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A nuclear spin gyroscope based on an alkali-metal-noble-gas co-magnetometer operated in spin-exchange relaxation-
free (SERF) regime is a promising atomic rotation sensor for its ultra-high fundamental sensitivity. However, the fluctuation
of probe light intensity is one of the main technical error sources that limits the bias stability of the gyroscope. Here we
propose a novel method to suppress the bias error induced by probe light intensity fluctuations. This method is based on the
inherent magnetic field response characteristics of the gyroscope. By the application of a bias magnetic field, the gyroscope
can be tuned to a working point where the output signal is insensitive to probe light intensity variation, referred to herein
as ‘zero point’, thus the bias error induced by intensity fluctuations can be completely suppressed. The superiority of the
method was verified on a K-Rb-2!Ne co-magnetometer, and a bias stability of approximately 0.01 °/h was obtained. In
addition, the method proposed here can remove the requirement of the closed-loop control of probe light intensity, thereby
facilitating miniaturization of the gyroscope volume and improvement of reliability.

Keywords: nuclear spin gyroscope, spin-exchange relaxation-free, error suppression, probe light intensity
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1. Introduction

High-precision gyroscopes have found wide applica-
tions in inertial navigation, geophysics studies, fundamental
physics, and so on.!":?) Among these applications, one of the
factors determining system performance and experimental re-
sults is the bias stability of the gyroscope. While the accu-
racy of the traditional gyroscopes based on classical mechan-
ics or Sagnac effect of photons has reached a high level,>*]
the research on gyroscopes based on new mechanism is still in
progress. As quantum sensing technology becomes a distinct
field of research, ! gyroscopes based on the fascinating prop-
erty of ultrahigh sensitivity of atomic sensors have been de-
veloped, including atomic interferometer gyroscopes!®’! and
nuclear spin gyroscopes.®! Nuclear spin gyroscopes have at-
tracted a lot of research interest because of their high precision
potential, easy integration, and insensitivity to vibration and

[101' A5 the relaxation of coherent evolution qubits in a

gravity.
quantum system is a main factor that limits its performance,
atomic magnetometers operated in spin-exchange relaxation-
free (SERF) regime, where the relaxation of electron spins
due to spin-exchange collisions is greatly suppressed, have
become one of the most sensitive magnetometers to date.!'!]
Based on the ultrahigh magnetic sensitivity of SERF mag-

netometers, the Romalis group at Princeton University first

DOI: 10.1088/1674-1056/ab44a5

proposed a novel type of nuclear spin gyroscope based on
an alkali-metal-noble-gas co-magnetometer scheme in 2005,
and a bias stability of 0.04 °/h was achieved on their K—He
co-magnetometer.!!? This type of gyroscope is usually called
spin-exchange relaxation-free gyroscope (SERFG) and it fea-
tures ultrahigh rotation sensing sensitivity and magnetic field
disturbance cancellation ability. After that, the principles and
theories of the gyroscope have been intensively studied and
verified. Our group demonstrated a dual-axis SERFG with
parametrical modulation technique, and a bias stability of bet-
ter than 0.05 °/h was achieved in 2018.13] After that, it was
found that magnetic field fluctuations can still cause bias drift
in SERFG.!'*] By the analysis of the magnetic field response
of this gyroscope, the bias error induced by magnetic noise has
been suppressed to 5 x 1074 © /h.[13.16]

A SERFG usually utilizes an orthogonal pump-probe
scheme.!'”l A circularly polarized pump beam is used to
pump the alkali—metal atoms, and a linearly polarized probe
beam propagating along the direction perpendicular to the
pump beam is used to detect the precession of atomic spin.
The optical rotation of the probe beam is usually measured
with a balanced photodetector!'3! or polarization modulation
technique.!'8! As the scale factor of a SERFG is proportional
to the light intensity of the probe beam, the light intensity
fluctuations can couple into the output signal and induce bias

*Project supported by the National Key Research and Development Program of China (Grant Nos. 2016YFB0501600 and 2017YFB0503100) and the National
Natural Science Foundation of China (Grant Nos. 61773043, 61673041, and 61721091).

Corresponding author. E-mail: fanwenfeng @buaa.edu.cn
© 2019 Chinese Physical Society and IOP Publishing Ltd

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn

110701-1


http://dx.doi.org/10.1088/1674-1056/ab44a5
fanwenfeng@buaa.edu.cn
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn

Chin. Phys. B Vol. 28, No. 11 (2019) 110701

drift. Therefore, light intensity stabilization system is usu-
ally used to suppress the fluctuations.''! However, due to the
temperature-dependent performance of optical components in
the light intensity stabilization system (LISS), the intensity
stabilization accuracy is greatly affected by the environment

(191 In this letter, we propose a novel

temperature variation.
method to suppress the bias error induced by probe light inten-
sity fluctuations. Based on the magnetic field response char-
acteristic of SERFG, 3! a bias magnetic field is used to tune
the system to the working point where the output signal is no
longer sensitive to the probe light intensity variations. The
superiority of our method was verified on a K-Rb—>'Ne co-
magnetometer, and a bias stability of approximately 0.01 °/h

was achieved.

