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Abstract: Ultraprecise optical displacement measurement is a key enabling technology for nanoscience, ultra-
precision machining, and semiconductor equipment manufacturing. In this review, research advances in conju-
gate vortex interferometric displacement measurement are systematically examined. With a focus on the sens-

ing paradigm based on structured orbital angular momentum (OAM) interference fields, the intrinsic advantag-
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es of this technology in enhancing detection sensitivity, extending the unambiguous measurement range, and
enabling compact optical-path integration are summarized, and the principal technical bottlenecks limiting practi-
cal implementation are identified. Six major technical approaches are classified and reviewed : high-precision im-
age and phase demodulation, optical-field optimization for enhanced angular resolution, high-speed dynamic mi-
crovibration measurement, cross-cycle extension of the unambiguous measurement range, simultaneous mea-
surement of multiple degrees of freedom, and distributed deformation reconstruction of nonplanar surfaces.
Synergistic improvements in measurement accuracy, dynamic response bandwidth, and environmental robust-
ness may be achieved through the integration of optical metasurfaces, fiber-grating-based micro- and nanoscale
modulation devices, artificial-intelligence-assisted demodulation algorithms, dual-wavelength equivalent-range
extension, and comprehensive compensation for multiple error sources across the measurement domain. These
developments are expected to advance the application of conjugate vortex interferometry to nanoscale position-
ing, precision manufacturing, curved-surface deformation measurement, and online condition monitoring of
high-end equipment. This review provides a theoretical foundation and technical guidance for the development
of next-generation ultraprecise optical metrology systems.

Key words: precision measurement; optical interference; vortex beams; orbital angular momentum; dis-

placement measurement
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(a) Preprocessing of petal-like interference patterns and construction
of centroid line segments!!*!
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(b) Schematic diagram of interference-pattern demodulation before and
after displacement using the centroid demodulation algorithm!®’!
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Fig.5 Angle demodulation algorithms based on centroid and circumferential intensity

JE o 20224, B 5UUM K 2% Zhao 55 R 45 A
T E e BT B OAM Y6 IR Fizeau T ¥ v £ M 1=
R (K 6(a)). XG5 RUE T W 25 R LUK
5y 5% NS sh 1 ), 1% )5 %8 R F 3L 6 [ Fizeau
G AL FE T T 95 URE R P 5 A7 VR R 1 R P e
& OAM &35 50, i & o6 i 5 38 A 1) R -2
— 2 A R I AR A A ) AR 20 Kb R O S A
AL, HH AL BS 1T 5 AH A 22 K38 g A2 L 100 nm 7
R 4 %t % 22 2 750 pm ([ 6(b) ) . 20234, &
JE Tl K 2% Dong %51 % I 36 40 5 42 1l By LG Ol
A 22 A T 0 U RE (] 6(c) ), ad 22 41 36
T R FE DX 2 2% £ ] {5 5 32 00000 52 3% AR A L 7R
10 nm ¥ &) 7 8% T I 48 12 2% 3K 84 pm, 100 nm #l
SHARAE B ST AE T i 22 4 359 pm. 5 HUIRCRBE
MIH, Z2 3805 51 A4 ) 4k B AR B, AT HI 55 5 &8
L R A 5 . X el R R 1 22 ) S ) T b
PN B— il i) {37 F% 4 e B AT AR K

55 TR S, B A A A 2 4 T AR T TR R

WER: f g R AR E MM ) — BB R . 20244, &
JIE Tl K 2 Xia 1 B2 F S B AR A AR AR
(Adaptive Polar Transform, APT) 5%, ¥ H
AR bR FR T B AR T P TR 2 4 28 A A A s (] L 4T
TR VR R E B B ARy A I R B I R
I o — 2 AF DG 18 B R i e £ 5 I i R B8 R
AR K 7 (), 7(b) FToR . % E R AE
—120~120 nm {2 B N , A [6] 30 Fh 47 T 19 7 35 8%
M 22K 2 0. 07 nm; 55 FUAK AL AR S S AR L, W]
o R o R A 5 3 SO CR B AE BBUR S
Sy R RE 2 JR 5 B . 2025 4F , % A1 B gk —
B A APT BIF 5 5 00 1% 43 Br L 2 1 4 Jmy AH
DL 7 o T IR S T AR A 4% 5 it £
o 5t B G 0 5 7 1) A I L I, E AR A AR AR 4 )
XoF 45 5 2 AN{ L S | DA ) S A
4 Jy S AR AT 3 57 B8 I S AH AV 25 S T8 4 D o7
s 78 100 nm 2 58 T, B 48 d5e K480 12 2224 0. 39
nm, W& EE M H0.23 nm. APT &% )7 Wi



A1) N In7e v N
3036 i MWE TR %34 %
Laser SMF  Col Pol VPP BS PlateBS M 1.2 —om
" o < = =L100 . |
1550 u—§ /8 0 o8t AV [\
\
QWP CL ' i ’,’
0.4 ! r )
0.0L L\
cCD Computer ) 10/2 122(3) 300
ngle
(a) 2 T OAMS S Fizeau ] Tl 5 74751 . -
(a) Fizeau-type interferometric measurement system based on OAM beams®® 0.8 08
206 206
Laser G =
. 504 504
L L
SLM . 2 Mirror 02 02
b, 4
0.0 0.0
% * 6 42 0 2 46 6 42 0 2 4 6
Index Index
%_1__;j_'.:g 4 4 3.043 5
2 2 §
BSZZ *g l Sl4 2 o[2[d] S F% 2 o[k 4
ét ..... . BS,  Camerm 20, 909 ? ‘
Ph;éé»s‘hiﬁ = Index ¥ Index
module

(o) BT IS MM LG R T A5

(c) Interferometric measurement system based on conjugate high-radial-

order LG beams!'*¥

(b) FLERAR A SRAE o 77 (oL B B AR O B B FE !
(b) Single-ring azimuthal sampling and complex spectrum
phase extraction process!'”?!

