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QW: quarter wave plate
L $ HW: half wave plate
PBS: polarization beam
h 4 splitter
Qw1 —— MR: reflector
D: detector
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Fig. 1 Schematic of single-frequency laser interferometry
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QD: four-quadrant detector
P: polarizers

LS1: glass plate

LS2: 0° quarter wave plate
LS3: half wave plate

LS4: 90° quarter wave plate
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Fig. 2 Interference signal detector based on QD and

integrated wave plate array
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Fig. 3 Schematic of interference signal detection based on

QD and integrated wave plate array
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Fig. 4 Schematic of wave plate alignment error
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results

B ARSI Al AATRE S, FLZE AR, 0 o 2
— U R LS2 Y X A R 25 AE — 20° ~ 20°3E [l AR 1k
B P T VA5 5 9 IE 28 BE 90748 2y 76. 83°, R £k
PEIR2Z B RME N 11, 83 nm., L8 % T ¥ 15
SHIEAZ ERIGAE N 89. 97°, S 4E BN, Yy
Gy 22— R LS2 WXt kiR 2k — 2070, B i ¥ (5
SWIESC AR 78, 757, 4 4y 2 — U B LS2 Xt
WEDE 22 R 2070, I B T W (5 5 M IE A8 R
77.53% AE MR 22 I RAE M 10. 99 nm,

PUor 2 —U% 7 LS4 [ ff 5 A S 56 25 R 8
JiR . B8 (a) (b)Y 43l S DU 4 2 — 0% LS4 X ifE
B2 I T WA 5 1E 28 BE AR 4otk 1 22 1 47 L 45
S B 8(e) (D)4l R MU 43 22— U LS4 X i 15 2
T TGS IECEE AR IR M T 25 3 .

D5 AR R, YU o 2 — U B LS4 X i i
ZETE—20°~ 20" [l N A8 fL i, R 8 T W5 45 5 10 1E
AEREH 90° A N 103, 17°, AR R P iR 22 1 i KAE M
11.83 nm, SE50 o W B T ¥ A5 5 1Y 1F 3¢ BE ) 46 18
h089.97°, SEERZEIREM], MUz~ R LS2 1Y
X HEDR 252 — 2071, T 2% T AR 5 I IE A BE AR R
104. 64°, 44 3 2 — % K LS2 By X i 22y — 20°
B P B T 5 5 10 IE 22 B AR S 104, 29°, R 2 kiR

2ZEME KAE N 12,92 nm,

W R S SR S R LLE U 2 —
U R LS2 LS4 Xt kiR 22 5] A MY IR 2k 1k iR 22 1Y 1 B
SR SR ZE R AR — B0 B T AR SRR MR 22
HIE 4 AT 0 OE 8 PR DO 4 22— U R ko IR 25 7
—20°~20 YL N ARk 5] AR AE LM IR 250 0~
13 nm, SR ofoOf oK % Uk Ak AR S B0R
DA B B v T U 8 0 e B I R T ke oA R 22 R
REHY O 1) 158 22 45, WS 06 45 SR 5 0 L5 A7 7 —
4.2 ZHZ—HERLS3SINRENIRERSH

2 — % R 1S3 9 0 o 152 22 14 BRAS 43 Bt
AJAN 1S3 X ER 22 S BRG] A AR bR iR 22 %t
AT TS W s k., LR R E 9 TR,
Bl 9Ca) (D) 435l o 2 — v LS3 X iR Z T
T W55 IE R KA REMNLREER ., TP
P T W15 5 09 1E 28 BEWI 46 {H Ry 90. 18°, 38 & 52
B MAS 2 =y 2 — P A 1S3 R e iR 22 — 20°
BF, P T 905 5 9 IE 28 Bl 90748 Oy 87,327, 4
Gy 22— R LS3 MR e R 22 207/, BB T WA
S0 E A2 B 90° 5 S 91, 85°, B A K I 5 2% Bk
KAEH 2. 36 nm.,

0904003-5



F£49% 59 /2022 £ 5 A/HRERHE

105

(@)

—

(=

(=]
T

Orthogonal degree /(° )
©
(9]
T

1 1 1

-20 -10 0 10 20
Alignment error /(° )

©
<

105
©

—t

=

(=]
T

Orthogonal degree /(° )
©
(1]
T

=]
(=]
T

1 1 1

-10 0 10 20
Alignment error /(° )

|
Do
=]

