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Closed-Loop Control of Compensation Point in the K-Rb-21Ne Comagnetometer

Liwei Jiang,1 Wei Quan,1,2,* Feng Liu,1 Wenfeng Fan,1 Li Xing,1 Lihong Duan,1 Wuming Liu ,3,4,†

and Jiancheng Fang1,2

1
School of Instrumentation and Optoelectronic Engineering, Beihang University, Beijing 100191, China

2
Science and Technology on Inertial Laboratory, Beihang University, Beijing 100191, China

3
Beijing National Laboratory for Condensed Matter Physics, Institute of Physics, Chinese Academy of Sciences,

Beijing 100190, China
4
School of Physical Sciences, University of Chinese Academy of Sciences, Beijing 100190, China

 (Received 19 November 2018; revised manuscript received 26 June 2019; published 9 August 2019)

We investigate the real-time closed-loop control of the compensation point in a K-Rb-21Ne comag-
netometer operated in the spin-exchange relaxation-free regime. By locking the electron resonance, the
alkali-metal electrons are free from the fluctuations of the longitudinal ambient magnetic field and nuclear
magnetization, which could improve the systematic stability, enlarge the linear measuring range, and sup-
press the cross-talk error of the comagnetometer. The demonstration of closed-loop control of the magnetic
field in the single nuclear species comagnetometer is of great significance for rotation sensing such as in
gyroscopes and other high-precision metrology applications of the comagnetometer.
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I. INTRODUCTION

Atomic comagnetometers, which use at least two spin
species to measure magnetic fields in the same space and
time, have been found to have a wide range of applica-
tions, such as tests of CPT and Lorentz invariance [1–4],
searches for anomalous spin-dependent forces [5–8], and
inertial rotation sensing [9–13]. In all of these applications,
the long-term stability of the comagnetometer is essential
and often limited by noise and systematic effects associ-
ated with the external magnetic fields and magnetization
due to spin dipolar interactions [14,15]. In general, comag-
netometers with two or more nuclear species calculate an
appropriate combination of nuclear precession frequencies
to cancel out magnetic field dependence [16–18]. Based
on the dual nuclear isotopes differential technique, a three-
axis residual magnetic field closed-loop control system
has been incorporated in NMR gyros to guarantee the
long-term stability of magnetic fields [19–21].

However, it is a challenging and unexplored topic to
control magnetic field fluctuations in the single nuclear
species comagnetometers. The primary difficulty is acquir-
ing magnetic field information as the feedback signal
without the exterior sensors. To circumvent spin preces-
sion due to magnetic fields as well as their gradients, the
spin-exchange relaxation-free (SERF) comagnetometer
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involving alkali metals and one kind of nuclear species
was first introduced in Ref. [22]. A bias magnetic field
parallel to the pump laser beam, which is referred to as
the compensation point, cancels the fields from electron
and nuclear magnetization and operates the atomic spins
in a self-compensating regime, where the nuclear magneti-
zation adiabatically follows slow changes in the external
magnetic field, decreasing the effect of transverse fields
on alkali metal electron spins [9,23,24]. The compensa-
tion point also operates the high-density alkali-metal atoms
in a low magnetic field, such that the spin-exchange rate
is much larger than the Larmor precession frequency and
the spin-exchange relaxation is suppressed [25,26]. This
process allows a SERF magnetometer to detect the pre-
cession of noble gas atoms with high sensitivity. Despite
the sensitivity to magnetic fields that has been suppressed
by the self-compensating effect in the SERF comagne-
tometer, the drifts of external magnetic fields still exert a
significant influence on the systematic stability [27]. More-
over, the fluctuation of the compensation point also causes
a cross-talk error in the dual-axis SERF comagnetometer
[28,29]. The applications of the SERF comagnetometer
confront considerable obstacles due to the uncontrolled
compensation of the magnetic field in the system.