6 T I i ST 0 M (9 B e Ol o ik 3R D vk

Fig. 6 Vortex beam interferometric demodulation methods based on azimuthal complex spectrum analysis
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2025 4F T A K2 LS R BE IX 4R L
AN M T AL, SEEE = A A R (A
15(a)) . % &R G0 AR OE S — 4 556t
AR X, Y, Z = A B {5 B 5 il F I8 X
F% 245 A 0 1 98O AR R U Bl 5 A AT S R AR AR

+
aéFl

ABIRZE A R PRZE SR (K 15(b)) 5
EELRERRREEESU T . REX/Y
] 4 B 2 3k 0.25 nm, Z 16 4% ¥ % 0.3 nm;
1000 nm {7 7 & =l F & PE34 4 0. 8 nm, I Al

7 AR 10 mm, fl A R 2 mme % TAE &



519 44 TEPLA], & IR EE TS BN S H A U Pk 5 R 3045

AJET BT R B2 A hEFE OAM Z 4 & R G & R BA EE S H M fH.
A PR 22 A B AR O BT Y S B X

Signal conditioning
| (filtering and
me;’ieie“ce amplification)

bk signed
Ethernet
Ca_lculate 3-DOF displacement
by OPL & spd
(Orthogonal phase locking)
display (Symmetry phase differential)

PBS]
Laser propagation path:
Laser f;:HWP1-P1-PBS1-QWP1-MG-Q}
PBS1-HWP3-PBS2-P3-PD
Laser f,;HWP2-P2-PBS2-QWP2-RG-QWP2-
- PBS2-P3-PD

() = BN T IR R FAELR

(a) System framework of the three-degree-of-freedom heterodyne grating interferometric measurement system

Crosstalk error correction results
1.010 _— -

Measurement grating —Ori gin'
— After correction

PZT stage H
1.005 FType-IIT L

g
=1
k=
l = error
e < o
plane = 1.000 f Type-II1
move % A
2 i
50995 1 J 3)
A Static (2) Other axis Static
0.990 state movements state
T65 70 7.5 80 85 9.0 9.5 100105 %t{g;{ggh
t/s
Slope
@ 0
50 50
N 60 N 60 %? lac(f
iltere
E 40 0 540 o component
820 30 By 30
Adaptive
> 0 20 = 0 20 bQuI?dary
0 adjustment
o B 10
/s 10 10 o‘!\\XL 0 0 Output
s & corrected

W
5 Q@“ signal

(b) ZEAR M & AP B PR Z W~ IRIESE R AM2iRE

(b) Crosstalk error analysis, correction results, and compensation workflow in multi-axis displacement measurement

FI15 ALK A A 22 M T 0 (00 H i B 2 A O

Fig. 15 Zero-dead-zone integrated heterodyne grating interferometer and its crosstalk error compensation method'"*’



3046 e K TR

34 %

BT 16 O T B Y R A 4 T S
W IE SV O 2 4 {5 B g 4 it TR 4R L B
AT 2 HEDN AU T i Rl R A R RR IR 22 2
Z J00 BT RN g 1 BE EE SR e ARE S BLAT BR
Z R0 A0 A I . ROk E— P RS OAM
BE ] O 2 A b g6 SO T A
5 S I e 9 Sk 4 Sl L B TR e O R
7 B I 1) 22 R R e AR A I

4 AL EmALS N F R R

A B0 1 T ' B T i 22 - T MR
iz gl , LR AE B AT H R A e B A BB R L R
TE S H AN Ty IR A5 51 & 1 R ¥ ) 2 i
B, Mk DL 3 4% G0 8 1R i o8 O ik e X0 2 5
PR Ot R A 53 30 e O T 0 1 A A0 AR ) 25 4
6 I L ) AR AT 552 3 A S 1 2R 1) 43 A 2 A
R SN I 5 Y ]

2023 4F A A Tl K 2% Dong %5 2 2k
WA TE G T 5 1, T X6k Bl 6 Bk 36 18 20 25 07 8% T
RBARGHEME I (K 16(a)) ., ETEEET B
i 5 LN E e B A 5 R R g e S R R
Az BB AR R H B A 5| R B RE e AR
b 77 A AR T R Y 223 RS < 3 5 6 RS X
JOf B — A 0 At AR AR 8 S LB R B LG ok
WY 22 IR 45 K il A RS 4 Bk 22 U 4y R R
[ 4 1] o7 B 09 JE 728 TR, 28 B JR] AR 43 i) AL
Y. WEICIE B 43 B T 3 AR R e O B S
P2 R, Oy SE B B IE BE0E T IS SE Al . FE
B3 Al 1 9% P A — 2B T S8 56 E T (A
16(b)), 76 1,0.5,0.2 um/s BIE S R, B
B A AT AR E A 2. 2% DL IE S T 4R 1 A
BN U 5 T AR R (6 N 6 &R o R4 i A
AT A R B R o A AL 8 AT RO 4y E X
I S B 22 IR S BRI (16 () ), T 3% X 43 AN T
1 ) for I 2 AR 5 5 7E 20~86 nm/s (Y I A8 i
BN, EEMERZE N —2.1~1. 1 nm/s,500 nm
TE A% W R AR N R 22 /N T 2.5 nm. b Ak,
Dong % ¥ iz B 4 R 2O S RE N S &
AR A A (B 16(d)) R H s B 58 LG oG
A B 22 B A6 R 38 5 7 7 A A7 1S A BT 4
HUA5 21 8 b 1 ff 1) AH RS, R B B IR A —

e IFIE AN -

R T i A 1) R FR OB AR b S, M R
5T A vt R HE R E R AR 015 5 4 8 5 S
FE R AR T FR A TR B S SR I AR 25 s il
T B ™ A A% G 5 AR R Oy B R AT
X 12 () B, 22 K 24 Zhang 281 H& W IR €A A7 B
6N R ik TR S A A O A
WAL o 2 35 1906 30 5% n 28008 Té AH 7 5 480k A
A7 1 oA T 9 P S0 R AL PR B 2 I A 6 R
LG T R, 45 i 5% BAR S 3R
B JE A R ) B R BB R AR (I8 17 (a) ) 45 51
e i AT 1) A R 0] 2% 20 AR A A Ak S PR BT e B £ 4
BCE17(b)) o S28e 15 )7 2 R BUE L 0.6 nm,
D515 22 0. 06 nm, AN E BE 0. 22 nm, A 250 1kt
T H Rl T A B0t B S A A R T A
B3 7 KGR 32 i T i 2 1 TR R E R 2, B S
sl 3 B KR, i SR I -5 S A ) 2
Sl R EIRIREN S

