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Abstract: This paper investigates the laser polarization error in the optical rotation detection
system (ORDS) of an atomic comagnetometer (ACM), which will seriously degrade the long-term
performance of the ORDS. We first establish an optical transmission model of the ORDS by
using Jones matrix concerning the optical imperfection of polarizers. Then, we analyze the
polarization error based on this model and propose a novel error suppression method. Finally,
we experimentally test the long-term performance of the ORDS and the ACM before and after
the polarization error suppression to verify the effectiveness of the proposed method. The
experimental results show that the long-term performance of the ORDS and the ACM can be
improved by approximately 3.4 times with the proposed polarization error suppression method.

© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

The atomic comagnetometer studied in this paper is one kind of inertial measurement device that
can measure the angular velocity of the carrier with ultra-sensitivity by means of hybrid atomic
spin ensembles working in the spin-exchange relaxation-free (SERF) state. It can be used in
fundamental physics research, such as tests of Lorentz and CPT violation [1,2] and searches for
anomalous spin forces [3,4]. Furthermore, it also has a great potential to be made into a compact
gyroscope for inertial navigation [5—7]. A rotation sensitivity of 2.1x1078 rad s™! Hz"!/? and a
long-term stability on the order of 1072 deg/h have been achieved based on the hybrid optical
pumping K-Rb-2!Ne comagnetometer.

A typical atomic comagnetometer usually consists of four basic parts: the laser pumping
system, the optical rotation detection system (ORDS), the magnetic shielding and compensation
system, the vapor cell and its temperature control system. In particular, a high-stability ORDS is
the basis of the high-stability inertial measurement capability of the ACM. However, there are
various disturbances that degrade the stability of the ORDS. A typical disturbance is the low
frequency fluctuation of laser polarization state, which not only seriously degrades the long-term
stability of the ORDS [8-10], but also directly leads to the fluctuation of the ACM output signal
in the form of a fictitious magnetic field (known as the light shift or AC Stark shift [11,12]). In
this circumstance, the analysis and suppression of the polarization error is of great significance
to improve the long-term performance of the ORDS.

The polarization error is common in optical measurement systems, such as the polarimeter,
the fiber optic current sensor and the fiber optic gyroscope. On the one hand, a large number of
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scholars have thoroughly studied the characteristics of the polarization error in these systems
[10,13—16]. They concluded that the polarization error is mainly induced by the imperfection
of the polarizer, which will cause Mach Zehnder interference in these optical measurement
systems, resulting in laser phase coupling noise [15]. However, in the ORDS of the ACM, the
situation is different. The polarization error will not only cause laser phase coupling noise, but
also laser power splitting coupling error and fictitious magnetic field coupling error, which will
eventually lead to low frequency drift of the detection signal. Unfortunately, the laser power
splitting coupling error has not attracted enough attention in the ACM research field up to now,
although it is a relatively large error term in practice. On the other hand, the polarization error
suppression methods are also an important topic, which mainly include two categories: the
direct suppression methods and the indirect compensation methods. The direct suppression
methods always improve the extinction performance of the polarizer in a most straightforward
way to suppress the polarization error [10]. However, the extinction performance of the polarizer
cannot be infinitely improved, where the publicly reported smallest extinction ratio in the world
is 2.9x10710 and little progress has been made in the last 20 years [10,17]. Some scholars used
the optical cavity as the polarizer to obtain the high extinction performance, which nevertheless
is too complicated for the ACM [18]. In contrast, the indirect compensation methods based on
the quarter wave plate have been developed to improve the measurement sensitivity of the null
polarimetry [10], which however cannot suppress the laser power splitting coupling error in the
ORDS and improve the long-term performance of the system.

In order to make up for the aforementioned weak applicability and deficiency of the existing
polarization error suppression methods, and to improve the long-term performance of the ACM,
we analyze the propagation characteristics and develop a novel suppression method of the
polarization error in the ORDS in this paper. The analysis results reveal that the laser power
control loop will cause laser polarization fluctuation, which in turn will lead to the laser power
splitting error in the laser power control loop, and ultimately degrade the long-term performance
of the system. This phenomenon was not reported in the researches on the ACM. The contribution
of the proposed polarization error suppression method is that it can suppress the low-frequency
long-term fluctuation in the ORDS. Besides, this error suppression method does not need
additional optical components, and thus is not complicated to be applied to the ACM.