Among the SERF comagnetometers, the K-Rb-21Ne
comagnetometer has the potential for higher sensitivity by
virtue of the lower gyromagnetic ratio of 21Ne compared
to other noble gases, such as 3He and 129Xe [3,9]. Addi-
tionally, the K-Rb hybrid pumping technique is adopted to
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achieve more homogeneous polarization of alkali metals
and higher pumping efficiency of 21Ne [30,31]. Therein,
the optically thin K atoms are homogeneously polarized by
the pump laser. The optically dense Rb atoms are polarized
by spin-exchange collisions with the polarized K atoms;
then they hyperpolarize the noble gas 21Ne. Here, in order
to improve the performance of the K-Rb-21Ne comagne-
tometer, we demonstrate a real-time closed-loop control
method to stabilize the compensation point. We find that
the electron resonance is shifted to a high frequency and
separated clearly from the nuclear resonance owing to the
large field from electron magnetization in the K-Rb-21Ne
comagnetometer. The electron resonance frequency and
phase scale with the shift of the compensation point, which
allows us to achieve closed-loop control of the compensa-
tion point by locking the electron resonance. This method
is validated theoretically and experimentally in our dual-
axis K-Rb-21Ne comagnetometer. With the closed-loop
control of the compensation point, the alkali-metal elec-
trons are immune to the fluctuations of the longitudinal
ambient magnetic field and nuclear magnetization, which
could improve the systematic stability, enlarge the linear
measuring range, and suppress the cross-talk error of the
comagnetometer.

II. THEORY

In the K-Rb-21Ne comagnetometer, as the density of Rb
atoms is much higher than that of K atoms and Rb atoms
are probed, the behavior of the comagnetometer can be
approximately described by a set of coupled Bloch equa-
tions for electron spin polarization Pe of Rb and nuclear
spin polarization Pn of 21Ne [9],

∂Pe

∂t
= � × Pe + γe

Q
(
B + λMnPn + L

) × Pe

+ 1
Q

(
Rpuspu + Ren

se Pn + Rmspr − Re
totP

e) , (1)

∂Pn

∂t
= � × Pn + γn

(
B + λMePe) × Pn

+ Rne
se

(
Pe − Pn) − Rn

sdPn. (2)

The above Bloch equations are written in the rotating
frame, where � is the inertial rotation rate vector; γe =
2π × 28 Hz/nT and γn = 2π × 0.00336 Hz/nT are the
gyromagnetic ratios of the electron spins and nuclear spins,
respectively; Q is the nuclear slowing-down factor and is a
function of the electron polarization [32]; B is the ambient
magnetic field vector; λ = 8πκ0/3 is the geometrical fac-
tor containing the enhancement factor κ0, arising from the
overlap of the alkali-metal electron wave function and the
noble-gas nucleus [33]; Me and Mn are the magnetization
of electron spins and nuclear spins corresponding to full

spin polarization, which are proportional to the atom num-
ber density; L is the light shift (ac-Stark shift) field arising
from the pump and probe lasers; Ren

se and Rne
se are the spin-

exchange rates of the nucleus and the electron with each
other; Rpu and Rm are the pumping rates of the pump and
probe laser beams; spu and spr are the optical pumping vec-
tors, which give the directions and magnitudes of photon
spin polarizations; Re

tot is the total relaxation rate for elec-
trons, defined as Re

tot = Rpu + Rm + Ren
se + Re

sd, where Re
sd

is the electron spin-destruction rate; and Rn
sd is the nuclear

spin-destruction rate.
Here, we adopt a series of approximations to make the

solution of Eqs. (1) and (2) more tractable, retaining the
main features that determine the high-accuracy behavior
of the coupled dynamics. The electron spins and nuclear
spins are polarized along the z axis. For small transverse
excitations of the spins, the angles of polarization vectors
Pe and Pn with respect to the z axis are small enough,
so that we approximately assume the longitudinal polar-
ization components Pe

z and Pn
z as constants [34]. Ignoring

the transverse pumping rate of the pump laser, the pump-
ing rate of the probe laser, and the transverse alkali-metal
noble-gas spin-exchange terms, the Bloch equation for the
transverse electron polarization P̃e = Pe

x + iPe
y , according

to Eq. (1), can be simplified to

∂P̃e

∂t
= (iωz − �) P̃e − iω̃Pe

z , (3)

where ω̃ = ωx + iωy , ωα = γe
(
Bα + λMnPn

α + Lα

)
/Q +


α (α = x, y, z), and � = Re
tot/Q.

