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Synchronous measurement of inertial rotation and magnetic field
using a K-Rb->'Ne comagnetometer
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We propose a method for synchronous measurement of inertial rotation and magnetic field based on the
nuclear spin magnetization of the *'Ne self-compensation magnetic field and enhancement of the rotation
signal in a K-Rb-2!'Ne comagnetometer. Under different working temperature conditions, we study the operation
of the system as a self-compensation comagnetometer. Using the formulated Bloch equations, the magnetic
field and inertial rotation are simultaneously measured by the transient and steady responses in a single probe
beam configuration. The measurement of earth rotation projection on the horizontal plane from —5.59 x 107>
to 5.59 x 1075 rad/s based on the steady signal and measurement of the magnetic field ranging from 0.016
to 1.760 nT based on the transient signal have been presented. Furthermore, the simultaneous measurements
of angular velocity varying from —4.01 x 10~ to 5.37 x 107 rad/s with an accuracy of 2 x 1075 rad/s
and a magnetic field changing from 0.048 to 0.128 nT with an accuracy of 0.01 nT have also been

demonstrated.
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I. INTRODUCTION

High-precision atomic magnetometers used to measure
inertial rotation and magnetic field have been applied in
several fields, including tests of fundamental symmetries,
inertial navigation, and biomagnetism [1-3]. In the terms
of magnetic-field measurements, the optically pumped mag-
netometer operating in the spin-exchange relaxation-free
(SERF) regime holds the magnetic-field sensitivity record of
0.16 fT/Hz'/? as a gradiometer [4], surpassing the low-7,. su-
perconducting quantum interference device with the sensitiv-
ity of about 1 fT/Hz!/?. Furthermore, atomic magnetometers
have been developed to measure a three-dimensional magnetic
field [S] and be microfabricated as chip-scale sensors [6].
As for rotation measurements, although mechanical gyro-
scopes and fiber-optic gyroscopes are dominant, especially
for inertial navigation, the atomic spin gyroscopes developed
from atomic magnetometers with sensitivity of about 5 x
10~7 rad s~' Hz~ /2 have opened additional possibilities for
high-precision rotation sensing [7] and demonstrated dual-
axis components’ measurement [8].

Although SERF atomic magnetometers and comagnetome-
ters can achieve ultrahigh sensitivity in magnetic field and ro-
tation measurement, the intrinsic nature that the magnetic field
and rotation cause indistinguishable atom spin precession in-
duces unexpected systematic errors in separate measurements.
Especially, under the condition that the compensation point of
the SERF comagnetometer is drifted, ambient magnetic-field
variation induces severe systematic errors in the signal of the
comagnetometer, resulting in accumulative errors in rotation
measurements and local Lorentz invariance testing [7,9]. This
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problem can be solved by repeating the zeroing routine [9]
in which the measurement is paused periodically for imple-
mentation of a magnetic-field zeroing procedure. The periodic
pause in this method induces an unwanted dead zone of the
measurement. Another method is to simultaneously measure
the magnetic field and rotation before and extract them from
the signal, respectively. A method based on separate probes of
potassium (K) and rubidium (Rb) in the K-Rb magnetometer
was proposed and simulated [10]. However, the difference
between two probe lights is trivial due to fast spin-exchange
collisions of K and Rb and is difficult to realize in practical
applications.

In this paper, we propose a method for simultaneous
measurement of magnetic field and rotation based on a
K-Rb-*'neon (Ne) comagnetometer in which the nuclear
magnetization of 2'Ne cancels slow fluctuation of ambient
magnetic fields [11]. The response of the comagnetometer,
both transient and steady state, is studied in detail using
Bloch equations; and it fits well with experimental results. It
is demonstrated that the magnetic field and rotation can be
simultaneously measured by extracting information from the
transient and steady responses of the comagnetometer. Our
method can be used as a real-time measuring and zeroing
method to avoid information lost during the experiment. It
could also be used as part of close-loop magnetic-field control
in a precision rotation measurement.