BRI Ik A~ T A2 % 0 6 1% O S8 A T a0 fe] 75 35
W 28 R RE S RO A 25 40, R AR R e HL v i
WAL RS R AR AR B o il FROE AR I &R
FHAE ) G A A A0F X3 AN [m] DX 3887 2 B8 i 137, FI FR
pi TET D0 S D ek A s R ) Ak ) SR R T R R
Fe SR BURIMERE o KRR %7 0 Ay T i — 2D figk o
I 2 it T 3 N PE L Bl A e AR R R R S A A
074 )L, 4 i i e DY T I 7 SR AR R AL B
a7y S M

5 BREHREZ

ALRGLR T ILH R O T W AT
K 5 0088 I B U R BE FE HE R . 6T OAM T i
Ol SRR 4 B E A 7 5 G B A b e mT A A 4
P, TR A LA 1 AR LA B - A e 7 AR
5RAL T, B RS 51 K A Bl A A2 A
2 Al D TR A Sigp R £ PRUAE BE B L D' 5 0 A AR A
FRAEAE = o B TR T HoR IR i
JeT WA IR L T LA (E SR A e R R
B4R T TC s SR TR 4 i | 22 W) T i R A
S5 T7 R A R W RO Sl T e Ot R 4R
ARt O 27 B 78 72 25 K i TORDRS #O oA T R
Gyt e RE L L AR R R T B % .

FUAT , 350 3 i@ Ot 9 00 8 I BEHOR B 18



FEBLHM, 45 < 38 T T+ 8 0 5 0 2%

AR R Pk R 3047

\aset

i Q

Hologram

% L
is of ;
SYmme,

lumm

gratm

G, .p Phase

Scenay:
Stharjg ». L
Axig © Scengy; Camera
oy IMetric. (A0 1

umf‘o,m SD Horm SD

(a) BBERTEE T W BB TR

Scenario 1 4
Scenario 2

(a) Numerical model of a carrier vortex beam interferometer!'”!

"» Dhag,

Axis of symmetry

Axi _/—— !
I eformed

glass sheet
+~—— Cone fﬂ
% Piezo stage

Camera 113 ring pattern

(c) N2 31 53 B B PR S T 15 M 45 11
(c) Camera-based multi-ring segmented carrier vortex-beam
interferometric measurement configuration®’!

5 16

Scenario 1
Scenario 2

TG T 15 1 AR T 30 25 b % B (02 7%

He-Ne laser
SLM o L .. Ly BS
Qé ﬂ_Ir'IS_; | <\ Mirror
y ° \ N
Chopper

g,

-

0
BS,
Deformed surface
Glass sheet ==~
) " Cone =
Piezo stage 1 Camera
(b) BT Z LB I 5816 SIHR M & R )

(b) Dynamic non-uniform phase-shift measurement system based on
Doppler frequency shift!'2)

‘] Piezo |LG, beam
1 f stage

SLM BS1 1.2

Collimator

BS4EXpander(2X

LG progausman pump beam |
beam Sk T Ty
amplin }muz(m) r\/';’ |
point * z ~“Sample
Sample i
I Z - ] Multi-ring pattern

(d) A THOL S SV BI S Z 4B 50N 2 1 YRR TE T8 R
(d) Photothermal vortex interferometric system for measuring the dynamic
three-dimensional morphology of laser-induced thermal mirrors!*?")

% 19T 1%

Fig. 16 Methods of vortex beam interferometry for dynamic axisymmetric displacement measurement

KR 22 4RI B A AL i USRS By Btk 58
BAEI = rERE T R L M R Gl et TR &
T C PR S T AT AT AR 1 2, i 20 T SR A
BEAL S AL o 456 BUA BF T BE IR, R oK 12 40 4k mT
HAPEREIL AL FE R AE L R G =G
T S W5 -
(1) Z 1 R P [) L Ak , 2 BBOAS %5 000 5 44 e il
WO 25 A H A W 3l A A I A S Bh
285 ] 7 X L2 SHE BT A [ T g 4 467 D' AR T 4 T
mﬁ}—%ﬁlﬂﬁﬁjiﬁiﬁJBE&%&)“&%%@J@%{
PRI DX 3 20 06K 5 S TR 2 R R AR HOR R
RE 71 8 00 4 A i, AR R SR R (RSB Sk
PE AR 70T 2R

AR RIT IO A ML . 23t

OG22 ORI B B3 2 T B, WO RTE R AR
0 = ) 1 0 OG[R589 22 PR R 22 14 1 B
VAL B3 kA 2 b 2R HE FR BT Bl IR T I
FORIAR R LB R R
Wi )57 ) P13 [ 42 T o
(2) B BESVE W RE , h B 2 4 2 2k b 5t B

RE Ty o BUAT ik VR HOR 22 15 TC B ol i S LU R
(IR0 211E QMR A E NEEPi S I~ FOY 1 €7/ i I |
WAL EE G5, S i 2 Y RS
HRHIE | T W 2 e 9 G 28 5 TR) R . R R T 4 R S
SN PR S L gL R S IR S
LR R BESS & A A e B B AT i B S pT T I
REJI R REME AR R S Z A i LR B AL
Ik 8l 25 2 2 5 [5] A0 R A O MR i Rk ) S



3048 P

34 %

Vortex phase
with carrier

r
Carrier | l
=

cos(/6) [cos(/6)|

COS(I6+kAZ)  |cos(I6+kAz)|

(a) EERN SR IT BRI TR R R

(a) Schematic diagram of the adaptive Moiré method

Displacement

20" Real value
E Mean value
B 1.5}
2 . )
819 p P
] P
'[_%.0.5. o 0% e J
& 0”_‘.“;0"0
6% . & ) .
35 70 105 140
Times
c 2.0 Real value h’.:
Mean value g
15 WY o at
£
o 1.0
3 Mﬁﬂ‘
205/ ‘:3'!"’
a =. a
0
270 35 70 105 140
Times

(b) Hh (A2 N0 5 S04 3R
(b) Experimental results of curved-surface displacement measurement

