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Fig.1 Schematic diagram of the coaxial three-mirror afocal system
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Fig.2 Determination of decentration based on the focal transfer principle
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Fig.3 Structural constraints of the off-axis three-mirror system with a "annular layout"
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Table 1 Optical system technical specifications

System parameter Technical specification
Entrance pupil/mm 500
Beam expansion ratio 20X
Operating wavelength/nm 532~1 064
Field of view/mrad 1
Wavefront quality over full field <A/14 RMS (1=632.8 nm)
Strehl ratio over full field =0.8
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Table 2 System parameters of initial configuration

Mirror Radius/mm Thickness/mm Conic
Primary mirror —2000 —710 —1
Secondary mirror —870 720 —4
Tertiary mirror 300 — 780 —1
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Table 3 Structural parameters of the aberration-corrected off-axis three-mirror afocal system under zero field-of-view

Mirror Radius/mm Thickness/mm Conic Decenter/mm Tilt/(°)
Primary mirror —2 000 —855 —1 500 —
Secondary mirror —870 773.6 —4 —251.15 60
Tertiary mirror 300 — 750 —1 114.91 50
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Table 4 Correspondence between Zernike polynomials, XY polynomials, and seidel aberrations

Zernike polynomial

frem Meaning Polar coordinate system  Cartesian coordinate system A polynomial
1 Piston 1 1 Ao
2 Y tilt posingd v Ao
3 X tilt pcosd x Ao
4 Pri Astimatism at 45° o’sin(260) 2xy 2A
5 Defocus+piston 20" — 1 2(2*4y*)—1 24,0+ 2405 — A
6 Pri Astimatism at 90’ o cos(20) ' =yt A,o— A
7 Pri Trefoil at 45° o’sin(36) 3xty—y° 3A,1— Ay
8 Pri Y comaty tilt (30° — 2p)sing y[3(a*+y*)—2] 3A,,+ 3A,, — 2A,,
9 Pri X coma+x tilt (3[03* 2,0)(:05(9 1‘[3(1‘2+y2>* 2} 3As, T 3A,,— 2A,,
10 Pri Trefoil at 90° 0’cos(30) ' — 3ry? Ay, —3A,,
11 Pri Tetrafoil at 45 p’sin(40) A’y — day’ 4A,, —4A,
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Fig. 7 Optical system structure after optimization
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Table 5 Optimized optical system configuration parameters

Mirror Radius/mm Thickness/mm Conic Decenter/mm Tilt/ (%)
Primary mirror —2869.617 —799.176 —0.984 609.274 —

Secondary mirror —3495.587 799.176 5.134 —227.428 45.284

Tertiary mirror 217.887 —700 —11.401 —158.436 33.735

®6 T ARBERZHAHMESH

Table 6 Freeform surface parameters of M,, M,, and M,

Ttem Primary mirror(M,) Secondary mirror(M,) Tertiary mirror(M,)
XYy 0.013 679 —0.064 441 0.149 597
XY’ —7.217 740X 10 ° 1.148 644107 4.941 373Xx10*
XY* —7.014512X10°° —1.533 698X 10°° 1.914 722X10°*
XY 2.524 5361077 8.652 945X 107° 8.417 056X 107°
XY? 4.481188x107° 9.481 331x107° 7.923 663X 107°
XY’ 5.276 777X10°" 7.437532x107" 1.415553X10°"
Xy’ —1.569 973X 10" 7.834 657X 107" 3.155 955X 107"
Xy 1.058 06210 " 1.242 817X10°" 1.796 501X 10"
X'y 0 0 1.546 804X 107°
XY* 0 —1.678 778 X 107" 2.233728X107°
XY® 0 —3.011511x107" 1.055 986X 107°