Bl 8 LS4 51 AR 2 M5 B 5 L 4%

Error /nm

=
(=

K
—
[=1

qo Nonlinear error /nm
o
I=3=

&

Error /mm
|
@ |12
B
£
8
5
)
5
=)
Z
(@)

o (D ELER; (o (DT H 25

Fig. 8 Simulation and experimental results of errors introduced by LLS4. (a)(b) Simulation results; (c)(d) experimental

results
Error /nm
105 @ 25
=5 a
o, 100+ g 2.0
3 sl = 15
& E L0
°
E % W s 0.5
S : :
<) 2 -0.5
80 | =
o Org, 1.0
75 L 1 1 |
-20 -10 0 10 20 15

Alignment error /(° )

B9 1S3 5B ZE S H 4

o (DIEAE; (b)iR2E

Fig. 9 Experimental results of errors introduced by 1.S3. (a) Orthogonality; (b) error

SLHRAREW] L Ty 2 — PR LS3 R X ifE R
FEAE —20°~ 20" i [l N A2 AL I, P % T 0 MR 5 A7 AE
— IR H/IN AR IE A 0 22, SE B b 2 51 A B/
A iR 2E . AT LA, — 0 2 — 3R 1S3 MR
225 AR ARZPE 1 22 A BB 20 5 SR 45 R A —
B AE LRI AR R IR TR AR R 22 KO
BB OGS e R A R B B X o U 22 Y 52 0, m B 3
Bz — i 1S3 Seg 45 R 5 iy HA5 R Z 1 7F
TEB/NRIER BRI

5 4 1w

P T — i RE T O R BRI 4% R B B B AR
TR S R ARGE . A B AR R S 1
W B 6T 1 22 51 A Y 5 22 B Y (15 B A3 AT T 3 X
YR 2 X0 0 45 2R B9 52 R L O 15 1 SE 0 R GE AT B
UERIBIESE . PR 51 AR 22 23 B A X 1 22 1 38 K
BRI B A R W s 20 DR 25 1E — 20°~ 20770 H
NI, DY or 2 — P A& iR 2208 0~13 nm, ¢
Z R R 2R 0~2. 4 nm. B LR HrAT
RV WY G5 22— 8 X A 15 2 0 1 45 2R Y 5 e ik

0904003-6



B 49% £ 9 H1/2022 £ 5 B/RE

M 3 22— R B0 9 5% 22 0 Ik 235 2R 74 52 i
BN T B v T v I AR T A I RS R S
R g P B Bk X o 5 ) S R A7, SR ek X o
R 22 5 AT RE B e M BE B R b I R R 22 Y
Ao TSI A1 R 28 AL Sy B0 T
R G HER E B M B 46 T BRI R AL, X SO0
eI AR GE R B A AR LA 1R 22 19 70 BT AT
PREAEZNSENE,

(1]

(2]

(3]

(4]

(5]

(6]

2 % X #

WHA, IR, KB BOCT AR 5N
[J]. W E#OE, 2021, 48(15): 1504001,

Tan Y D, Xu X, Zhang S L.
and applications of laser interferometry[]J]. Chinese
Journal of Lasers, 2021, 48(15): 1504001.

FA, #EE, KR, 5. TR 50T 5
RO T WAL [T a2 4, 2021, 42(1):
1-8.

Wang D, Cui J J, Zhang F M, et al. Review of

Michelson laser interferometer for micro displacement

Precision measurement

measurement[J]. Acta Metrologica Sinica, 2021, 42
(1): 1-8.

AL, PhEILAE, BARGE . H S 4 B g 3 T IR 3 1 B
JeT W] PEBOE, 2020, 47(9): 0904006.

Sun C M, Sun K H, Ge ] Q. Measurement of surface
vibrations of ultrasonic transducers by laser
interference method[J]. Chinese Journal of Lasers,
2020, 47(9): 0904006.

T4, O, B, % RTEHBOES AR T
WK S B s AR = [T . P RO, 2019,
46(9): 0904006.

Wang Z X, Ji C, Wang J, et al.

displacement measurement with nanometer resolution

Precision

based on transmissive laser air-wedge interference
. 2019, 46 (9):
0904006

KWL, XVEE, i S, SUROEOL T I E A RS
WEMBEM RG] . RS S5MARS, 2020,
39(3): 14-17.
Zhang F, Liu J,

precision displacement

Chinese Journal of Lasers,

Yang H M. Research on high
detection system of dual
frequency laser interferometer with complementary
calibration[]J] .
Technologies, 2020, 39(3): 14-17.

