. The Q value of a DOLR microwave
antenna is about 130 in a single radiation element and diamond sheet, which is about
18 times more than that of BLA antenna. The Q value is about 32 in a cellular environment,
which is 4.6 times more than that of a BLA antenna. Therefore, the heating effect of the BLA
antenna is larger. Both types of antennas have the highest Q value under the condition
of pure radiation element without media. The Q value of the DOLR antenna significantly
decreases in the cellular environment, while that of BLA remains almost unchanged.

93



Photonics 2024, 11, 436

(a) (b) 

Figure 7. Reflection parameter S11 of the two microwave antennas under different environmen-
tal conditions. (a) S11 parameters of BLA microwave antenna in different environments; (b) S11
parameters of DOLR microwave antenna in different environments.

Table 2. The microwave field characteristics of two types of microwave antennas in different environments.

Microwave Field
Characteristics

Antenna Type
BLA Microwave

Antenna
DOLR Microwave

Antenna

Center frequency (GHz)

Radiation element 2.990 2.890

Diamond sheet 2.979 2.897

Cellular environment 2.589 2.731

Bandwidth (MHz)

Radiation element 382 20

Diamond sheet 422 22

Cellular environment 337 84

Q value

Radiation element 7.8 148.2

Diamond sheet 7.1 130.0

Cellular environment 7.7 32.7

Magnetic field
strength (A/m)

Radiation element 2366.5 948.5

Diamond sheet 2871.5 413.00

Cellular environment 236.9 161.4

Magnetic field uniformity

Radiation element 2.00 1.93

Diamond sheet 1.98 1.88

Cellular environment 0.96 0.42

In terms of magnetic field strength, as shown in Table 2, it can be seen that BLA
microwave antennas have a greater advantage in magnetic field strength for diamond
sheets, which can still reach over 2000 A/m. However, it drops sharply to 236.9 A/m in
cellular application environments. The value of the DOLR microwave antenna is less than
1000 A/m in all the three environments. In the cellular environment, the magnetic field
strength of the DOLR antenna is only about 70 A/m less than that of the BLA antenna. In
terms of magnetic field uniformity, the diamond sheet environment is analyzed based on a
4 mm × 4 mm region. The uniformity of the DOLR and BLA antennas is 1.975 and 1.882,
respectively. The case of cellular environment is analyzed based on a 1 mm × 1 mm region.
The uniformity of the DOLR and BLA antennas is 0.424 and 0.958, respectively. Thus, the
uniformity of the DOLR antenna is better than that of the BLA antenna.

In summary, for the application scenarios of diamond sheets, the advantages of BLA
antennas lie in their wide bandwidth and strong magnetic field strength. The advantages
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of DOLR antennas are low heat loss, high signal-to-noise ratio Q value, and good magnetic
field uniformity. For cellular applications, high Q value and low heat loss are required, and
DOLR antennas are more suitable for this situation. In addition, it can be concluded that
the impact of culture dishes, culture media, and other factors on the antenna in cellular
applications is significantly different from that of diamond sheets. Thus, it is necessary to
optimize the size of the irregular antennas to make their microwave field characteristics
such as center frequency, heat loss, and magnetic field uniformity more in line with the
needs of cellular applications.

For cellular application scenarios, the requirements for the center frequency offset,
magnetic field uniformity, and heating effects of the microwave field generated by the
antenna are different from those of the diamond sheets. The optimization conditions are
determined as follows: the center frequency is around 2.87 GHz to achieve the conditions
of NV center resonance. Heat loss depletion and return loss should be minimized as
much as possible, that is, the Q value and S11 parameter should be as large as possible,
in order to reduce the impact of heat loss on temperature measurement accuracy and cell
activity. Furthermore, the magnetic field uniformity may be improved under the premise
of meeting the previous requirements to reduce the impact of NV centers’ position on
measurement accuracy.

The optimization design of the DOLR antenna is carried out in Figure 8. The original
dimensions (as shown in Figure 2b) are as follows. The radii of inner and outer rings are
r1 = 1.2 mm, r2 = 2.4 mm and the ring width is d = r2 − r1 = 1.2 mm. The coupling gap is
gc = 0.05 mm, and the gap at the crack is gs = 0.4 mm. The gap between the two rings is
gr = 0.2 mm, and the lead width is w = 1 mm. Based on the above dimensions, a univariate
control method is adopted to simulate the effects of different dimensions on the center
frequency and bandwidth. In Figure 8, it can be seen that when the coupling gap gc is
0.04 mm, both the center frequency and bandwidth can be maximized simultaneously.
When the gap between the two rings gr is 0.2 mm, the center frequency is the highest but
the bandwidth is reduced by 20 MHz. When gr is 0.15 mm, the bandwidth is maximum,
but the center frequency is offset by about 0.1 GHz, which is relatively larger compared
to the bandwidth offset of diamond itself. The requirement of bandwidth is not high, so
priority is given to meeting the center frequency requirement of the ODMR spectral lines.
Therefore, a gap gr of 0.2 mm between the two rings is selected. The inner ring radius r1
is optimized from 1.0 mm to 1.2 mm. The center frequency is closest to 2.87 GHz with
a value of r1 = 1.085 mm. When the lead width w is between 1.2 mm and 1.6 mm, the
difference in center frequency and bandwidth is not significant. Considering reducing the
thermal contact area and saving metal materials, it is decided to choose a lead width of
1.2 mm. Based on the simulation parameters of gc = 0.04 mm, gr = 0.2 mm, r1 = 1.085 mm,
w = 1.2 mm, gs = 0.4 mm, and d = 1.2 mm, it was found that the center frequency would
be larger than 2.87 GHz. Therefore, adjustments are made to r1 and w in the direction of
slightly reducing the center frequency. When the gap gs is 0.45 mm, the center frequency is
maximum, followed by 0.35 mm. In order to bring the center frequency back to around
2.87 GHz, gs = 0.35 mm is chosen. Based on the determination of the first five dimensions,
the ring width d (d = r2 − r1) is adjusted from 1.2 mm to 1.0 mm as shown in Figure 8f. As
shown in Figure 9, the center frequency of the antenna is 2.8744 GHz, and the bandwidth is
71 MHz. The return loss S11 is −6.8 dBm at the center frequency, and the quality factor Q
value is 40.43, which meets the requirements.

