W52k 418 JesE R TR Vol.32 No.18
2024 4E 9 A Optics and Precision Engineering Sept. 2024

TEHE  1004-924X(2024)18-2744-08
O _KEEEEERERRER LT

2 3V RAR REXY, REHLR OFLE O#°
(L. #E#ZK KALFBEENREDERR, EH K& 130033;
2. AF MEE LR IRZ R EARERUA LR AKASEZRE, 7K 1L 528000;
3. FEBFR A%, 100049;
4. FMHAFFERKEER, 4 K& 130033;
5. ABFRARLFR, K %H#E 519090)

FEE X LL A Z IXE PR /NSl W B BUAR T 3K A D S 1 B 9 22 R IR m] s 2 TRD R, B9 9 A4 B 2 G A B T ik
PG 2588 1E A it e il i 4% 22 i 28 00 32 70 A0 16 AR B A 245 40 5 3 ok A B A 6 8 B8 43 TS in K 5 TR BE 9 5 3 aod 3% 3
AV B O A0 TE 1S B 0 25 ) S AR i B A 2 . I AR O RS I A0mm WG E5 A, 7R AR BE B
(200~600 mm) , ¥ £L A — X P Bt (0. 9~2. 3 pm) HJ AT HE MTF>0. 6@34 Ip/mm, RMS 5 BER ~F /N FAZ 65 15 pm,
ST 1% . 225 PR AR AR ST IR AE 06 1% 2 50 pum MY 70 BEBE 77 OG0 R T — Bl & B F Bk 1 5
BE B DR 7 58, AT LA R AR I 3 {5 SO AN 3 W R R R

X # WS = K ERARM R F T R 2 W& RS

i E 4 S TP394. 1; TH691. 9 XEEARIRAS A doi:10. 37188/OPE. 20243218. 2744

Design of NIR-II imaging system with wide spectrum

JIANG Yang', ZHAO Dongxu’, SONG Xiyao'®, GU Yiqgi', XING Yan', ZHENG Bo’

(1. Changchun Institute of Optics, Fine Mechanics and Physics, Chinese Academy of Sciences
Changchun 130033, China;
2. Guangdong-Hong Kong-Macao Joint Laboratory for Intelligent Micro-Nano Optoelectronic College of
Physics and Optoelectronic Engineering, Foshan University, Foshan 528000, China;
3. University of Chinese Academy of Sciences , Betjing 100049, China;
4. China-Japan Union Hospital of Jilin University, Changchun 130033, China;
5. Guangdong Polytechnic of Science and Technology, Zhuhai 519090, China)
* Corresponding author, E-mail: le_zhi@yeah. net

Abstract: To address the demand for in vivo small animal fluorescence imaging in the near-infrared II
(NIR-II) window, as well as solve the problem of simultaneous reuse of multiple wavelengths within a
wide spectral range. This study took the perspective of aberration correction and designed an optical sys-

tem by iteratively refining the lens group structure based on aberration curves. The working distance was
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increased through reasonable focal length distribution, and the glass material selection was optimized to
balance chromatic aberration control and energy transmittance within the wide spectral range. The final op-
tical structure ended up with a focal length of 40 mm, capable of ensuring MTF>>0. 6@34 Ip/mm for the
NIR-II spectral band (0. 9~2. 3 pm) within the working distance range (200~600 mm) , with RMS spot
size smaller than the pixel size (15 pm) and distortion less than 1% across the entire field of view. Real-
shot tests with resolution targets demonstrate a resolution capability of 50 pm. This optical design pro-

vides a solution based on all-glass spherical lenses capable of meeting the requirements for high-quality,

low detection threshold in vivo small animal fluorescence imaging in the NIR-IT window.
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Tab.1 Specifications of optical system

Index Parameters
Working spectrum/pm 0.9~2.3
Resolution 640X 512
Detector pixels/pm 15
F number 2
Focal length/mm 40
Focus range/mm 100~+oo
BFL/mm =50
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Fig.2 Initial configuration with real lens (a) & Trans-

verse ray fan plot (b)