This paper is organized in the following way. Section II first establishes the optical transmission
model of the ORDS by using Jones matrix, based on which, the propagation characteristics of the
polarization error are studied. Then, the new polarization error suppression method is proposed
according to the analysis results. Section III describes the experimental setup of the ACM and
gives the basic experimental parameters. Section IV introduces the experimental operation
steps of the proposed method in detail. The experimental results illustrate the effectiveness and
practicability of the proposed polarization error suppression method. Finally, Section V draws
the conclusion.

2. Analysis of the polarization error

The optical path diagram of the ORDS in the ACM is shown in the Fig. 1 [19,20]. The laser
beam emitted from the laser source is purified to linearly polarized laser by the polarizer P1, and
its vibration direction is defined as 0° direction. The half-wave plate before P1 is used to set
the laser power emitted from the P1 by rotating the laser polarization direction. The linearly
polarized laser becomes elliptically polarized after passing through the liquid crystal variable
retarder (LCVR) with the fast axis along 45°direction. The polarizer P2 with the transmission
axis along the 90° direction filters out the components of the elliptically polarized laser along the
0° direction to attenuate the laser power. The LCVR and two orthogonal polarizers constitute a
variable optical attenuator (VOA), which is used as the actuator of the laser power stabilization
system (LPSS). In order to further purify laser polarization state, a polarizing beam splitter (PBS)
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instead of a non-polarizing beam splitter (NPBS) is used as the beam splitter. The half wave plate
and the PBS before the cell form a continuous adjustable beam splitter to generate a feedback
laser for the LPSS. The half wave plate and the PBS behind the cell constitute a polarimeter to
measure the optical rotation angle produced by the cell.
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Laser power
Control System
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|
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Fig. 1. Optical path diagram of optical rotation detection system in the atomic comagne-
tometer.

The mathematical model of laser polarization state evolution can be described by Jones matrix
[21]. Define the O ° direction as the x-axis direction and the beam propagation direction as the
z-axis direction. The Jones vector of the laser emitted from the laser source can be expressed as:

E
E= "1, (1)
Esy

where Ej, and Ej, are the polarization components of the laser corresponding to x and y axes,
respectively.

As has been said above, in the ORDS, polarizers play a key role in filtering the laser polarization
component of the non-transmission axis and attenuating the laser power. In practice, however, the
laser polarization component of the non-transparent axis usually cannot be completely filtered
out due to the limited extinction performance of the real polarizer. The extinction performance
of the real polarizer is affected not only by the material, but also by the laser incident angle. This
imperfection of the polarizer that cannot completely stop the undesired polarization component
can be described by the amplitude extinction ratio &,, which is defined as the ratio of the
transmitted electric field when the polarizer transmission axis is perpendicular and parallel to the
electric field direction, g, = ET%"/ E;’/“'”. In addition, the real polarizer also has the imperfection
of birefringence, which also affects its extinction performance. Considering these two imperfect
properties, the Jones matrix of a real polarizer transmitting along the x-axis can be expressed as
[14,22]:

G, = R} )
Yo &

Since the imperfect property ), is usually relatively small, in this study we ignore 7y, in the Jones
matrix for simplicity. The Jones matrixes of the polarizers P1 and P2 in Fig. 1 can be written as
follows:

1 0
Gp1 = , 3
0 g
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Gp = . “4)

The LCVR is a wave plate whose phase retardation can be changed continuously by the electro-
optic birefringence of liquid crystal molecules. The relationship between the phase retardation
and the effective AC driving voltage applied to the LCVR can be approximately described by the
following equation [23]:

80 V<V

6(V) = [ ; &)
o) »

2
T Ml (V>Ve)

V-V¢ )M ey
Vo Yo

(
+e
where V., is the threshold voltage at which the liquid crystal molecules begin to tilt, V and M are
constants corresponding to a specific LCVR. The Jones matrix of the LCVR with fast axis 45° to
X axis is:

G [ cos (67‘/)) —isin (#) ©
LCVR = .
—isin (@) cos (@)

then the Jones vector of the laser emitted from the polarizer P2 can be written as follows:

Eo,pr = Gpy - Grevr - Gpr - E

gpEsy cos (5— - is]%Esy sin (#) @)

2
&yEsy cos (%V)) —iE;, sin (%V))

For the convenience of analysis, suppose that the laser emitted by the laser source is a linearly
polarized light along the x axis, ignore the polarization component Ejy, E,p> can be simplified to:

gpE;y cos (@)

it sin (242) o

Eopr =

It can be seen from the above formula that the laser emitted from the polarizer P2 is generally
elliptically polarized due to the limited extinction ratio of the polarizer as long as the phase
retardation (V) is not equal to 7, and its ellipticity fluctuates with the phase retardation 6(V)
(The ellipticity of polarized light (EOP)is defined as the ratio of the ellipse’s minor to major
axis [24]). The end motion equation of elliptically polarized light wave vibration vector can be
expressed as (6(V) # n):

2
E; .\ E;
s\ )2 (512
(spEsxcos (T)) (ESX sin (T))

The polarization state of laser emitted from the polarizer P2 with different phase retardation is
shown in Fig. 2.

The laser power splitting ratio of the PBS1 can be continuously changed by rotating the laser
polarization direction 6 angle through the half-wave plate in front of the PBS1. The Jones matrix

=1. C))



Research Article Vol. 28, No. 24 /23 November 2020/ Optics Express 35752

Optics EXPRESS

1 1 1
0.8 7 0.8 08
06 §=2 06 5-7% 0.6 V4
0.4 6 0.4 3 04 O=—
0.2 0.2 0.2 2
a0 0 o oo @ 0
02 0.2 02
0.4 0.4 04
06 -0.6 06/
08 -0.8 038
-1-0.80.60.40.2 0 0.20.40.60.8 1 -1-0.80.60.40.2 0 0.20.40.60.8 1 -1-0.80.60.40.2 0 0.20.40.60.8 1
Ex Ex Ex
1 1 1
08 0.8 08"
06 5 0.6 06!
04t o_27 0.4 57 0.4
02 5= 3 _ 02 5:? >o.2»5:”
w o w o w of
0.2 0.2 0.2
04 0.4 04}
06 -0.6 06/}
038 0.8 08}
-1 Al ‘ S -1 e o
-1-0.80.60.40.2 0 0.20.40.60.8 1 -1-0.80.60.40.2 0 0.20.40.60.8 1 -1-0.80.60.40.2 0 0.20.40.60.8 1
Ex Ex Ex

Fig. 2. The polarization state of laser emitted from the polarizer P2 with different phase
retardation

of the half-wave plate can be described by:

cosf —sind
Gipa = . (10)
sinf cosd

The transmitted direction and reflected direction of the PBS1 are equivalent to two polarizers,
and the Extinction performance of the transmission direction is usually better than that of the
reflection direction. Same as P1 and P2, their Jones matrixes can be written as follows:

1 O
Gppst = , (11)
0 Epr
EpF 0
Gepsr =| (12)
0 1

gy and g,r are the amplitude extinction ratio of transmitted direction and reflected direction,
respectively. Then we can derive the Jones vectors of the transmitted and reflected laser:

Er = Gppst - G120 - Eop2 =

£,C08 (@) cos @ + isin (@) sinf (13)
= Ex (V) (V) ’

£pEPTCOS (T) sin 6 — ig,r sin (T) cosf

Er = Gppsr - G1j2 - Eop2 =

EpFEHCOS (@) cos 0 + igyF sin (@) sin 6 (14)
V) '

£,C08 (%V)) sin @ — i sin (57) cosd
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And then the power of the transmitted and reflected laser could be deduced according to their
Jones vectors:

Pr = |Enel* + |Eqy |

(V)
2 (2002 2 2.2 2
= E(g,c0870 + &,&,sin"0)cos (T)

(15)
+ E2(sin®0 + £7.cos*0)sin’ (@) ,
Pp = |Epl® + |Epy[?
= E;(&,1:6,c05°0 + &,sin*0)cos” (@) (16)
+ Efx(estinZH + cos*6)sin’ (@) .