Similarly, for BLA microwave antennas, the parameter optimization process is shown
in Appendix A. After optimizing the center frequency and bandwidth, the following
parameters are selected: r = 0.20 mm, R = 6.98 mm, g = 0.2 mm, and S = 3.9 mm. The results
are shown by the blue line in Figure 10. At this time, the center frequency is 2.8715 GHz,
and the bandwidth is about 311 MHz. The return loss S11 is −7 dBm at the center frequency,
and the quality factor Q value is 9.22.

95



Photonics 2024, 11, 436

 
(a) (b) 

 
(c) (d) 

 
(e) (f) 

Figure 8. Diagram of the relationship between structural parameters and center frequency of DOLR
microwave antennas in cellular application scenarios. (a) The relationship between coupling gap gc

and center frequency or bandwidth; (b) The relationship between the gap gr and the center frequency
or bandwidth; (c) The relationship between inner ring radius r1 and center frequency or bandwidth;
(d) The relationship between lead width w and center frequency or bandwidth; (e) The relationship
between the gap gs and the center frequency or bandwidth; (f) The relationship between ring width d
and center frequency or bandwidth.

The optimization results of the above two microwave antennas have been analyzed
for Q value, magnetic field uniformity, and magnetic field strength. As shown in Table 3,
the Q value of the DOLR antenna is nearly three times that of the BLA antenna. Therefore,
the DOLR antenna has smaller heating effect. In terms of planar magnetic field uniformity
based on the analysis of 4 mm × 4 mm, that of the BLA antenna is 0.992 larger than that
of the DOLR antenna. In terms of magnetic field strength, that of the DOLR antenna is
nearly three times that of the BLA microwave antenna. In summary, the DOLR antenna
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has higher signal-to-noise ratio, better magnetic field performance, and smaller heat effect,
making it more suitable for cell research experiments.

Figure 9. Optimization results of S-parameters for BLA microwave antennas (blue line) and DOLR
microwave antennas (red line).

Figure 10. The diagram of ODMR experimental system.

Table 3. Microwave field characteristics of optimized microwave antennas.

Antenna Type Q Value Uniformity of Planar Magnetic Field Magnetic Field Strength (A/m)

BLA microwave antenna 9.22 1.97 144.1

DOLR microwave antenna 40.43 0.98 344.9

4. ODMR Experiments and Discussion

The experimental platform is shown in Figure 10. A continuous laser emitted at 532 nm
undergoes collimation and beam expansion after changing the direction of the optical path
through planar reflectors. Then, it is incident onto an acousto-optic modulator (AOM)
(AODR 1080AF-DIF0-1.0, Gooch & Housego, Ilminster, UK), which generates high-speed
switching modulation of the laser. The laser is reflected through a dichroic mirror and enters
the objective lens to focus on the sample. The NV centers in diamond emit fluorescence
ranging from 600 nm to 800 nm after laser excitation. It passes through a dichroic mirror
and the remaining reflected laser at 532 nm passes through a filter (FELH0600, Thorlabs,
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Newton, NJ, USA). Finally, the fluorescence is collected by a converging lens and incident
onto a single photo counting module (SPCM). A data acquisition (DAQ) system is used
to process the number of photons collected by the SPCM. A microwave is generated by a
microwave source (SMIQ 06B, Rohde & Schwarz, Columbia, MD, USA), and then amplified
by an amplifier (ZHL-16W-43-S+, Mini Circuits, Brooklyn, NY, USA) to a microwave
antenna. The RF switch (ZASWA-2-50DRA+, Mini Circuits, USA) is applied to control the
on/off of the microwave signal. The system uses a pulse generator (PBESR-PRO-500-PCI,
SpinCore, Gainesville, FL, USA) to achieve pulse control of microwave and laser.

Three types of antennas were applied in the experiments. The straight wire microwave
antenna used in the comparative experiment has a diameter of 0.06 mm and a length of
3 cm. The dimensions of DOLR and BLA microwave antennas used in the experiment are
determined by the optimization in Section 3.2. The ODMR spectral lines of NV centers
have been measured at −24 dBm, −20 dBm, −15 dBm, -10 dBm, and −5 dBm based on a
straight wire antenna. The changes in contrast and bandwidth are shown in Figure 11. With
the increase in microwave power, both the contrast and bandwidth of the ODMR spectrum
become larger. The value of zero field splitting energy D shifted to the left, indicating an
increase in microwave heating effect and thermal noise. As shown in Figure 12, using line
bandwidth/contrast represents the signal-to-noise ratio (SNR) of spectral line measurement.
It can be seen that the smaller the value, the higher the SNR and the higher the limit
sensitivity level of the system measurement. As the microwave power increases, the SNR
first increases and then decreases, indicating the existence of an optimal value. After the
microwave power in this system exceeds −10 dBm, the SNR will slightly decrease due
to the heating effect and thermal noise. Therefore, when the microwave power is set
at −10 dBm, the SNR is optimal, and the heating effect and thermal noise are lower at
this time.

Figure 11. ODMR spectra at microwave fields of −5 dBm, −10 dBm, −15 dBm, −20 dBm, and
−24 dBm based on a straight wire antenna.

As shown in Figure 13, the values of bandwidth/contrast for the three antennas have
been compared. For DOLR microwave antennas, the SNR reaches its optimal value when
the microwave power is around −10 dBm. The optimal microwave power of the straight
wire microwave antenna is also around −10 dBm, but its SNR is lower than that of the
DOLR microwave antenna. For the BLA microwave antenna, the optimal microwave power
is around −15 dBm. The SNR rapidly decreases above −15 dBm, and the SNR remains
basically unchanged in the range of −25 dBm to −15 dBm. Its overall SNR is also lower
than that of the DOLR antenna. In the range of −25 dBm to −16 dBm, the SNR of the
BLA antenna is better than that of straight wire antenna. In summary, within the power
range of −25 dBm to −5 dBm, the DOLR antenna has the best ultimate sensitivity and
signal-to-noise ratio.
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Figure 12. The variation of bandwidth vs. contrast of the measured ODMR spectrum of a straight
wire microwave antenna with microwave power.