Ab 5 FEL M 2% . MBI 2(b) AT 130 2 i
il 2 2 il B L R R AR

I ET A X 3 B 5 1 000~2 300 nm, £E
1 300 nm F& B (1 15 Bt 5 20 45 Sk #E AT 9 0 22
VeIt M REBAT DL B 55 20 ' A R Y 43 T 9 02 5
Wi 225 PR 2 . 7E JE AL I B O BRI L A
WU A5 385 B AN T B 2 7= AR (6 22, I A1
Bl ' oA N X B T DA o 2 AR Ak AME 25
Kl 3(a) o AUKE A i B i AIK 60 B T 37 56 F s (4
I 10335 B 2 B, Rk B BT DL B VA 25 R £ 2
KOIERCR M . R G RGN IE B4l vk $Er
SN AR IN B AR BIAR 2 AMEAE T IS A R
LR B R A A O £ BE R I TR IS 2 AR L
AP D5 0 SF 9 R O A B A T NI T RT LR
hogEm&ER Bk ESE)5ERZUE)
B .

16 2 M 4o 2 Fp g 22 L TR 9 1 L O B AR
Bz o B 3(h) Al L TR AL il 2k R EROR
hERAIERR M, 2 o,y BN R ) 3%
WA FEAR T . 4% 0k K ity 2 3 el 1) 20 25 1) K R
FEAEBR A el €0 22 o e DL Ak A8 vh aT DL i ek
A5 375 G P IR R R R T R (il 4R OE B ) O IR
8 (I 7 8% ) |, i 15 06 26 D 22 19 20 25 30 1] 4
AN o Ak SR AR R O 3T 20 A XU B,
R oy 2455 v ak 2 LAk . S5 2 E B B i GE i
iR o R G B 1O A B 5 AT UL O B B



55 18 1] £V OO A X S BOLE R R AT 2747
(@) F SILICA  H-FK6IB e ZBE TN = b4 52 BE, 43 ) A A 3t

(b)  OBJ:0.000 O(deg)
Ey T1Ex TEy

OBJ:8.800 0(deg)
Ex

Maximum scale:+£500.000 pm.
Wavelength: 0.900 1.550 2.300
Surface:Image

P13 S A AL IA 45 1 () 862G 1 181 (b)
Fig.3 Initial configuration with cemented doublet (a)

&.Transverse ray fan plot (b)

WL A AR T 20 A I BERY AT B R N S
TR R R R A B, 6 A B4 T O R
JE oy BB 22 R B B, P O S AE A% Y
N A BT O 4o DL R ST AL LA s/
%2

(a) Filter

e %
e — ‘gl . =
S

Cover glass

(b)  OBJ:0.000 0(deg) IMA:3.000 0 mm

Ly Ex Ey Ex

e Vo = =\ Py
' | i { ' 1 NN -
A FRA TR NP R

IMA:4.400 0 mm IMA:6.150 0 mm
Ly Ex Ey Ex
AN A b AZ ALl

Maximum scale:£20.000 pm.
Wavelength: 0.900 1.060 1.370 1.500 1.700 1.900 2.100 2.300
Surface:Image

K4 StERGEEH (a) KoL G 1 (b)
Fig.4 Layout of optical structure (a) &. Layout ray fan
plot (b)

SR e Tl AT DB B R T R U KA B
3 H-ZF13 AR 91 43 5% AL @ 59 % 3% 58 H-
FK61B. A H-ZF13 Fl H-FK61B 41 s i 4 5%
B B AL N A B O P AT B R 1 H-ZF 13
E LR AR AN 220 e RN TR | R
Feoe PR T Tk B e 4 R FH Bk 1 B 2 15
B, R e B s (P 1) T A

B XA R HL AR R PR el ot B T
R 25 TR) ) UE G R R e S Bl IO B R
YIS EE . A LR NEE 2 mm
FA 0 Bl AT B AT AR . X TR ) TR I AR
B AR AR 22, 0 O B 21 A R £ Y Oy SRS OE L A
AT 11 mm,
2.2 ESEBHRLEE

TE A% G2 5 W) AR O 25 T v 32 G T T
Qb 1) B A TR AR 25 IE AR S 7 1 A% T 3
By (R HE o 98O iR T IR AR R ]
fie 2 e &, T LU B 9 2R M AL (NF/
), P A /N I SRR T IR ) o
=SB — .