F Iy, B B0 T WAL I (R S B R S
(7. 3243, 2006(4): 313-316.

Wang L., Hou W M. A 4-channel quadrature detector
Acta

Transducer  and Microsystem

homodyne interferometer[]].

Metrologica Sinica, 2006(4): 313-316.

system in

[7]

(8]

(9]

[10]

[11]

[12]

[13]

[14]

[15]

0904003-7

WEE, Y, 2. WO T WL IEL
SIFTEELT] . SRR, 19954 273-279.

Guo Y Z, Qiu Z M, Li X. Analysis and calculation
on nonlinearity of the laser polarized interferometer
[J]. Acta Metrologica Sinica, 1995, 16 (4): 273-
279.

Cosijns S ] A G, Haitjema H, Schellekens P H ].
Modeling and verifying non-linearities in heterodyne
displacement interferometry [J]. Precision Engineering,
2002, 26(4): 448-455.

I, %4, B, 4. 3B 4R 530 B Xt 4h 22
T AR R 22 052w [J]. Jeas v 4it, 2012, 32
(11): 1112008.

Deng Y L, Li X J, Geng Y F, et al. Influence of
nonpolarizing beam splitters on nonlinear error in
heterodyne interferometers [J]. Acta Optica Sinica,
2012, 32(11): 1112008.

ik, AN, BRULDY, S RAROUER SRR
e R 2w [J]. Jerm T, 2005, 32
(9): 27-30.

Zhong Z, Tan ] B, Chen H F, et al. Nonlinearity
from difference between transmission coefficients of
PBS in laser heterodyne interferometer [J]. Opto-
Electronic Engineering, 2005, 32(9): 27-30.

Yan L P, Chen B Y, Zhang C, et al. Analysis and
verification of the nonlinear error resulting from the
misalignment of a polarizing beam splitter in a
heterodyne interferometer [ J]. Measurement Science
and Technology, 2015, 26(8): 085006.

MRtDy, T 54, Pk, ediRorOLE 7otk Ak BAR
XFWOEA T W AR LR 22 52w [T] . EOE,
2006, 33(11): 1562-1566.

Chen H F, Ding X M, Zhong Z. Effect of
nonlinearity by the nonideal splitting performance of
polarization beam splitter in laser heterodyne
interferometry[J]. Chinese Journal of Lasers, 2006,
33(11): 1562-1566.

GG, BB, RMEGE, AL — R REOL T W AE
MR 2B IE LR (U], IRk, 2020, 41
(6): 676-681.

Jin T, Tang Y K, Le Y F, et al. A research on
correction method of nonlinear errors for homodyne
laser interferometer [ J]. Acta Metrologica Sinica,
2020, 41(6): 676-681.

W2, N, UL P X i IR O T AR £
PR 22 W52 [J]. 67 2%k, 2008, 37(2): 364~
369.

Yang J, LiuZ H, Yuan L. B. Effects of wave plate on
nonlinear errors in polarization laser interferometer

[J]. Acta Photonica Sinica, 2008, 37(2): 364-369.
ZENLHE, BTG, SUK, . MR IR BOE T AR



R X 49 % 29 H1/2022 £ 5 B/t EEE

W XTAE IR 22 (], Sk arde, 2011, 31 usingfour-quadrant detector [J]. Chinese Journal of
(1): 0112009. Lasers, 2009, 36(5): 1166-1170.
LiLY, Yuan Y G, Wu B, et al. Effect of wave plate (17] BT, WAREA IR T]. 2% 4%, 1988,
on nonlinear error in single-frequency polarized laser 10(4): 1-9.
interferometer[J]. Acta Optica Sinica, 2011, 31(1): Liang Q T. Jones matrix of the polarizing device[J].
0112009. Optical Instruments, 1988, 10(4): 1-9.

(16]  BamE, B 457, R JH DU G BRI #5AG I T- 9 S 800E (18] 4R HH . w4 ot T 95 i B 307 6 B 4 17 [0 KWy 3,
ZAFESHFIT ] hEEOE, 2009, 36(5): 1166~ 2008, 27(10): 30-31, 39.
1170. Zou M. Analyses of Jones matrix of polarized-light
Huang Q H, Cao Y P. New method for detecting interference[J]. College Physics, 2008, 27(10): 30-
orthogonal signals of laser interference fringes 31, 39.