AR DAL T R 2 R (5 AR B T AP 8 s 9 8 ey ot A 4R O s AT ol TR R T DU A S O B Y T AR

ARAEELE B A28, TC R AR I B SRS it AR A LS, HL A R TR AT

Y height/mm

Sag of M, Sag of M,
-397 —26.50 38 5.70
-51.86 ,
20 ~64.54 . 40 1.32
=556 - § 16 | 5
~blE -89.90 5 8 -1.60
662 -102.58 g 32 -3.06
715 -115.26 -56 -4.52
821 “lav.e2 ~104 ‘;-‘9‘3
874 153.30 1o I .
R 15005 3 05 s %0 2055 10, % 09 % 0 e 2 % 1,
X height/mm X height/mm
-15
=55 -0.220
95 -0.446
. -0.672
g -0.898
E17S 1124
= .
w215 ~1.350
o
= =255 -1.576
-295 ~1.802
335 -2.028
375 -2.254
-2.480
41 5 -
\20 /6 b/ > Ny 0 ¥ & L D /, (3 20
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g Bwmerme —ExrmBE(a)E257; (D) KF; () =%

Fig. 8 2D sag map of a freeform surface. (a) Primary mirror; (b) Secondary mirror; (¢) Tertiary mirror
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Fig. 10 Envelope dimensions of high-magnification compact off-axis three—mirror afocal optical system
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Table 7 Tolerance of key freeform surface coefficients

Sensitivity rank Optical element Freeform surface term Nominal value Tolerance range
1 Primary mirror XY° —7.217 740X 10°° 8.60x107"
2 Second mirror X'y —6.444 100X 107* 1.10X107°
3 Primary mirror X'y? 4.481 188107 8.12x107"
4 Primary mirror XY 2.524 53610 9.64x10°"
5 Primary mirror X'y! 1.367 900 10"* 6.00xX10°°
6 Second mirror Xy’ 1.148 644X 107° 5.56X107°
7 Primary mirror X'y 1.058 062> 107" 6.38X107"
8 Tertiary mirror X'y 1.796 501 X 10" 1.20X 10"
9 Tertiary mirror Xy* 7.923 663X 10°° 6.34X 1077
10 Primary mirror XY? —7.014512X107° 7.10X<107°

RS AFRGENANENE

Table 8 Tolerances distribution of the designed optical system

Item Primary mirror Second mirror Tertiary mirror

Radius/mm 0.06 0.1 0.1

Conical coefficient 0.001 0.003 0.003

RMS of Shape error/A 1/50 1/40 1/30
2 decenter/mm — 0.02 0.05

y decenter/mm — 0.02 0.05

z decenter/mm — 0.02 0.05
ztlt/ (") — 20 60
ytilt/ (") — 20 60
2 tilt/ (") — 40 60

HRENE RGN, LA ARG % R RMS B AR 2275 0 A 220 Hr i E RN 4545 o 1658 U
BT RS e R Y Bl — R JC A RGN S 2540 L ST,y O LSS M DN T 2 o o R b nT R R
AR 22 1 B0, XX R G AT T 2 000 R 5248 K & 4 B3 BT, A7 R A $4 A0 38 — W S B il 38 80 R e 4%
A RE A& AR S I . DF ELAE RN 9 PR, it 98 %0 B REA v, &R G NN T 5 2 AR 22 51 1Y B 1% 22
RMS AR T 2/14(1=632.8 nm) , $1iF T 1% R 40 B4 R AP A9 il 38 5 %€ 08 25 22 68 ), e 08 A 2006 2 i1 g
B3R
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Table 9 Tolerance analysis results of the optical system

Title Result
Traceable Monte Carlo generation number 2000
Average RMS wavefront error 0.052 124
98% 0.071 22
90 % 0.065 32
80% 0.060 84
50% 0.052 04
20% 0.043 04
10% 0.038 82
2% 0.033 32
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Design of a High-magnification Compact Off-axis Three-mirror
Afocal Optical System

LIANG Junjie'?, WANG Chen', GUO Zhenyuan'?, FENG Rupeng', ZHANG Xu'?,
GUO Hao’, LIU Chunyu'
(1 Changchun Institute of Optics, Fine Mechanics and Physics, Chinese Academy of Sciences,
Changchun 130033, China)
(2 University of Chinese Academy of Sciences, Beijing 100049, China)
(3 Jilin Provincial Product Quality Supervision and Inspection Institute , Changchun 130103, China)