II. BASIC PRINCIPLE

The K-Rb-*>'Ne comagnetometer consists of a spherical va-
por cell containing a mixed droplet of alkali metal (K-Rb) and
2INe gas as well as N, gas. The cell is heated by an electric
heater to achieve high vapor densities of alkali-metal atoms.
K electron spins are directly pumped by a circularly polarized
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K D, light and used to polarize Rb atoms by spin-exchange
collisions. Because the density of K atoms in this mixed alkali
metal vapor is much smaller than that of a pure K vapor with
the same temperature, the absorption of the K D; pump beam
along the direction of propagation is much slighter, resulting
in a much homogeneous polarization [12]. The polarization
of 2'Ne nuclear spins is primarily generated by spin-exchange
collisions with Rb atoms because the density of Rb atoms
is two orders of magnitude larger than that of K [8]. The
transverse component of Rb polarization, induced by the input
magnetic field and inertial rotation, is measured by a linearly
polarized probe light based on optical rotation.

In a K-Rb->'Ne comagnetometer, the primary interactions
between K and Rb atoms are spin-exchange interaction and
spin-destruction interaction. At the typical operation temper-
ature about 473 K, the densities of K and Rb atoms in the
hybrid cell are about 8 x 10'> and 8 x 10'* cm™3, respec-
tively, giving a density ratio D, = ng/ngb ~ 1/100. Due to
the sufficiently large spin-exchange cross section between
K-Rb, 0¥ Rb =2 x 1074 cm?, the spin-exchange rate from
K to Rb RERY (the other way around for RRPK) is about
1 x 10* 1/s (1 x 10° 1/s), which is larger than the typical
800-1/s relaxation rate of alkali-metal atoms in the
K-Rb-2'Ne SERF comagnetometer. Hence, the Rb and K
atoms are in spin-temperature equilibrium with the same spin
polarization [12] and can be regarded as one spin species. The
polarization of Rb atoms by spin-exchange interaction with K
atoms can be represented by an effective pump light directly
polarizing Rb atoms with a pump rate R,,. Besides, the K-Rb
spin-destruction interaction on the Rb atom, which is several
orders of magnitude smaller than that of Rb-Rb, could be
considered in the spin-destruction rate of Rb atoms Ry, . There-
fore, the interactions between K-Rb could be represented by
two parameters R, and RY;.

As for the interactions between alkali-metal atoms and
2INe atoms, the main interactions are the spin-exchange in-
teraction and the spin-destruction interaction. Among these
interactions, the imaginary part of the spin-exchange inter-
action is the dominant interaction, which is several orders of
magnitude larger than the others [11]. Typically, the imaginary
part of the spin-exchange interaction of electron-electron,
which induces the frequency shift, is smaller than the real part
that causes the spin transition. However, due to the weak spin-
exchange interaction between alkali-metal and noble atoms,
the imaginary part is 10° larger than the real part. The imag-
inary part of spin-exchange interaction for electron-nuclear
spin-exchange interaction could be described by effective
magnetic fields experienced by 2'Ne atoms and alkali-metal
atoms, respectively, due to the magnetization of the other,
which are denoted as B® and B", respectively. Especially, in
a spherical cell, this magnetic field is B = 8wky/3 MP, where
M = un is the magnetization for full polarization, w is the
magnetic moment, # is the density, P is the polarization, and kg
is the Fermi contact shift enhancement factor [13]. As for the
real part of the spin-exchange interaction, it is used to polarize
the 2! Ne atoms over a period of several hours. Although the
impact of the real part on the dynamics of the K-Rb-2'Ne
comagnetometer is negligible, it determines the equilibrium
nuclear polarization of *'Ne atoms and is described by a
spin-exchange rate. Besides, the spin-destruction interaction
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FIG. 1. Schematic of the polarization process and the simplified
interaction model.

between alkali-metal and >'Ne atoms is also described by a
spin-destruction rate.

For the K-*Ne pair and the Rb->'Ne pair, the ko’s are
30.8£2.7 and 35.7 £3.7, respectively [14]. Besides, the
density ratio of K to Rb atoms is typically on the order of
1072, and the spin polarization of K equals that of Rb. Thus,
the effective magnetic field experienced by >'Ne atoms due to
the magnetization of K BY, is two orders of magnitude smaller
than that due to the magnetization of Rb By, . Therefore, the
interactions between >'Ne atoms and alkali-metal atoms are
dominated by a Rb-2'Ne pair, and the interactions between
K-2'Ne can be safely ignored. In conclusion, the K-Rb-2'Ne
comagnetometer could be simplified to the Rb->'Ne comag-
netometer with the interactions associated with K atoms
represented by the effective pumping and spin-relaxation
rates.