Figure 13. Comparison for bandwidth vs. contrast of the measured ODMR spectrum for the three
types of microwave antennas.

It is also important to ensure the accuracy of temperature measurement while improv-
ing the signal-to-noise ratio. Therefore, the heating effect of the antenna itself is expected to
be as small as possible, and the quality factor Q is increased. The quality factor Q of the
three antennas can be calculated by the center frequency/bandwidth (full width at half
height), as shown in Figure 14. It can be seen that the DOLR antenna is generally superior
to the other two antennas. For the DOLR antenna, the Q value attenuation is not significant
in the microwave power range of −25 dBm to −15 dBm. However, when the microwave
power is greater than −15 dBm, the Q values will quickly decrease. Therefore, the DOLR
antenna has the best SNR at −15 dBm with high quality factor and small heating effect.
The Q values of the other two antennas show an approximately linear decreasing trend
with increasing microwave power. When the microwave power is less than −15 dBm, the
Q value of the BLA antenna is slightly better than that of the straight wire antenna. When
the microwave power is greater than −15 dBm, the Q value of the straight wire antenna
is higher. Considering both the heating effect and SNR, the DOLR microwave antenna is
the optimal choice, and its microwave power can be optimized in the range of −15 dBm to
−10 dBm.
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Figure 14. Comparison of Q values for the measured ODMR spectrum for the three types of
microwave antennas.

5. Conclusions

This paper focuses on the application scenarios of cell temperature measurement,
which require microwave antennas with high Q value, low return loss, and small heating
effect. The comparative analysis was conducted on the characteristics of a DOLR antenna
and BLA microwave antenna. The advantages of BLA microwave antennas lie in their
wide bandwidth and high magnetic field strength, but their obvious disadvantages lie in
their large heating effect and return loss. The advantages of DOLR microwave antennas lie
in their high Q value, small reflection parameter S11, and the heating effect. Its magnetic
field uniformity is good, so the DOLR antenna is more suitable for cellular applications.
Moreover, the influence of culture medium, culture dish, etc. on the center frequency,
bandwidth, magnetic field properties, etc. of the microwave antennas has been analyzed.
The structure parameters of the microwave antenna have been optimized to ensure that
the center frequency and bandwidth of the antenna meet the requirements. On this basis,
the Q value and magnetic field strength should be maximized as much as possible, and
the heat loss and thermal effect should be minimized as much as possible. Finally, the
signal-to-noise ratio and Q value of the straight wire antenna, DOLR antenna, and BLA
antenna were quantified and compared through ODMR experiments. The advantages
of DOLR microwave antennas of low heating effect and high SNR have been proved.
Secondly, the trends of SNR and Q value with microwave power variation, as well as
the optimal power value, were obtained by power optimization. This article provides a
simulation and verification method for designing and optimizing microwave antennas
in special environments. Its partial requirements for antennas are also applicable to the
magnetic field measurement of NV centers in diamond.
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Appendix A
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Figure A1. Simulation results of structural parameter optimization of BLA microwave antenna.
(a) The relationship between ring radius r and center frequency or bandwidth; (b) The relationship
between hole radius R and center frequency or bandwidth; (c) The relationship between gap g and
center frequency or bandwidth; (d) The relationship between the distance S and center frequency
or bandwidth.
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Abstract: The measurement of atomic spin polarization distribution in spin-exchange relaxation
free (SERF) magnetometer is an important topic for improving the sensitivity and consistency of
multi-channel magnetic field measurement applications. A novel spin polarization spatial distribu-
tion measurement method is presented based on the transient response of the magnetometer after
modulating the pumped light with a chopper. Polarization is obtained by a slow-down factor based
on the fast spin-exchange interaction effects. Longitudinal and transverse polarization distributions
are measured simultaneously without interrupting the operation of the SERF status. Under different
oscillating magnetic fields, the spin polarization is measured at the cell centroid. Residual mag-
netic field inside the magnetometer is obtained from the linear relationship between the precession
frequency and the oscillating magnetic field. The one-dimensional polarization distributions in
the x, y, and z axes are measured using a digital micromirror device with a resolution of 0.25 cm.
The measurement results conform to the Lambert-Bier absorption law and the Gaussian distribu-
tion law. Furthermore, 7 × 7 two-dimensional spatial distribution measurements of polarization
on the xy and yz planes are performed. Nonuniformity of 1.04 in the xy plane and 1.82 in the yz
plane in the built magnetometer. Compared with other measurement methods, the distribution
measurement method proposed is independent of optical depth and suitable for low polarization and
high polarization applications. Based on the results of the proposed measurement method of spin
polarization spatial distribution, further compensation can improve the application consistency of
multi-channel magnetic field measurements and improve the sensitivity of single-channel differential
measurements.

Keywords: spin polarization spatial distribution; transient response; pump light modulation; the fast
spin-exchange interaction effects; spin-exchange relaxation free magnetometers

1. Introduction

Optically pumped alkali metals have been widely used in various areas, such as in
atomic magnetometers [1–3], atomic comagnetometers [4,5], atomic clocks [6], nuclear
magnetic resonance [7,8], quantum memory, and teleportation [9,10]. In the field of atomic
magnetometer, the spin-exchange relaxation free (SERF) magnetometer achieved sub-fT
level sensitivity due to the elimination of spin exchange relaxation between atoms [11]. The
SERF magnetometer has characteristics such as low cost, miniaturization, and integration,
with significant application potential in biological measurement fields, such as magnetoen-
cephalography (MEG) and magnetocardiography (MCG) measurements [12–14]. The spin
polarization of alkali metal atoms is a key factor affecting the performance of the SERF
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magnetometer systems [1]. The inhomogeneity of atomic polarization affects the imaging
accuracy of MEG and MCG, and the polarization gradient limits the further improvement
of the sensitivity of SERF magnetometer [15].

