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Fig. 4 Schematic diagram of interferogram data processing for large measuring range displacement measurement
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Fig. 5 Results for optical system design. (a) System structure; (b) imaging result

B 6 S RGBT TR

Fig. 6 Design scheme for experimental system

e 2 S0 B A A4, AT 4 45 00 B8 2% 8 AR R, O 4 v LA

Iig: g8
4 Siue K g R o p

XTI 6 TR 1 S 56 2R Ge iy R T LR 0 E
BREHT T MRS 2 B I B R SR B A 7 R .
6 I 7 # % K 633 nm i He-Ne 306 #% , 06 o i i
[ = 4 B9 IR DL )5 AT r= AR IR E G, SE 5 R PTAS ]
[ P-733. 3DD JE HL Fij & (PZT) 4 K 5 7 4 7= A= 8 &
PiR% iZ B BATRE R 30 pm, 43 BER K 0.1 nm, £
W2EHR0.03% , EEKE/NT 2 nm, 7652550 2
R TIBUE i RV ASE Jaalachich: Q0> I Y (VR s UK
HR I T 0 R A A 10 S A R e AT A A
2] 13 B % 1 RS I B 2 R

SEXF 9 K G A B N Ay B AT KR AL RS
20 nm, {57 % 1 J5 R 4 B 0 T 9 BIEEn E 8 BTk, LA

Pl 2 B A e 1k 2, B HORH [R] 2 A TR 3R A O 1A
AEFE I S 1 2 b AN [) BRHE w0 % 1 198 A X 16 5 43 A 78
(19 Hr g Y B BT v 4 B A X0 I ) s L o H 5
AR s 1Y F 44E , vT LA 2 07 8% 1S W (S RS
B T 9.6875 /™ B 4E By, B R b BCHE R B
1228, # A= 2x+9. 6875/1228, 1% A = (7) vf 7] 15 %)
K EN BN 19.975 nm, 5 BB EMEN
0.025 nm, B 25 pm, fHXFR 2 K 0. 13% .

Sk HE— 2 B IR 12 40 K 0 7 B8 0 T SR F
77 104 E A S5, R PZT 40K G A 2% PEAT 51 41
5, AR A 50 nm, S04 10U o R T B4 22 4o 4 1 £k
PER 25 R 0. 03 % , Bl 4 Pk 4 4 2k F2 v B9 62 % 43 A vl 41
F XS FRE o e SRR — R 0TV EIRE I 0 B b
BT FORAFAL RS o 10 ZH B 19 0 B2 I i 2% R 40 A
10 BF R, F 3 {E 8 50.0254 nm, Br HE 2 N
0. 114 nm, & B Jir 48 75 28 0] DL S 300 40 K 2 149 A % or

0212001-4



Bl 7 R LRI R G B () BREHT; (b) B

Fig. 7 Experimental setup for precision displacement measurement system. (a) Before packaging; (b) after packaging
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Abstract

Objective  Accurate precision displacement measurement systems are of great importance to the revolution in human
scientific research and the iterative upgrade of industrial manufacturing. The research on vortex beams is developing
rapidly, with promising applications. The vortex beam has a spiral phase, and each photon of the beam carries orbital
angular momentum. With the continuous improvement of the production and detection technology for vortex beams, the
research on their applications in precision displacement measurement has been on the increase. In this study, to address the
contradictory problems of a large range and high accuracy in precision displacement measurement, a precision displacement
measurement system with interference of conjugated vortex beams is designed and built. It is expected that this solution
can provide new research ideas and technical ways for high-accuracy and large-range displacement measurement, which is

of positive significance to the development of contemporary science, technology, and industry.

Methods A precision displacement measurement method based on the interference of conjugated vortex beams is
proposed in this study, with the interference pattern of conjugated vortex beams as the source of displacement data. By
establishing the mathematical relationship between rotational angle radian of the pattern and displacement and designing the
experimental data processing algorithm for subnano-scale displacement and large-measurement-range displacement,
accurate precision displacement measurement results can be obtained by accurate extraction of the rotational angle radians.
Then, an optical system is designed and simulated according to the modified Mach-Zehnder structure for the measurement
scheme (Fig. 5). An experimental system is developed and experimentally tested to verify the effectiveness of the
proposed method (Fig. 6). In addition, aberrations in the optical system can be corrected by differential evolution

algorithms to improve the accuracy of the displacement measurement system.

Results and Discussions Ten repeated experiments are carried out to validate the subnano-scale measurement method.
The piezoelectric ceramics nanopositioner is used for unidirectional scanning at an interval of 50 nm for 10 scans. The
mean of the displacement measurements for the 10 sets of data is 50. 0254 nm, with a standard deviation of 0. 114 nm,
which demonstrates that the proposed method can achieve subnano-scale precision displacement measurement. Moreover,
40 validation experiments are performed for 10 pm and 30 pm displacements separately to validate the method over a large
measurement range. For the 10 pm displacement, the results display a mean of 10.0149 pum, with an average relative
error of 1. 577% and a standard deviation of 0. 2040 um. In the case of the 30 pm displacement, the mean is 30. 0057 pm,
with an average relative error of 0. 368 % and a standard deviation of 0. 1453 pm. It is proved that the proposed method can
achieve precision displacement measurement over a large range. Simulations are carried out to validate the aberration
correction scheme based on the differential evolution algorithm. For a standard displacement of 30 nm, the displacement
measurements before and after correction are 32.033 nm and 30.332 nm, with relative errors of 6.78% and 1.11%,

respectively. The results demonstrate the effectiveness of the correction method.

Conclusions In this study, a new precision displacement measurement method is established on the basis of interference
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of conjugated vortex beams. The interference pattern of conjugated vortex beams is used as the source of displacement
data, and a mathematical relationship between rotational angle radian of the pattern and displacement is established. An
optical design is carried out, an experimental system is set up, and the proposed method is validated. The results of the 10
sets of experimental measurements demonstrate a mean of 50.0254 nm, with a standard deviation of 0.114 nm at a
displacement of 50 nm, which indicates the validity of the proposed method. Meanwhile, the proposed experimental
system can also perform precision displacement measurements over a large measurement range, and the experimental
results show that the proposed method can be used for a measurement range of at least 30 pm. In addition, the system
aberrations in the vortex beam interference process are fitted, and the measurement accuracy of the proposed method can
be improved by reasonable compensation of the optical system. The proposed system renders a new research idea and
technical approach for displacement measurement with high accuracy and a large range, and provides the basic theoretical
and technical support for precision displacement measurement in fields such as lathe processing, the semiconductor

industry, and aerospace.

Key words measurement; interferometry; vortex beams; displacement measurement; optical systems; aberration

compensation
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