% % % 1K :
Hy ¥ % i AL iy 8 thf 250 — I &8t

oy 1,2 1L 2¢ S un 1,2 B2 1,2 N 1,2
AWEY #&" gma", #EX", TEX
U B TR A B, JEE 1000815
AL ITR A P 5o M BoR TR ARBFIE L, Jdbat 100081

T KA ol e S AR ST R T AR (R — R ST 2 T AR Y T LA R0 IR R M B T B T AR
SRR E MR o AR T T — R AT AR B B 0 22 T LA Y el ol T R = SR AR R A e 5 i, T S A T i T2
A R R A SR R G A R ) B S B BRI D AR R o AR T — Rl R T R A L B 2 SR 11 el ot TG Al 5 R
P 2R GE R AR B B TR 5 R R G il T 5 1 SR BRI T TR TR A B ) R G fR B ORI R ek
DGR 22 . R Q2D 25X A iy i AT R GEAL AL , W6 G pth 1o A5 0 B BE o e B T — AR R R 5 T

SR T8 A b A = S BRORR AR GE DR AR 1 o ol TR TR A A I R AT T A 22 .
KB LAt MADEY AmilmE; ZmAA M= R ARG IR

RESES 0435 XHkARERS A

L5l B

B OB R G RA T 62 RN &L R
SEOL R WROEAE RGN T R A 6] B A O o B
TEBC0R T LR O T AT RECE B 6, 5 B0E T R B
o SR, RS RGN AFAE ML I L . A% 8 2 Al B 53 3%
G2 DA rp L T BOA S BE AR 32 B BRI R e o R
A LA R R G T Aok S BT A . AR e A A
R SR T 1 O (TR 25 6 AR G 5 A — 47 R iR A
D MR (9 AL SR 22 | ik S0 15 22 AR M Bl 14 292 e %
XEFRER T B AR BRI AR IE Y ARt B b AR e
Fexs AR ey A e T LR AL SR A . [RS,
H TR 2 2R e 51 S5 28 BOIE 25 o B R 5 TA
45 22 I 58 A% 00 DRLRG , 1 R TR ) 3 A
TR S RGBT IR T A SOLE R G,
e G MR AL RO AT SR 2
IBEAIE7/ s A

FI e T B S AR G 0 R AR T S Bk i T, A
SN A I AR R B A (Y K JE o e A S R
5 2% ] 2o i v A T o = i v S SOHE I X A R 11 [
Ao O TSR DR MG TR RS, 9F 5T AT O SR e B A R 4R
T —RFJrE . Lin S R T T B AR THE S
4 A9 % 8 R O A il s S aCOR g T ik .
Meng 55" Bl 88 il = S I 18R, 3 T — o -

DOI: 10.3788/A0S221895

- (AOE) it J7 %, FEAIR 1T R G204 8 REUE
Qin 55 1 43 AT O RR 22 14 A Bl 55 R 5 B AR A Y 0%
F AL T BURE R BUE AN BR R, R AR T B R RS R 48
I AR R . 3 A — R B R R
4 224> il I AR — SRR E b BRI R G b oy sr e
8 A5, AT R IR B AR AR G e 0 L e B L B
FE I T AR AN W HE A R G Z oo
I T AEAH R B B Rl TR RE . LigE TR T —
Fift gl 22 I R GE ) — AT 0 vk SR R e DD Y
R AT RSB R GE R A R — A S O B
BT T A AL A8 B B R GEA5 . ST AR
W5 I T T A e T R 2 S R AL, JF
BT R A . AR R R — A ] R A 2
149 28 8 1 0 X B2 AT P B T (R B A ) HL 28 25 4
JE BB 0 o s 7 45 05 D) EUR BRI AR 2 A, R G
Tots it — L AENC . MR Z TSR [ i TR GE AR e T
XM E R TR S B AR ST A R A 2 e IR M R RS R
ZEAEI L. SRAT, FHT R AR IR SRR R 2 R T
T RGN OEAL AG -8 R OF AN B AR 4 b 1 2
FEA TR ok 7 A A SR BT 7 R 4R L B
EANE N E N TI)E N g

AP T — A IR B B TS B R T
(4 F R S i = SO R R AR T Tk . TRAE A
TR A R SR B A BT i R S A AR A

i EHEE: 2022-10-31; 1EEBEH. 2022-11-18; RABH: 2022-11-25; MK E L HEA: 2023-01-04
EE£WMB: EZRESIAITR(2017YFA0701200) [ K A A FF22 3L 4 (62275019) H FE RIS 4 A A FE2E TR H (2019QN-

