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Fig. 1 Schematic diagrams of position principle. (a) Schematic diagram of loading traditional solid screen; (b) schematic diagram of

loading digital mask screen

e 2 fras i ek 1 D AGA T 2= B R T 1
B T e N DI 245 B — R 5 B AR A Y
ANRRE AN 3 iEr g e S I E A aAN SRR AL RS I
IO M A7 AS [ B9 A2 A, T o — SRR 2 I s o TR 4k
PR PR A 52O B 22 2o SF- X 4] o3 R 0 5 T RS A AR, )
NT1.23—HE 2K, 7EXHSEEL 71X, NI
DGR A B — R 9 B 158 5 RS o AT i 4] 2 5 —

HE B 52 B i 78 59 728 A, 12 B0l it 3 v Jie XoF 17 #) l 17]
(7 BN b5 SR A F WP S R 2 X — ELE n X, s T
T HE 15 ) B2 11 A A2 AL TR I JRE 7R T 0K — &R A ER
A3 X G R R 1 6

QSR R S AR IR, P AR B 00 Y B I
AR 2x 52 3 BA B2 Pl b JH A 437 B B IR OC AR B A, T 2
N AR A — MR, UG T B2 1 rh B far

2112005-2



%43 % F 21 #1/2023 £ 11 B/RFZFR

ring zones

mirror under test

zone divide:

position a

mask
(only show zone 1)

4

mask
(only show zone 2)

®

mask
(only show zone 3)

©

mask
(only show zone n)

position a

position a

position a

position a

position b

position b

knife-edge positions
b cd

shadow grams-before being blocked by mask:

)OO ¢

position d

position ¢

shadow grams-after being blocked by mask:

position b

position ¢ position d

shadow grams-after being blocked by mask:

position b

position ¢ position d

shadow grams-after being blocked by mask:

9®®

position b

position ¢

position d

shadow grams-after being blocked by mask:

0 0000

position ¢ position d

P2 K T O Al SR B 81 Y — 2 27 B 52 10 Jon i 4 ' D O 3 42 T L A BT o 23 v 19 BH 52 16T ) DB 8 1

Fig. 2 Schematic diagram of principle of adding a mask screen to a series of shadow grams collected along optical axis and searching for

shadow grams located at curvature center of target ring
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Fig. 3  Schematic diagram of ring belt screen mask

segmentation

shadow gram p shadow gram m
after adding mask 1 after adding mask 1
position 2, position z,,

shadow gram ¢
after adding mask n
position 2,

shadow gram m
after adding mask n
position 2,

P4 O ERas RO B I L PR 45 b F R 3 PR

Fig. 4 Schematic diagram of loading ring belt screen mask and image processing
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Fig. 6 A series of knife-edge shadow grams distributed along optical axis simulated by Zemax optical design software
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Fig. 7 Schematic diagram of shadow grams processing
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Fig. 8 Schematic diagrams of simulation results using Zemax and proposed method. (a) Schematic diagram of ring position simulated

using Zemax; (b) surface shape calculation results simulated using proposed method when defect size is A/2; (c) surface shape

calculation results simulated using proposed method when ring defect size is 1/30
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Fig. 10 Schematic diagram of a representative series of shadow grams collected along optical axis
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method; (c) calculation results of curvature of ring error at different positions
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Fig. 12 Schematic diagram of shadow gram processing in testing experiment
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Fig. 13

Comparison of testing results. (a) Surface shape testing results of interferometer standard method; (b) surface shape testing

results of proposed method
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Fig. 14 Comparison of profile testing results. (a) Profile testing results of interferometer standard method; (b) profile testing results of

proposed method
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Fig. 15

Calculation results of surface wavefront errors when collection interval between shadow grams is 0.3 mm, and ring belt

segmentation numbers are different. Ring belt segmentation numbers are (a) 50, (b) 100, and (¢) 200, respectively