2. Theoretical method

The schematic diagram of a SERFG is similar to that in
our previous literature, ') and is depicted in Fig. 1. At the cen-
ter of the gyroscope is a 10-mm-diameter spherical vapor cell
with 760 Torr (1 Torr=1.33322x10% Pa) of >!Ne buffer gas,
50-Torr nitrogen quenching gas, and a mixture of K and Rb.
The cell held in an oven made of non-magnetic ceramic ma-
terial is heated to 185 °C by ac current-driven heating coils.
And the density ratio between K and Rb is estimated to be
1:200. A tri-axial magnetic coil system is used for mag-
netic field compensation. The magnetic shielding system com-
posed of two outer layers of y-metal shields and one inner-
most ferrite shield is used to screen out the environmental
magnetic field disturbance. Circularly polarized light tuned
to 770.108 nm polarizes the K atoms. Rb atoms are polarized
by K atoms through spin exchange. Linearly polarized light
tuned to 795.38 nm is used to detect atomic spin precession
and polarization modulation technique is used to measure the
optical rotation angle. The intensity of lasers are controlled by
an LISS.

A set of coupled Bloch equations are usually used to char-
acterize the dynamics of the electron and nuclear spins in a
SERFG. According to the theoretical and experimental results
of the magnetic field transfer function analysis of SERFG,[!’]
the system can be described with a linear time-invariant sys-
tem. When the polarization of atoms has reached equilibrium,
an external compensation field B. = —B" — B® is employed
along z axis to cancel the magnetic field from nuclear mag-
netization B" and that from electron magnetization B®. If we
take the transverse rotation rate £2,; and £, , the transverse
magnetic field By; and By; as system inputs, the leading steady
state response terms of the gyroscope can be expressed as!!'®!

Vout :KOIO(6c+6r)7 (1)

where Ky is a constant factor and can be expressed as Ko =
NGe~%Pay,, in this expression, 1) is the photoelectric conver-

sion efficiency, G is the gain of the preamplifier circuit of the
LIA, OD is the optical depth, 04y, is the modulation depth of
the PEM. I, is incident probe light intensity, 6. = K P is the
optical rotation angle caused by the atoms in the cell, K is
a constant factor independent of light intensity,[?”) and P¢ is
the polarization of Rb atoms along x axis. 6; is the unwanted
optical rotation angle error caused by the imperfections of the
cell and optical components. Keeping the leading terms of the
gyroscope response, P can be expressed as

PPy R
[(Re)* + (8B.y°)?] (8. + B)
X (B“_le- _ Ry 2 V"
P “Riy
5BZ’)/C Bn.Qx,'>
Rew 7 )

In order to distinguish from the input magnetic fields B,; and

PS =

X

B,i+ 6B 0B,

+8B.8B, + 2)

By;, the deviation of the magnetic fields from compensation
point (0,0,B.) are defined as 0By, 6By, and O0B,. Pf is the
steady state polarization of electrons along z axis, y" is the
gyromagnetic ratio of the nuclear-spin and ¢ is the gyromag-
netic ratio of the electron-spin. Ry, is the transverse relaxation
rate of electron-spin, Ry is the transverse relaxation rate of
nuclear-spin.
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Fig. 1. Schematic diagram of the SERFG. TA: tapered amplifier, BSL: beam
shaping lenses; M: reflection mirror; P: linear polarizer; NE: noise eater;
HWP: half wave plate; PBS: polarizing beam splitter; QWP: quarter wave
plate; PD: photodiode; PEM: photo-elastic modulator; LIA: lock-in ampli-
fier; SEC: servo electronic circuit. An LISS mainly compromises of an NE,
an HWP, a PBS, a PD, and an SEC. The output laser intensity of the LISS is
monitored by the PD, which detects the intensity of a small portion of laser
split by the PBS. The PD signal is fed into the SEC. The SEC compares
the current laser intensity with the set-point value and changes the driving
voltage applied to the NE to change the output laser intensity.