RCO001)
BIS1E#E . yangtong@bit.edu.cn

0822021-1


https://dx.doi.org/10.3788/AOS221895
mailto:E-mail:yangtong@bit.edu.cn
mailto:E-mail:yangtong@bit.edu.cn

gy 3 T T AN AR R g e ket . AL
D R T R AT A R ST
TF A FEARSAREE R MR FE S BB R, LA A H
(B 5 T 1) B A G A5 A v e A . $R R ORSRA T —
ol 35 iy T SR R 7 2 SR ) p ol O AR T L B
il 28 48 10 B AR S5 B 0 R R 5 RN B Z 42 10 i T 5
TR T . ARG TAEA PR 2r sk B, 75 2Ll
FH A B0 2% B R RS S ot HE S 5%
6 R B T T X A A S A R R 4R D T
il S BB A% 22 14 P A S e, RS il T OB AR PR E T
REH NG AT KNSR . N TRIKA
P ot T A ARG T X L SR Q2D 2 mi R [ il i 5E s &
Geik it , A RBEAR T F FR AR X 3 RS Ul T R
I B . PO B A R G BT I B RS S N B e
AR o FET A R SEPRTAE R SR T T RE W
WNFESNT . TR LU RFE 5 L AR A b
RS W, WAl g i) 20T — 09 B ehr i i S il
AE X R 2 g8 T
2 ARt
2.1 i&itiE+R

WAt T — 3K 5 T se ol i S o T A I R TR
REMAMMmEN =A%, RESHWE 1
o RGN, TV R EE ., T
A RO AR B0 AR B AL LA TS SRR S, DT
0 (5 R Ll S RN B 5V O L X
R HAT S, A TR — € AL, H 5% 61
DCRE (i AR NSO —80 . WERKE R
— AN TR o oV R L N 8 B (1R )
G O R R SR A5 A A B AT . Hb
W3 32 5% B .

*1 RAEBH

Table 1 System parameters

Parameter Value
Field of view /(") X (*) 1.6X1.6
Wavelength /pm 3-5
Focal length /mm 240
F-number of cooled detector 3
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Fig. 1

Design process of unobscured off-axis initial structure. (a) Spherical coaxial structure. (b)(c) process of eliminating obscuration

by surface tilt deviation; (d) unobscured off-axis initial structure

. M2

Pl 2 T 3 s v s B RS R4 i B AR R R B R B
Fig. 2 System for ideal point-to-point imaging in single field of

view based on confocal quadric surface
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Fig. 3  Structure of cylindrical package off-axis three-mirror
system using confocal off-axis quadric surface
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Fig. 4 Sketch of cylindrical package freeform off-axis three-

mirror system in meridian plane
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Table 2 Equivalent entrance pupil diameters of typical field points

Field point (0°,0%)

(0°,0.8%)

(0°,—0.8") (0.8°,0) (0.8°,0.8") (0.8, —0.8")

Equivalent entrance pupil diameter /mm 78.6

78.4

-

78.0 78. 1 77.6 77.5
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Fig. 5 Final system structure after optimization. (a) Two-dimensional plot of final system structure; (b) three-dimensional plot of final

system structure
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Fig. 6 TImage quality of final system. (a) Field map of RMS wavefront error; (b) distortion grid; (c) field map of MTF in & direction at

spatial frequency of 33 Ip/mm; (d) field map of MTF in y direction at spatial frequency of 33 Ip/mm
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Fig. 7 Footprint plots of typical field points at virtual plane of
M1 front object space
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Fig. 8 Tolerance analysis result of 2000-round Monte Carlo analysis. (a) Cumulative probability curve of MTF at spatial frequency of

33 Ip/mm in x direction; (b) cumulative probability curve of MTF at spatial frequency of 33 Ip/mm in y direction
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Abstract

Objective

Freeform optical surface can benefit the design of off-axis nonsymmetric reflective imaging systems, as more

design freedoms can be offered and the aberrations generated by freeform surfaces match the aberrations induced by the

decenter and tilt of optical elements. The development of freeform reflective imaging systems relies on advanced

technologies in design, fabrication, and assembly. It is very difficult to conduct freeform system assembly due to the lack

of assembly references. To this end, one solution is to generate optical systems insensitive to assembly errors directly by

special optical design methods. Another solution is to integrate multiple surfaces into a single substrate. As a result, the

number of elements in the system and the degrees of freedom during system assembly are reduced. A fabrication method

based on rotational cutting is proposed to machine off-axis system with all the surfaces integrated into a single structure.