P17 T I AR L 113 O 52K 1y o T IS B ) iy

Fig. 17 Vortex phase-based adaptive Moiré method for micro-displacement measurement of freeform surfaces'®

P RRUE 1R 15 5 7 5 T B fE

(3) G M R AL T B HoR TR AL 57
AR R o A% GE iR et 1 3 AR A7 AE 6 ik B
VA M JBE PR B N 55 A6 ) R afE A 2 T
b R A RS I S S PR B R R . R
s WAL KL G F R R KT
E I R R T R L = W L U e o i)
855 ARGE Pl sh it e it i gt/ Al
R A2 L o SRR B O T R gL, B ALK
PN S 56 5 5 G F 3 Tl AR A I | R
e A T AR AL Ml

S 16 JiE o't 9 I R 5 0 A O 3 TR RE

]

K& B RO HR Z —  IE AL T RE R AT
% Gy ST SN R R GU AR R B S B R B
Beo 1 QR 't 5 W R HLEEL | K R RE i 9
WRE LI B R, R HOR A B
JBE 5 W A% 4t 1 9 D i A PR BE JR B, 76 3l 9A 5 A0
g ] T A2 2% A TGN R i ke A IR A IR 4
BRI WA O R H, Sy — AR L 2 4
JE A O o I e A R A o R 0 R S

EE Tl A=A
HEPA R XM E LB, Lk fe B,
A EE, TR



ARSI, 45 38 R T+ 0 55 07 B 0 AR - e PR e

3049

AN & & &R M e W
B R vk HMIEE R,
@, i

-7‘?14@"5‘:1/\5‘(1'%35(,*%4%%?7@;

5% ik
[1] BARBOZA R, BABAZADEH A, MARRUCCI

[2]

[3]

[4]

[5]

[6]

[7]

L, et al. Ultra-sensitive measurement of transverse
displacements with linear photonic gears[J]. Nazure
Communications, 2022, 13: 1080.

SHANG Y J, QIAOSY, GUO Y H, etal. Ultra-
sensitive vector displacement measurement based on
pancharatnam-berry phase optical element[J]. Laser
& Photonics Reviews, 2025, 19(23): e00741.

KIM J, LEE S, CHUN H, ez a/. Compact curved-

edge displacement sensor-embedded spindle system

for machining process monitoring [J]. Jowrnal of

Manufacturing Processes, 2021, 64: 1255-1260.
YU K N, ZHU J H, YUAN W H, et al. Two-
channel six degrees of freedom grating-encoder for
precision-positioning of sub-components in synthetic-
aperture optics[J]. Optics Express, 2021, 29(14) :
21113.

BAUERLEIN J, CARTER J J, HEINZEL G, et
al. Remote displacement sensing by decoupling a
compact sensing head from a heterodyne Michelson
interferometer [J]. Optics Letters, 2025, 50(23) :
7340-7343.

JIA' W X, on behalf of LIGO O Detector Author
List. Broadband quantum enhancement of the LIGO
detectors with frequency-dependent squeezing [ C].
Frontiers in Optics + Laser Science 2023 (FiO,
LS).
Group, 2023: JTu7B. 5.

ABBOTT B P, ABBOTT R, ABBOTT T D, ez

al. Observation of gravitational waves from a binary

Tacoma, Washington. Optica Publishing

black hole merger [J]. Physical Review Letters,
2016, 116(6): 061102.

SHIMIZU Y, CHENL C, KIM D W, efal. Anin-
sight into optical metrology in manufacturing [J].
Measurement Science and Technology, 2021, 32
(4): 042003.

HASEGAWA S, FUJIIMOTO M, ATSUMI T,
et al. In-process monitoring in laser grooving with

line-shaped femtosecond pulses using optical coher-

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

X k4T WAL, R B FE L RBETR,
IEE BT, ANAEE,

ence tomography[J]. Light: Advanced Manufactur-
ing, 2022, 3(3): 427-436.

LIAOCY, LINHH, CHEIN W H, et a/. Min-
laturized laser interferometer using dynamic current-
wavelength modulation for high precision displace-
ment measurement [ J|. Measurement Science and
Technology, 2025, 36(1): 015040.

HELL S W. Far-field optical nanoscopy[J]. Sci-
ence, 2007, 316(5828): 1153-1158.

ZHOU L J, WANG X Z, L1 Z L, et al. Wafer
alignment measurement in lithography systems
based on vortex beam interference[J]. Optics Ex-
press, 2025, 33(22): 47218.

STAUFFENBERG J, ORTLEPP I, BELKNER
J, et al. Measurement precision of a planar nanopo-
sitioning machine with a range of motion of @100
mm[J]. Applied Sciences, 2022, 12(15) : 7843.
ARMANO M, AUDLEY H, BAIRD J, et al.
Sensor noise InLISA pathfinder: in-flight perfor-
mance of the optical test mass readout [J]. Physi-
cal Review Letters, 2021, 126(13): 131103.
YANG Y C, YAMAMOTO K, DOVALE
ALVAREZ M, et al. On-axis optical bench for la-
ser ranging instruments in future gravity missions
[J]. Sensors, 2022, 22(5): 2070.

SHAO L, GOKHALE V J, PENG B, et al.
Femtometer-amplitude imaging of coherent super
high frequency vibrations in micromechanical reso-
nators [J].  Nawre Communications, 2022,
13: 694.
FOGLIANO F, BESGA B, REIGUE A, ez al.
Ultrasensitive nano-optomechanical force sensor op-
erated at dilution temperatures[J]. Nature Commu-
nications, 2021, 12: 4124.

SUDHAKAR S, ABDOSAMADI M K, JA-
CHOWSKI T J, et al. Germanium nanospheres
for ultraresolution picotensiometry of kinesin mo-
tors[J]. Science, 2021, 371(6530) : eabd9944.
SHRESTHA P, YANG D, TOMOV T E, et al.
mechanical

Single-molecule fingerprinting  with

DNA nanoswitch calipers[J]. Nature Nanotechnol-



3050

34 %

[28]

[29]

ogy, 2021, 16(12): 1362-1370.

