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Tablel Design specification of optical system

Parameter Description

Spectral range LWIR (8.0-12.0 pm), MWIR (3. 7-4.8 pm)

Aperture 25 mm
F-number 1.0
Field of view 21.8°X16.4°
Detector size 384 pixel X 288 pixel
Pixel size 25 pm
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Fig. 4 Margin rays and nodes of all-reflective system and infrared dual band freeform prism. (a) All-reflective system; (b) infrared dual

band freeform prism
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Table 2 Position tolerance assignment of machined surface

Tolerance type Value
2 decenter /mm +0.1
y decenter /mm +0.1
2 tlt /() +0.05
ytilt /(°) +0.05
Clocking angle /(°) +0.15
Thickness /mm +0.1
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Table 3 Surface tolerance assignment of machined surface

Surface type PV /pm RMS /pm
Sl-asphere 0.4 0.1
S2-freeform surface 0.9 0.3
S3-freeform surface 0.9 0.3
S4/S5-binary 0.5 0.2

HAE PP L0 A 3. 7~4. 8 pm I BE ) RS RCR LK I 41
Hh8.0~12. 0 pm I B 1Y 3% 80K B8 T8 A R
SRR . O T AT RE R o G S R
TEBE T U 21 A B R AR Y Ge 1 ZnS 43 5iME R 2
J2 TR 15 T S SR R RS AT 59 23R b RL, O 2w B
10 T 7R, Herfon b B8 R RE 00 T 5 %6, & by JEE )22 4 )
B R B BEG , RE (0. 5H L 0. 5H) Y (HALEE Ge
MoBE, L ARG ZnS MOBE, N Ry K ik 38 X FR S 300 16 3 1) o]
HH00) 1 A Ik 38 O R R A R HE G 3 R AE R S S Al A T
Je mE BRI, A R B 3 B PF OptiLayer ™ X 43
G TR BT . FRAE L T R RIR R G TE
W 7 f1 3 B A2 A JERIOCR T SR, o Gl 5 A B 1
BN 31°~52° Fe A Ak IS A5 2 5 43 6 2 45 F dn
& 11 Fr 7, B3 38 A8 St 3065 an s 12 s o Al DL &
B, Y G AR R 31° 457 F1 527, IR TE 3. 7~4. 8 um
e B 0 1 5 3R F 90% L 7E 8. 0~12. 0 pm i Bt
WS 435 1L R T 93 %, 6 RS BR FH T R . Hod,
PR I YIS RCR S Ge 8 IR AT R A ASAE IR AR 6 .

0.5

| . J. ) |

Modulus of optical transfer functi

0 2 4 6 8

® § L0

10 12 14 16 18 20

Spatial frequency /(Ip-mm-)

05}

STy

Modulus of optical transfer function

0 2 1 6 8

1
10 12 14 16 18 20

Spatial frequency /(Ip - mm™)

B9 RPN 54K % 0 MTE £k . () P41 ob 5 (b) Kk 41 4
Fig. 9 MTF curve obtained by Monte Carlo analysis under different bands. (a) Middle wave infrared region; (b) long wave infrared

region

0822016-7



58818 3L

(2)4.40 0.006
435 \ T 10.005
4301 10.004

S425F \ n=4.19, k=0.0038@4000 nm 10.003 =
4201 ! 10.002
4151 10.001
4.10 : : : : 0

2000 4000 6000 8000 10000 12000

Wavelength /nm

%43 % ESHI/2023 &£ 4 B/ kEEH

(b) 2.252 0.0010
S
2.250 —"n 10,0008
2248}
10.0006
22246} <
10.0004
2244}
0.0002
22421 99431, k=0@4000 nm
2.240 t : : : 0
2000 4000 6000 8000 10000 12000

Wavelength /nm

FI10 it S AR AT S5 S BR B OG 2  BOM 2 o (a) Ge B2 A1k ; () ZnS JEJZ 44 8

Fig. 10 Optical constant curves of high and low refractive index materials. (a) Ge coating material; (b) ZnS coating material

