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Orthogonality Measurement of Square Plane Mirrors for Laser
Interferometry

Taeho Keem*, Seungwoo Kim**

ABSTRACT

Plane mirror type laser interferometers are popularly being used in many modern ultraprecision
machines, as they can perform simultaneous measurements of multiple axis positions with nanometer reso-
lution capabilities. One important issue in this application of laser interferometers is to provide a good
level of alignment between the reflecting mirrors and the laser beams so that measurement errors due to
undesirable coupling effects can be avoided in multiple axis measurements. In this investigation, a thor-
ough metrological analysis is given to develop an suitable mathematical model for a precision x-y stage in
which the orthogonality misalignment between the reflecting mirrors significantly affects overall x-y mea-
surement results. Then a noble calibration method is suggested in which two-dimensional displacement
sensors of moire gratings of concentric circles are used to realize the reversal principle of orthogonality
evaluation in situ. Finally, actual experimental results are discussed to verify that the suggested method
can effectively calibrate the orthogonality error with an uncertainty of 0.2667 arcsec.

Key Words : reversal principle( ¥F%), orthogonality error(J4%24}), x-y stage(x-yZ#l°]A]), plane mirror interferome-
try(HHA-LH4A), moire grating of concentric circles(F-414 2ol 2.
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Fig. 4 Schematic diagram of the square mirror.
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Table 1. Cosine Error Factors®

Angular Cosine Error
Misalignment Factor (1-cos8)
1 degree 1.52 x 10*
0.1 degree 1.52 x 10
1 arc minute 423 x 10°%
10 arc seconds 1.17 x 107
5 arc seconds 2.94 x 10

Table 2. Product Specification ;
Typical Measurement Mirror Alignment Require-
ments (as a function of distance)®

Range Align Requirements
152 mm ( 6 in) 16 arcmin from normal
305 mm (12 in) +3 arcmin from normal
508 mm (20 i) +1.5 arcmin from

normal
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Fig. 8 Error plots with orthogonality error and beam alignment error;(a) Error cauvsed by orthogonality error, @, (b)Error caused

by beam alignment error, ¥

Table 3 Maximum Position error by Orthogonality error &
Beam Alignment error

Causes Position error (max.)
Orthogonality error ¢ 242x10%mx 0.1 m
at 9= 40.5 arcsec, y = 0 arcmin =242om

Beam alignment error y 1.06x10%m x 0.1 m
at @ =0 arcsec, Y = 15 aremin = $300 arcsec =106 nm
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Fig. 9 Summary of the orthogonality measurement process of square plane mirrors;(a) step 1, (b) step 2;90 deg. Rotation of step 1
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(a)

Fig. 14 Circular Moire fringe;(a) with displacement, (b) in
center; white line is the skeleton of the fringe
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Table 4. Positions of the sensors

Step Step 1 Step2
Positions of 02 01 01 03
Sensors x ‘_l
x ‘—l
unit : pm y 03 02 y
X Y X Y
Exp.1 1 |31003.166 42953.010 153593.7197 23906.220
2 [ 151064.284 42519916 152971.039 143966.243
3 |30877.530 162095.413 34457.010 22793.607
1 |31002.510 42953.404 153593.943 23906.128
Exp.2 2 | 151063.672 42520.199 152971.131 143966.293
3 | 30877.265 162095.544 34457.055 22793.607
1 |31002.291 42953.574 153593917 23906.060
Exp.3 2 | 151063.463 42520.375 152971256 143966.278
3 | 30877.074 162095.619 | 34457.109 22793.530
Table 5. Experimental Results
B (arcmin) | o (arcmin) ¥ (arcmin) @ (arcsec)
Exp.1 -16.026 14.272 -15.149 52.62
Exp.2 -16.018 14.268 -15.143 52.50
Exp.3 -16.017 14.273 -15.145 52.32

A FEAA g 2 A4 23oln

Age o A& FHEN) A 4P d¥E F
F e M FEE AFNATIEM FoiA AL B4R
A& A7 o8 Al Adshe 2o 489S Hst
o 2o e oddd 22 oz g

AR e @ A4 FAES Ade 3G A=
ANEE 201 Ao F3E o & Jd A &
AL Bl 22 4 glonz 7 dAdA JA1e
71871 a4y, 0,7 QSAAY. 23, 71E J4e] I
& Y& w3zl o8 wsste e zh AA
Z4 AXE 9oz AP H(6)2 o83t HelA
SAgez AT, of HolA FFFAe AA, ol
A el YAz Vo ¥, 3 4, dolA A A2
ol 7K1 e AA% A= Ed% qlA ZE A7}
7H & e 94 B8%, a2x, 43 FHA 2ol 4
o] 27 B8x ol LAR X . oFA Z A
A9 FA g oA DAY Rez 7 F I HS
£ ol g3t ¥ =EA ANE YRR 30000 ©13
A A ¢ & ALt Table 6& 2o A3 A



Ade - Hes

Table 6. Summary of parameters & Errors

Panamcter Range Recakeulation Error of ¢
<03 Step!.
Angle of reference square 3 deg(Stepl) ess than 0.02 arcsec
inSupl&Step 2,8 2" <0.08 deg (Step2)
onalki of
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Reference square, y
Incidence f
e 1,2,3,4, 5 sremin fess than 0.035 arcsec
laser beams, y,, v,
" 12.50m less than 0.025 arcsec
sy ! B Tess tham 03 arcsec
angle 20.114 arcsec less than 0.5 arcsec
inty of circular moire method
Unceruimy o oo 3o<32m less than 0.3 arcsee
(published)
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Fig. 15 Position repeatability by laser interferometer resolution & uncertainty of circular moire
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Fig. 16 Master ring measurement by nonorthogonal axes and
result after calibration
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