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Abstract: To meet the demand for nanometer-level displacement and microradian-level angular high-preci-
sion measurement of optical components in fields such as lithography systems, precision assembly, and

space optics, and to address the limitations of existing methods in achieving multi-degree-of-freedom
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(DOF) synchronous and integrated measurement, this paper proposed and experimentally validated a mea-
surement system based on multi-channel differential laser interferometry. By designing a seven-channel in-
terferometer configuration and establishing a unified mathematical model, simultaneous solving of six-
DOF pose parameters—including translational displacements and rotational angles—of optical components
was realized. Simulation results indicated that, under ideal conditions, the root-mean-square (RMS) er-
rors of translational measurements in the X, Y, and Z directions were better than 3. 384 nm, while the an-
gular measurement errors did not exceed 4.616 prad. Experimental verification demonstrated that, in a
static environment, the RMS stability of displacement and angular measurements reached 7 nm and 16. 4
urad, respectively. Under step inputs of —300 prad and —500 prad, the linear correlation coefficients be-
tween the system outputs and autocollimator reference values were 0. 984 and 0. 937, respectively, with
residual RMS errors maintained within 44 prad. The proposed system featured a compact structure, strong
resistance to environmental disturbances, and high linearity, making it suitable for real-time pose monitoring in
high-precision applications. Future work will focus on multi-DOF coupling error calibration and adaptability un-
der dynamic environments to further enhance the practicality and reliability of the system.

six-degree-of-freedom pose measure-
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Tab.1 Geometric parameters of the seven interferometric channels and their contribution to the measurement matrix

Measurement direc-
Channel ID

Primary sensitive transla-  Primary sensitive

Reflector position r;

tion vector n; tional DOF rotational DOF
X, [1,0,0] (x1,31,21) t, 0.
X, [1,0,0] (25,y,,2,) t, 0.
Y, [0,1,0] (23,35,23) 2 2
Y, [0,1,0] (4,9552,) L, 0.
A [0,0,1] (x5, y5,25) 2 0,,0
Z, [0,0,1] (X5, ¥5,25) L 4.0,
Z, [0,0,1] (27.97.27) L )
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Tab.2 Main symbols and physical meanings in the measurement model

Symbol Description
AL, Optical path length variation measured by the i-th interferometer
n; Unit direction vector of the i-th interferometer beam
r; Position vector of the reflection point of the i-th beam in the object coordinate system
At Translational displacement vector of the object (3 DOF)
AG Small rotation vector of the object (3 DOF)
A Measurement matrix corresponding to the seven interferometer channels
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Tab. 3

Uncertainty budget of the seven-channel interferometric 6-DOF measurement system

Error source

Typical magnitude

Statistical property ~ Correlation between channels

Laser wavelength &. air refractive index

Interferometer resolution 1.2 nm
Displacement measurement noise 4 nm RMS
Common-mode vibration 4 nm RMS

Lever-arm asymmetry

10 # (relative)

0.3%~0.6%

Systematic Fully correlated

Quantization Uncorrelated
Gaussian Uncorrelated
Gaussian Fully correlated

Systematic Geometry dependent
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Tab.4 Simulation parameter settings

Category Parameter Value Unit
Sampling -Sampling frequenq-f 10 Hz

Single-segment duration 11 s

Equivalent stability evaluation duration 180 s
Geometry Lever-arm length 150 mm
Noise Displacement noise 4.0 nm
Common-mode vibration 4 nm

Resolution Interferometer resolution 1.2 nm
Perturbation Applied angular step 300/500 urad
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Tab.5> RMS and maximum errors of each degree of free-

dom in the simulated measurement system
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Tab.7 RMS errors of the six-DOF measurements for

seven-channel and six-channel systems

DOF RMS error Unit
X 2.59 nm
Y 2.763 nm
4 3. 384 nm
Ry 4.591 prad
R, 4.616 prad
R, 0.234 prad
ook —— =300 prad

—— =500 prad
-700 prad

-02F

Angle/prad
)
~

-0.6f

|
KAA.N\J/;\/\,\A. A LA

-0.8

0 2 4 6 8 10 12
t/s

P75 B asm i BE AR R = A ff A S 4 R

Fig.7 Three-angle calculation simulation with added an-

gle variables
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Tab.6 Angular stability response of the measurement

system to an applied angular variation (prad)
Angle Ry R, R,
—300 8.7 9.7 5.3
—500 9.6 8.4 6.7
—700 9.7 10 5.6

ZNHIE R Z 0 = X R &Y 1)
— PR A L AR SO A b T
A Y T 1) B /b — [ I Sk 3l 3, L R 58S B
FEARAE . EEERINE TR,

GER T PIRN R GAE TR B B b D i
K B FE A — B0, T 0 AT LI X AR R e A R E
AT /R E ., CHAESG ZMESAmE L, &
i E R SR RMS 1= 22 B S il 8 R FEL L 6
5, 2% B AE A7 26 JL )R 6 5 1 5 IR 88 400 3h 1 1
LY IUAI B RGBT A A B N 2

/\rb,

DOF Seven-channel RMS  Six-channel RMS  Unit

X 2.59 2.61 nm
Y 2.763 3.12 nm
Z 3.384 3.40 nm
Ry 4.591 4.60 urad
R, 4.616 4.62 urad
R, 0.234 1.47 urad

WL B ERT T AERAE R EES BT

AESI .
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4.1 KW HEEE

R W UE BT 5 1 22 F H A S I i T vk AR S
BR 2R G0 By AT AT PR D SRS B P T T U
WO T WA L5 I TE T /5 . S50 % B IR n 51 8
VIR ¥ e st W O A 5 4 D

(1) 525 % H s H S #Oe T IR 4
(Keysight 10705A) , 2 g B DU % I 4% 38 18 , o
T O B TR 5 A BRI A % T A
PR L2 nm AUERAE HTRT 98 BUbR A
I it 2 G K G B T R 5K

(2) 10485 B0 ING R il e BT R 7S el 2 A
KERMAAL A (S MAX602D) #24E . %Ak G
B R M S LR E M, AT o SE 00 R 1t
e R TR O B O EE A DRIE B
I F2 5 5 7 S 06 2o R o i) ds g R .

Dual-channel dual-
frequency laser
interferometer

L-shaped mirror Autocollimator

Nanometer-resolution *
displacement stage
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Fig. 8 Experimental optical setup
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FHE S 80T IR 2 o R AR5 0 LAl 2 %%
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S HERRTE
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T RGHEAT T 180 s 7 LR AL, H LA
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Fig.9 Displacement stability of the experimental setup

over 180 s
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Fig. 10 Angular stability of the experimental system over
180 seconds
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Fig. 11 Displacement variation experimental diagram
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Fig. 12 System angular response to a — 300 prad step input
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Fig. 13 System angular response to a -500 prad step input
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Tab.8 Linear regression results between differential interferometer (DI) and autocollimator (AC) measurements

Angle amplitude/prad  Slope £ 95%Clof £ Intercept b /prad CI /prad of b R’ RMS/prad
—300 1.0459 [1.0203,1.0714] —6.8 [—11.9,—1.6] 0.968 36.7
—500 1.0225 [0.9458, 1.099 2] —2 [—11.1,7.1] 0.878 44
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