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Optical system design of spaceborne CO, imaging spectrometer based

on Offner convex grating
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(College of Instrument Science and Electrical Engineering, Jilin University, Changchun 130021, China)

Abstract: Spaceborne CO, imaging spectrometer has become one of the important means to monitor global
greenhouse gas changes due to its advantages of spectrum integration, high spatial resolution, high time
resolution, non-contact and long-term monitoring. In order to solve the problems of large incident slit, low signal-
to-noise ratio and poor imaging quality in large field of view, a new scheme was proposed for the initial structure
design of the optical system of Offner imaging spectrometer. The scheme was based on the tangent of meridian
ray and arc sagittal ray emitted at the 30 mm slit at the central wavelength to improve the utilization rate of
incident light in the whole spectral range. Using optical design software, an imaging spectrometer with /' number of
2.5 and spectral system resolution of 0.1 nm was designed in the range of 1594-1619 nm. The design results
show that the root mean square (RMS) radius of the sequence diagram is less than 5 pm, and the modulation
transfer function of the system at 33 lp/mm is better than 0.7. In addition, the system uses pixel merging (i.e.
extended pixel) method to further improve the detection intensity of spectral signals. The design scheme satisfy
remote sensing detection requirements of large field of view, high spectral resolution and high signal-to-noise
ratio for spaceborne CO, imaging spectrometer.
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Fig.l Schematic diagram of Offner grating spectrometer

202204312



s Gk A2

%74

www.irla.cn % 51 %

B, RO DM 1Y R AR, 0, R0, 62k
FEM1. M3 A A R0 35 AR, 7R BR AT S 59 45 A A 53
AT A, o0 G A F AR ST AL doR
M1, M2MGElHBE, d M2 M3 BEIRIEE . X T iZ &
BT EWER, Ry R, 6. 60, 6, 6. d,. ;X 915
HOEE T LAAS B AH N 1 S 2E W IR 544 o

HT i A B N R AR R R B
ZEFEH WE 2, B 3 FrR il st AT — Sk
O HRTE -/ SRR TH B R . S TR OE R B 4E
RS8R ™ T S €0 15 | 3R 8 30 2k A A 15 1
SR ;e R RS '??}LK%%E%M&&E&*H@JE@%%
A2 1R A S IR AR EEA I [ P R R

==y ()

K2 Fma R
Fig.2 Meridian imaging

Pl 3 ISR I A&
Fig.3 Sagittal imaging

Cl=ClI, =ClI )
K @ N RREERL J I ALk 5 A AR il Y e £
& s AR T IR A5 @ O B T i
(0 F2FAR MR A5 CTR AR bR A BRI A BE 55 CTh
. C) ?ﬁF%ﬁlMﬁ’JKF’F- CI R E 15 CR) IR KA T
LK., B BRAR, IR BRI E T R
e st JH:HHL Kj? EEAE, W] DAHE M2 ) A5 fA RN
SR AE 7 TR RTICAR TR JE 1 G 2R R

K = sinf, tanp = sin g, tan ¢ 3)

K 2, ZEDUHIE GCLF h il 8 E KRR A:
g—¢;4+293+n—9;+5:2n )
@y =205-6, )

=M CFl,,. = OEC " IE 7% 5E BiAs-

CIM = Rz sin 9; = R3 sin 0} (6)
CO = R| Sin9] = —R2 Sinez (7)

& 3 v, ZEPUHIE KOCG W Rl 18 M B 2R
§+291+n—92+§+¢=2n ®)
p=06,-26, 9
TE=FY CHIL, =81 CHI Ml Ui 2415,

cl,
Cly=———" 10
ST COS(@ - ¢'s) (1)
d
100 1% B 1 F h% _05
S
d¢'y,  de's .
W‘ EE}%JﬂFﬁ B

an(7 +28) - 2tanf; + S22 _ (11)

8 3 A8 4 T 15 tan g B 5 R

—1-2sin*6;  ,__ _ sin’6,
——tan" @7 —tangs — +
2 cosbs
tan 65 cos (26_3) tan’*@7 = 0 (12)
T REAA — A SR, AT LA R E— B9 @ {H
URTHOCHE A TR, BT e
mA = d(sini + sin6) (13)
siné, +sind, = mAp (14)

A M2 f) il 3R 5 AR AT 1, (8] =11 R
BOCR, i
hspec

=—— 15
mpAQ (15)