The transmitted laser is used to detect the optical rotation angle of the cell, while the reflected
laser is used for the LPSS to stabilize the laser power. Suppose that the half-wave plate behind
the cell rotates the laser polarization direction by 45 degrees, which means that the polarimeter is
in balance when the optical rotation angle of the cell is zero. Ignore the laser absorption effect of
the cell, the output of ORDS could be expressed as [25]:

U = Prcos? (60 - %) — Pysin? (90 - %) . (17

Equations (8) to (17) reveal the basic propagation path of the polarization error in the ODRS:
firstly, during the LPSS working, the change of the LCVR phase retardation causes random
fluctuation of the laser polarization state, which will lead to the inconsistency of power fluctuation
between transmitted and reflected laser. Then this inconsistency will in turn lead to the laser
power control error of the LPSS, resulting in the transmitted laser power fluctuation. Finally,
the transmitted laser power fluctuation will be coupled to the output of the ORDS and bring
about the bias drift as long as the optical rotation angle 6, is not zero. This kind of polarization
error is called laser power splitting coupling error in this paper. In order to further figure out the
variation law of this error, we define the laser power splitting ratio of the PBS1 as the ratio of the
transmitted laser power to the reflected laser power. Then it can be expressed as:

a(0,6(V)) = ﬁ (18)

Pr

By taking the partial derivative of the above equation with respect to §(V) and making the partial
derivative to zero, two solutions can be obtained:

6= %, and (V) = 7. (19)

The above result indicates that there is an optimization point where the laser power splitting
ratio @ does not fluctuate with the LCVR phase retardation 6(V). This means that the laser
power splitting ratio is not sensitive to the laser polarization fluctuation caused by the laser power
control loop. Therefore, the laser power splitting coupling error can be well suppressed at this
optimized point.

The above analysis results are verified by the simulation of Eq. (18). The simulation results
are shown in Fig. 3 and Fig. 4. Figure 3 shows the variation curve of laser power splitting ratio
« with the control voltage of the LCVR under different £, conditions. It can be seen from the
figure that the smaller the g, (the better the extinction performance of the polarizer), the smaller
the relative variation of the splitting ratio with the phase retardation. Therefore, the improvement
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of the extinction performance of the polarizer is an effective method to suppress the laser power
coupling polarization error. In addition, this curve has a pole at the control voltage whose phase
retardation is 7, which is consistent with the solution of Eq. (19). Figure 4 shows the relative
variation curve of beam splitting ratio @ with 6 under different &, conditions. The change of
6 from 0° to 90° is the same as the change of @ from O to infinity. It can be seen from the
figure that this curve has a pole at 8 = 7 /4, which is also consistent with the previous theoretical
analysis. This means that the polarization error could be further suppressed by optimizing the
splitting ratio of the PBS through the half wave plate. This indirect compensation polarization
error suppression method based on the half wave plate will be introduced in detail in Section I'V.

32.065 ,
S 3206 wsn
ul :
'g ....... €=0.002
o 32.055 ===¢=0.004|
o — —¢=0.006
= 3205" 1
(2]
£
$ 32045 , 1
m

32.04

1.4 1.6 1.8 2 2.2 2.4 2.6
Control Voltage(Vrms)

Fig. 3. Variation curve of beam splitting ratio @ with the control voltage of the LCVR under
different &, conditions.
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3. Experimental setup

In order to verify the theoretical analysis and simulation results in Section II, the experiment
is performed in the compact K-Rb->!Ne ACM, which is shown in Fig. 5. The whole system
is composed of four parts, which are laser pumping system, laser detection system, magnetic
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shielding and magnetic compensation system, the vapor cell and its temperature control system
[5,26,27]. Laser pumping and detection systems are used to polarize and detect atomic spins,
respectively. Temperature control system and magnetic shielding and magnetic compensation
system provide a high temperature and weak magnetic environment for the vapor cell, respectively.
In this environment, the spin exchange relaxation of alkali metal atoms can be greatly suppressed,
which is conducive to improving the signal-to-noise ratio of the system [28,29].

Signal Processing
Circuit

Magnetic
A2 Shields

Mirror

Control circuit

___________________ Control circuit
|

Pump laser Probe laser

Fig. 5. Schematic diagram of a basic atomic comagnetometer with the laser power
stabilization system.