ZANG HF, XIZ, ZHANG Z Y, et al. Ultrasen-
sitive and long-range transverse displacement me-
trology with polarization-encoded metasurface [J].
Science Advances, 2022, 8(41): eadd1973.
ZANG H F, ZHANG Z Y, HUANG Z T, et al.
High-precision two-dimensional displacement me-
trology based on matrix metasurface [J]. Science
Advances, 2024, 10(2) : eadk2265.

4 B . bR JE LRI (2021-2035 4 ) [EB/
OL]. (2022-01-28) [2026-07-10]. https: //www.
gov. cn/zhengce/content/2022-01/28/content 567
0947. htm.

The State Council of the People’s Republic of Chi-
Metrology development plan (2021-2035)
[EB/OL]. (2022-01-28) [2026-07-10]. https://

na.

www. gov. cn/zhengce/content/2022-01/28/con-
tent_5670947. htm. (in Chinese)

WOO S, JEONG H, CHOI J, et al. Machine-
learning-based compact modeling for sub-3-nm-
node emerging transistors [J]. Electronics, 2022,
11(17): 2761.

BOUKORTT NEL I, STROOBANDT D. Mod-
eling and optimization of CFET structures for sub-
3 nm CMOS scaling [J]. Micro and Nanostruc-
tures, 2026, 210: 208506.

ZHOU L J, WANG X Z, L1 Z L, et al. Design
method for wafer alignment marks with low align-
ment position deviation under process-induced
asymmetry [J]. Applied Optics, 2025, 64 (30) :
8921-8929.

JJANG M, YAOM Y, SONG G L, ez al. Inves-
tigation and application of key alignment parame-
ters for overlay accuracy in 3D structures[J]. Mi-
cromachines, 2025, 16(8): 876.

SHARMA DDAS, PASDAST G, TIAGARAJ
S, et al. High-performance, power-efficient three-
dimensional system-in-package designs with univer-
sal chiplet interconnect express [J]. Nature Elec-
tronics, 2024, 7(3): 244-254.

OH J, SON J, YOON C, et al. Ultra-wide-field
imaging Mueller matrix spectroscopic ellipsometry
for semiconductor metrology [J]. Nature Commu-
nications, 2025, 16: 8512.

YERF, ZENG J R, ZHANG HY, ez al. Rapid

[30]

[31]

[32]

[33]

[34]

[37]

[38]

full-field surface topography measurement of large-
scale wafers using interferometric imaging[J]. Pho-
tonics, 2025, 12(9): 835.

HASHIMOTO T, YAN ] W. Feedforward com-
pensation of dynamics-induced form errors in high-
speed diamond turning of freeform surfaces using a
long-stroke fast tool servo[J]. Nanomanufacturing
and Metrology, 2025, 8(1): 31.

SMETANA J, WALTERS R, BAUCHINGER
S, et al. Compact Michelson interferometers with
subpicometer sensitivity [J]. Physical Review Ap-
plied, 2022, 18(3): 034040.

HUANG X Q, WANG G F, YANG M L, et al.
Study on picometer-level laser interferometer read-
out system in TianQin project[J].
Technology, 2023, 161: 109185.

XU X, LIUH S, TAN Y D. Verification of laser

Optics & Laser

heterodyne interferometric bench for Chinese space-
borne gravitational wave detection missions [J].
Research, 2024, 7. 0302.

YUAN S, SUN G K, YU K, et a/. In-orbit ther-
mal deformation monitoring for composite laminat-
ed structures of remote sensing satellites using tem-
perature self-decoupling fiber optical system and in-
verse finite element method [J]. Applied Physics
B, 2024, 130(3) : 45.

KANG H, LEE J, KIM Y J, et al. Phase-locked
synthetic wavelength interferometer using a femto-
second laser for absolute distance measurement
without cyclic error[J]. Sensors, 2023, 23(14) :
6253.

LIRM, TIAN H C, LIU Y, e al. High-preci-
sion absolute distance measurement by cascaded
synthetic wavelength interferometry using a single
electro-optic frequency comb [J]. Optics Express,
2025, 33(5): 10528.

YANL P, XIEJD, CHENB Y, ez al. Absolute
distance measurement using laser interferometric
wavelength leverage with a dynamic-sideband-
locked synthetic wavelength generation[J].
Express, 2021, 29(6) : 8344.

ZHANG SH, LOUY T, ZHOU Y J, et al. Self-

Optics

correction of air refractive index in distance mea-
surement using two-color sinusoidal phase modulat-

ing interferometry [J]. Optics Communications,



5519 1

ARSI, 45 38 R T+ 0 55 07 B 0 AR - e PR e

3051

[41]

[43]

[44]

[46]

[47]

[48]

2022, 505: 127521.
WANG Y F, XU X, DAI Z R, et al. Frequency-
swept feedback interferometry for noncooperative-
target ranging with a stand-off distance of several
hundred meters[J]. PhotoniX, 2022, 3(1): 21.
LUO LB, CAOFF, WANG S T, et al. Design
and demonstration of a large range precision grating
sensor for simultaneous measurement of out-of-
plane motions [J]. Measurement, 2025, 249:
116799.

ZHU J W, JIAY S, LIM M, et al. A paper-
based self-inductive folding displacement sensor for
human respiration and motion signals measurement
[J]. npj Flexible Electronics, 2022, 6: 67.

LIU X K, HUANG R, YU Z C, et al. A high-ac-
curacy capacitive absolute time-grating linear dis-
placement sensor based on a multi-stage composite
method[J]. IEEE Sensors Journal, 2021, 21(7):
8969-8978.

DOU C, WANG W B, LI H, er al. Design of a
full-range capacitive sensor extensometer using a
high-precision ultrasonic motor [J].  Sensors,
2025, 25(4): 1012.

HE Q, FAN S X, CHEN N, ez a/. Analysis of in-
ductive displacement sensors with large range and
nanoscale resolution [J]. Applied Sciences, 2021,
11(21): 10134.

AKSOY B, HAO Y F, GRASSO G, et al.
Shielded soft force sensors[J]. Nature Communi-
cations, 2022, 13: 4649.
KURNYTA-MAZUREK P,

The influence of magnetic field of AMB on eddy-

KURNYTA A.

current sensor operation [J]. Sensors, 2023, 23
(4): 2332.