Although the fabrication is more difficult, the system is alignment-free except for the detector. The assembly difficulty and

instability of freeform imaging systems using discrete elements can be addressed. However, the current design and

0822021-8
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optimization of {reeform systems focus on the aberration balance and obscuration elimination, without considering the
multisurface-integrated fabrication. Therefore, related design methods are necessary to guide the design of freeform

reflective imaging systems via multisurface-integrated structures.

Methods This paper concentrates on the design of a freeform off-axis three-mirror thermal imaging system using
multisurface-integrated structure with cylindrical package. An initial structure containing an intermediate image inside the
system should be first generated. Traditional design methods of first generating a coaxial system and then making the
system unobscured gradually can be employed (Fig. 1), but they require advanced design skills and the design may be very
complicated. This paper adopts off-axis conics to establish a feasible initial structure directly. Stigmatic imaging for the
central field can be realized by sequentially coinciding with the second focal point of one conic with the first focal point of
the next conic (Fig. 2). The surface parameters can be calculated based on the given surface locations and the system focal
length. The system can be taken as a good initial structure for further optimization. Freeform surface terms can be added
to the base conic to improve imaging performance. Q2D polynomials can be utilized to describe the freeform surface shape
and they are orthogonal in gradient normal departure. Finally, the mean-square gradient normal departure of a Q2D
freeform surface from the base conic can be constrained by simply controlling the square sum of the coefficients of the
polynomials. The proposed surface is easier to be tested through computer-generated holograms or other techniques. An
optimization method by controlling the positions of surface sampling points is proposed to generate a system that is easier
for multisurface-integrated fabrication. The average value of the distances between the sampling points and the center of
the overall cylindrical package is constrained to reduce the system size. The variance of these distances is constrained to
control the shape of the overall package. Combined with other constraints, systems enabling easier multisurface-integrated
fabrication with good imaging performance can be designed. Cooled detectors are generally employed for high-performance
thermal imaging systems. The system should have a real exit pupil (the aperture stop) matching the cold stop of the
detector. An optimization strategy is adopted to reduce pupil aberration, in which the shape and size of the pupil are
controlled by real ray tracing data. Tolerance analysis considering the random and local characteristics of surface figure

error can be leveraged to predict the performance of the as-built system.

Results and Discussions A freeform off-axis three-mirror system with a cylindrical package which is easier for
multisurface-integrated fabrication is designed by the proposed method. The field-of-view of the system is 1. 6° X 1. 6° and
the focal length is 240 mm. The system works in the medium-wave infrared band. A cooled detector with an F-number of
3 can be adopted to improve the performance. The off-axis initial structure of the system can be generated directly through
confocal off-axis conics based on given surface locations and focal length (Fig. 3). Ideal imaging for the central field is
achieved. After further optimization, a freeform system with good performance is obtained (Fig. 5). The average root-
mean-square wavefront error is 0. 0412 (1=4000 nm), and the relative distortion in x and y directions is lower than 0. 68%
(Fig. 6). The average modulation-transfer-function of the full field-of-view at spatial frequency of 33 Ip/mm is 0. 456 and
0. 476 in & direction and y direction, respectively (Fig. 6). The entrance pupil shapes (Fig. 7) and the equivalent entrance
pupil diameter of typical field points show that the pupil aberration is small, which ensures enough input energy and good
illumination uniformity across the full field-of-view at the image plane. Acceptable imaging performance considering

freeform surface figure error and assembly error based on the Monte Carlo tolerance analysis can be realized (Fig. 8).

Conclusions A design method for an off-axis three-mirror freeform imaging system using multisurface-integrated
elements with cylindrical package is proposed. The initial structure satisfying the off-axis multisurface-integrated structure
and first-order system specifications can be generated by confocal conicoid surfaces. A freeform surface optimization
method based on controlling the position of surface sampling points is proposed to control the shape and size of the overall
package of the system, which ensures easier multisurface-integrated fabrication. The control of the focal length and the
suppression of light obscuration and pupil aberrations are achieved via real ray tracing data. The freeform surface of Q2D
polynomials is employed in the optimization to reduce surface testing difficulty. Finally, a freeform surface off-axis three-
mirror thermal imaging system which ensures easier multisurface-integrated fabrication with high imaging quality and low
distortion is designed. Tolerance analysis considering the features of freeform surfaces is carried out. The proposed
method can be leveraged to guide the design of freeform imaging systems with multisurface-integrated structures, and can

also be extended to the development of more generalized off-axis nonsymmetric freeform imaging optical systems.

Key words optical design; applied optics; freeform surface; multisurface-integrated; off-axis three-mirror system; initial

structure
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