ZGe
B ZnS

Physical thickness /;
3
=)
S

(=}
(=3
S
T 1 1T 1 1 T 1T 1T T T T 1

5 10 15 20 25 30 35
Number of layers

11 o (R Z 254 A
Fig. 11 Coating structure of dichroic film
B Y T T LA [ R TR B A O % A
13(a) Brzn o B 13(b) Sy Bk il 9 1< B £0 50 B vy it T A%
Bi 45 AR ) v LA I % 2 A 5 B RO b | ot e

(a) 100
31°
80 - - 45°
=S --- 52°
5]
60
:
[}
T 40
(o]

20

0 . P 2 R
4000 6000 8000 10000 12000
Wavelength /nm

BB A G T Ry i W AR ER T, B AN N RS TR E E
oLk ST AT R T . B 13(e) IRy K ke s A
Hi i B 5 MTFE i 2k o fif J1] Optikos 24 w1
LensCheck & bR {2 15 4 W0 5 [ e #h 10 b B85 00 MTF, &
MR, 20 Ip/mm 28 [B] 57 2R 4h MTF 78 45 A4 37 11 F 1
H¥MEF 0.2, W E 13(d) i, K OT #MOS K74
M7 AR M o 52 bR AR W B an 15 13 (e) T
HRLC A0 3 T30 G 3 b 4 RAG0E o R o R R Y
T BRI T RGBS R . Hop A
P14 F 2 3 ot A 2 K T 5 2 i T ik SE B
N7 RS R ) R E 2 30 ik s R I 1l R A A5
T AR (S B AN S I B . R, Kk 41 Ah
FI F T b B A R R R 2 R I XL B e
T % 1 o 1 TR, & A W A O R R E — A 4
T 2% 1 T Y i A

=
=
[
(=3
(=]

[e'e]
S
T

Transmittance /%
=3
S

40
20
o ta o~ v . L
4000 6000 8000 10000 12000
Wavelength /nm

12 Sr el R B ik o (a) KA 3061k M 28 5 (b) i 36 06 1 iHh £&

Fig. 12 Coating design spectra of dichroic film. (a) Reflectance spectral curve; (b) Transmittance spectral curve

5 4 w

PEth T — At A e e B 5 A KU Bl AR RS
i — A B . 2 T Bt 2 RO 1B AR 1R R
TR AL T 1, SE B T R AR B 2L AR Be A el i A
BifY it 78 20 Ip/mm 25 AR AL 2 58 I 2150 A

I 21 A1 0 B BT A W 1 MTF 433l &5 1 0. 79
0. 67, Witk 2141 itk B N K Ik 21 41 ik B N 19 0 K 3 il
BI/NF 0,05 mm, fe KW AE Y /NT 3.5% , 2062 R4t
TE—20~70 “CHu [l N AR BT i R 4P . 40 22 40 i vl
2% E e T AR B A ) 1 TSR B G 0 BLAR S
[ 3 T 8. 0~12.0 um MK B 21 &b A i il im kg

0822016-8



FFIE I8 3L

& 43 % & 8 H1/2023 4 4 B /R

@ focal plane (b) )
entrance pupil
entrance 11 wj
pupil 2 i
RS1 l Ekﬁ
\ *}’:-‘ f z
< 7.“77 = -%——‘
his
i
! / / freeform
) \Z surface
FFS1
(d) 100
80 TN
R60F ——0T0° *, BN~
<3 —-—0T5° o iy ¥
= OT 7° Ve _ NN S
40 ——0T10° ‘~\\ = T I
-+-0S0° VN S i I ¢
| -o-0S5° g
00 s08T e
-+-0S 10° Y
0 5 10 15 20 25 30
Spatial frequency /(Ip -mm™")
13

freeform
surface

0 3 6 9 12 15 18 21 24 27

Spatial frequency /(Ip-mm™")

30

A b T B 09 ) i S A () REZT A A ol TR BB P 5 (D) T A0 A il TR BE A 5 (o) B3I MTE

(d)FM A MTE 5 () 241 IR F
Fig. 13 Manufacture and test of freeform prism. (a) Optical layout of long wave infrared freeform prism; (b) sample of long wave

infrared freeform prism; (c) designed MTF curve; (d) measured MTF curve; (e) captured image