The spin polarization of atoms has a nonuniform distribution in space with the distri-
bution of the light field. Realizing the SERF state requires conditions of extremely weak
magnetic fields and high temperatures. The SERF magnetometer operates at a high atomic
density of 1013–1014 cm3, resulting in a large optical depth in the direction of the pumped
light [16]. The nonuniform distribution of polarizability in the longitudinal direction is
due to the large optical depth that causes the light intensity to decay quickly [17]. In
addition, the pumped light produces a transverse nonuniform polarization distribution for
a Gaussian-distributed light field in the transverse direction [18]. The spatial distribution of
polarization, rather than its mean value, is more important to us. The measurement of the
spatial distribution of spin polarization is highly significant for achieving high-precision
and high spatial resolution magnetic field measurement.

Currently, alkali atom polarization measurement methods mainly include the electron
paramagnetic resonance (EPR) method, radio frequency spectroscopy (RFS) method, and
pumping decay transient (PDT) method. Appelt et al. [19] used the EPR method to measure
a two-dimensional spin polarization distribution. Young et al. [20] used the RFS method
to apply a transverse RF field under a large background magnetic field and obtained the
two-dimensional distribution of atomic electron spin polarizability in the x–z plane with
spatial resolution less than 0.25 cm under the condition of spatial position coding using
magnetic field gradient. However, the normal operation of the SERF magnetometer was
affected by large magnetic and radiofrequency fields. Walker et al. [21] measured the
pumping and relaxation rate using a chopper to rapidly turn on and off the pumping light
and determine the polarization of alkali metal atoms. Gusarov et al. [22] constructed an
early model of on–off pumping light for the SERF magnetometer at very low polarizability
with a constant slowing-down factor for scalar and vectorial magnetic field measurements.
The slowing-down factor in the spatial spin polarization distribution of SERF systems could
not be regarded as a fixed value. Li et al. [23] used the transmitted intensity attenuated by
the pumping light to obtain the average initial intensity of the SERF magnetometer. When
the optical depth was too large, the pumped light could hardly pass through the cell and
the method could not measure the spatial distribution. In addition, the vast majority of the
measured polarization distribution methods were longitudinal planes in the pumping light
direction, with no transverse-plane-polarization distribution measurement method.

This study proposes a novel method for measuring alkali atoms’ spatial polarization
distributions in a SERF magnetometer. Based on the fast spin-exchange interactions, the
transverse and longitudinal plane distributions of alkali metal polarization can be obtained
from the transient response of the magnetometer after modulating the pumped light
using a chopper. Pumped light fully polarized alkali metal atoms in an open state and
completely depolarized alkali metal in a closed state. This method is advantageous because
it can measure the spin polarization spatial distribution in the SERF regime, and it is not
affected by the optical depth and does not require the application of large background and
radiofrequency fields. The method is suitable for both low and high polarization.

In addition, we used a digital micromirror device (DMD) for distribution measure-
ments to acquire precise high spatial resolution spatial polarization distributions, which
we have validated as a feasible high spatial resolution detection method [24]. Unlike the
methods of moving the photodetector (PD) using a displacement console [25] and a large
reflector [26], this method avoids variability in the measurement process and problems with
the inability to precisely locate it, as well as avoids smear and blooming effects caused by
the use of a charge-coupled device [27]. We used a square vapor cell in the experiments to
avoid measurement error due to optical distortion caused by the vapor cell curvature. The
resolution of spin polarization spatial distribution was 0.25 cm. The experimental results
were consistent with the theoretical calculations and simulation results, demonstrating the
validity and practicability of the proposed measurement method. The spin polarization spa-
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tial distribution measurement method optimized the performance of SERF magnetometers,
and, as such, the application consistency of the multichannel measurement of the magnetic
field can be improved after taking means of compensation. Our proposed measurement
method is applicable to other types of optical pumping atomic magnetometers.

2. Basic Principles

2.1. Principle of Slowing-Down Effect in the SERF Regime

Spin-exchange collisions cause atomic spin relaxation. In traditional magnetometers,
the accuracy of magnetometers is often limited by the relaxation caused by spin-exchange
collisions. [28]. Under conditions of high density and low magnetic field, the spin-exchange
collision relaxation rate between alkali metal atoms can be significantly attenuated to
achieve a SERF state [29]. The spin-exchange collision rate between atomic spins is generally
105–106 s−1 in magnitude, which is much larger than the optical pumping and relaxation
rates. Atomic spin obeys the spin temperature distribution between superfine Zeeman
levels [30]. The spin temperature parameter β is related to the atomic polarization as
follows [17]:

β = ln
(

1 + Pe
z

1 − Pe
z

)
. (1)

The probability density is ρ ∝ eβFz . Fz is the angular momentum size in the z direction
of the Zeeman Sublevel, and Pz is the polarization in the z direction.

Atoms at two superfine levels, Fa = I + 1/2 and Fb = I − 1/2, obey the spin temperature
distribution at each Zeeman level under the condition of fast spin-exchange collisions. In
an external magnetic field along the y direction, the momentum causing the precession
is mainly determined by the electron spin. The nuclear spin of an alkali metal atom
and the electron spin coupling slows the frequency of the electron spin. The equivalent
spin-to-magnetic ratio γequ that decreases due to the existence of the nuclear spin is as
follows [31]:

γequ = ± γe

2I + 1
, (2)

where the gyromagnetic ratio of electrons is γe ≈ 2 π × 28 Hz/nT, and I is the nuclear spin
quantum number, with different values for different types of alkali metals.

The sum of the mean total angular momentum of the spin of an atom at the superfine

level of the ground state is
→
F a +

→
F b in the z direction. After the moment Δt, the counter-

clockwise rotation angle of an atom in a state a is ω0Δt, atoms in state b rotate the same

angle clockwise ω0Δt, and their sum of total angular momentum is
→
F a

′ +
→
F b

′. Under SERF
conditions, the Lamorr precession frequency of the atomic spin is significantly lesser than
the spin-exchange collision rate between alkali metal atoms. According to the principle of
conservation of angular momentum, the formula for the conservation of system angular
momentum in the x direction is as follows:

− ω0ΔtFa + ω0ΔtFb = ωΔt(Fa + Fb), (3)

where ω0 is the Larmor precession frequency of atomic spin in the external magnetic field
under the condition of complete polarization, and ω is the precession frequency of the
system’s total angular momentum. Combining with the above, mF is the angular quantum
number of an alkali atom at the hyfine level F. The overall precession frequency is given
as follows:

ω =

−
mF=2I+1

∑
mF=−(2I+1)

mFeβmF +
mF=2l−1

∑
mF=−(2I−1)

mFeβmF

mF=2I+1
∑

mF=−(2I+1)
mFeβmF +

mF=2I−1
∑

mF=−(2l−1)
mFeβmF

ω0. (4)
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The precession frequency of the system is related to the spin temperature distribution
parameter β, which is related to the atom’s spin polarization, according to Equation (1).
According to the spin temperature distribution [32], (4) can be expressed as follows:

ω =
(2I + 1)ω0

q(P)
=

γeB
q(P)

. (5)

The slow-down factor q(P) slows the precession frequency of the alkali metal atoms in the
SERF regime. The ability to determine whether the precession frequency of the alkali metal
atoms under the external magnetic field is further slowed based on the Larmor precession
frequency is crucial in determining whether the atoms are in the SERF working state. q(P)
is determined by the nuclear spin quantum number I and the spin polarization P. Table 1
shows the commonly used expressions of q(P) for alkali metal atoms. The q(P) is regarded as a
function of spin polarization P in the accurate measurement of atomic spin polarization.

Table 1. Nuclear spin Quantum Number and Slow-down Factor of Alkali Metal Atoms.

Alkali Metal
Atoms

Nuclear
Quantum
Number I

Natural
Abundance

Slow-Down
Factor q(P)

Range of
Slow-Down

Factor q(P = 0~1)

85Rb 5/2 72.2%
38+52P2+6P4

3+10P2+3P4 38/3~6

87Rb 3/2 27.8%
6+2P2

1+P2 6~4
39K 3/2 93.3%

6+2P2

1+P2 6~4
41K 3/2 6.7%

6+2P2

1+P2 6~4
133Cs 7/2 100% 22+70P2+34P4+2P6

1+7P2+7P4+P6 22~8

2.2. Theoretical Model of Spin Polarization Measurement

Under rapid spin-exchange conditions, the spin motion of alkali metal atoms can be
described quantitatively by the evolution of the density matrix. The dynamic equation
of the interaction between atomic spin and external magnetic field can also be described
using a more intuitive and simple Bloch equation model [17]. If the x axis represents the
direction of detection light and the z axis represents the direction of pumping light, the
matrix form of the Bloch equation can be expressed as follows:

d
dt

P = ĜP +
(

0 0 Rop
)T, (6)

where P =
[
Px, Py, Pz

]T is the spin polarizability vector, and Ĝ is the interaction matrix:

Ĝ =

⎡
⎢⎢⎢⎣

− Rtot
q(P) −γe Bz

q(P) γe By
q(P)

γe Bz
q(P) − Rtot

q(P) −γe Bx
q(P)

−γe By
q(P) γe Bx

q(P) − Rtot
q(P)

⎤
⎥⎥⎥⎦, (7)

where Bx, By, and Bz are the magnitudes of the magnetic field applied by each of the three
axes perceived by the alkali metal atoms; Rtot = Rop + Rrel , and Rop are the pumping
rates; and Rrel represents the total relaxation rate, excluding the relaxation effect caused
by pumping light. The SERF regime, effectively, inhibits spin-exchange relaxation, with
spin destruction relaxation being the main relaxation term. The spin destruction relaxation
mainly comes from the binary collision between an alkali metal atom and a buffer gas He
atom, the binary collision between an alkali metal atom and a quenched-gas N2 molecule,
the binary collision between alkali metal atoms, and the collision relaxation between alkali
metal atoms and the vapor cell wall.
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In this study, we use a chopper to make square wave amplitude modulation of the
pumping light at a 50% duty cycle; the pumping rate corresponding to the device’s initial
pumping rate is RP, ignoring the higher-order harmonic retaining direct current and first
harmonic, and the pumping rate can be written as follows:

Rop =
Rp

2

[
1 +

4
π

cos(ωmodt)
]

, (8)

when there is only a magnetic field By, and the pumping rate Rop is less than the relaxation
rate Rrel. The solution of the Bloch Equation (6) above is given as follows [33]:

Px(t) = Rp[T1(t) + S1(t)]
Pz(t) = Rp[T2(t) + S2(t)]

(9)

The first term T(t) is the damping attenuation term in the dynamic solution:

T1(t) = e
−(

Rrel t

q(P0
z )
)
Rp

[
(k0 + k1)ωy cos

(
ωyt

q(P0
z )

)
+ (k0 + k1)Rrel sin

(
ωyt

q(P0
z )

)]
,

T2(t) = e
−(

Rrel t

q(P0
z )
)
Rp

[
(k0 + k1)Rrel cos

(
ωyt

q(P0
z )

)
− (k0 + k1)ωy sin

(
ωyt

q(P0
z )

)]
,

(10)

and the steady-state oscillation term S(t) is as follows:

S1(t) = ωyRp

(
−k0 + 2k2

(
ωy

2 + Rrel
2 − q(P0

z )
2
ωmod

2
)

cos(ωmodt)
+4k2q(P0

z )ωmodRrel sin(ωmodt)

)
,

S2(t) = Rp

⎛
⎝ −k0Rrel + 2k2Rrel

(
ωy

2 + Rrel
2 + q(P0

z )
2
ωmod

2
)

cos(ωmodt)

+2k2q(P0
z )ωmod

(
−ωy

2 + Rrel
2 + q(P0

z )
2
ωmod

2
)

sin(ωmodt)

⎞
⎠.

(11)

where k0, k1, and k2 are given as follows:

k0 = − 1
2( R2

rel+ωy2)
,

k1 = − 1
π
(

R2
rel+(ωy−q(P0

z )ωmod)
2) − q(P0

z )+ωy

π
(

R2
rel+(ωy+q(P0

z )ωmod)
2) ,

k2 = 1
π
(

R2
rel+(ωy−q(P0

z )ωmod)
2)(

R2
rel+(ωy+q(P0

z )ωmod)
2) .