Bl AT DL o 5 A A0 4 B I 22 WTF 2 ORI
5 T X T AR R A 7 B AR [, AR R
TR ' B 1] 550 L, AT DA 3E 2k AH AIUAE 4 b Y R 5 A
AR A b 0 985 e D BE SR M iz e s . T — MR FH A
15 08 Ul 5 J7 35 AT LAAR G M 25 B R A M L A 17
FER AR SO T — A8 DR K AR BT MR R
B 3 O PR 30 D A o B 5 TR AT 2 M A B R AR
M 7 5% - 3 B S RN T8 45 A 5 i 45 45 T Dy o
] 4

3 A X AR ST B T B S G v P 15 22 2 X6 )N
BT R ) A B TR A0 14 TR B9 0. 67 5 2 AR AL
Toe /DN B AT RS I A BT L AR M 40 nm 22 A, BER A IE T
A R A E ] DLk B E BT A/15. T
CCD AHHL A7 B A R LA B 56 43 W 75 BR A1 T Jor 42 5 ik
V4G 00K 32, 0 R SR FH R o (8L 0 CCD AR AT L B
b JR 7 T 7 1k A i e A U R AR

R 5 24 1 o — A BRI LA R G 46 X
BIIR 2, BK3h 1 AL EJT OB s w6 ok
1.8 Myt L, AL & b 1 78 Sl 22 FF 1 IR BB R
1 mm, fff ] Trinamic 2 &) 4 7= ) #1455 TMCL 9 4%
Wil R P47 84143, BHiE LB o PR AT A 1 pm H: E LU
T HE E MR AR S pm 22 A7, KX T 525 rp H 7
AW SNEFEO. 3 mm £ E H KA LT A
A SE AV R S T T B 15 25 TR W) T 12 A2 6 K E X e
LI E 45 R 5 263 B AR K F 1.5 nm, % B
AT LA 6 0 0 AT G A A T R T A e R S
55 By B ARG K

58 77 10 5 B S T 1A S A I T T OI6 dl
X5, P RE B R ) 1 A A AL AT R, 5 L
SURE IR AT 22 P ARG I, AR B A6 ) 22 56 1 AN ) KA 75 22
FIHCA A3 Bl A VR R AR, 00 BT ], X5 T R 0 425 3 B SR A
T 5 AR SC TR 7 3 T AR A £ AT RE B Y R 1] 7E X

2112005-10



&5 43 % % 21 H1/2023 4 11 B /%3340

,\
&
S —

Altitude /(10 ram)
I
L

0 50 100 150

X profile /pixel

250 300 350 400 450

®) 0
B F'/I‘M/\/\,\N\A\”

g

S

< -2r

(]

E

2 ol

-4 1 1 1
0 50 100 150

©0

X profile /pixel

250 300 350 400 450

|
—
T

Altitude /(10~* mm)
b L

1

|
W

N

1

50 100 150

(=]

200

250 300 350 400 450

X profile /pixel

P16 3 PR ERATE 20 804 D 100 A [) R 42 () B Rz B4 3% 18T TR 22 7 H S 45 28 o RAE IR 330 24 (a) 0.3 mm; (b) 0.6 mm; (¢)

0.9 mm

Fig. 16 Calculation results of surface wavefront errors corresponding to different collection intervals when number of shadow grams

ring belt segmentation is 100. Collection intervals are (a) 0. 3 mm, (b) 0. 6 mm, and (c) 0. 9 mm, respectively
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Schematic diagram of denoising process. (a) Knife-edge shadow gram before denoising; (b) knife-edge shadow gram after

denoising; (c) schematic diagram of removed noise points
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Abstract