The compensation point is usually found based on Eq. (2).
The 6B, can be zeroed by the application of a symmetric B,

modulation. According to the fourth term in the brackets,
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when 0B is exactly zero, the applied B, modulation produces
no signal difference in steady state. Once 8B, is zeroed, a sim-
ilar symmetric B, modulation around the point 0B, = 0 can be
applied to zero 6B,. When the applied B, modulation pro-
duces no steady state signal difference, the 5By is zeroed.!!*!
As for the zeroing of 8By, it is accomplished by modulating B,
asymmetrically between zero and a non-zero value. Accord-
ing to the third term in the brackets, the 0B, is zeroed when
the asymmetrical modulation of B, produces no steady state
difference. When the magnetic fields are properly zeroed, the
SERFG operates at the compensation point and its output sig-
nal can be obtained by substituting Eq. (2) into Eq. (1), which
can be expressed as follows:

Prye (-Qyi Rigt
R \y* BYy"

Vour = Kolp [Kl Bxi) + 9r:| . (3)

It can be seen from Eq. (3) that at the compensation point,
the gyroscope signal is proportional to /y, meaning that inten-
sity fluctuations will result in bias drift. Although an LISS
is used to control the light intensity to the set-point, the ac-
tual Iy will change with temperature as the split ratio of a
PBS is temperature-dependent. The equivalent scale factor be-
tween light intensity and angular rate is measured and shown
in Fig. 2 with the dash dotted line. Linear fitting of the exper-
imental data gives a scale factor Ko_j, of —104 °/h- mW—L,
When [j is nominally controlled by the LISS to 1.02 mW, its
stability was experimentally evaluated and the drift of I in 1
hour 9.8 x 107> mW in average, equivalent to a bias drift of
0.01 °/h. Fortunately, in addition to £2,, the output signal of the
gyroscope is also proportional to By, and it can be accurately
controlled by highly stable current source.

The basic idea of our method to suppress the error in-
duced by probe light intensity fluctuations consists in employ-
ing a bias B, field to tune the gyroscope to the working point
where the steady state offset is zero, herein is called the ‘zero
point’. At zero point, the total optical rotation angle (6. + 6;)
in Eq. (1) is zero, so the equivalent scale factor of the probe
light intensity is tuned to zero. Therefore, the variations of the
probe light intensity will not affect the output of the gyroscope
anymore. In the case of static test, the total offset of the gyro-
scope signal is mainly due to the earth’s rotation £2,, and the
residual rotation angle of the probe system. From Eq. (3), the
zero point can be found when

v'B" (de
Rioe

e
8B, = 6B, = + 6rR‘°‘> . 4)

v KPrye
3. Experimental results

As mentioned above, the equivalent scale factor of the

probe light intensity can be tuned by B, field, as is shown in

Fig. 2. The scale factors were measured at different bias fields
and a clear zero-crossing point can be found by the applica-
tion of a probe light intensity modulation. In our experiment,
the zero point is achieved when By = —5.7 nT. It should be
noted that the existence of 6, will cause additional bias field
to reach zero point, resulting in the arise of spin-exchange
relaxation rate.!'!! Therefore, before polarizing the atoms, 6;
needs to be adjusted to zero as much as possible. Compared
with the condition at compensation point, the drift induced by
probe light intensity fluctuation can be completely eliminated
theoretically. Our group have also demonstrated an SERFG
based on Cs—'?°Xe spin source with optical zeroing method
to suppress the laser intensity fluctuation error.”>!) Compared
with the magnetic field zeroing method in this paper, the op-
tical zeroing method requires the use of two Faraday modula-
tors, which is not conducive to the miniaturization of the gy-
roscope. In addition, the optical error of the Faraday modu-
lator itself cannot be completely eliminated. Therefore, from
the perspective of future applications of an SERFG, magnetic
field zeroing is more reasonable and effective. Question may
arise that a gyroscope is used to measure the angular rate of
its moving carrier, then the proposed method will fail in prac-
tical applications as the input angular rate is constantly chang-
ing. Considering that the measurement range of an SERFG
is relatively small, a navigation scheme based on space-stable
platform system is the optimal choice for it.[??! The platform
system tracks an inertial coordinate system, so the angular rate
input felt by the SERFG is constant. Therefore, from the per-
spective of future applications of an SERFG, the method is
still feasible.