The schematic of the polarization process of alkali-metal
atoms and noble gas is depicted in Fig. 1 and divided into five
steps. The first step shows that the K electron spins are in the
random state in the initial state. The second step depicts that
the disorderly K electron spins are polarized by the circularly
polarized pump light, where N, is used as a quenching gas
to suppress the radiation trapping. The third step indicates
that the Rb electron spins are polarized via spin-exchange
collisions with K atoms, and the alkali-metal spin ensembles
reach the spin-polarization equilibrium rapidly. As shown
in the fourth step, the 'Ne nuclear spins are polarized by
spin-exchange collisions with Rb atoms mainly because the
density of Rb is two orders of magnitude larger than that of K.
After several hours, the polarizations of the mixed spin ensem-
bles approach steady state. Because the main interaction of
Rb-2'Ne is described by the effective magnetic fields and the
response of the Rb-2!Ne spin ensembles to input the magnetic
field and rotation signals is related to their spin polarizations,
the Rb->!Ne spin ensembles can be represented by two vectors
P¢ and P", and the effective magnetic fields can be represented
by B¢ and B" for simplicity.

The dynamics of the comagnetometer could be appropri-
ately described by the Bloch equations coupling Rb electron
and >'Ne nuclear polarizations P¢ and P" with spin-exchange
interaction and spin-destruction interaction [7,15], whereas
the interactions between K and Rb spin ensembles are rep-
resented by an equivalent pumping rate and spin-destruction
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Here y, and y,, are the gyromagnetic ratios of an electron
and a ?'Ne nucleon, and Q is the slowing-down factor. B, €,
and L are the external magnetic field, the inertial rotation,
and the light shift, respectively. R, and R,, are the pumping
rates of pump and probe lights, whereas S, and Sy, are their
photon spins. R is the spin-exchange rate from 2INe atoms
to Rb atoms, and the other way around for RS, . For the Rb spin
ensemble, the longitudinal and transverse relaxation rates are
T7' =R, +R, + R+ R and RS, =T, = T;' + ORS,
respectively, where R{; is the spin-destruction rate, and RS

is the spin-exchange relaxation rate. Ry, = Ry + R4 + Ry

is the total spin-relaxation rate of 2INe, where Rguad is the

quadrupole relaxation rate of 2! Ne.

The full Bloch equations are nonlinear and hard to be
solved analytically. Approximation is needed to simplify the
solution. For small transverse excitations, it is a fairly good
approximation to assume that the longitudinal components Py
and P! are nearly constant such that the Bloch equations could
be linearized. Typically, the transverse relaxation rate of Rb
atoms is about 2000 1/s, thus, for effective transverse input
signals roughly about 5 nT, the longitudinal components are
not affected. The transverse component P{ can be obtained
by solving the linearized Bloch equations. Based on the
optical rotation, the signal measured by the photodiode S¢ is
proportional to P¢ by the factor K; and is given by

Sy = KdPXe
= M (Py, cos Ayt — Py;sin Ayt)
+ € (Py, cos Aot — Pyisin dait) + Sy, (2)

where Ay = Ay, +iAy; and Ay = Ay, +iky; are two oscil-
lations corresponding to precessions of Rb electrons and
2INe nuclei, respectively, with different decay rates and fre-
quencies, which are entirely determined by the system it-
self and specifically formulated in our previous work [16].
Py, P, P, and P»; depending on initial conditions and the
input signals could be concretely formulated with different
types of inputting magnetic-field variation and inertial rota-
tion.