BEAK, TEF, T L5, . ETRIDLSERE
BT W R AL M AT 5L [T]. 4osh bt 242,
2020, 49(4): 0413005.

ZHAO D E, WANG SY, MA Y'Y, et al. Mea-
surement of micro-displacement based on the inter-
ference of vortex beams and spherical wave[J]. In-
frared and Laser Engineering, 2020, 49 (4) :
0413005. (in Chinese)

EE, A F, KAE, F . EBTRIOUHE T WM
e R B O s R RS (D). F F ARk, 2025,
46(4): 722-726.

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

YUAN T, LIU J, WU J H, er al. High-precision
non-contact micro-measurement technique based on
vortex light [J]. Semiconductor Optoelectronics,
2025, 46(4): 722-726. (in Chinese)

S#F, ik, AT, F.ETRIEDCS VK
TWMHA RN E[T]. 2% % T4, 2022, 30
(17): 2058-2066.

HAN SH Z, YANG D, HU X N, er al. Micro-dis—
placement measurement based on interference of vortex
beams and plane wave[J]. Optics and Precision Engi-
neering, 2022, 30(17) : 2058-2066. (in Chinese)

HE X L, DOUJT, HU Y Y, et al. Large dis-
placement measurement with cycle-free counting
and high precision based on vortex beam interfer-
ence [J]. 2025, 582:
131599.

EMILE O, EMILE J. Naked eye picometer reso-

Optics Communications,

lution in a Michelson interferometer using conjugat-
ed twisted beams [J]. Optics Letters, 2017, 42
(2): 354-357.

JJA Q K, QIU X D, WU Z W, et al. Transfer-
ring linear motion of an optical wedge to rotational
frequency shift in an orbital angular momentum in-
terferometer [J]. Applied Physics Letters, 2017,
111(9) : 091102.

VERMA G, YADAV G. Compact picometer-
scale interferometer using twisted light [J].

Letters, 2019, 44(14): 3594-3597.
PAN J, SHEN Y J, WAN Z S, et al. Index-tun-

Optics

able structured-light beams from a laser with an in-
tracavity astigmatic mode converter [J]. Physical
Review Applied, 2020, 14(4): 044048.
PINNELL J, RODRIGUEZ-FAJARDO V,
FORBES A. Probing the limits of orbital angular
momentum generation and detection with spatial
light modulators[J]. Jowrnal of Optics, 2021, 23
(1): 015602.

WAL, Fw, A, F . SSRGS SR
PR I A RO IR E R [T]. b A A,
2023, 31(19): 2809-2817.

YANG Q H, LI P, YANG H, et al. Generation
of high-order and fractional vortex beams using
gratings simulated by spatial light modulators [J].
Optics and Precision Engineering, 2023, 31(19) :
2809-2817. (in Chinese)



3052 e K TR 5 34 %
[57] COUDRAT L, BOULLIARD G, GERARD J optical vortex interferometer using segmentation de-

[58]

[59]

[60]

[64]

[66]

M, et al. Unravelling the nonlinear generation of
designer vortices with dielectric metasurfaces [J].
Light: Science & Applications, 2025, 14: 51.

MEI F, QU G Y, SHA X B, et al. Cascaded
metasurfaces for high-purity vortex generation[J].
Nature Communications, 2023, 14: 6410.
DORRAH A H, CAPASSO F. Tunable struc-
tured light with flat optics[J]. Science, 2022, 376
(6591): eabi6860.

YU X, LI HR, ZHANG Z T, et al. Micro-dis-
placement measurement of optical interference with
two-ring conjugated vortices [J]. Laser Physics,
2024, 34(10): 105401.

ZHANG B Y, LIU J, WU J H. Triple-subdivi-
sion vortex beam interferometer for precision dis-
placement measurement [J]. Optics and Lasers in
Engineering, 2025, 194: 109128.

ZHANG L, CAOJQ, WUSY, etal. From con-
cept to reality: computing visual vortex beam inter-
ferometer for displacement measurement [J]. Op-
tics Letters, 2022, 47(21): 5449-5452.

REN KL, ZHANG HY, JIA A C, et al. Wide-
range nano-displacement measurement via dual-
wavelength interferometry with an ultra-broadband
OAM converter [J]. Optics Express, 2025, 33
(22): 46739.

BEN, BB5F, BERR, F. WG TN
WS ESAMIT]. L% % T8, 2020, 28
(9): 1905-1912.

XIAHIJ, GURR, PANCH L, et al. Signal pro-
cessing method for displacement measurement in-
terferometry using vortex beams [J]. Optics and
Precision Engineering, 2020, 28(9) : 1905-1912.
(in Chinese)

ZHAO H, XU J Y, HUANG X H, e al. Azi-
muthal phase-shifting demodulation method for or-
bital-angular-momentum interferometer [J]. IEEE
Photonics Technology Letters, 2024, 36 (5) :
321-324.

ZHUITL, HANF F, WANG L, ez al. Fractional
orbital angular momentum sensor for dynamic mi-
cro-displacement [ J]. Jowrnal of Lightwave Tech-
nology, 2024, 42(5): 1689-1695.

DONG J T, XIE L Y, WANG S, et al. Carrier

[68]

[74]

[75]

[76]

modulation method for dynamic measurement of ax-
isymmetric surface deformation[J]. Review of Sci-
entific Instruments, 2023, 94(8): 083002.
DONGIJT,LIY Y, ZHAO E X, et al. Three-di-
mensional measurement of laser-induced thermal
mirror dynamics using photothermal vortex interfer-
ometer with azimuthal phase spectra analysis [J].
Measurement, 2023, 222: 113653.

ZHANG L, WANG A X. Vortex phase-based
adaptive moiré technique accommodating micro dis-
placement measurement of freeform surfaces [J].
Optics Letters, 2024, 49(10) : 2829-2832.

GAO HW, YANG D, HU X N, ez al. High-pre-
cision micro-displacement measurement in a modi-
fied reversal shearing interferometer using vortex
beams [J]. Optics Communications, 2023, 537:
129454.

ZHAO H, GUO CJ, XU JY, et al. Probe-type
all-fiber tiny-displacement sensor based on orbital-
angular-momentum interferometry [J]. Optics Let-
ters, 2023, 48(20): 5209-5212.

