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Fig.1 Five-dimensional adjustment schematic of lens
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(a) Lens mis-adjustment in the xyz coordinate system (b) Projection of lens mis-adjustment values in

xoy coordinate system
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Fig.2 Schematic of lens mis—adjustment values
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Table 1 Partial parameters and tolerances of optical systems

Element Material Aperture/mm  Thickness/mm Distance/mm Tilt/(")  Decenter/pm
Lens 1 Ge 164.08 21.62+0.03 14.96+0.02 30 10
Lens 2 Si 147.56 22.21+0.02 40.30+0.01 20 10
Lens 3 Ge 124.28 16.164+0.01 5.2440.01 30 B)
Lens 4 Si 107.48 15.9840.01 1.93+0.02 20 5
Lens 5 Ge 87.92 18.624+0.01 — 20 5
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(a) Optical path of batch lenses (b) Structure model of batch lenses
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Fig.3 Optical structure of batch lenses
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Fig.4 Adjustment device structure model
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Table 2 Main parameters of two—dimensional stepping motor

Travel range Maximum load Position accuracy Repetition accuracy Maximum speed
4 mm 40N 1 pm 0.2 pm 0.5 mm/s
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(a) Axial 1g, maximum stress of adhesive spot (b) Radial 1g, maximum stress of adhesive spot
is 0.018 MPa is 0.002 MPa
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Fig.5 Stress analysis of lenses adhesive spots under gravity

(a) First-order mode: 1-F=177.9 Hz (b) Second-order mode: 2-F=180.5 Hz (c) Third-order mode: 3-F=186.7 Hz
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Fig.6 Vibration modes of mechanism under restraint
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Fig.7 Integrated platform model for lenses adjustment and measurement
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Fig.8 Interface of automatic alignment software for refractive lenses
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Fig.9 Automatic alignment process for refractive lenses
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Fig.11 Convergence of lens 4 centering error during automatic adjustment
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Table 3 Adjustment results of lenses mis—adjustment values

Element Distance deviation/pm Tilt/(") Decenter/pm
Lens 1 —3.3 7.2 3.8
Lens 2 2.4 5.4 3.0
Lens 3 —1.8 6.5 2.1
Lens 4 2.7 6.8 2.5
Lens 5 Reference 2.9 1.0
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Be A5 R B &, & 35 A5 22 M MTF 53U A7 22, b (77, 0O M5 MTF (@33 Ip/mm) L H
0.565, A3 /2 =0.60 (5 Ar ZoR , H 4 NG 10 MTF 2248 4 0.086 , 45 41t Uk 6] 85 3k A1 % #9135 MTF % K
it 25 <<0.03 47 K AR KA 2 ¢ FRIHE

E
PV 0.421 A PV 0.550 4 PV 0.606 4 PV 0.652 PV 0.708 4

RMS 0.049 4 RMS 0.072 4 RMS 0.066 4 RMS 0.102 4 RMS 0.085 A
(a) FOV: (0°, 0°) (b) FOV: (0°, +7°) (c) FOV: (0°,-7°) (d) FOV: (+7°, 0°) (e) FOV: (-7°, 0°)
Zernike coefficients: Zernike coefficients: Zernike coefficients: Zernike coefficients: Zernike coefficients:
ky:=0.022; k0 ~0.035; kg +0.078; k: ~0.102; ks +0.091; k: ~0.070; kg =0.113; k: ~0.186; kg +0.117; k. +0.136;
k2 +0.029; kg ~0.046; k.2 +0.078; k,: ~0.040; k:=0.055; kg +0.027; k2 +0.037; k,: —0.051; k2 +0.031; kg -0.014;
ky: +0.033. ky: +0.022. ky: +0.022. ky: +0.026. ky:+0.036.
MTF: 0.680 MTF: 0.646 MTF: 0.651 MTF: 0.565 MTF: 0.601
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Fig.12 Measurement results of lenses image quality after automatic adjustment
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Table 4 Calculation results of degrees of freedom adjustments for lenses

Element Tilt X/(") Tilt Y/(") Decenter X/pm Decenter Y/pm Distance Z/pm
Lens 1 +4 —1 +1 0 —2
Lens 2 —29 +11 —5 +17 +3
Lens 3 +1 0 +1 0 +1
Lens 4 0 +3 —2 0 +12

I Ja A IE SR B AR 25 . KB BE (1 b 3 VR R o O 2 TR e A R N O R ke ) M L O s K
SRR E A GiE . ASRIE)E Bk 5 B IS 25 FIMTE K0 25 A0 151 13, 914 25 Ml Zernike 2T
A B F B B Sk, M MTF (@33 Ip/mm) K F 0.66, i THEAREoR o 1eah , 30 03 i 2
MTF H 0.616 27+ % 0.665, H. i K Z{E /D % 0.003, ALK A 55k MTF — 80t 25 52 2Ll .