When a bias magnetic-field B, = —B¢ — B" produced by
the coils is applied along the Z axis, the comagnetometer
works in a regime called self-compensation that the nuclear
magnetization of 2!'Ne could arbitrarily cancel slowly chang-
ing B, in steady state [7]. As shown in Fig. 2(a), without
a transverse input signal, the Rb electron and ?'Ne nuclear
spin-polarizations P¢ and P" are polarized along the Z axis
initially. A bias magnetic-field B, = —B° — B" is applied
along the Z axis to operate the comagnetometer at the self-
compensation point. When applying a magnetic-field B, along

FIG. 2. Intuitive model of the basic operation.

the Y axis, P® and P" would begin to precess in the transient
process. After a short time, the precessions would decay to
steady state. P™ would stabilize along the direction on the
Y-Z plane, thus the projection of B" on Y-axis Bj would
compensate B,. Because the total transverse magnetic field
experienced by Rb electrons is zero B} + B, = 0, P® would
return back to the Z axis, unaffected by B, in steady state.
Besides, the principle of rotation sensing in steady state is
shown in Fig. 2(b). When inputting rotation €2, along the
Y axis, P" would precess and stabilize along a direction
on the Y-Z plane in steady state, thus B™ would produce a
projected magnetic-field B} along the ¥ axis. The effective
rotation signal experienced by Rb electrons along the Y axis
is the sum of €2, and B’y’., which is enhanced relative to the
original signal €2,. P® would stabilize along a direction on the
X-Z plane in steady state, whose projection on the X -axis P{
can be measured based on the optical rotation to obtain the
rotation £2,.

As shown in Fig. 2, operating at the self-compensation
regime, the nuclear magnetization of >'Ne atoms could ar-
bitrarily cancel slowly changing B, in steady state, leaving
the steady-state signal only proportional to rotation signal €2,.
Although the steady-state signal is unaffected by the magnetic
field, the transient signal is still related to the magnetic field
and rotation both. Thus, the value of 2, can be obtained in a
steady signal, and the value of By can be acquired by substi-
tuting €2, into the measured transient signal. When inputting
a steplike magnetic field and quasistatic inertial rotation, Py,
and S5 could be described as

Py, = KpBy + Kof2,, @
5B 2
d
Sitea y — Kieady (B_;:By + )/_ny> ’ “
P Ay — Aoy
Kp = - K4 2 a ?
Q ()LZr - )\41)‘) + ()\Zi N )Lli)
o YeP L [(Rfmyn/ye P20 — )
Q =
R Aoy — Ap)? 4+ (i — A1)
Mi(hai = M)
_ 2 2l "
(har = Aae " + (s = h)
Kqy.PeRE
Ksteady _ dYe z Mot . (7)
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FIG. 3. (a) The schematic of the comagnetometer. (b) The di-
agram of measuring the earth rotation projection. The coordinates
of the laboratory are north latitude 40.0° and east longitude 116.4°.
The comagnetometer rotates along the Z axis, therefore, the projec-
tion of the earth rotation £ on the measurement direction of the
comagnetometer 2, would change sinusoidally. At the beginning,
the direction of the Y axis of the comagnetometer is determined by a
north seeker.

Here, Kp, Kq, Kgeady, A1, and A, are system parameters
determined by the system itself and could be measured by
the calibration. At the self-compensation point §B, = B, —
B, =0, the values of B, and €2, can be obtained by fitting
the complete response signal containing the transient and
steady components with Eqs. (2)—(4) after determination of
the system parameters.

The concrete procedures of this simultaneous measurement
method are that: First, the oscillation parameters A; and A,
are acquired by fitting the response to a step magnetic field,
whereas the scale factors Kz, Kq, and Kgaqy are calibrated by
various inputting signals. Second, these calibrated parameters
are used to fit the response signal S, to obtain magnetic-field
By and rotation €2, based on Eqgs. (2)—(4).

III. EXPERIMENTAL SETUP

The experimental setup is shown in Fig. 3(a). The 14-mm
diameter spherical cell containing a mixture droplet of K-Rb
with the density ratio of about 1:100 at 453 K, 2020 Torr

1 . . .
-40 -30 -20 -10 0 10 20 30 40

Deviation from the compensation point 6BZ (nT)

FIG. 4. The dependence of the difference between the initial and
the steady state responses ASY on the deviation from the compensa-
tion point 6B, for different temperatures.

of 2'Ne (70% isotope enriched), and 31-Torr N, (quenching
gas) is heated by a 110-kHz AC electrical heater within
a boron nitride ceramic oven, and they are installed inside
a polyetheretherketone vacuum vessel. The vessel cooled
by the water-cooling tube is enclosed by a ferrite barrel
and a five-layer cylindrical u metal to shield ambient mag-
netic field and reduce inner magnetic noise. Additionally, a
three-axis coil is used to compensate the residual magnetic
field [17].