We investigate the transverse oscillating magnetic field
response of the K-Rb-21Ne comagnetometer, especially
focusing on the electron resonance. So an oscillating field
ω̃1 cos (ωt), where ω̃1 = γe

(
Bx1 + iBy1

)
/Q, is applied in

the transverse plane, whose frequency is much higher than
the nuclear resonance frequency. Since the relaxation rate
of the noble gas is small, the nuclear spins do not respond
to this high-frequency modulation and just couple with
the electron spins at a low frequency or steady state [12].
Equation (3) can be solved in a straightforward manner
for oscillatory solutions in the complex form. Considering
both a corotating eiωt and counter-rotating e−iωt response,
the transverse electron polarization P̃e can be expressed by

P̃e = iω̃0Pe
z

iωz − �
+ iω̃1Pe

z eiωt

2 (iωz − iω − �)
+ iω̃1Pe

z e−iωt

2 (iωz + iω − �)
,

(4)

where the first term describes the response to the dc (zero
frequency) field and ω̃0 = ωx0 + iωy0.

The noble-gas nuclear spins are approximately operated
at the steady state and Eq. (2) can be solved by setting
the left-hand side to 0. The noble-gas nuclear spins couple
with alkali-metal electron spins by spin-exchange inter-
actions, which generate an effective magnetic field for
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electron spins to precess under. When inputting rotation
rate 
y , the nuclear spins produce an effective magnetic
field Bn

y = −
y/γn. When inputting rotation rate 
x, the
nuclear spins produce an effective magnetic field Bn

x =
−
x/γn [12]. As the oscillating field is applied along the y
axis, we set Bx1 = 0 and By1 = B0. With the ambient mag-
netic field compensated by coils and the light shift field
eliminated [29], the polarization components Pe

x = Re[P̃e]
measured by the probe beam along the x axis and Pe

y =
Im[P̃e] measured by the probe beam along the y axis are
given by

Pe
x = −γePe

z Re
tot
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)

+ γeB0Pe
z

2

[
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e
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, (5)
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, (6)

where Ds = Re
tot

2 + γ 2
e

[
δBz

2 + (
x/γn)
2 + (


y/γn
)2

]
.

Under the normal comagnetometer operation, a bias mag-
netic field Bc = −Bn − Be called the compensation point is
applied parallel to the direction of the pump beam to cancel
the field from nuclear magnetization Bn = λMnPn

z and the
field from electron magnetization Be = λMePe

z . Note that
Bn and Be are negative owing to the negative magnetization
Mn and Me. δBz is the residual magnetic field with respect
to the compensation point along the z axis. When the resid-
ual magnetic field inside the shields and light shift field
is completely compensated, δBz approaches 0 at the com-
pensation point: Bz = Bc + δBz. Beff

e is the total effective
magnetic field along the z axis experienced by the elec-
tron spins: Beff

e = Bz + Bn. When the compensation point is
executed, Beff

e = δBz − Be. Similarly, Beff
n is the total effec-

tive field along the z axis experienced by the nuclear spins:
Beff

n = Bz + Be = δBz − Bn.
Equation (5) is the core of our K-Rb-21Ne comagne-

tometer used for rotation sensing with closed-loop control
of the compensation point in this paper. The first dc
term is used for rotation sensing, which can be acquired
by removing the high-frequency response using the low-
pass filter. The dc terms just include the leading rotation

dependence terms. When distributing errors of the comag-
netometer, a more detailed model has been proposed in
our previous research [28]. The second oscillating term
is used to realize the closed-loop control of the compen-
sation point by locking electron resonance. The dynamic
response takes the form of two overlapping Lorentzian
curves centered at ±γeBeff

e /Q. Both of the curves have a
component with an absorptive lineshape that is in phase
with the oscillating field and a component with a disper-
sive lineshape that is 90◦ out of phase with the oscillating
field. As the electron resonance frequency is much larger
than the linewidth under normal K-Rb-21Ne comagne-
tometer operation, the counter-rotating response centered
at −γeBeff

e /Q can be ignored [35]. With the compen-
sation point enforced, the amplitude-frequency response∣∣Pe

x(ω)
∣∣ and phase-frequency response θ(ω) around the

electron resonance can be simplified to the intuitive
form

∣∣Pe
x(ω)