PV 0.419 4 PV 0.505 4 PV 0.669 A PV 0.460 4 PV 0.496 4

RMS 0.053 4 RMS 0.055 4 RMS 0.057 A RMS 0.062 4 RMS 0.051 A
(a) FOV: (0°, 0°) (b) FOV: (0°, +7°) (¢) FOV: (0°, -7°) (d) FOV: (+7°, 0°) (e) FOV: (=7°, 0°)
Zernike coefficients: Zernike coefficients: Zernike coefficients: Zernike coefficients: Zernike coefficients:
k- =0.053; k- ~0.029; kg =0.024; k: ~0.036; kg +0.040; k: —0.037; k:=0.039; k: ~0.067; ky: +0.024; k. +0.015;
k,:+0.064; k,: ~0.022; k2 +0.097; k,: ~0.001; k2 =0.079; kg +0.012; k2 +0.075; k,: =0.023; k2 +0.068; ky: +0.002;
ky:+0.031. ky: +0.026. ky:+0.014. ky: +0.020. ky:+0.039.
MTF: 0.675 MTF: 0.666 MTF: 0.663 MTF: 0.664 MTF: 0.666
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Fig.13 Measurement results of lenses image quality after automatic correction of wave aberrations
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Fig.14 Lens in barrel by bonding without frame support
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Design and Verification of Automatic Alignment System for
Batch Space Refractive Lenses

HUANG Yang, ZHANG Chao, ZHANG Zhuwei, ZHANG Shengjie, CUI Chengguang
( Beijing Institute of Space Mechanics & Electricity, Beijing 100094, China)

Abstract: In order to obtain wide-range and high—precision remote sensing information, aerospace powers
such as China, the United States, and many other European countries have adopted large-scale, multi
orbit, and global coverage satellite deployment methods, and the space cameras are also developing in
batches. Compared to traditional remote sensing cameras that only require some traditional imaging
performance indicators, batch space cameras increase the requirements for shorter manufacturing cycles and
higher image quality uniformity between batches. Due to the characteristics of large field of view, small
size, and low cost, refractive lenses have been widely used in batch space cameras. At present, the
precision centering error method is mainly used for the adjustment of space refractive lenses at home and
abroad. The adjustment process is highly dependent on manual skills and experience. In addition, due to the
random deviations of batch materials, lens processing accuracy, lenses adjustment tolerance and other
factors, it 1s difficult to achieve high image quality uniformity of batch lenses while ensuring short
adjustment cycle. Therefore, it is necessary to improve the assembly efficiency and quality uniformity of
batch lenses by introducing more practical automatic alignment system.

With the construction idea of “structural integration, adjustment automation, detection online and
correction autonomy” , an automatic lenses alignment system with functions of automatic adjustment,
online detection, automatic analysis and correction of wavefront aberrations was developed. Firstly, an
automatic lens adjustment method was designed based on the centering error measurement. The
measurement values of lens mis—adjustment were converted to the linear movement values of the
adjustment devices by coordinate projection, and the automatic adjustment was realized by the combined
movements of the adjustment devices driven by the motor. Then, according to the automatic adjustment
mode, the lenses structure was designed, and the stability of structural mechanics was analyzed by finite
element model. Finally, an integrated platform for lenses adjustment and measurement was built, and a
wavefront aberrations correction module was designed. According to the results of system wavefront
aberrations measurement, the lenses degree of freedom adjustments were analyzed automatically, and the
positions of the lenses were adjusted by driving the adjustment devices to compensate the image quality.
The high uniformity of image quality between batches was guaranteed by correcting residual wavefront
aberrations equally.

In the experiment, 20 refractive lenses were aligned by this automatic alignment system. Taking the
first lenses alignment as an example, firstly, during the automatic adjustment process, the lens
mis—adjustment values could be controlled within tolerance by two position adjustments. Then, through
online detection of lenses wavefront aberrations and MTF, the degrees of freedom adjustments for lenses
were calculated automatically. Finally, by automatically correcting residual wavefront aberrations, the
wavefront aberrations of the lenses in 5 fields of view were evenly improved. The average MTF (@33 Ip/mm)
at the lenses edge fields of view was increased from 0.616 to 0.665, and the maximum deviation of MTF
was decreased from 0.086 to 0.003, which laid the foundation for the image quality uniformity in the
corresponding field of view between batches. The results of 20 lenses alignment and measurement show
that the use of automatic alignment system can significantly reduce manual operations, and the alignment
cycle is reduced to 3 days per set. By automatic adjustment, the accuracy of lenses tilt, decenter and
distance is respectively better than 10” , 5 pm and 5 pm. Furthermore, after automatic correction of
wavefront aberrations, the maximum deviation of MTF in the corresponding field of view between batches
1s 0.026. 20 lenses alignment results meet the requirements.
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In this study, an automatic alignment system for batch space refractive lenses was developed, which
solved the problem that traditional methods can't meet the requirements of short manufacturing cycles and
high image quality uniformity between batches, and realized automatic closed-loop control of lens
adjustment, image quality detection, degree of freedom adjustment analysis and wavefront aberration
correction. It provides an efficient and automatic development way for the batch space refractive lenses.
The principles and methods can be extended to the alignment of reflective optical system, and have
important reference significance for the design and development of other similar products.

Key words: Batch space refractive lenses; Automatic adjustment; Wavefront aberrations correction;
Image quality uniformity
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