The pump light produced by an external cavity diode laser
is tuned to D, resonance of K, which is amplified by a tapered
amplifier to 1.2 W and expanded to cover the cell to polarize
K atoms along the Z axis. The S, component of Rb spin
polarization is measured by a linearly polarized probe light
propagating along the X axis from a distributed feedback laser
whose wavelength is tuned to the red detuning (0.4 nm) of D,
resonance of Rb. The probe light is modulated by a photoelas-
tic modulator (Hinds Instrument) with the amplitude of about
0.08 rad and the frequency of about 50 kHz and demodulated
by a lock-in amplifier (Stanford Research SR830).

The whole experimental setup is mounted on a rotation
platform whose rotating axis (Z axis) is carefully calibrated
to be perpendicular to the local horizontal plane so that the
probe beam (X axis) can be directed along any direction of the
horizontal plane to measure the projection of earth rotation on
Y-axis 2, as shown in Fig. 3(b).

IV. RESULTS AND DISCUSSIONS

We first set the comagnetometer work in the self-
compensation regime. To find the appropriate compensation
point B,, we record the signal response to a step magnetic-
field B, with amplitude 0.32 nT at three different tempera-
tures. By scanning B, = B, — B, we find the difference AS?
between the steady signal before and the steady signal after
the step magnetic field equals to zero at §B, = 0 as shown
in Fig. 4, which indicates the suppression of the magnetic
field due to the projection of >!Ne nuclear magnetization along
the Y axis [7,11]. Experimental results agree well with fitted
results from Egs. (4) and (7). At the working temperature of
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FIG. 5. The comagnetometer responses to the projection of earth
rotation €2, with different pump power.

458 K, the densities of K and Rb atoms are about 3.8 x 10'2
and 3 x 10" cm™3, respectively. Utilizing the magnetic-field
zeroing procedures [15], B, is found to be 287.5 nT with the
pump light power density 335 mW /cm?. In addition, R{ Ve
is measured to be 31.84 nT by fitting the linewidth of the
dispersion curve in Fig. 4 at 458 K.

In the self-compensation regime, the steady signal of the
comagnetometer measures rotation only. We use the pro-
jection of earth rotation on the horizontal plane (maximum
5.59 x 107> rad/s) as an input signal to calibrate the signal.
As shown in Fig. 5, the Y axis of the comagnetometer is
initially aligned with the east direction and counterclockwise
rotated 30° each time. After accomplishing each heading
angle rotation, the steady signal is measured. These mea-
sured signals are fitted nicely with the sinusoidal curves.
The coefficients of determination R? (the goodness of fit)
are superior to 0.99. The maximal signals appear when the
Y axis is directed along the north-south position where the
projection of earth rotation reaches the maximum. Although
the fitting curves feature phase shifts of 14° for pump power
335 mW/ cm? and —7° for 272 mW/cmz, respectively, which
probably results from residual cross talk from €2,. A sensi-
tivity of 2.1 x 1078 rad s~' Hz~'/? has been achieved based
on the K-Rb-?'Ne comagnetometer, which shows that the
comagnetometer could be applied in the precision rotation
measurement [18].

To verify the simultaneous measurement, we rotate the
rotation platform to the direction with €2, =0 and input a
step magnetic field along the Y axis with amplitude B, =
0.32 nT to calibrate the system parameters Aj, A,. At the
compensation point, a typical signal of the comagnetometer
is shown by the black curve in Fig. 6. The response of
the comagnetometer can be divided into two parts: a fast
decay oscillation signal and a steady signal. As a result of
the self-compensation of the transverse magnetic field by the
magnetization of 2! Ne, the steady signal equals zero no matter
that there is a magnetic-field input along the Y axis at the
compensation point. The fast decay oscillation signal can be
fitted with Eq. (2), which gives A;; = —5.02 £0.09, A, =
—39.41+0.7, Xy = —0.92£0.02, and 1, = —1.46 £ 0.04.