Effect of Alignment Error of Wave Plate Array on Nonlinear Error of
Laser Interference

Zhang Bo', Yan Liping', Diao Xiaofei®
' Laboratory of Nanometer Measurement Technology , Zhejiang Sci- Tech University, Hangzhow 310018, Zhejiang , China;
* Division of Dimensional Metrology, National Institute of Metrology, Beijing 100029, China

Abstract

Objective In the field of length measurement, the laser interference technology has been widely used, among
which single-frequency laser interference and dual-frequency laser interference are mainly chosen. The single-
frequency laser interferometry technology has been paid more and more attention in the field of industrial
measurement because of its advantages of high-speed and high-precision measurement and integration. In the typical
single-frequency laser interferometry, quadrature interference signals are generally obtained through a four-channel
receiving unit. Because the traditional four-channel receiving unit occupies a large space and is not conducive to
integration, it cannot be used in scenes with high requirements for space and size. In the nano-laser interference
technology, the non-linear errors are generated due to the influence of factors such as unsatisfactory and unstable
light sources, environmental changes, and optical devices. Therefore, it is necessary to determine the source of
nonlinear errors for suppression and elimination.

Methods An interference signal detection system is designed based on the four-quadrant photodetector (QD) and
integrated wave plate array. The Jones matrix theory of polarized light and optics is used for simulation and
experimental verification. The influence and errors of the measurement results caused by the different angles in the
fast and slow axis directions of the wave plate in the integrated interference signal detector are analyzed. In
practice, the alignment errors of the wave plate installation are generally between —5° and 5°. In order to study the
applicability of the above-mentioned error model in a larger range and show the trend and related characteristics of
the influence on the displacement measurement results, according to the above theoretical analysis, simulations and
experiments are carried out on the nonlinear errors within the alignment error range of —20°—20°. The experiment
uses the real-time acquisition of the phases of the two-channel interference signals to test the influence of the wave
plate alignment errors on the orthogonality of the two-channel signals, thereby the introduced non-orthogonal errors
are calculated. During the experiment, the direct current offset and unequal amplitude error generated by the signal
are eliminated by the peripheral circuit of the detector and the acquisition program.

Results and Discussions We design an interference signal detector based on QD and integrated wave plate array
(Fig. 2) and an interferometric optical path using an integrated interferometric detector ( Fig. 3). The
interferometric method using the integrated interference detector is similar to the typical laser single-frequency
interference signal detection method. The interference part remains the same, and the receiving part is replaced
with an integrated detector. Through simulation and experimental results, it can be obtained that the nonlinear
errors introduced by the alignment errors of the quarter-wave plates LS2 and LS4 are basically consistent with the
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experimental results, which verifies the correctness of the theoretical analysis of nonlinear errors in this paper.
When the alignment error changes in the range of — 20°-20°, the range of nonlinear errors introduced by the
quarter-wave plate is 0—13 nm (Figs. 7 and 8). When the alignment error changes in the range of —20°-20°, the
range of nonlinear errors introduced by the half-wave plate is 0—-2.4 nm (Fig. 9). It can be known that the
theoretical analysis of nonlinear errors introduced by the alignment errors of the half-wave plate LS3 is basically
consistent with the experimental results. During the experiment, the performance parameter errors of the wave
plate as well as the alignment errors and performance errors of the interference part of the prism and the wave plate
in the optical path are not considered. Therefore, there is a certain difference between the experimental results and
the simulation results.

Conclusions  This paper proposes an integrated interference signal detection system based on four-quadrant
detectors and wave plate arrays. The Jones matrix is used to establish a model for simulating errors caused by the
alignment errors of the wave plate array, and the influence of the alignment errors of the wave plate on the
measurement results is analyzed. An experiment is set up for verification and research. The errors introduced by the
wave plate increases with the increase of alignment errors. Through experiments, the measurement error range of
the quarter wave plate in the range of —20°-20° is 0-13 nm, and the measurement errors of the half-wave plate is
0-2.4 nm. From the above analysis, it can be seen that the quarter-wave plate alignment errors have a significant
impact on the measurement results, and the half-wave plate has a smaller impact on the measurement results than
the quarter-wave plate. In order to improve the measurement accuracy of the single-frequency interferometry
system, the alignment direction of the fast axis of the delay wave plate should be adjusted in place to minimize the
alignment errors. The high-performance wave plate should be used as much as possible to reduce the measurement
errors. In summary, the wave plate array error model established in this paper provides a theoretical basis for the
quantitative analysis of the accuracy of the single-frequency laser interferometer system, and has an important
reference for the integration of the single-frequency laser interferometer system and the analysis and elimination of

nonlinear errors.
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error; nanometer measurement
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