Objective  The surface shape testing of optical aspherical components has guiding significance in advanced optical
processing and manufacturing processes. The traditional Foucault knife-edge shadow testing method is extremely effective
in detecting various optical surfaces, with advantages such as simple testing equipment, high-accuracy testing results, high-
sensitivity surface error testing response, and convenient testing. Thus, it is still widely employed in aspheric surface
testing. Previous research has made sound progress in the digitization and automation of knife-edge optical testing through
digital image processing technology and automatic control technology, but both require adjusting the knife edge of the knife-
edge instrument to the focal position of the mirror to be tested before proceeding with further testing work. Meanwhile,
although the traditional method of adding a screen optimizes the testing of ring belt error, it is limited by factors such as
screen shape and image processing. Additionally, traditional physical screens cannot be flexibly adopted and can only be
slotted at fixed positions. The edges of the slotted screen will produce some diffraction effects, which is not conducive to
the accuracy of the testing results and increases system complexity. Therefore, we propose a knife-edge testing method
based on virtual screen modulation for quantitative testing of ring belt error. By utilizing the object and image relationship
between physical screens by the object surface and virtual screen by the image surface, we achieve subring ring belt
segmentation of multiple axial knife-edge shadow grams generated by the mirror surface to be measured. The axial focus
positions corresponding to each ring belt are determined based on the evolution characteristics of the corresponding image
gray level along the axis. Finally, automation and quantitative solutions of the entire surface shape are achieved to

implement quantitative and efficient optical testing.

Methods This method first sets up a series of circular screens 6R,, 0R,, :-+ R, and performs circular screen segmentation
on the entire mirror surface to be tested from the inside out, and all screen masks are superimposed to form a complete
screen. Then, a series of P(z)), P(z,), =+, P(z,) are multiplied by the radial annular diaphragm mask 8R,, a series of
shadow grams P are obtained for bandpass filtering P81(z,), Pdl(z,), -+, P81(z,). Meanwhile, to ensure the testing
accuracy, we first filter and denoise this series of shadow grams, and then calculate the image variance of these shadow
grams. If the image with the smallest gray variance in this series of images is P31(zR)), it indicates that the focusing point
corresponding to the R, ring is at 2R, on the optical axis. Finally, the above steps are repeated by different ring belt screen
mask functions to process the shadow map »n in total nXm times, and the focal points 2R, corresponding to different ring
belts R, on the axis can be obtained. The characteristic of this method is to utilize a series of shadow grams to obtain the
focal position of a specific ring belt, and to extract information using the grayscale changes caused by the z-direction

position changes with higher accuracy.

Results and Discussions We validate the feasibility of the method in the field of quantitative testing and compare the
profile testing results of the proposed method with the interferometric testing results. The employed interferometry is a
commercial interferometer from 4D company, PhaseCam 4030. The comparison shows that the consistency of the
undulating positions of the ring belt is consistent, and the main ring belt position is located at 0. 7191 and 0. 7114 times of
the radius, with a deviation of no more than 1%. The error of peak-to-valley (PV) and root-mean-square (RMS) values is
around 7%, and PV values are 0. 77481 and 0. 72071 with a difference of 0. 05414, which is about 30. 0255 nm. RMS
values are 0.0569A4 and 0. 05472 with a difference of 0.00222, which is approximately 1. 2210 nm. Combined with the
previous overall surface map for interpretation, results show that the proposed method has good testing reliability and can
guide optical processing and testing. To ensure the accuracy and reliability of the experimental results and the universality
of the parameter selection of this method, we also analyze the experimental and image processing results under different
parameters. The main focus is on the quantitative comparison and explanation of the influence of different ring belt

segmentation numbers and shadow gram sampling intervals on the experimental results. Finally, experimental error
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analysis 1s conducted.

Conclusions We propose and verify a quantitative and automated knife-edge optical testing method based on algorithm
adding virtual mask screens. This method automatically collects multiple axial knife-edge shadow grams generated by the
tested mirror surface at non-focal points and divides them into subrings. Meanwhile, the axial focal positions corresponding
to each ring belt are determined based on the evolution characteristics of the image gray level along the axis to achieve a
quantitative solution of the entire surface shape. By adopting image processing algorithms to control the position of the
circular screen, different circular screens can be selected in sequence. Finally, this optimizes the problem that traditional
solid screens are limited to being slit in a fixed position and unable to be flexibly applied, with increased system
complexity. The experimental results demonstrate that this method can achieve high-precision and quantitative surface
shape testing of optical components, with high efficiency and strong applicability. Thus, this study has strong guiding

significance for optical shop processing and testing.

Key words optical testing; knife-edge instrument; automation; optical devices
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