Sl
g =S ZHoe2) (3)
f—(z'+6z)2)
E SR R
[l —=62/2)
ZF_f*(z’*é\zVZ)‘ (
8x'=20(F/#)(1—m), (5)

o Z O U i AR 0 S SRR R, Z0 R i
PEES  fR B Sk R o2 AR TR 2 AR HE T AE
YR 200 mm Ab 52 R 62 29°4 2 mm.

AR /IN G W) A% B AR A — 8 1Y 2 [ G
Bl (— e o0 A 7 BE 8 il , DO A L 7E R fE
I i ), AR X £ B B 2 A Y IX 8 TR Ak TS AR
RSP0 s ny HAR R B k& AR Y 50 4 A Y
WRELEE , B A £ AP BLEE “bokeh ™. E R 4R
PR F /4, AR IR B A 2 01 B0 52 e £ A HICBE
Rob JBRAEN EFERE RN RENER %
TEB T 2, BR 22 A 0o B E (k22 ) 2 {15
PRHOEE I S AL, I W R S A . T



2748 e K TR

32 %

o5 B R AR 0 A L LA SR AN OBE . A £

T % B /D VR Y OE BK 2208 G A AR G U AR SR
Fil &b 4 £5 Sh BB 2o A AR A A K Ol IS o s
FFAE

3 R EERER

e 2 BT B9 A% BT BE A B HE LA Nyquist 471 % 4b
(@34mm/Ip) 1 O6 2% 1% 3% & % (Modulation
Transfer Function, MTF) &L v o 4% 4H 40 %) g ot
Fr o e SR AR 4188 ) 5 AR IE S A T AR R
BN A B, W P S T s 4 A S N R T
A7 4% 30 AT AR R, R R B B R ) MTF >
0.6, WP 6 A& 7 i /8 76 200 mm T4 B 2 kb4
7 45 90 37 1 3E RMS H 1 i’J/J\ﬂ%mﬁj“ 15 pm,
NG WEAS/INTF 1% 38 2 45 1AM RE 06 (R IE
%—%‘i}j‘zf’i?ﬁﬁtﬁ%%ﬁﬁo WA 8 B 7R 15 5 iR
0[5 9 RE 08 DR IE BT 1 iR T i . FRATTSE I T

TS Diff.Limit
TS 0.000 0 mm
‘ HTS 3. OOOOmm
1.0 s =

091
0.8r
0.7r
0.6 1
0.5r 1
0.4+ 1
0.3+ 1
0.2+ 1
0.1+ 1

0.0 T T
0 34 68 102136 17 204 238 272 30.6 34

Spatial frequency in cycles per mm
Data for 0.900 0 to 2.300 0 um. Surface: Image Configuration 1 of 5

(a) @200 mm

TS 4.400 0 mm
TS 6.150 0 mm

TS Diff.Limit
TS 0.000 0 mm
JL TS 3.000 0 mm

1.0 =t
0.9}

0.8}
0.7} ]
0.6} ]
0.5} ]
0.4} d
03} ]
02} ]
0.1
0.0

TS 4.400 0 mm

0 34 68 102 136 17 204 238 272 306 34
Spatial frequency in cycles per mm
Data for 0.900 0 to 2.300 0 um. Surface: Image Configuration 2 of 5

(b) @300 mm

TS Diff.Limit
TS 0.000 0 mm
H”TS3.0000mm H

TS 4.400 0 mm
TS 6.150 0 mm

1.0
091
0.87
0.71 7
0.67 1
0.5 1
0.4r 1
0.3F 1
0.2 1
0.17 1

0'00 34 68 102 13.6 1‘7 20.4 23.8 27.2 30.6 34

Spatial frequency in cycles per mm
Data for 0.900 0 to 2.300 0 um. Surface: Image Configuration 3 of 5

(c) @400 mm

TS Diff.Limit
TS 4.400 0 mm
TS 0.000 0 mm TS 6.150 0 mm

S30000mm
1.0 — hL, ‘ J : . : :

0.9+ S—
0.8+ .
0.7+
0.6 ]
0.5+ -
04+ -
03
0.2+ -
0.1+ -
0.0
0

34 68 102 13.6 17 204 23.8 27.2 30.6 34
Spatial frequency in cycles per mm
Data for 0.900 0 to 2.300 0 um. Surface: Image Configuration 4 of 5