REN K L, LIM H, ZHENG Y P, et al. Phase-
matched metadevice for optical vortex interferome-
try: stable nano-displacement sensing [J]. Optics
Letters, 2026, 51(1): 13-16.

R, 2, XA, F . ETAELEMRLA
2 E B B2 oK G O TR [T]. b AR,
2026, 46(1): 0122012.

DOUMY, LIUF W, WU Y Q, et al. Picome-
ter-level vortex beam interferometry wvia nonlinear
optimization self-calibration[J]. Acta Optica Sini-
ca, 2026, 46(1): 0122012. (in Chinese)
BEIJERSBERGEN M W, ALLEN L, VAN
DER VEEN H E L O, et al. Astigmatic laser
mode converters and transfer of orbital angular mo-
mentum[J]. Optics Communications, 1993, 96(1/
2/3): 123-132.
PADGETT M, COURTIAL J, ALLEN L.
Light’s orbital angular momentum/[J]. Physics To-
day, 2004, 57(5): 35-40.

COURTIAL J, PADGETT M J. Performance of
a cylindrical lens mode converter for producing
Laguerre - Gaussian laser modes[J]. Optics Com~

munications, 1999, 159(1/2/3): 13-18.



%519 1 FEBILA, 45 i O T WK 3 A2 AL B - 8 Pk S e B 3053
[77] HECKENBERG N R, MCDUFF R, SMITH C 012601.

[78]

[79]

[80]

[81]

[82]

[83]

[84]

[86]

[87]

P, et al. Generation of optical phase singularities
by computer-generated holograms[J]. Optics Let-
ters, 1992, 17(3): 221-223.

DUFRESNE E R, SPALDING G C, DEARING
M T, et al. Computer-generated holographic opti-
cal tweezer arrays[J]. Review of Scientific Instru-
ments, 2001, 72(3): 1810-1816.

TERHALLE B, LANGNER A, PAIVANRAN-
TA B, et al. Generation of extreme ultraviolet vor-
tex beams using computer generated holograms
[J]. Optics Letters, 2011, 36(21): 4143-4145.
LIS X, WANG Z W. Generation of optical vortex
based on computer-generated holographic gratings
by photolithography [J].
2013, 103(14): 141110.
MIRHOSSEINI M, MAGANA-LOAIZA O S,
CHEN C C, et al. Rapid generation of light beams

Applied Physics Letters,

carrying orbital angular momentum/[J].
press, 2013, 21(25): 30196.
CANO-GARCIA M, QUINTANA X, OTON J

Optics Ex-

M, et al. Dynamic multilevel spiral phase plate
generator[J]. Scientific Reports, 2018, 8: 15804.
BEIJERSBERGEN M W, COERWINKEL R P
C, KRISTENSEN M, et al. Helical-wavefront la-
ser beams produced with a spiral phaseplate [J].
Optics 1994, 112 (5/6)
321-327.

ZHANG Y H, WEN S L, WANG S F, ez al.

Communications ,

Fully continuous spiral phase plate for ultraintense
optical vortices[J]. Optics Letters, 2023, 48(10) :
2760-2763.

KHONINA S N, PODLIPNOV V 'V,
KARPEEV SV, et al. Spectral control of the or-
bital angular momentum of a laser beam based on
3D properties of spiral phase plates fabricated for an
infrared wavelength[J]. Optics Express, 2020, 28
(12): 18407.

JANKOWSKI T, BENNIS N, MORAWIAK P,
et al. Optical vortices by an adaptive spiral phase
plate[J]. Optics & Laser Technology, 2024, 176
111029.

BAI'Y H, LV HR, FU X, et al. Vortex beam:
generation and detection of orbital angular momen-

tum [J]. Chinese Optics Letters, 2022, 20 (1) :

[93]

[94]

[96]

[97]

REICHERTER M, HAIST T, WAGEMANN E
U, et al. Optical particle trapping with computer-
generated holograms written on a liquid-crystal dis-
play[J]. Optics Letters, 1999, 24(9): 608-610.
ZHU L, WANG J. Arbitrary manipulation of spa-
tial amplitude and phase using phase-only spatial
light modulators [J]. Scientific Reports, 2014, 4.
7441.

XIA T, XIE Z W, ZHANG Q, et al. Ultrabroad-
band, achromatic, and non-diffracting perfect opti-
cal vortex generation via radial momentum control
in dielectric metasurfaces[J]. Nature Communica-
tions, 2025, 16: 11610.

QIN J, JIANG S B, WANG Z S, et al. Metasur-
face micro/nano-optical sensors: principles and ap-
plications [J]. ACS Nano, 2022, 16(8) : 11598-
11618.

FELDMAN N, GOELOE KM M, DEN BOEF
A'J, et al. Nanometer interlaced displacement me-
trology using diffractive pancharatnam-berry and de-
tour phase metasurfaces [J]. ACS Photonics,
2024, 11(12) : 5229-5238.

DENG Z L, DENG J H, ZHUANG X, et al.
Facile metagrating holograms with broadband and
extreme angle tolerance[J]. Light: Science & Ap-
plications, 2018, 7: 78.

& &, REM, A R A BIE SR iE
MG B ST BRT ()], W2 R FFR,
2023, 28(3): 21-29.

YU ZH, ZHAO T L, SHI L. Orbital angular mo-
mentum vortex electromagnetic waves generated
by transmission metasurface [J]. Jowrnal of Xi’ an
University of Posts
2023, 28(3): 21-29. (in Chinese)

SU V C, CHIANG C H, CHEN M H, et al.

and Telecommunications,

Metasurface-based perfect vortex beam for optical
eraser[ J1. Communications Physics, 2024, 7: 36.
ZHANG Y C, LIUW W, GAOJ, et al. Generat-
ing focused 3D perfect vortex beams by plasmonic
metasurfaces [J].
2018, 6(4): 1701228.