∣∣ = γeB0Pe
z

2
√

(Qω+γeBe − γeδBz)
2 + Re

tot
2

, (7)

θ(ω) = −arctan
(

Qω + γeBe − γeδBz

Re
tot

)
. (8)

III. EXPERIMENTAL SETUP AND ELECTRON
RESONANCE

The experiment is performed in a dual-axis K-Rb-21Ne
comagnetometer, which is used for rotation sensing and is
depicted in Fig. 1. A 10-mm-diameter spherical cell made
from GE180 aluminosilicate glass, containing a droplet of
natural abundance Rb with a small admixture of K, 3 atm
21Ne (70% isotope enriched), and 60 Torr N2 for quench-
ing, is used. The cell is placed in a boron nitride ceramic
oven and heated to 190 ◦C by a homemade 129-kHz ac
electrical heater. At the operating temperature, the Rb
vapor density of about 6 × 1014 cm−3 is obtained and the
density ratio of K to Rb is approximately 1:80. The cell
and oven are surrounded by three-layer μ-metal cylindri-
cal magnetic shields and a three-axis magnetic coil system.
The magnetic coil system consists of two pairs of saddle
coils along the x and y axis, respectively, and two pairs of
Lee-Whiting coils with different constants along the z axis.
The transverse coils and the larger constant longitudinal
coil (Z1 coil) driven by a function generator are used to
compensate the residual magnetic fields within the inner-
most shield, provide transverse field modulation, and set
the compensation point. The smaller constant longitudinal
coil (Z2 coil) driven by the controller is used to finely con-
trol the compensation point. K atoms are optically pumped
along the z axis by a 38-mW pump laser, centered on
the K D1 resonance line. Rb atoms are polarized by the
K atoms through spin-exchange interaction and then they
hyperpolarize the 21Ne atoms. The transverse polarization
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FIG. 1. Schematic of the experimental apparatus. A circularly
polarized pump laser propagating along the z axis is used to
polarize atoms. A linearly polarized probe laser is split by a beam
splitter (BS) to measure the transverse polarization component
in the x axis and y axis, respectively, facilitating dual-axis out-
put. The probe beam along the y axis is similar to that along
the x axis and the parts into the page are not shown completely.
A homemade laser intensity electrocircuit sampling the signal
of photodiodes (PD3 and PD4) stabilizes the intensities of the
pump laser and probe laser using the noise eaters (NE) as actua-
tors. The output is analyzed by a lock-in amplifier to extract the
transverse oscillating field response and then feed back to con-
trol the compensation point. The low-pass filter (LP) removes
the high-frequency response to extract the rotation sensing sig-
nal. The beam expander is denoted as BE; Glan-Taylor polarizer,
GT; and polarization beam splitter, PBS.

of Rb atoms is measured by optical rotation of a linearly
polarized probe laser using about 1 mW and tuned by 0.3
nm to the blue side of the Rb D1 resonance line [36].

Here, we investigate the frequency response of the
K-Rb-21Ne comagnetometer to the transverse oscillating
magnetic field. A series of magnetic fields with different
frequencies and the same peak-to-peak amplitude of 0.15
nT are produced along the y axis. The frequency response
measured by the probe beam along the x axis is shown in
Fig. 2. The electron resonance separates far away from
the nuclear resonance, which is different from that of a
K-3He comagnetometer [22]. The discrepancy is owing to
the large field from electron magnetization in the Rb-21Ne
comagnetometer. When the comagnetometer is operated at
the compensation point, the atomic spins experience an
effective field opposite to their own magnetic field. That
is, the nuclear spins experience an effective field −Bn and
the electron spins experience an effective field −Be. The
enhancement factor κ0 in Be for the Rb-21Ne pair is about
5 times larger than that for the K-3He pair [37,38]. Mean-
while, the density of Rb atoms is about an order higher than
that of K atoms in a typical K-3He comagnetometer. There-
fore, the electron spins experience a much larger magnetic
field in the K-Rb-21Ne comagnetometer, which shifts the
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FIG. 2. The frequency response of the K-Rb-21Ne comagne-
tometer at the compensation point to oscillating fields along
the y axis. The electron resonance is clearly separated from the
nuclear resonance. The inset shows the amplitude-frequency and
phase-frequency response around the electron resonance. The
resonance frequency and phase of electrons scale with the shift
of the compensation point.

electron resonance frequency to a high frequency. The ana-
lytic explanation for this phenomenon is presented in Eqs.
(5)–(8).