Bi, 4 AL 1935 MTF £ 20 Ip/mm 45 8] 451 5% b 3
T 0. 20 TN BL A bl b S8 E AT .
RARGAENR & IR WL MLLAL T 5] R 5055 UK

HREA T EENE L.
£ £ X u

(1]

(2]

(3]

(4]

(5]

FH G A, B8 5 . /N F 2L A0 X B TE FA R AT AT #8551
(7). 24, 2022, 42(14): 1422002.

Tian X H, Xue C X. Athermalization design of small F-number
refractive-diffractive telephoto objective lens in infrared dual-band
[J]. Acta Optica Sinica, 2022, 42(14): 1422002.

E o, sk, MBI, A LD AN R Ik B s AT S ORI
He2E RG] D24, 2014, 34(10): 1022002.

Mao W F, Zhang X, Qu H M, et al. Broad dual-band kinoform
infrared double-layer diffractive optical system design[J]. Acta
Optica Sinica, 2014, 34(10): 1022002.

de la Barriere F, Druart G, Guérineau N, et al. Compact
multichannel infrared camera integrated in an operational
detector dewar cooler assembly[J]. Applied Optics, 2018, 57
(17): 4761-4770.

Yamazaki S, Inoguchi K, Saito Y, et al. Thin wide-field-of-
view HMD with free-form-surface prism and applications [J].
Proceedings of SPIE, 1999, 3639: 453-462.

Hoshi H, Taniguchi N, Morishima H, et al. Off-axial HMD

(6]

(7]

(8]

[9]

[10]

[11]

[12]
[13]

0822016-9

optical system consisting of aspherical surfaces without rotational
symmetry[J]. Proceedings of SPIE, 1996, 2653: 234-242.
Cheng D W, Wang Y T, Hua H, et al. Design of an optical see-
through head-mounted display with a low fnumber and large
field of view using a freeform prism[J]. Applied Optics, 2009, 48
(14): 2655-2668.

Kiontke S R. Monolithic freeform element[J]. Proceedings of
SPIE, 2015, 9575: 95750G.

Yu J, Shen Z X, Wang Z S. Compact dual band/dual FOV
infrared imaging system with freeform prism[J]. Optics Letters,
2021, 46(4): 829-832.

Yu J, et al. Achromatic and athermal catadioptric long wave
infrared freeform prism with a diffractive surface[J]. Infrared
Physics & Technology, 2022, 123: 104207.

Buralli D A, Morris G M. Effects of diffraction efficiency on the
modulation transfer function of diffractive lenses[J]. Applied
Optics, 1992, 31(22): 4389-4396.

RS VLA, KOG R EOR M. 2 . JE s B
Tl AL, 2011.

LulJ, Liu W G, Pan Y Q. Optical thin film technology[M].
2nd ed. Beijing: Publishing House of Electronics Industry, 2011.
OptiLayer[EB/OL]. [2022-11-12]. http://www .optilayer.com.
Yu J, Shen Z X, Wang X Q, et al. In situ noncontact
measurement system and two-step compensation strategy for
ultra-precision diamond machining[J]. Optics Express, 2018, 26
(23): 30724-30739.


http://www.optilayer.com

& 43 % 2 8 H1/2023 4F 4 B /R

Dual-Band Freeform Prism in Middle and Long Wave Infrared Region

Yu Jun'?, Liu Xiaotian'?, Niu Xinshang"’, Jiang Binbin'’, Jiao Hongfei'*, Zhang Jinlong"*,
Wang Zhanshan'*
'Key Laboratory of Advanced Micro-Structured Materials, Ministry of Education, Tongji University, Shanghai
200092, China;
‘Institute of Precision Optical Engineering, School of Physics Science and Engineering, Tongji University,
Shanghati 200092, China