ZHAO A R, PHAM A, DREZET A. Plasmonic

Advanced Optical Materials,

fork-shaped hologram for vortex-beam generation

and separation [J]. Optics Letters, 2021, 46(3) :



3054 e RE LR 4 34 %
689-692. [107] YUANT, LIUJ, WU JH, etal. Advanced vor-
[98] SHI Z J, KHORASANINEJAD M, HUANG Y tex beam interference system enhanced by CNN
W, et al. Single-layer metasurface with controlla- for micro-displacement detection [J]. Optics and
ble multiwavelength functions [J]. Nano Letters, Lasers in Engineering, 2025, 191: 108987.
2018, 18(4): 2420-2427. [108] LI'Y C, ZHANG J Y. Radial-shearing interfer-
[99] DEVLIN R C, AMBROSIO A, RUBIN N A, et ometry for phase LLC-SLLM calibration with a pair
al. Arbitrary spin-to-orbital angular momentum of conjugated vortex beams [J]. Jowrnal of Op-
conversion of light [J]. Science, 2017, 358 tics, 2020, 22(2): 025604.
(6365): 896-901. [109] # T4, 2 F, RA4E, 5. FEF @SR
[100] #AweT, Wik, B2, F . LHERIEOCT K PR IS T W A B[], ¥ HE L
WOBWETT RS RE]. LF R, 2023, 43 #2, 2025, 33(15): 2331-2341.
(2):0212001. YANG X J, LIU J, WU J H, et al. Conjugate
HU X N, YANG D, YANG ZH M, et al. Meth- vortex beam interferometry for micro-displace-
od and system for precision displacement measure- ment measurement with deep learning fusion archi-
ment with interference of conjugated vortex beams tecture [J]. Optics and Precision Engineering,
[J]. Acta Optica Sinica, 2023, 43 (2) 2025, 33(15): 2331-2341. (in Chinese)
0212001. (in Chinese) [110] AR, BAH, BEx, F . HERELTY
[101] RENKL, ZHANGHY, JIA A C, et al. Chiral i B M B A TR AL S B R SE [T]. R b TR
long-period fiber grating based conjugate vortex R, 2023, 43(1): 11-16.
beam interference for nano-displacement measure- ZHAOBY, ZHAODE, MAY Y, etal. Experr-
ment [J]. Optics & Laser Technology, 2025, mental study on topological charge optimization for
192: 113601. displacement measurement with conjugated vortex
[102] LUHL, HAOY Y, GUO C1J, et al. Nano-dis- beams interferometry [ J]. Optoelectronic Technolo-
placement measurement system using a modified gy, 2023, 43(1): 11-16. (in Chinese)
orbital angular momentum interferometer [J]. [111] ZHU J L, WANG L, JIJY, et al. Real-time
IEEE Journal of Quantum Electronics, 2022, 58 measurement of dynamic micro-displacement and
(2): 7500105. direction using light” s orbital angular momentum
[103] LUHL, HUANG X H, GUO C J, et al. Orbit- [J1. Applied Physics Letters, 2022, 120 (25) :
al-angular-momentum beams-based Fizeau inter- 251104.
ferometer using the advanced azimuthal-phase-de- [112] ZHANG L, YU B L. Virtual orbital angular mo-
modulation method [J]. Applied Physics Letters, mentum-based phase clock[J]. Optica, 2024, 11
2022, 121(24): 241102. (10): 1468-1477.
[104] DONGIJT, ZHANG T D, ZHANG Y Z, et al. [113] ek, AL, KEHF, F. ETRIOLRA
Picometer-scale optical vortex interferometer us- LB T 95 0 R R R RS R[], %
ing azimuthal complex spectrum analysis[J]. Op- k5 ke FFetE, 2026, 63(13): 1312001.
tics Letters, 2023, 48(11): 2885-2888. LU JH, WANG L L, ZHANG J Z, et al. High-
[105] NIL L, XIAHJ, XUF F, et al. Picometer- precision and large-range displacement measure-
scale OAM interferometry using an adaptive polar ment system based on self-conjugate interference
transform algorithm [J]. Optics Express, 2024, of vortex beams [J]. Laser & Optoelectronics
32(23): 40227. Progress, 2026, 63(13): 1312001. (in Chinese)
[106] NIL L, YUX, LI W S, e al. Picometer-dis- [114] YANG D, YANG Z M, ZHANG Y F. Wave-
placement measurements with global phase de- front-splitting interferometer based on orbital an-
modulation method using OAM interferometer gular momentum beams [J]. Optics Express,
[J]. IEEE Transactions on Instrumentation and 2023, 31(18): 28954.
Measurement, 2025, 74: 7510610. [115] XIEZ W, WANG Y H, SUNR Q, et al. Orbit-



%19 ]

ARSI, 45 < 3 G 90RO R T B A - R PR AR R B

3055

[116]

[117]

[118]

al angular momentum beam-based interferometry
for an in-plane displacement measurement [J].
Optics Letters, 2024, 49(18) : 5131-5134.

LU H L, WANG P, GAO M, ez al. Angular
momentum superposition beams-based interferom-
eter [J]. Laser & Photonics Reviews, 2025, 19
(8):2401769.

XIEZ W, LIQY, SUN R Q, ¢ al. Nano-dis-
placement measurement using a Littman-config-
ured interferometer based on orbital angular mo-
mentum beams [J]. Optics Express, 2025, 33
(26): 54128.

CUIC, GAOLY, ZHAO P B, et al. Towards

EE RN

EELF(1989—), 55, BRVGH 22 A, 1
L BIBUR 2017 4 T 095 S A
ey, BRI e
W& J7 T B
li@xupt. edu. cn

E-mail: renkai-

[119]

[120]

multi-dimensional atomic-level measurement: in-
tegrated heterodyne grating interferometer with ze-
ro dead-zone [J]. Light: Advanced Manufactur-
ing, 2025, 6(2): 319.

DONG J T, HOOSHMAND H, LIUM Y, et
al. Dynamic surface displacement measurement
using carrier optical vortex interferometer: a nu-
merical study[J]. Optics and Lasers in Engineer-
ing, 2023, 171: 107824.

DONG J T, TIAN Z P, WANG S, et al. Dy-
namic non-uniform phase shift measurement via

Doppler frequency shift in vortex interferometer
[J]. Optics Letters, 2023, 48(8): 2018-2021.

BWAES:

EEEN987—), 5 PN AW
FEOL T A R, ARG R
T 5 4 0% B 3R T A% B O Y AT O .

E-mail: wangguoxi@opt. cn