We fit the electron resonance at the compensation point
in Fig. 2 by Eq. (7). The electron resonance frequency
ω0 = −γeBe/Q is about 188.0 ± 0.8 Hz and the resonance
linewidth 
ω = Re

tot/Q is about 50.1 ± 1.8 Hz. For a typ-
ical electron polarization Pe

z ≈ 60% in our experiment,
we find Q ≈ 7.5. Then the electron magnetic field Be
is about −50.4 nT, which is approximately an order of
magnitude larger than that in a K-3He comagnetometer.
The total electron relaxation rate Re

tot is about 2360.9 s−1,
which is highly suppressed from the spin-exchange rate of
5.5 × 105 s−1. Although they experience a large magnetic
field in the K-Rb-21Ne comagnetometer, the alkali-metal
electron spins are still operated in the SERF regime. The
nuclear magnetic field Bn can be derived from subtracting
the electron magnetic field Be from the compensation point
Bc, which is about −127.6 nT. The nuclear resonance fre-
quency ωn = −γnBn is about 0.4 Hz, which is a bit less
than the nuclear resonance frequency of about 0.6 Hz in
Fig. 2. The discrepancy is ascribed to the coupling of the
nuclear spins with the electron spins in the low-frequency
domain. The nuclear resonance frequency approximately
represents the bandwidth of the comagnetometer for rota-
tion sensing. Deviating from the compensation point could
decrease the bandwidth of the SERF comagnetometer [22].
Therefore, closed-loop control of the compensation point
could stabilize the bandwidth at the optimal value.
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IV. RESULT AND DISCUSSION

From the amplitude-frequency response in Eq. (7) and
phase-frequency response in Eq. (8), we can see that the
electron resonance frequency and phase scale with the shift
of the compensation point δBz and the result measured by
the probe beam along the x axis is shown in the inset of
Fig. 2. This phenomenon inspires the closed-loop control
of the compensation point by locking the electron reso-
nance. To accomplish this, a feedback control system is
incorporated in our apparatus, which is depicted in Fig. 1.
A field modulated at the electron resonance frequency
ω0 is applied along the y axis; the signal is read out by
the probe beam along the x axis and demodulated by the
lock-in amplifier with cos(ω0t). The demodulated phase
θ = arctan

(
γeδBz/Re

tot

)
is fed through the controller. The

controller compares the demodulated phase with the initial
electron resonance phase and then powers the Z2 coil to
keep the electron resonance constant. The performance of
the closed-loop control system is presented hereafter.

Firstly, we evaluate the performance of the closed-loop
control method by changing the δBz field around the com-
pensation point. We slowly scan the δBz field from −10 to
10 nT using the Z1 coil under the open-loop scheme and
closed-loop scheme. The scanning magnetic field, demod-
ulated phase at the driving frequency, and signal of the
comagnetometer are synchronously recorded by a National
Instrument 24-bit data acquisition system with the sam-
pling rate of 200 Hz. The original data are shown in
Fig. 3. The residual magnetic fields Bx and By , rotations

x and 
y , and light shift fields Lx and Lz cannot be
zeroed completely, which introduces a δBz dependence to
the comagnetometer signal [28],

Pe
x (δBz) ≈ −γ 2

e Pe
zδBz

Re
tot

2Bn

[(
Bx + Q
x

γe
+ Lx

)
δBz+LzBx

+Re
totBy

γe
− Bc
x

γn
+ QRe

tot
y

γ 2
e

+ BcLx

]
. (9)

When the comagnetometer is operated in the open-
loop scheme, which is shown in Fig. 3(a), the demod-
ulated phase at driving frequency ω0 response to δBz
scanning is consistent with the theoretical expression θ =
arctan

