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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 ∆By and ∆Bx
are input, the transverse polarization of the alkali metal atoms changes ∆Pe

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

∆Pe
x

∆By
=

(
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)

∆Pe
x

∆Bx
=

(
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.
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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

1∆B
, (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

1∆B
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
2∆B

, (12)

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

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
1∆B

= 2D

∣∣∣∣→∇Bx

∣∣∣∣2 + ∣∣∣∣→∇By

∣∣∣∣2
B2

0
, (14)

Re
2∆B

=

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
∆B, (16)

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

21Ne atoms, which is related to the atomic density. Rn
∆B 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
1∆B

= 2D

∣∣∣∣→∇Bx

∣∣∣∣2 + ∣∣∣∣→∇By

∣∣∣∣2
B2

0
, (17)

Rn
2∆B

=

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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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
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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
1∆B + Re

2∆B, (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

1∆B = 0, Re
2∆B = 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.
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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
1∆Bx

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
1∆Bx

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.
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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.
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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
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curve is related to the polarization rate and the initial polarization rate of inert atoms, and
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.
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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
1∆B

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

2∆B
when the z-axis magnetic field gradients are applied alone, and the curves

calculated by the theoretical formula.
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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 theoreti-
cal 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
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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.

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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