3+ A“ o (5B = 0 4
A z
| o 6BZ: 50nT
2 A JBZ: -50nT |
E 1 . -By= 0.32nT
»
%)

0 1 2 3 4 5 6 7 8
Time t (s)

FIG. 6. The responses of the comagnetometer to a step magnetic
field with various compensation fields B, = B, — B... The measured
responses with 6B, =50, §B, =0, and 6B, = —50 nT are drawn
in red squares, black circles, and blue triangles, respectively, and
fitted by the corresponding solid curves based on Eq. (2) with R?
(the goodness of fit) all superior to 0.99. Initially, the responses
with various 8B,’s are zero by subtracting their offset values. At
t = 1 s, a step magnetic-field B, = 0.32 nT (green curve) is applied,
and the response signals begin to oscillate and approach steady state
within seconds. The steady state values are different, §S = 0 for
8B, =0, 8S > 0 for §B, = 50 nT, and 8S < 0 for §B, = —50 nT.
That means B, is compensated in steady state at the compensation
point 6B, = 0, whereas B, still results in an output signal in steady
state with other B,’s.

After the calibration of A;, A, we then simultaneously
measure different B,’s and £2,’s where the step magnetic fields
are generated by the coils and the rotation along the Yaxis
is produced by the projection of earth rotation. The results
are plotted in Fig. 7 in which Q, ranges from —4.01 x 107>
to 5.37 x 107> rad/s, and B, ranges from 0.048 to 0.128 nT.
The points represented in black and red are measured as Py,
and S5, respectively, and the colored planes are the fits to
the data. According to Eq. (3), Py, is linearly dependent on

(a) (b)

-4
-2

%10
Qy (rad/s)

2
0
2
Qy (rad/s)

FIG. 7. The fitted P, and Sfe"’dy as functions of the angular
velocity and magnetic field. The points represented in red and black
are measurement points, and the colored planes are the fit to the data.
The fitting functions of the subgraphs are P, = 21.86B, — 0.0124
and $3°% = —5124Q, + 0.6048, respectively.
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FIG. 8. Simulations of relationship between A;, and temperature
as well as the polarization of Rb electrons P;.

By and 2,, whereas the measured Pj, is linearly dependent
on By but not significantly affected by €2, in Fig. 7(a) with
the relatlonshlp of P;, = 21.86B, — 0.0124 because K2, are
several orders of magnitude smaller than KB, according to
Egs. (6) and (7). In Fig. 7(b), there is a linear relationship
between Sy and Q,, SiY = —5124Q, + 0.6048 as ex-

pected in Eq. (4), whereas S3'“" is independent of B, due to
the nuclear magnetization compensating the magnetic field in
steady state. We also verify that the fitting parameters remain
constant in different B, and 2, inputs. The measurement ac-
curacy of the magnetlc field is 0 01 nT, and the measurement
accuracy of rotation is 2 x 1073 rad/s, which are primarily
limited by the technique noises in the system, such as power
fluctuations of pump light, heating temperature stability.
Finally, we present the main limitations of this simultane-
ous measurement method. It is noted that the simultaneous
measurement rate is limited by the decay rate of the transient
process, which approximates to 1.46 1/s in this experiment.
According to Eq. (2), there are two oscillation parts in the
transient process A; = Ay, + iAy; and Ay = Ay, + iAy;, corre-
sponding to precessions of Rb electrons and >'Ne nuclei,
respectively, with different decay rates and frequencies. The
decay rate of the transient is determined by the slower decay

rate Aq,,
A-l _R[EOt + VYV az + b2 + a (8)
20 22
R B 2
a= < 5t> - (yeaz + VnB?> s (9)
RS ([ —B 4y,B%y,B!
b_25’t< o T ,)——y g/ S (10)

The slower decay rate Ay, is related to Bf, B!, and R{,
which are further associated with temperature and Rb elec-
tron spin-polarization Pf. This theoretical model has been
experimentally verified in our previous work [19]. As shown
in Fig. 8, the relationships between A, and temperature as
well as P¢ are simulated based on Eq. (8). A1, increases with
increasing of temperature and P¢, thus, can be improved by
optimizing these conditions. Furthermore, if we replace the
2INe atoms with *He atoms, A;, can increase by about one
order of magnitude [11].

