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Table 1 Parameters of off-axis four—mirror optical system

Name Technical target
Focal length/mm 1200
Entrance pupil diameter/mm 200
Waveband/nm 486~656
Field of view 20°X1.2°
Modulation transfer function >0.5 @60 Ip/mm
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Table 2 Initial solutions of off-axis four—-mirror optical system

r 75 T 4 4 t, 13
Triall —2391.89 —2584.56 —1793.39 —3886.91 —382.82 380.50 —383.01
Trial2 —4419.11 3 548.90 —4044.07 —1466.10 —266.69 297.42 —239.61
Trial3 —1207.95 —616.63 —1452.10 4916.52 —322.85 219.84 —272.69
Trial4 —1351.00 —896.88 —1523.77 —4 238.82 —365.76 319.00 —276.17
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Table 3 Seidel aberration corresponding to the initial solution

Sy Sh St S Sv
Triall 0.000 22 —0.0014 0.010 —0.011 0.012
Trial2 0.000 48 —0.002 0 0.013 —0.002 5 —0.043
Trial3 0.000 94 —0.003 0 0.011 —0.003 4 0.019
Triald 0.000 64 —0.002 8 0.012 —0.001 6 —0.019
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Automatic Design Method for the Off-axis Four—-mirror Initial
Arrangement Using Seidel Aberration Theory

ZHU Liwei', YANG Lei', CHEN Jie', ZHANG Wenping”’, GUO Shiliang"*, XIE Hongbo'
(1 Key Laboratory of Optoelectronics Information Technology (Ministry of Education) ,School of Precision
Instruments and Optoelectronics Engineering, Tianjin University, Tianjin 300072, China)

(2 Tianjin University-Cspace Aerospace Optoelectronics System Engineering Joint Laboratory,

Tianjin 300072, China)

(3 Cspace (Shaoxing) Intelligent Technology Co Lid, Shaoxing 311899, China)

Abstract: Reflective optical systems are normally divided into two types: coaxial reflective module and
off-axis reflective module. Although the coaxial reflective module is capable of achieving a long focal
length, it also has several obvious drawbacks such limited field of view and low utilization efficiency of
propagating light due to obscuration. On the contrary, the off-axis reflective module has the particular
capabilities of long focal length, wide field of view and high spatial resolution in diverse applications.
Generally, an off-axis reflective systems are normally created from a coaxial reflective system based on the
Seidel aberration theory. What i1s more, an unobscured off-axis system is obtained by using an offset
aperture stop, a biased field, or combining both. However, the coaxial reflective systems are often far from
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the final off-axis reflective systems. Therefore, optimizing the coaxial reflective system without particularly
constructing often costs much calculation time, and it is easy to fall into a local optimal solution during the
optimization process.

This paper proposes a new method for establishing the initial structure of an off-axis four-mirror
optical system. At the beginning of the design, we chose a reasonably biased field to obtain off-axis
reflective systems. Introduce the ray transmission matrix to simplify the paraxial ray tracing and calculate
the Seidel aberration by tracing the chief and marginal ray. The Seidel aberration we obtained is a function
including the radius of curvature and the mirror spacing. The traditional method of solving the initial
structure is to make the Seidel aberration zero. When many constraints are defined, there may be no
solution for all Seidel aberrations to be zero. This problem can be transformed into an optimization problem
for solving the objective function. The objective function is to minimize the sum of the absolute values of
the five primary aberration coefficients while adding some constraints, such as the back focal length and
focal length requirement. Particle Swarm Optimization (PSO) suits high-dimensional nonlinear
optimization problems. Therefore, the PSO algorithm is used in this paper to optimize the objective
function. However, the PSO algorithm is affected by many factors, among which the initial particle value
greatly influences the final result. Therefore, generating many random initial points is adopted to analyze
and compare the results and select the solution results with a small objective function value. After that, we
use a biased field to select the unobscured system through the data interaction of MATLAB and CODE V.

The specific algorithm process is as follows: an initial biased field is given in advance, and the particle
swarm optimization algorithm solves the objective function to find multiple sets of feasible solutions. The
calculated radius of curvature and mirror spacing are imported into CODE V. Then, we call the CODEV
APT through MATILAB to obtain the data of the corresponding point. Judging whether the initial structure
satisfies the unobscured condition by calculating the distance between points and lines. If a suitable
unobscured structure is not found, change the biased field, re—find the optimal solution, and re—judge
whether the corresponding point-line position relationship is satisfied. Since the diameter of the entrance
pupil and the field of view is small when constructing the initial structure, it is necessary to gradually
expand the diameter of the entrance pupil and the view in the optimization stage to meet the requirements of
the design parameters.

Generally speaking, if there is a large difference between the initial and final design parameters,
increasing the entrance pupil diameter and view manually will take much time. However, if the entrance
pupil diameter and view are too large for each iteration, it will lead to falling into a local optimal solution or
being unable to realize ray tracing. To solve the time-consuming problem of manually increasing the
entrance pupil diameter and field of view, this paper combines MATLAB and CODE V software to avoid
repetitive optimization processes. By calling CODE V API through MATLAB to achieve data interaction
between the two software, MATILAB can modify system parameters (entrance pupil diameter, the field of
view, etc.). At the same time, the program for optimizing the off-axis four—mirror is saved in the form of a
macro file, which is convenient for realizing the optimization of the off-axis four-mirror by calling the
macro file in MATLAB. Through this method, the system’s expansion from a small entrance pupil and a
small field of view to a large entrance pupil and a large field can be realized more quickly and efficiently. At
the same time, XY polynomials and high—order aspheric surfaces are introduced to correct high—order
aberrations. The proposed automatic design method studied has certain theoretical and practical value in
designing off-axis reflective systems.

Key words: Optical design; Off-axis four—mirrors structure; Seidel aberration; Particle swarm
optimization; Telescope
OCIS Codes: 080.3630; 080.3620; 080.4035; 080.2730; 080.2720
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