(d) @500 mm

TS Diff. Limit
TS 0.000 0 mm
|, TS 3.0000 mm
1.0 ks

oo —
08t
0.7
0.6t ]
0.5t ]
04} :
03t ]
02} ]
0.1

0'00 34 68 102 13.6 17 204 23.8 272 30.6 34

Spatial frequency in cycles per mm
Data for 0.900 0 to 2.300 0 um. Surface: Image Configuration 5 of 5

(&) @600 mm

TS 4.400 0 mm
TS 6.150 0 mm

KI5 A TARBE 85 Ab 2 REEH MTE i £
Fig.5 MTF of optical system at various target distances

JEHLAL I AR BIL A 2 A A v T A o &l 9(a) B
7N, G A A S 5 X o B R AR 2 AT S B
SRR R o o 5 3 S L 3 AT B B ke
RS SN TN Ny DT [ D0 i S S 2 S
K9(b).



EH

18 1

AR/ NP

Bot# g R g ieit

2749
+0.900 0 7 *
% 1.060 0 -
=13700
g 1.500 0
: Filter
% 1.700 0
1.900 0 Camera —
#2.1000
IMA: 0.000 mm IMA: 3.000 mm 23000
£ x ‘:' e ’H.
% ol
R ma
IMA: 4.400 mm IMA: 6.150 mm Resolution test
Units are um. Scale bar:40 Reference: Chief Ray chart
Field : 1 2 3 4

RMS radius: 5.267 4.259 4.456 6.574
GEO radius: 8.822 9.691 11.913 17.306

K6 Juse RG]l
Fig. 6 Spot Diagram of the optical system

Field curvature Distortion
+Y sasrm +Y
T _
-0.20 0.00 020 -1 0 1
Millimeters Percent

Wavelengths:0.900 1.060 1.370 1.500 1.700 1.900 2.100 2.300
7 Sih Ko AE
Fig.7 Field curvature &F-tan(theta) distortion
TS 0.000 0 mm
TS 3.000 0 mm TS 4.400 0 mm
TS 6.150 0 mm

1.0 T T

09
0.8 f
0.7
0.6
051
0.4 F
03F
02r
0.1

0'0-1 -0.8 -0.6

02 0 02 04 06

-0.4
Focus shift in millimeters

Data for 0.900 0 to 2.300 0 um.

Spatial frequency:34.000 0 cycles per mm.

0.8

B8 i T iy MTF 22 £ i £
Fig. 8 Polychromatic diffraction through focus MTF

(a) BRI &

(a) Imaging experimental platform

(b) 7 FHEELLFRRGIER @900 nm~1 700 nm
(b) Optical performance of lens @900 nm~1 700 nm

K9 LA X IR S R G
Fig. 9 Experimental system for NIR-II imaging

TERH S8 W 3 B G5 T K 5 20 26 9 v

RE A7 6 1R 25, I o 28 S B R 48 AR i 3R B0
TBE%&N‘E 5 0 3 A O 2 2 25 BR S Mo AT AT 1 5 1
WA . ARGV h A 22 E Ik 2
FIP7R o

Xof BT TR FE 85 200 mm A9 41 25 R AT 2243
Br, 8 H MTF XJ & G845 a0 80 B2 i 17 o 4 .
5 000 ¥k Monte Carlo {ij 5 () 25 403 3 i, &=
3% F 4 MTF (@34 1Ip/mm) 90% B HE % K T
0. 36 AT LALRIE B A5 5



2750 e RS TR 432 %
R2 AFRGENNESE K3 EBHFFRESNER
Tab.2 Tolerance distribution parameters for optical systems Tab.3 Result of Monte Carlo tolerance analysis
Torlerances Limits % MTF {H
Radius(Fringes) 3 98% 0.299 380 71
Thickness/mm 0.02 90% 0. 360931 96
Surface decenter X, Y/mm 0.01 80% 0.401 494 56
Surface tilt X, Y/(%) 0.01 50% 0.480 058 43
Surface irregularity 0.3 20% 0.553 043 06
Element decenter X, Y/mm 0.02 10% 0.586 725 46
Element tilt X, Y/(%) 0.1 2% 0.632 72163
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