(12)

A circularly polarized pumping laser is used to polarize alkali metal atoms, and
another linearly polarized detuning laser is used to detect magnetic field signals in a
dual-beam magnetometer. The optical eigenmode of linearly polarized light is the superpo-
sition of left and right circularly polarized light. Linearly polarized light shows circular
birefringence through the polarized vapor cell, and the rotation angle is produced due to
the Faraday rotation effect. When the detected light direction is along the x direction, the
rotation angle θ is [34]:

θ = −π

2
nlrecP fD2

vpr − vD2(
vpr − vD2

)2 − (ΓD2/2)2
, (13)

where l is the distance at which the probe light interacts with alkali metal atoms, n is the
rubidium atom’s density number, c is the propagation speed of light, re is the electron
radius, and vpr is the frequency of the probe light. ΓD2, fD2, and vD2 are the pressure
broadening, oscillation intensity, and resonance frequency of the probe light in the Rb
D2 line.
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To suppress low-frequency noise and improve detection sensitivity, a photo-elastic
modulator (PEM) is used to detect the optical rotation angle, and a PD is used to convert
optical signals into electrical signals. The final output Vout of the device is as follows:

Vout = η I0αe−OD(v)θ, (14)

where η is the PD’s conversion coefficient, I0 is the incident probe light intensity, α is the
modulation angle of PEM, and OD is the optical depth.

Figure 1 shows that when light is probed along the x direction, the output voltage Vx is
proportional to Px, Vz is proportional to Pz, and the output signal records the oscillation and
steady-state processes of Px and Pz according to Equations (9), (10), and (12); through the
oscillation process, we can obtain the slow-down factor q(P) from the oscillation frequency
ωof = ωy/q(P). Figure 2 shows the trajectory of atomic spin polarization with time inside
the cell. The oscillation frequency of the output signal Pz can be used to obtain q(P)
while probing light along the z direction. Table 1 shows that the value of the initial spin
polarization P is calculated from the relationship between q(P) and P. We measure the
spatial distribution of the spin polarization using the DMD to scan the x and z direction
probe light to obtain the atomic polarization distribution in the longitudinal direction (yz-
plane) and the transverse direction (xy plane) of the device, respectively.

 
Figure 1. When the magnetic field is input along the y axis, the spin polarization of the atoms deviates
from the pumping z axis and stabilizes at the angle between the z axis and the x axis; the x and z
axis probe light undergoing an oscillation and decay process under the action of the pumping light
modulation probes the x and z axis polarization responses, respectively.

Figure 2. (a) Experimental diagram of the SERF magnetometer. NE: noise eater; PEM: photo elastic
modulator; GT: Glan–Taylor polarizer; PD: photodetector. (b) Photographs of the five-layer magnetic
shielding and nonmagnetic vacuum system. (c) Photographs of the nonmagnetic electric heating
system and the square cell in the center.
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3. Experimental Setup

The experimental measurement setup shown in Figure 2 is a dual-beam Rb atomic
magnetometer in the SERF regime. The key component of the magnetometer was an
aluminosilicate glass (GE180) 2.5-cm-length cubic vapor cell containing 50 Torr quenching
gas N2 and 340 Torr buffer gas 4He in a liquid nitrogen environment and Rb alkali metals
in natural abundance. The cell was placed in a boron nitride ceramic oven in the center of
the device. The cell was heated with a nonmagnetic twisted heating wire with 75 kHz AC
and real-time temperature monitoring using platinum resistors. The magnetometer had
a vacuum inside it to maintain temperature stability, and the vacuum assembly was made
of polyether ether ketone material. Laser absorption spectroscopy was used to determine
atomic density at high temperatures, which was then calculated using Raoul’s law and the
saturation vapor density equation. The magnetic shielding system was made up of five
layers of stacked cylindrical high-permeability μ-metals [35]. A three-axis compensation
coil was configured to further ensure an extremely weak magnetic environment. The
magnetic coils were driven by two high-precision function generators (33500 B Keysight,
the USA). This ensured that the atoms were in a SERF state.

The alkali atom was polarized by the distributed Bragg reflector (DBR) diode-pump-
laser along the z axis. The pump light was 2.5 cm circularly polarized after a lens beam
expansion system and a quarter-wave plate, and its wavelength tuned to the D1 resonance
line of Rb. A noise eater (Thorlabs, NEM03L) was used to stabilize a laser power of 13.5 mW.
The pumped light was modulated using a chopper. The probe light was generated by
another DBR diode laser with a wavelength detuned by 1 nm over the D2 resonance line
of Rb. The linearly polarized light of 2 cm after PBS was divided into two probe beams.
One beam was used to detect the transverse polarization component Px along the x axis,
as shown in part A of Figure 2, and the other beam was used to detect the longitudinal
polarization component Pz along the z axis after beam splitter, as shown in part B. Only
probe light passed through the filter at the barrel’s z axis exit. DMD (Texas Instruments
V-9501) with a pixel size of 10.8 × 10.8 μm2 was used in our experiment to obtain the spatial
distribution of polarization with high spatial resolution. The grayscale image loaded onto
the DMD was used to control the probe light reflected onto the DMD. In the grayscale
image, a pixel gray value of 0 indicated the on-state, whereas 256 indicated the off state.
Only the probe light in the on-state could pass through the cell to detect the response signal
in the spatial position. The probe light beam was divided into several units by DMD, each
of which contained 232 pixels with an area of 0.25 × 0.25 cm2, with a detected optical
power of 3 mW per unit. Experiments were conducted to measure the spatial distribution
of longitudinal and transverse polarization in 7 × 7 units. The DMD and the cubic cell were
precisely positioned to correlate to ensure a clear measurement position [24]. To reduce the
measurement error, the two probe beams passed through the same PEM (Model-100, Hinds
Instruments) and PD (Thorlabs, PDA36A2) after passing through the semitransparent and
semi-reflective beam splitter. The output signal was transmitted to a phase-locked amplifier
ZI (Zurich Instruments HF2LI) for demodulation.