Abstract: High—-magnification beam expansion optical systems are critical components in space—based
active optical detection and long-range laser transmission, Imposing stringent requirements on beam
collimation performance, energy utilization efficiency, and structural compactness. Increasing the beam
expansion ratio can effectively suppress laser beam divergence and improve far—field spot quality, but it
typically leads to a significant increase in system volume and a sharp rise in the difficulty of aberration
control. Traditional transmissive beam expansion systems are limited by their clear aperture and face
challenges such as thermal effects and material absorption under high-power laser conditions; coaxial
reflective systems inevitably suffer from central obscuration and energy loss. Although off-axis reflective
systems can avoid these defects, existing designs generally exhibit limitations in beam expansion ratio,
design complexity, and excessive overall volume. To address these issues, this paper proposes a design
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method for a high-magnification compact off-axis three—mirror afocal optical system, aiming to achieve a
high beam expansion ratio while maintaining system compactness and reducing the structural design
difficulty of off-axis systems.

The proposed design method consists of three stages: coaxial initial structure construction, direct
off-axis processing based on the focus transfer principle, and freeform surface-based aberration
optimization. First, the initial structure of the coaxial three-mirror afocal system is derived based on
Gaussian optics and primary aberration theory. By appropriately selecting the conic constants of the
primary, secondary, and tertiary mirrors, spherical aberration, coma, astigmatism, and distortion are
simultaneously eliminated under zero field conditions, resulting in a coaxial initial structure with highly
balanced aberrations. Second, a direct off-axis method based on the focus transfer principle is introduced.
By aligning the virtual focus of the secondary mirror with the image-side focus of the primary mirror, and
the real focus of the secondary mirror with the object-side focus of the tertiary mirror, while presetting the
tilt angles of the secondary and tertiary mirrors, the decenter amounts and mirror spacings of each reflector
can be analytically determined, thereby directly constructing an unobscured “ring—shaped” off-axis three—
mirror afocal layout, avoiding potential issues of aberration accumulation and beam expansion ratio drift
that may occur in progressive off-axis processes. Finally, to expand the system field of view and correct
non-rotationally symmetric aberrations introduced by decenter and tilt, freeform surfaces characterized by
XY polynomials are used for optimization. By establishing a correspondence between XY polynomial terms
and Seidel aberrations, and gradually introducing selected polynomial terms based on quantitative analysis
of dominant residual aberrations at different optimization stages, the controllability and interpretability of
the optimization process are enhanced.

Based on the above method, a high-magnification compact off-axis three—mirror afocal optical system
was successfully designed. The system has an effective clear aperture of 500 mm, a beam expansion ratio
of 20X, and a full field of view of 1 mrad. The overall structure is constrained within an envelope circle of
900 mm in diameter, with a system length to entrance pupil diameter ratio of 1.78, demonstrating high
structural compactness. Image quality evaluation results show that the RMS wavefront error across the full
field of view is better than /14 (1=632.8 nm), and the Strehl ratio is consistently above 0.8, indicating
excellent beam transmission performance. The freeform surface sag distribution is smooth and continuous
without significant abrupt changes, meeting machining process requirements. To further verify the
engineering feasibility of the system, systematic tolerance analysis was conducted. Monte Carlo methods
were used for statistical simulation of freeform surface coefficients, curvature radii, and alignment errors,
and sensitivity analysis identified the top ten freeform surface coefficients with the most significant impact
on system performance, defining their tolerance control ranges. Results from 2 000 random simulations
show that over 98% of the samples meet the design requirement of RMS wavefront error better than A/14,
fully validating the stability and robustness of the system under manufacturing and alignment deviations.

In summary, this paper proposes an off-axis three—mirror afocal optical system design method suitable
for high-magnification beam expansion requirements. The designed system effectively balances beam
expansion ratio and structural compactness while maintaining unobscured characteristics and high energy
utilization efficiency. This method significantly reduces the optimization complexity in the transition from
coaxial to off-axis structures, improves design efficiency, and provides a feasible and promotable technical
approach for the design of high-magnification beam expansion systems in the field of space laser
transmission and active optical detection.

Key words: Optical design; Off-axis three—mirror afocal system; Focal transfer principle; High beam
expansion ratio; Compact design
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