8 : :
N ®B,=—5.7nT
6F N\ BB,——7.5nT
S iB,—-3.9nT
4t - EB.——2.3nT
— . \\ _ —
i 2F <~"<~.<_E\ > >
1/ 4-%\ »
~ 0» gl P
73] > PF‘%\
9 p> =4,
m -2 - LN
- ~
\\
_6} Nd
T 0.94 0.98 1.02 1.06

Probe power/mW

Fig. 2. Equivalent scale factor of the probe light intensity. The off-
set at [y = 1.02 mW is subtracted from all the signals. Dash dotted
line with squares: Ko _j, = —104 °/h- mW~! at B, = —2.3 nT (com-
pensation point); Solid line with circles: Ko_f, = 0.03 °/h- mW! at
By = —5.7 nT (zero point); Dotted line with left triangles: Ko 7, =
—57.4°h-mW ! at B, = —=3.9nT (positive offset); Dashed line with
right triangles: Kq ;= 50.5 °/h- mW~! at B, = —7.5 nT (negative
offset). In our experiments, Kq_, at zero point can be suppressed by
above three orders compared with that at compensation point. The error
bars of the experimental data are plotted along with the lines, but they
are too small to be distinguished.

110701-3



Chin. Phys. B Vol. 28, No. 11 (2019) 110701

To illustrate that our method does not introduce other er-
rors, the scale factors and magnetic field sensitivities of the
SERFG at compensation point and zero point were also com-
pared. The scale factor are calibrated with low frequency mod-
ulation of B, field!*}! and the results are shown in Fig. 3. It can
be seen that there is little difference between the scale factors
and it is also verified with the calibration method on a rotatory
platform. 3]

~ 103} pea--ecA
| \
& ! \
=} \
< ® !
> 4 \
T 102} s '
e ’ \
3 @ . ]
= _.’ e zero point
g* F- o compensation point
<
10! " . .
10—4 10-2 100 102
Frequency/Hz

Fig. 3. Amplitude frequency response to By field. It can be seen that
the amplitude responses of the SERFG at zero point and compensation
point share the same fitting line,!'>! meaning that the scale factors to
angular rate are identical.

Another concern is the amplitudes of magnetic field re-
sponse along three axes. When the gyroscope is working at
zero point, the leading terms without steady state offset in
Eq. (2) can be simplified as

€4,

Pe _ PZ ,}/ (Q.yl RIIZ)I

x e -
RIOt

Yn »ynB n

,}/C
Byi+ 6B
Xl ZBnR{cOt

5Bx0> )
The difference is that non-zero By introduces a 533 sensi-
tive term. As is shown in Fig. 4, the dominant magnetic field
sensitivity still comes from By. At zero point, the steady state
response to OB, is quadratic and there will be obvious devi-
ations when ‘SBZ‘ > 1 nT. We experimentally measured that
the magnetic field inside the shield drifts as small as 0.2 pT, so
we can safely assume that 6B, will not introduce a dominant
bias drift. And the equivalent drift cause by the drift of B, is
about 7 x 1073 °/h.

30

20
< 10 <
< 0 e 15
2 =z
m—10 M

|
N
N

Magnetic field/nT

Magnetic field/nT

Fig. 4. Steady state response of the SERFG to magnetic fields along its three
axes. The dominant magnetic field response comes from B, and linear fitting
yields an equivalent scale factor of —33 °/h-nT~!. The steady state offsets at
both working points are subtracted from all the signals. (a) At compensation
point and (b) at zero point.

The long term stability of the SERFG is evaluated by Al-
lan deviation analysis and is shown in Fig. 5. The output signal
is collected for a period of more than 5 hours with a sampling
rate of 200 Hz while the gyroscope is kept stationary. The
bias stability at the compensation point is about 0.02 °/h at
an averaging time of 20 s, and the Allan deviation above 20 s
is dominated by drift rate ramp induced by probe light inten-
sity fluctuations. At the zero point, a bias stability of approx-
imately 0.01 °/h at an averaging time of higher than 100 s is
achieved. Therefore, the method proposed here can suppress
the bias error caused by the fluctuations of probe light inten-
sity and improve the long-term stability of the SERFG. And
the dominant drift rate ramp above 1000 s may come from

pump intensity fluctuations and the magnetic field drifts.

—— zero point
- —- compensation point

1071 k

10—2¢

Allan deviation/(°/h)

10-2 100 102
Cluster time/s

Fig. 5. Comparison of Allan deviation of the SERFG signal at static tests.

4. Conclusion

In conclusion, we have developed a low drift nuclear spin
gyroscope based on a K-Rb—?!Ne co-magnetometer. Based on
the magnetic field response characteristic, the working point of
the gyroscope is tuned by B field from the compensation point
to zero point where bias error induced by probe light intensity
fluctuations can be completely suppressed, and no other er-
rors are introduced. A bias stability of approximately 0.01 °/h
is achieved. The method can remove the requirement of the
closed-loop control of probe light intensity, thereby facilitat-
ing miniaturization of the gyroscope volume and improvement
of reliability. In the future, we will devote to the suppression
of the error induced by pump intensity fluctuations, to the sup-
pression of magnetic field drift and to the closed-loop control
of the zero point.
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