In the experiment, there were two processes of pumping light on and off when a
chopper was used to modulate the pumping light. The process of pumping light on
required the consideration of both the optical pumping rate Rop, the atomic relaxation
rate Rtot, and the pumping light off state Rop = 0. We simulated the aforementioned two
processes under different By magnetic fields with time based on the solution of Equation (6)
in continuous pump light. The experimental temperature was 150 ◦C. The atomic density
n = 8.91 × 1013 cm−3 and the pumping rate Rop = 95.66 s−1 at the center of the vapor
cell. Figure 3a shows the simulation of the pumped light on-state, and Figure 3b shows
the simulation of the pumped light off state. Oscillatory processes of spin polarization
increased as the By magnetic field increased. The oscillatory process of the polarization
was more pronounced in the pumped light off state and was more beneficial for fitting and
measuring our data. We also observed the polarization decay time during the pumping
light off period to determine the frequency of chopper modulation of pump light. The
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atoms must be fully depolarized within the modulation period to ensure measurement
accuracy. The spin polarization decay times to zero (~10−6) were 0.542, 0.52, 0.497, and
0.47 s when By was 1 nT, 4 nT, 7 nT, and 10 nT, respectively. This shows that the oscillatory
process intensifies, as well as the decay process, when By increases. In addition, considering
the requirement for fast measurements, the pump laser beam was modulated by a chopper
with a duty cycle of 50% at a rate of 0.8 Hz.

   
(a) (b) 

Figure 3. Simulation results of the magnetometer z axis polarization oscillation decay process at
different magnetic fields By. (a) Pumping light in the on state. (b) Pumping light in the off state.

The SERF magnetometer polarizability spatial distribution measurement procedure
was as follows: First, the compensation coils compensated for the residual magnetic field
after demagnetization, such that the residual magnetic field in the magnetometer was
approximately zero. y axis coils generated a magnetic field By and turned on the chopper.
The first gray image on the DMDs was loaded and selected the first measurement positions.
The part A probe light path in Figure 2 was turned on, and the part B probe light path was
turned off to measure the spatial polarization distribution of the yz plane through the Px
signal response. The part B probe light path was turned on, and the part A probe light
path was turned off to measure spatial polarization distribution of the xy plane through
the Pz signal response. Signal response data were acquired using LabVIEW and stored in
an NI (PXIe-1092PXIe, National Instruments) system. The periodic signal was extracted
and fitted to Equation (10), and qxy(P) and qyz(P) were calculated from the fitting results.
Therefore, Pyz and Pxy could be calculated according to Table 1. The grayscale image at the
next spatial location was replaced to measure the next point of polarization, resulting in a
two-plane 7 × 7 polarization spatial distribution measurement.

4. Results and Discussion

4.1. Polarization Measurements Based on Pump Light Modulation

To investigate the practicability of the proposed method, the central point was used to
measure the polarization by the pump light modulation on the transient response. Table 2
describes the experimental conditions. Figure 4a,b show the experimental measurement
data using path A (Px transient response) and path B (Pz transient response) at By = 7 nT. The
transient response signal of the magnetometer was fitted with oscillation attenuation in one
cycle using Equation (10). The experimental values fit well with the theoretical equations,
with an R-square value of 0.9997 for two fitting curves, indicating that the method based
on the transient response of the magnetometer was feasible. Tables 3 and 4 show the
oscillation frequency ωof measured under different By. Then, we calculated the slow-down
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factor q(P) and precession frequency ω from By and ωof. The inset of Figure 4a,b shows
the linear relationship between ω and By. The linear fit intercept is the residual magnetic
field inside the magnetometer. The residual magnetic field Bres was 1.27 nT according to
the fitting results, which included the residual magnetic field after the demagnetization of
the magnetic shield caused by light shifts [36].

Table 2. Parameters of Measurement System.

Parameter Value Unit

Diameter of the cubic cell 2.5 cm
Coil constant of z axis 114.03 nT/V
Coil constant of y axis 15.23 nT/V
Coil constant of x axis 15.24 nT/V

Wavelength of the pump laser 794.972 nm
Wavelength of the probe laser 779.242 nm

Power of the pump laser 23 mW
Power of the probe laser (each point) 15 mW

Modulation frequency of PEM 50 kHz
Modulation amplitude of PEM 0.08 rad

Temperature 150 ◦C

 

 
Figure 4. Experimental measurement data of the magnetometer transient response at By = 7 nT. The
dots are the measured data, and the solid line is the curve fitted to Equation (10). The inset measures
the variation in ω with By, and the measurement results in a linear relationship between ω and By.
The intercept is the residual magnetic field inside the magnetometer. (a) Probe light path A in Figure 2
(Px transient response). (b) Probe light path B in Figure 2 (Pz transient response). An expanded
version of the inset is at the right of the image.

The experimental data under different By in Tables 3 and 4 were compared. The
polarization obtained using the Pz response was smaller than those obtained from the Px
response. This was because the probe beam measured the average of the polarization rates
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in the path it goes through. The polarization distribution was proportional to the light
intensity distribution in the cell. The Rop in the cell was different. When the probe light was
perpendicular to the pump light (path A), its path was only affected by the integral of the
laser Gaussian light field. When the probe light was parallel to the pump light (path B), the
probe path was affected by the integration of the light field formed by the large OD. In our
experiment, because the OD had a greater impact on the path integral of polarization, the
polarization measured by the Pz response decreased. At low frequencies, the phase-locked
capability caused error bars to increase as By decreased. In addition, the depolarization
caused by the window plate and the cell and the pumping effect of the probe light on the
atoms resulted in measurement errors.

Table 3. Px response measurement results under different magnetic fields.

Magnetic Fields
By(nT)

Precession Frequency
(Hz)

Slow-Down Factor
q(P)

Polarization

1 3.33 ± 0.35 8.42 ± 0.81 0.57 ± 0.11
4 10.35 ± 0.33 10.82 ± 0.33 0.31 ± 0.04
7 17.14 ± 0.21 11.43 ± 0.14 0.24 ± 0.01

10 23.55 ± 0.20 11.89 ± 0.10 0.18 ± 0.01

Table 4. Pz response measurement results under different magnetic fields.