In the experiment, a 10 mm diameter spherical vapor cell containing a mixture of K and Rb
alkali metals, 50 torr of N, gas and 3 amagat of 2! Ne gas, is used. The cell is heated to 185°C
by a boron nitride ceramic oven with a 100KHz alternating current heater. The atomic number
density ratio of K to Rb at this operating temperature is approximately 1:85. The pump beam
is generated by a distributed Bragg reflector (DBR) laser device with a central frequency of
770.108nm (K D1 resonance line) and an output power of 80 mW. The spot diameter of the pump
beam is expanded to 10 mm by two planoconvex lenses L1 and L2. The probe beam is generated
a distributed feedback (DFB) laser device with a central frequency of 795.311nm (About 0.3nm
to the blue side of the Rb D1 resonance line) and an output power of 40 mW. The polarizing
beam splitters PBS1 and PBS3 in front of the vapor cell play the role of the polarizer and beam
splitter at the same time. The PBS2 and the half-wave plate constitute a polarimeter to analyze
the polarization of the transmitted probe laser [25]. The power of the output beams from the
polarimeter is detected by the balanced photodetector composed of the photodiodes PD2 and
PD3. The power fluctuations of the pumping laser and the detection laser are suppressed by the
LCVR LPSS. The polarizer PO and the half-wave plate before PO are used to change the incident
laser power of the ORDS. The photodiode PD2 is also used to evaluate the stability of detection
laser power by removing PBS2.
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4. Suppression method and experimental verification

According to the analysis in Section II, the laser power splitting coupling error caused by laser
polarization fluctuation could be suppressed by looking for the insensitive point where the laser
power splitting ratio does not fluctuate with the laser polarization through rotating the half wave
plate before PBS1. Theoretically, this insensitive point is the point where the laser power splitting
ratio is equal to 1:1. However, in practice, there are some deviations between the theory and
the practice, because only the imperfect characteristics of the polarizer which have the greatest
influence on the system are considered in the process of theoretical modeling. The imperfections
also exist in other optical components including half-wave plate and LCVR, and there are some
alignment errors in the optical path. Therefore, this insensitive point needs to be obtained by
the experiment in practice. The operation steps of the experimental method for finding this
insensitive point proposed in this paper are as follows: firstly, lock the reflected laser power of
the PBS1 to a constant value by the LCVR LPSS. Then change the incident laser power of the
LCVR LPSS by rotating the half-wave plate before PO. For the LCVR LPSS, the change of
incident laser power is equivalent to an active disturbance excitation signal. This system will
maintain the reflected laser power to the constant value before the disturbance by adjusting the
attenuation of the LCVR VOA. Finally, the polarization error can be obtained by measuring the
output variation of the ORDS. The output variation with the disturbance can be adjusted to near
zero level by rotating half-wave plate in front of the PBS1, and the splitting ratio at this time is
the best one to suppress the polarization error. Figure 6 shows the variation curve of the ODRS
output signal with the LCVR control voltage during the above operation process.
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Fig. 6. The variation curve of the ODRS output signal with the LCVR control voltage: (A)
a<l,B)a ~ 1, (C) a>1.

The relative variation curve of the ORDS output signal versus the LCVR control voltage
measured by the above method based on the experimental setup is shown in Fig. 7. The test points
in Fig. 7 represent the difference of the ORDS output signal under different control voltages
relative to that under the control voltage of 1V. It can be seen from the figure that the experimental
curve is consistent with the theoretical curve presented in the section II. When the laser power
splitting ratio is close to 0.9982, the output signal of ODRs is insensitive to the change of LCVR
control voltage, which means that the laser power splitting error caused by laser polarization
fluctuation has been well suppressed.

The long-term stability of the detection laser power locked by the LCVR LPSS before and
after polarization error (PE) suppression is tested under the same ambient temperature (The
ambient temperature fluctuation is controlled within 1°C through the laboratory air conditioner).
The test time is three hours and the sampling frequency is 200Hz. The long-term stability of the
transmitted laser power is evaluated by the relative Allan variance [30]. The experimental results
are shown in Fig. 8. As can be seen from the curve (1)—(3) in the figure, the long-term stability
(After 10 seconds of cluster time) of the laser power after being locked by the LCVR LPSS can
be improved by nearly two orders of magnitude. After suppressing the polarization error by the
method proposed in this paper, the long-term stability at 100s of laser power can be improved by
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Fig. 7. Curve of the relative variation curve of the ORDS output signal versus the control
voltage of the LCVR

nearly 5 times and the long-term trend term (After 100 seconds of cluster time) can be greatly
suppressed.