20220431-3



ISk A2

E

www.irla.cn % 51 %

b AT d MR G o A 0o
SFAf1 p S 2N LR by R OLTE (BHUTE BE s AL
T R, e v R R AR, 5O A
S BE R L, SO B U . i T e aE A AR
PLEMI. M2 M3 AGERTE D 22 [ |, MR A4k A5
FM1. M2 )RR -

dl _ Rl 8111.(92—91) (16)
sin®d,
M2, M35 ] B A
d2 _ R3 5111.(02—03) (17)
sin@’,

¥ A AL i O, FRARIIR A, 700 TG HURS
OEIEE AR oC R R FAO) Ja, @ A (D)~(17),
] LA S AR 3% B B 9 Offner SEAIFG I AL 1494
IRES ISR, ROt R G R By il A48 Ml
St R AR, RO BRI, A B4 B 5 — U
B IRI L, 55— BN B B G E) BE, S22 = R B
AL, 55 = SR B B4 i A A
12 XFRFVHSHBERE

BB RN 4 Fros o JEiE A S A Y
RAFHOETEACARS S B, AR F 80k HAUE AL

Eas. (1), (5, (12)

[ vz
[ & ] Eas. (6), (14)
cr, REI
Egs. (1), (3)
L]
Egs. (1), (7), ©9)

(0.5

Eqgs. (16), (17)

YES

No

b;

[ 4 kiR R

Fig.4 Schematic of the design process
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Tab.1 Principal design indicators of the system

Parameter Value
Object space NA 0.2
Spectral range/nm 1594-1619
Spectral resolution/nm 0.1
Slit length/mm 30
Pixel dimension 15 pmx15 um
MTF =0.7
Keystone and smile/pixel <10%
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Tab.2 Structure parameter of initial optical

Surface  Radius/mm  Thickness/mm  Material  Lines/mm
Object - 415.43
1 —422 203.59 Mirror
Stop —214.58 203.59 Mirror 550
3 —415.5 203.59 Mirror
Image Infinity 219.03
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Tab.3 Structure parameter of optimization system

Surface Radius/mm Thickness/mm Diameter/mm Glass Lines/mm
Object - 650.655 @200 - -
1 300.57 60 D375 H-QF3 -
2 373.35 999.812 - - -
3 -1703.59 —978.79 D500 Mirror -

Stop —1004.4 —978.79 @120 Mirror 550

5 —1920.66 —999.812 D660 Mirror -
6 373.35 —60 D600 H-FK61 B -
7 300.57 =754 - - -
Image Infinity - - - -
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Fig.7 (a) Structure of optimized optical system; (b) Structure of optical-mechanical

(a) OBJ:-15.00, 300.00 mm ‘0BJ:0.00, 300.00 mm @ 1.594 ‘ (b) OBJ:~15.00, 300.00 mm 0BJ:0.00, 300.00 mm 21606 5 (C) OBJ:~15.00, 300.00 mm OBJ:0.00, 300.00 mm @« 1.619

4 ¢ A o 4 ¢

IMA:18.727, -539.909 mm IMA:0.000, ~539.904 mm IMA:18.728, 541250 mm IMA:0.000, 541245 mm IMA:18.730, 542,591 mm IMA0.000, -542.586 mm
OBI:15.00. 300.00 my OBJ:15.00. 300.00 m: BJ:15.00. 300.00 mm

100.00
100.00
100.00

¢* » &

IMA—18.727, ~539.909 mm IMA:=18.728, ~541.250 mm IMA:-18.730, ~542.591 mm
Surface IMA: CodeV $4 Surface IMA: CodeV S4 Surface IMA: CodeV S4
Spot diagram Spot diagram I Spot diagram
Offner 1:1 relay max Offier 1:1 relay Zemax Offner 1:1 relay Zemax
| 2022 tiestudio 17 | 202274127 Zemax optiestudio 17 | 2022/427 Zemax optiestudio 17
iry radius: 7.831 pm, legend items refer to wave lengths U radius: 7.953 um, legend items refer to wave lengths
1 2 3 -3.20x Off-3.znx F 1 2 3 Off-3.2nx
S radi 32 3681  4.932 Configuration 1 of 1 - . R! 155 3445 5155 Configuration 1 of 1
GEO radius : 11731 21277 11.731 Configuration 1 of 1 G 16163 12,033 16.163 !
Scale bae 100 Reference : Chief ray S 100 Reference Chief ray

20220431-6



s Gk A2

www.irla.cn

®) 10
u.
Sos

= 0.6

of

204
0.2

Moduls

L L L s s s L s ' s
0 33 6.6 99 132 165 19.8 23.1 264 29.7 33.0 0 33 66

Spatial frequency/cycles'mm!

99 132 165 198 23.1 264 297 33.0
Spatial frequency/cycles-mm"!