Magnetic Fields
By(nT)

Precession Frequency
(Hz)

Slow-Down Factor
q(P)

Polarization

1 3.13 ± 0.41 8.94 ± 1.04 0.51 ± 0.13
4 10.07± 0.52 11.12 ± 0.44 0.27 ± 0.05
7 16.97 ± 0.22 11.55 ± 0.15 0.23 ± 0.02

10 23.23 ± 0.24 12.06 ± 0.12 0.16 ± 0.02

4.2. Polarization Spatial Distribution Measurement

Inhomogeneity in the polarization distribution within the SERF magnetometer is
caused by the inhomogeneous light field distribution within the cell, as described in the
previous section [37]. The high density of alkali vapor absorbs the circularly polarized light
as it passes through the cell, causing an attenuation of the light intensity in the longitudinal
plane (yz plane). According to the Lambert–Beer absorption law, the pumping rate is
related to the distance in the z direction by the following equation [17]:

Rop(z) = RrelW
[

Rp

Rrel
exp

(
−nσ(v)z +

Rp

Rrel

)]
, (15)

where σ(v) is the absorption cross-section as a function of the laser frequency, n is the
density of the alkali atoms vapor, z is the pump light’s propagated distance in the cell, and
the initial pumping rate Rp is proportional to the pump light intensity Ipump.

For the transverse plane (xy plane), the optical field inhomogeneity was mainly caused
by the laser’s Gaussian light intensity distribution. The pumping rate was related to the
distance in the x and y directions by the following equation:

Rop(x, y) = Rpe(
−2(x2+y2)

r2 ), (16)

where r is the pump light beam radius. The atoms had sufficient collision mixing in the
SERF state, and the initial electron spin polarization P0 can be written as follows:

P0 =
Rop

Rop + Rrel
. (17)
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When only the By magnetic field exists, the steady-state solution of Equation (6) is
as follows:

Pz =
P0

1 +
(

γeBy
Rop+Rrel

)2 . (18)

Figure 5 shows the spin polarization distribution in the z axis of the pump light
propagation direction and the x and y axes of the pump light cross-section direction, which
is fitted by Equations (16)–(18). Figure 5a is measured from the transient response of the
magnetometer obtained using the experimental device optical A path, and Figure 5b,c are
measured using the optical B path. The origin corresponds to the center of the cell. DMD is
used for distribution measurement with a distance of 0.25 cm between each measuring point.
The distribution measurement method can accurately locate the measurement position.
In our measurement range of −0.75 to 0.75 cm, the polarization decreased by 98.18% due
to the light intensity attenuation caused by alkali metal absorption and by 53.36% due
to the Gaussian light intensity distribution. Although light intensity absorption is the
primary cause of polarization inhomogeneity, Gaussian light causes transverse polarization
inhomogeneity, which affects the sensitivity of magnetometer triaxial measurements and
the application of biomagnetic detection.

 

 

Figure 5. Experimental measurement result of the spin polarization distribution in the z axis in the
pump light propagation direction and in the x and y axes in the pump light cross-section direction.
The measuring spatial resolution is 0.25 cm, with a measuring range of −0.75–0.75 cm. The error
bars represent the expanded uncertainties of the results. The solid line is the fitted curve obtained by
Equations (16)–(18). (a–c) is the polarizability measured along the x-, y-, z- triaxial axis respectively.
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Figure 6 shows the measurement results of the spatial polarizability distribution of xy
and yz planes with a spatial resolution of 0.25 cm using the experimental process shown in
Figure 4. We measured 7 × 7 space points on each side, and each space point was measured
three times. Table 2 shows the experimental conditions. We use δ to represent the measured
polarization inhomogeneity, which can be described as follows:

δ =

√√√√∑
(
(P − P)

P

)2

/(m − 1), (19)

where m is the number of measurement points. Within our measurement range of
0.75 cm2 × 0.75 cm2, the nonuniformity of the xy plane is δ = 1.04, and that of the yz
plane is δ = 1.82. The Gaussian light field also affects the nonuniformity of the yz plane. The
measurement results of spatial distribution were affected by the interatomic diffusion effect,
which could be further suppressed by increasing the pressure in the vapor cell. Based on the
proposed method for measuring the spatial distribution of transverse and longitudinal po-
larization, the polarization inhomogeneity in the yz plane could be further suppressed by a
hybrid optical pumping technique [38], and the polarization inhomogeneity in the xy plane
can be further reduced by beam shaping technology [39] to further improve the sensitivity
of the SERF magnetometer and the application performance of the SERF magnetometer.

  
Figure 6. Experimental measurement result of spatial polarizability distribution of xy and yz planes
with a spatial resolution of 0.25 cm. Each side measures 7 × 7 space points, and each space point
is measured three times. (a) The measurement results of the spatial polarizability distribution of xy
plane, (b) The measurement results of the spatial polarizability distribution of yz plane.

5. Conclusions

In this study, we proposed a novel method for measuring both the transverse and lon-
gitudinal plane spatial distributions of alkali metal polarization for a SERF magnetometer
using the transient response of the magnetometer after modulating the pumped light using
a chopper at 1.6 Hz. The dynamics equation and working principle were demonstrated.
The main conclusions that could be drawn were:

• By using the Px and Pz transient responses, the slowing factor q(P) at the center point
of the cell at different By magnetic fields was obtained, and the polarization was
calculated based on the fast spin-exchange interaction effect.

• The device’s residual magnetic field Bres was obtained from the linear relationship of
precession frequency ωpr and By.

• Measuring the one-dimensional polarization distribution of the x, y, and z axes with
0.1 cm resolution. The measurement results were consistent with the Lambert–Beer
absorption law and the Gaussian distribution law.

• Two-dimensional spatial distribution measurements of the polarization of the xy and
yz planes with a measurement range of 0.75 cm2 × 0.75 cm2. The nonuniformity of
the xy plane was 1.04, and that of the yz plane was 1.82.
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Based on the results of the proposed measurement method of spin polarization spa-
tial distribution, further compensation can improve the application consistency of multi-
channel magnetic field measurements and improve the sensitivity of single-channel dif-
ferential measurements. Compared with existing methods for measuring polarization
distribution, this method has the following advantages:

• It can measure three-axis spatial distribution spin polarization in the SERF region.
• It is independent of the OD and does not require a large background or RF field for

applications suitable for both low and high polarization.
• It uses a square cell to avoid measurement errors caused by optical aberrations due to

the circular cell’s curvature.
• DMD distribution measurements provide high spatial resolution and are accurate in

their positioning.

Our proposed measurement method applies equally to NMR magnetometers, all-
optical atomic magnetometers, and comagnetometers.
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