(
γeδBz/Re

tot

)
, while the signal of the comagnetome-

ter drifts with δBz scanning and the profile is a quadratic
function corresponding to Eq. (9). When the comagne-
tometer is operated in the closed-loop scheme, which is
shown in Fig. 3(b), by locking the electron resonance, δBz
is real-time compensated by feedback electronics automat-
ically; thus the demodulated phase and the signal of the
comagnetometer remain constant. The results verify the
feasibility of the method we proposed. With the closed-
loop control of the compensation point, the comagnetome-
ter is unaffected by the fluctuation of the longitudinal
residual magnetic field.
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FIG. 3. Demodulated phase at driving frequency ω0 and signal
of the comagnetometer response to the shift of the compensa-
tion point scanning from −10 to 10 nT in (a) the open-loop
scheme and (b) the closed-loop scheme. The δBz field can be
real-time canceled by the feedback electronics under the closed-
loop scheme. The signal offset at the compensation point is set to
zero. By stabilizing the demodulated phase at electron resonance,
the comagnetometer is free from the drift of the longitudinal
magnetic field in the closed-loop scheme.

Secondly, we evaluate the transient response of the
closed-loop system following a sudden step in the δBz
field. The result is shown in Fig. 4. When the comagne-
tometer is operated in the closed-loop scheme and a 5-nT
step magnetic field is applied along the z axis by the Z1
coil, the PID controller quickly outputs a feedback sig-
nal to drive the Z2 coil and cancel the step magnetic field,
bringing the demodulated phase at driving frequency and
the signal of the comagnetometer back to the steady state.
The transient time is about 0.7 s, which is restricted by
the control algorithm and slow precession of the noble-gas
nuclear spins. The closed-loop control method presented
here is effective and robust against the sudden disturbance.
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FIG. 4. The transient response of the closed-loop control sys-
tem to the sudden step of the shift of the compensation point
δBz . The feedback electronics quickly cancel the step mag-
netic field and bring the demodulated phase at driving frequency
and the signal of the comagnetometer back to the steady state.
The closed-loop control method is robust against the sudden
disturbance.

Thirdly, we consider the effect of fluctuation of the
nuclear magnetization. δBz is constantly drifting on
account of drifting nuclear spin polarization. Moreover,
when the transverse excitations are large, Pn precesses a
large angle away from the z axis and the assumption that
Pn

z is constant in Sec. II is not valid. We begin with imple-
menting large transverse magnetic-field excitations on the
comagnetometer under the open-loop scheme. Similarly,
we slowly scan the fields Bx0 along the x axis and By0 along
the y axis from −10 to 10 nT, respectively. The demod-
ulated phase at the driving frequency is recorded by the
data acquisition system and shown in Fig. 5. The change
of the demodulated phase following the Bx0 scan is analo-
gous to that following the By0 scan and they both approach
the minimum at the zero field. We ascribe this result to
the precession of the nuclear spin polarization Pn. When
operated at the compensation point, nuclear spin polariza-
tion Pn adiabatically follows slow changes in the external
magnetic field, decreasing the effect of transverse fields on
alkali-metal electrons. With the angle between the nuclear
spin polarization Pn and the z axis increasing, the compen-
sation magnetic field Bc is gradually greater than the actual
compensation point under the open-loop scheme, δBz > 0,
which increases the demodulated phase according to Eq.
(8) and Fig. 3(a).

For further explanation, we use a rotating platform with
an accuracy of 0.001 deg/s to provide the transverse exci-
tations. The y axis of the comagnetometer is mounted
vertically and aligned with the rotating axis of the plat-
form. According to Eqs. (5) and (6), when inputting 
y ,
the signal measured by the probe beam along the x axis is
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FIG. 5. The demodulated phase at the driving frequency
response to the scans of magnetic field Bx0 along the x axis and
By0 along the y axis. They both approach the minimum at the
zero field and increase when nuclear spin polarization Pn pre-
cesses away from the z axis to compensate the transverse residual
magnetic field.

defined as the sensitive response and shown in Eq. (10).
Meanwhile, the signal measured by the probe beam along
the y axis arising from the detuning of the compensation
point δBz is defined as the coupling response and shown in
Eq. (11):