0 L L L L L L L L L ,
0 33 66 99 132 165 198 23.1 264 29.7 33.0
Spatial frequency/cycles'mm!

@— Diff. Linit-tangential @~ Diff. Linit-sanittal — Diff. Linit-tangential e Diff. Linit-sanittal a— Diff. Linit-tangential @ Dff. Linit-sanittal
e 15,00, 300.00 mm-tangential @~ ~15.00, 300.00 mm-sanital e~ —15.00, 300.00 mm-tangential @~ —15.00, 300.00 mm-sanittal - 15,00, 300,00 mm-tangential 8- —15.00. 300.00 mm-sanittal
@— 0.00, 300.00 mm-tangential - 0.00, 300.00 mm-sanittal - 0.00.300.00 mm-tangential @~ 0.00. 300.00 mm-sanittal @~ 0,00, 300.00 mm-tangental

s 15.00,

8- 15.00; 300.00 mm-tangential @~ 15.00, 300.00 mm-sanittal @~ 15.00, 300.00 mm-tangential

Diffraction MTFE T
Offier I:1 relay
2022/4/27

| Data for 1.606 5 pm
Surface: Image (CodeV $4)

Offner 1:1 relay

2022/4/27

Data for 1.594 0 um
Surface: Image (CodeV $4)

Zemax
Zemasx optiestudio 17

008-22nrf.zmx
Configuration 1 of 1

Legend itens refer to field positions Legend itens refer to field positions

@~ 15.00, 300.00 mm-sanittal
Diffraction MTF

1 @ 0.00,300.00 mm-sanittal
5

.00, 300.00 mm-tangential &~ 15.00; 300.00 mm-sanittal

T Diffraction MTF
Zemax Offier 1:1 relay

Zemax optiestudio 17 2022/4727
- Data for 1.619 0 pm
008-22nrf.zmx Surface: Image (CodeV S4)
Configuration 1 of 1

Legend itens refer to ficld positions

& 8 KA 1.594 um (a), 1.606 5 pm (b), 1.619 um FHEIL R FEAY G FE (c); WA 1.594 um (d). () 1.606 5 um, (f) 1.619 pm FF 1L REEHY

MTF ph£k &l

Fig.8 Spot diagram of the optimized system with the wavelength of (a) 1.594 pum, (b) 1.606 5 um, (c) 1.619 um; MTF of the optimized system with the

wavelength of (d) 1.594 um, (e) 1.606 5 pm, (f) 1.619 um
KERG RS

3.1 o PR
30 H T AR AN B S R OIS R R S
g, HAK N

3

(18)

TEAG 1 oRATT 5 £ OAH AR I, D63 73 BERE J1 RAT
LA AL

2
R= tanff (19)
Ax

o Aph BATSE R ; a R ITT R F 4, - A BB
T Ax MBREAETERE; FN RGN . TR0 9
FREEM R e R, 1570 RS A3 OB BRI 3k

PRt e A2 (19) FTRVE HDOGRE S HE e 5
T 55 #1100 1E U1 BLIE LU, 3R BH AR — AN 3 L 45
Fo T AR BN M RS S, SRR OT A IR
75 2, AR 0 RS i Ik pixel 4 B 4 JF R 2x2
pixel JiFE, ¥radl KN RN 2 75, Bl2ad5i 16155
RIS FE, B2 TR LL
32 BRBREEFRE

Kl 9(a)~(c) 43 312H 1594, 1606.5, 1619 nm 3 4~
K rxt i f RE S A P R M 2k . P 9 WT I, fig i or AR
UEAL T v BT IR A A, A ] I < R i B2 o BE ZE AR 2%
PAER L RG R KT 90%, TAENBRe &
AR, A B TS M, & CO, SR
VR BRI RS B

1.0

0.8
0.6
04
02

0

Radius from centroid/um

S

> >

oh 20

(] Q

g 1.0 g 1.0

B 08 f B 08 f

< 06t 5 06 |

8 04t 5 04t

S 02 | © 02

£ o N S S S [ ]
e Q9,059 0450 505,00 2 Q.5.0.5.0
E N R 0T AT TRV BN 5 NI X oA

Radius from centroid/um

SREER S 5o 8 2o 9202

Fraction of enclosed energy

Radius from centroid/pm

9 JLATRE A RELE A

Fig.9 Geometric encircled energy

33 BERTMIELSH

TG AR FR G 1 €0 B 28 DR /N 2 2 i R
J 5 M DI R ] A R, JH v e R R R OGS LR
RGN AEA R P AR BOR AR R 52 1Y, 52k

AR T HRAE Y T ) L, R — KA Gl Al
LD Z MG AL S 22 0 BEE LRI HE R, (e
ARG 2 RO R MDLIE E &, AT
RIBE o 40 B 7R AR 0T R 19 20% LAY, 3 A2 8

20220431-7



ISk A2

%74

www.irla.cn % 51 %

B R EOR, B Y % 5K TR T RST 1Y 20% B, 23
SR ETE R A, P, SR 362 RG22 s 47 Ok
PR IR S 8 TR T, th AR A5 04 el (o by
ARG B B2 S M B A& 10, 8T 11 s .