10
-
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=) A A
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’
Va I I
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FIG. 9. Suppression of the comagnetometer response to oscillat-
ing fields along the X axis and the Y axis.

Another main limitation is that the simultaneous measure-
ment relies on the self-compensating transverse magnetic field
on steady state, whereas this compensation effect depends on
the oscillation frequency of the magnetic field. The suppres-
sions of the responses to the transverse magnetic fields with
oscillation frequencies w, By, and By, are defined by SF; and
SFy, respectively,

SF, = @ , (11)
B + (wy2B:[RS,)
2
SF, = d (12)
(vB2) + (wy2Be [RS,)"

Figure 9 shows the measured results of suppression factors
and the corresponding fitting curves based on Egs. (11) and
(12). The suppression factors SF; and SF, decrease with
frequency, indicating a better suppression effect with lower
frequency. The measured results of SF;, and the fitting curve
are not coincident at lower frequency. This discrepancy is
resulted from the fact that the responses to lower-frequency
magnetic fields are strongly suppressed. Thus, the weak re-
sponses are severely affected by signal fluctuations and noises.
In this experiment, the suppression effect is more significant
underneath 1 Hz. The frequency limitation of this suppression
effect results from the limitation of the precession rate of 2! Ne
nuclear spins in the strongly coupled Rb->'Ne spin ensembles,
thus, the suppression ability could be enhanced by increasing
the polarization of 2! Ne atoms P! to achieve large B.

V. CONCLUSION

In conclusion, we have demonstrated a method of simulta-
neous measurement of the magnetic field and inertial rotation
based on a K-Rb-?>!Ne comagnetometer with the nuclear
spin magnetization of the 2'Ne self-compensating magnetic
field. The intuitive models of the hybrid hyperpolarization
process and the principle of the self-compensation are present.
The measurements of the projection of earth rotation on the
horizontal plane from —5.59 x 107 to 5.59 x 107 rad/s
from the steady signal and the measurements of the magnetic
field ranging from 0.016 to 1.760 nT from the transient
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signal have been demonstrated, respectively. Furthermore, the
simultaneous measurement of angular velocity ranging from
—4.01 x 1073 to 5.37 x 107> rad/s and the magnetic field
ranging from 0.048 to 0.128 nT have also been demonstrated.
Finally, we discuss the main limitations of this method and
propose the potential improvement approaches.

This method features a real-time simultaneous measure-
ment and can be potentially used in practical applications,
such as precision measurements and navigations. In applica-
tions disturbed by transient and periodic magnetic fields, this
method could be applied to measure the interference magnetic
fields to reduce their influences during measurement of non-
magnetic signals, such as searching for anomalous forces and
fields as well as navigation. Besides, the drift of 6B, will sig-
nificantly degrade the operation of the SERF comagnetometer
by reducing the self-compensation effect on suppressing the
low-frequency interference magnetic field. The parameter A,
acquired by fitting the transient signal to the step transverse
magnetic field, is a function of §B, and could be utilized to
zero the drift of 6B, in real time to reduce the system error.
This simultaneous measurement method accurately characters
the transient process of comagnetometer with R? all superior
to 0.99, thus, could be applied to study the dynamic of
the coupled Rb->'Ne spin ensembles. In our recent work
[20] to search for new spin-spin-velocity-dependent force,

there is fluctuation in the recorded signal when the rotation
direction of SmCos magnets is changed, which disturbs the
measurement; although the SmCos magnets are shielded, the
magnetic-field leakage exists, possibly resulting from the fluc-
tuation, thus the transient signal induced by this magnetic field
can be potentially measured by our method to improve the
measurement accuracy. Besides, in the experiments searching
for an anomalous field based on comagnetometer, the anoma-
lous field is assumed to couple to spins not proportional to
their magnetic moment as a magnetic field but rather similar
to the inertial rotation, thus this method might be potentially
used to simultaneously measure the anomalous field and the
magnetic field to reduce the system error induced by the
magnetic field.
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