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Abstract In the view of the problem that there is no high precision universal magnification measurement methods
and apparatus at present, a high precision magnification measuring method for imaging system based on double fiber
point-diffraction interferometer is proposed. The separation distance between two fibers in object plane and the
separation distance between the fibers’ imaging points in image plane are measured with nanometer accuracy by
analyzing the quantitative relationship among the separation distance between double point source, spatial location of
CCD camera and the Zernike polynomial coefficients of the phase distribution of the point-diffraction interference
field. And then, high precision magnification measurement is achieved. Simulation and experimental verification
have been carried out to demonstrate the feasibility and stability of the proposed measuring method. The results
show that the expanded uncertainty of the magnification measurement is 2.64 X107 °. The proposed method has the
merits of high accuracy, high efficiency and high reliability. It can be used to measure the magnification of high
accuracy imaging system with ultra-high precision. such as microscope objectives and lithographic projection lens.
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Fig. 1 Schematic of magnification measurement
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Table 1 Error requirement of fiber spacing measurement
’ ’ Magnification measurement  Fiber separation distance
° error /107° measurement error /nm
1 0.0620
s 5 1.5509
Z, (x-tilt) ~ Z, (spherical error) 10 6.2035
Zernike d 2.2
s 2 s
s o (PMF),
s o (PMFS) s
9 (VOA) s
2.1 s
1 o s CCD o
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Fig. 2 Schematic diagram of object plane

fibers spacing measurement system
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Fig. 3 Mathematical model of fiber spacing measurement
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Table 2 Settings of simulation conditions

) ) Ideal Non-ideal
Simulation parameter

condition  condition

Light source wavelength A /nm 532 532

Interference region
_ _ _ 400400 400 X 400
produced by fiber /(pixel X pixel)

Pixel size /pum 9.9%9.9  9.9%X9.9
d /um 254 254
z /mm 32.941 32.941
6/ 0 3
7./ 0 2
7./ 0 1
Zernike y 4 .
, Zernike Z, (x-tilt)
Z;(3rd~order x-coma) )
x o
, CCD (
z,CCD 0.CCD Yan7y)
, x v .
. 4 o CCD
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Fig. 4 Wavefront and its Zernike coefficient obtained from ideal and non-ideal conditions.
(a) Ideal wavefront ; (b) ideal wavefront (without tilt); (c) Zernike coefficient of ideal wavefront ;
(d) nomrideal wavefront ; (e ) nonrideal wavefront (without tilt); (f) Zernike coefficient of non-ideal wavefront
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Fig. 5 Quantitative relationship among point source separation distance, spatial location parameter of the CCD camera ,
and the Zernike polynomial coefficient. (a ) Quantitative relationship between point source spacing and Z, term coefficient ;
(b ) quantitative relationship between vertical distance and Z; term coefficient ; (¢ ) quantitative relationship between
CCD rotation angle and Z, term coefficient ; (d ) quantitative relationship between CCD rotation angle and Z; term coefficient ;
(e ) quantitative relationship between tilt angle of CCD and X axis and Z, term coefficient ; (f ) quantitative relationship
between tilt angle of CCD and Y axis and Z, term coefficient ; (g ) quantitative relationship between tilt angle of CCD and X

axis and Z; term coefficient ; (h ) quantitative relationship between tilt angle of CCD and Y axis and Z; term coefficient

3 s (6)
Table 3 Initial parameter setting of iterative calculation , Zernike Z, ,
Initial parameter setting . 7. Zernike 7.
. . . Setting value icur ? i
of iterative calculation Py
d Estimating rough value d, according X —, 4
to the position of fiber end IX
. Using the tool to measure Xals X .
the rough value 2,
Calculation according to the formula: Xcur.o Zos
o O=tan ' (—Zu3/Zs) Zernike
V. Setting to 0° Z; ,» X d.z.0.7..7,
7y Setting to 0°
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determine the postion of the fiber end and establish
the mathematical model of the measurement
v

input the actual wavefront phase, the wavelength of
the lightsource, the pixel size of the CCD camera

v
fitting Zernike polynomials according to the actual
wavefront phase

v
setting the initial value of measurement and setting it as the
current value of the inital calculationd,_ 2z

* calculating the corrected value of the fiber

separation distance based on the current value

v
calculating the corrected value of the vertical
distance based on the current value

[2
calculating the corrected value of
the CCD rotation angle based on the current value

[2

calculating the corrected value of the CCD
inclination angle based on the current value

| d -d, | <lnm?

output fiber separation distance
measurement results

end
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Fig. 6 Flow chart of fiber spacing measurement algorithm
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Table 4 Quantitative relationship among two fibers separation distance, spatial position parameters of the CCD camera,

and the Zernike polynomial coefficient, and its calculation formula

Parameter Term of Zernike polynomial Quantitative relationship type Calculation formula
. . . dZ,
d Z, Linear relationship da=dt(Zy—=Zsu)/ d
E
. . . dZ;
2 Z; Linear relationship Tl = Zewr T (Z o *Zm,,)/T
az
] Z, Cosine relationship iz p YA
. . . 0t = 0cur 03~ ZLseur)/ 55
Z, Sine relationship : o s/ a0
Z, Linear relationship 97,
Y . . . o Ve T Zow—Zheu) /5
Zs Linear relationship J)" w Y T (Lo 4 )/(774
Z, Uncorrelated 1 Lz X9Z6 P )/JZG
7y . . . v Yy 6 YV p " Leur
’ Zs Linear relationship Vo = Vv o6 Ve IY. ’ ay,

5

Table 5 Simulation results of the effectiveness of the method for measuring the separation distance between two fibers

Average value

Standard deviation

Maximum value Minimum value

Number of iterations 14.6000 0.4900 15.0000 14.0000

Measurement error of
) ) ) 0.5500 0.9337 5.0000 0
fiber separation distance /nm

200 ,
b o o b
s 0 , 0.93 nm(1le).,
’ 10 ° ’
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Fig. 7 Schematic diagram of image plane fibers’
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Table 6 Iterative calculation results of object plane separation distance between fibers
Parameter Initial value 1 2 3 10 11
d /pm 297.000 315.307 272.399 267.318 264.818 264.817
2z /pm 30000.000 25877.260 25380.070 25219.260 25140.380 25140.350
6/ 2.231 1.925 2.188 2.217 2.231 2.231
7./ 0 —3.050 —3.411 —3.433 —3.444 —3.444
Yy /() 0 0.015 —0.015 —0.018 —0.020 —0.020
7
Table 7 TIterative calculation results of image plane separation distance between fiber image points
Parameter Initial value 1 2 3 6 7
d /pm 49.500 51.011 50.911 50.843 50.810 50.809
2 /pm 6600.000 6584.231 6575.157 6572.180 6570.711 6570.667
6/ 2.357 2.352 2.354 2.356 2.357 2.357
Y./ 0 1.633 1.633 1.634 1.635 1.635
Y,/ 0 0.249 0.249 0.249 0.250 0.250
3.1.3 ,
, 264.8170 pm, Z, (z-tilt)
50.8090 pm,
1, . Zernike
y" 50.8090 pm 0.1918 o (1e) 10 (36
p= y  264.8170 pm ° Zernike )
3.2 Z, (x-tilt) Sz,
0.010 nm , Z, (x—tilt)
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