Pe
x(
y) = −γePe

z Re
tot
y/γn

Re
tot

2+γ 2
e

[
δBz

2+(

y/γn

)2
] , (10)

Pe
y(
y) = −γ 2

e Pe
zδBz
y/γn

Re
tot

2+γ 2
e

[
δBz

2+(

y/γn

)2
] . (11)

The experimental result is shown in Fig. 6. When the
comagnetometer is operated in the open-loop scheme, the
equilibrium angle between Pn and the z axis increases with
the input rotation rate increasing. The stationary bias field
Bc gradually deviates from the actual compensation point
and causes a nonzero δBz field. The nonzero δBz decreases
the response of the sensitive axis and creates a severe
cross-talk response in the coupling axis, which is consis-
tent with Eqs. (10) and (11). When the comagnetometer
is operated in the closed-loop scheme, the nonzero δBz
is real-time canceled by the feedback electronics, leaving
the compensation point tuned all the time. This improves
the scale factor linearity, enlarges the measuring range,
and suppresses the cross-talk error of the comagnetome-
ter. The minor fluctuation of the coupling response around
zero in the closed-loop scheme can be further removed by
optimizing the control algorithm and parameters.

The limited measuring range in the closed-loop scheme
is restricted by the characteristics of the atom spins, which
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FIG. 6. The dual-axis comagnetometer response to rotation rate
inputting along the y axis operated in the open-loop scheme
and closed-loop scheme. Top: The sensitive response Pe

x mea-
sured by the probe beam along the x axis. Bottom: The coupling
response Pe

y measured by the probe beam along the y axis. The
closed-loop control of the compensation point could extend the
linear measurement range and suppress the cross-talk error of the
comagnetometer.

are given by 
max = ±γnRe
tot/γe. While the rotation uncer-

tainty per unit bandwidth is given by δ
 = (γn/γe) ×[
Re

totQ/ (nV)
]1/2, where n is the density of alkali-metal

atoms and V is the measurement volume [9]. In the future,
we should solve the contradiction between the high sen-
sitivity and large measuring range of the SERF comag-
netometer; furthermore, a closed-loop detection method,
which could stabilize the nuclear and electron spins at the
equilibrium state, is required to extend the measuring range
and bandwidth.

Finally, the rotation sensitivities of the comagnetometer
operated in the open-loop scheme and closed-loop scheme
are measured and compared in Fig. 7. The probe back-
ground noise is also obtained in the absence of the pump
laser. The output signals are acquired by the data acquisi-
tion system with the sampling rate of 200 Hz. The scale
factor obtained from Fig. 6 is used for converting the out-
put voltage signal to the rotation rate signal. Then the
power spectral density is calculated and averaged for each
0.1-Hz bin. The rotation sensitivities of both the open-
loop scheme and closed-loop scheme are almost the same
and not limited by the probe background noise. In the
K-Rb-21Ne comagnetometer we build, though the com-
pensation point is controlled, which is the longitudinal
magnetic field, the transverse magnetic noise coming from
the innermost magnetic shield still dominates the rotation
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FIG. 7. The rotation sensitivities of the comagnetometer oper-
ated in the open-loop scheme and closed-loop scheme. The probe
background noise obtained in the absence of the pump laser is
also shown. The sensitivities of both schemes are the same and
not limited by the probe background noise.

sensitivity and prevents the improvement of low-frequency
sensitivity in the closed-loop scheme.

V. CONCLUSION

In conclusion, we investigate the transverse oscillat-
ing field response of the K-Rb-21Ne comagnetometer and
found that the electron resonance is shifted to a high fre-
quency and separated far away from the nuclear resonance
owing to the large field from electron magnetization, which
is different from that of a K-3He comagnetometer. By lock-
ing the separated electron resonance, we demonstrate a
real-time closed-loop control method to stabilize the com-
pensation point of the K-Rb-21Ne comagnetometer, both
theoretically and experimentally. The technique presented
here could improve the systematic stability, enlarge the
linear measuring range, and suppress the cross-talk error
of the comagnetometer. Our work will be important for
precision metrology applications using the SERF comag-
netometer [39] and sheds light on the way to introduce an
atom-related closed-loop control technique into the SERF
comagnetometer.
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