Abstract

Objective Infrared imaging system has been widely applied in infrared night vision, infrared detection, and infrared
guidance. However, the detection accuracy of conventional infrared imaging systems in a single wave band is easily
affected by regional terrain, ambient temperature, and target camouflage. If an infrared imaging system can obtain the
target information in two infrared wave bands at the same time, the interference information can be easily suppressed
during complex environment detection applications. The conventional refraction, reflection or reflector dual-band optical
systems are usually designed with two channels or a channel including a spectroscope. The former design configuration
contains two independent imaging systems, and the latter design configuration contains a reflective system or a broadband
achromatic system. To solve the complex configuration of dual-band infrared imaging system, this paper proposes a dual-
band freeform prism in the middle and long wave infrared region.

Methods The freeform prism is a highly integrated optical system consisting of multiple asymmetric surfaces. The direct
optimization design strategy can easily obtain invalid optical path structures. Therefore, a progressive optimization design
strategy that gradually complicates the optical path can be adopted. Firstly, the on-axis reflective system can be designed
according to the optical parameters. Then, the off-axis reflective system can be designed based on the above rotationally
symmetric system. Finally, the media air in the optical path can be substituted by refractive materials. Additionally, the
achromatic and thermal aberration corrections of the infrared freeform prism should also be considered. After the freeform
prism fabrication, surface adjustment cannot be conducted, so it is necessary to decrease the influence of the fabrication
tolerance sensitivity during the optimization design. When the deviation between the incident angle and the refraction angle
of the refraction surface is smaller, the optical path change in this region is less sensitive to small disturbance. As for the
reflective surface, the optical path change due to small disturbance depends mainly on the incident angle of the light on the
reflector. Based on a low sensitivity optimization method of limiting the tracing ray angle in the design, a dual-band (3. 7—
4.8 pm and 8.0-12. 0 um) infrared optical system with an F number of 1, a focal length of 20 mm, and a field of view of
21.8°X16. 4" has been designed.

Results and Discussions The modulation transfer functions of the dual-band freeform prism are above 0. 79 and 0. 67 at a
spatial frequency of 20 Ip/mm for the middle wave infrared (MWIR) and long wave infrared (LWIR), respectively
(Fig. 6). The maximum field curvature is less than 0. 05 mm, and the maximum distortion is less than 3.5 % (Fig. 7).
The distortion of the optical system is only symmetrical about the YOZ plane of the coordinate system, and the most
deformation is at the edge of the field of view. The energy concentration of the middle wave infrared channel is greater than
91%, and that of the long wave infrared channel is greater than 78% (Fig. 8). The final optimized color separation film
layer structure has been designed by Optil.ayer (Fig. 11). When the incidence angles are 31°, 45 and 52°, the average
reflectance of the film at 3.7-4.8 pm is greater than 90% , and the average transmittance at 8. 0-12. 0 pm is greater than
93% (Fig. 12). The diamond machined long wave infrared freeform surface prism and the uncooled infrared detector have
been assembled. The LensCheck optical transfer function instrument is adopted to measure the transfer function of the
freeform surface prism. After testing, the average transfer function over each field of view is better than 0. 2 at 20 Ip/mm
(Fig. 13), and the captured image at the center and edge field of view are both clear.

Conclusions A dual-band freeform prism in the middle and long wave infrared region has been designed based on low
sensitivity optimization method of limiting the tracing ray angle in this paper. When the system is at a spatial frequency of
20 Ip/mm, the modulation transfer functions of the designed system are above 0.79 and 0.67 for MWIR and LWIR,
respectively. The maximum field curvature is less than 0. 05 mm, and the maximum distortion is less than 3.5%. The
imaging quality of the optical system is good in the temperature range of —20-70 ‘C. According to tolerance analysis, the
designed freeform prism can be fabricated by single point diamond turning technique, and a long wave freeform prism with
working wavelength range of 8.0-12. 0 pm has been fabricated and measured. The average modulation transfer function
over each field of view is better than 0. 2 at 20 Ip/mm. At present, the developed dual-band design configuration in this
paper has the advantages of high performance and compact structure.

Key words optical design; freeform prism; infrared dual-band; tolerance analysis
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