10'2 T T T m=mmsaa) =TT TT TTTTITT
-------- (1)Transimitted laser(Free runing)
— = (2)Transimitted laser(Before PE suppression)
—-==(3)Transimitted laser(After PE suppression)
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10—7 R - I R AT | Lol Ll I
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Fig. 8. The relative Allan variance of the detection laser power. (1) Laser power Free-
running, (2) Laser power locked before the PE suppression, (3) Laser power locked after the
PE suppression, (4) Feedback laser power.

The long-term performance of the ORDS and the ACM is also tested before and after the PE
suppression. The test time is three hours and the sampling frequency is 200Hz. The detection
laser power entering the vaper cell is ImW and the pump laser power is 40mW. Due to insufficient
pump power, the beam splitting ratio of the pump laser is set to 20:1. The polarization error of
laser pumping system is suppressed by using two GT polarizers after the LCVR. The experimental
results are shown in Fig. 9. It can be seen from the figure that the short-term stability (random
walk) of the ORDS system before 1s remains basically unchanged before and after the polarization
error suppression, while that of the ACM before 10s remains unchanged. However, it is obvious
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that the long-term stability of the ORDS after 1 s and that of the ACM after 10 s can be well
improved after PE suppression, which verifies the effectiveness of the proposed PE suppression
method to improve the long-term performance of the system. The long-term stability at 100s of
the ORDS and the ACM can be improved by approximately 3.4 times.

101 T T T T T
—(1)Stability of the ACM before the PE suppression
——(2)Stability of the ACM after the PE suppression
----- (3)Stability of the ORDS before the PE suppression
----- (4)Stability of the ORDS after the PE suppression

100 4

Allan standard deviation (°/h)

10-3 I I I I I
102 107" 10° 10" 102 103 10*
Cluster time (s)

Fig. 9. Allan standard deviation curve of the ORDS and the ACM. (1) Stability of the ACM
before the PE suppression, (2) Stability of the ACM after the PE suppression, (3) Stability of
the ORDS before the PE suppression, (4) Stability of the ORDS after the PE suppression.

In order to more intuitively verify the effectiveness of the proposed PE suppression method, the
6-hour synchronous time-domain variation curve of the detection signal and the LCVR control
voltage before and after PE suppression is shown in Fig. 10. It can be seen from the figure that
before the PE suppression, there is a strong negative correlation between the detection signal and
the LCVR control voltage and a large trend term error in the detection signal. However, after the
PE suppression, the correlation between the detection signal and the LCVR control voltage is
greatly weakened, and the low frequency drift of the detection signal is well suppressed.
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Fig. 10. Variation curve of the detection signal with the LCVR control voltage. (A) Before
the PE suppression, (B) After the PE suppression
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5. Conclusion

In conclusion, we have established an optical transmission model of the ORDS concerning
the optical imperfection of the polarizers by using Jones matrix and analyzed the propagation
characteristics of the polarization error based on this model. The theoretical analysis shows that
the change of the LCVR phase retardation during the LPSS working will induce polarization
state randomly coupling, and will express laser power splitting coupling error in the ORDS due
to the imperfection of polarizers. This error will be coupled to the ORDS output and seriously
degrade the long-term performance of the ACM. This propagation property of the polarization
error in the ORDS have not attracted enough attention in the ACM research field up to now. In
order to suppress this error, a new indirect compensation method based on the half-wave plate
is proposed and the effectiveness of this method is verified by experiment. The experimental
results show that the long-term stability of the detection laser power can be improved by nearly 5
times after suppressing this error by using the proposed method. Correspondingly, the long-term
performance of the ORDS and the ACM can be improved by approximately 3.4 times. The effect
of the polarization error suppression could be further improved by reducing the alignment errors
of the optical path. The analysis results and the error suppression method presented here can lay
a theoretical and experimental foundation for the design of the ORDS, and will be significant for
optimizing the long-term performance of the high precision ACM.
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