12
330 (10
©
R
o 325 |
B
=)
=
3.20 . . .
1594.0 1 600.0 1 606.5 16125 1619.0
Wavelength/nm
P10 Sk (AR A 5
Fig.10 Optimize keystone image
12
20,0 10
©
»
‘a
Q
=)
=]
=
5.0

1594.0 1 600.0 1 606.5 16125 1619.0
Wavelength/nm

R sciai e

Fig.11 Optimize smile image

P10 FTIET 11 14 25 fh e 34 25 D 4 1 184 o i
T, €6 WA A R 42 S i Y e R MELZE 1619 nm Ab, BUET
oW A5 (9 BUME /N T BAR 00 RS Y 3.3%, 12625 i B
INTFBAGIE ST 20%, 6 2 B3R

4 45 &

N TSR KRG R B 3 CO, GO
SO AE FE R, SCHh LT Offner JUSOGTE AU AE T
LR INRICL T O PR AR FH U Y B A SR %, 42

T Offner WEGTE REV G SETT R .
12 H W RZARBUR R CO, BUGOGIEARI th 45 H0 2
B, OIRfERR 4RSS . BT ARG . = BE)E 4 s A
M B AR B RGN H R B, E— DR IERI IR 25 M 1R
22, RGO TE RGP TR . AT
ARG FECR 2.5, P88 K 30 mm, 73 BL 1594~
1619 nm JE N, BA 0.1 nm GiES PR, Witas R
T, ZIGF R G VREBE 7 B/ S um, R
LA 33 Ip/mm Ak () MTF B 75 42 9037 3 [ 9 343k %)
0.7 LA I, e K (A8 s 2 45 i (E A0 /N F 0.2,
Ah, KRG ICE I 7 ik — B4R & RGN E IR L .
g5 TR, HE BT RGOS OGS R Gk RE 2
B CO, UGB BEE | ks B 1R R I A 72K

S 3k

[1]  Zhou Botao. Global warming: Scientific progress from ARS to
ARG [J]. Transactions of Atmospheric Sciences, 2021, 44(5):
667-671.

[2] Mao Xiangiang, Xing Youkai, Gao Yubing, et al. Study on
GHGs and air pollutants co-control: Assessment and planning
[J]. China Environmental Science, 2021, 41(7): 3390-3398.

[3] Chen Yidan, Cai Wenjia, Wang Can. The characteristics of
intended nationally determined contributions [J]. Climate
Change Research, 2018, 14(3): 295-302.

[4] Belbute J M, Pereira A M. Reference forecasts for CO,
emissions from fossil-fuel combustion and cement production in
Portugal [J]. Energy Policy, 2020, 144(9): 111642.

[5] Grégoire B, Franois-Marie B, Emmanuel R, et al. The potential
of satellite spectro-imagery for monitoring CO, emissions from
large cities [J]. Atmospheric Measurement Techniques, 2018,
11(2): 681-708.

[6] Englert CR, Stevens M H, Siskind D E, et al. Spatial heterodyne
imager for mesospheric radicals on STPSat-1 [J]. Journal of
Geophysical Research: Atmospheres, 2010: 115 (D20):
D20306.

[71 Gorinov D A, Zasova L V, Khatuntsev I V, et al. Winds in the
lower cloud level on the nightside of venus from VIRTIS-M
(Venus Express) 1.74 um images [J]. Atmosphere, 2021, 12(2):
186.

[8] Xu Biao. The research of offner imaging system used in spatial
heterodyne spectrometer[D]. Hefei: University of Science and
Technology of China, 2017. (in Chinese)

[91 Liu Yujuan. The study on newly imaging spectrometers based on

20220431-8


https://doi.org/10.13878/j.cnki.dqkxxb.20210815009
https://doi.org/10.19674/j.cnki.issn1000-6923.2021.0316
https://doi.org/10.12006/j.issn.1673-1719.2017.124
https://doi.org/10.12006/j.issn.1673-1719.2017.124
https://doi.org/10.1016/j.enpol.2020.111642
https://doi.org/10.5194/amt-11-681-2018
https://doi.org/10.1029/2010JD014398
https://doi.org/10.1029/2010JD014398
https://doi.org/10.1029/2010JD014398
https://doi.org/10.1029/2010JD014398
https://doi.org/10.3390/atmos12020186
https://doi.org/10.13878/j.cnki.dqkxxb.20210815009
https://doi.org/10.19674/j.cnki.issn1000-6923.2021.0316
https://doi.org/10.12006/j.issn.1673-1719.2017.124
https://doi.org/10.12006/j.issn.1673-1719.2017.124
https://doi.org/10.1016/j.enpol.2020.111642
https://doi.org/10.5194/amt-11-681-2018
https://doi.org/10.1029/2010JD014398
https://doi.org/10.1029/2010JD014398
https://doi.org/10.1029/2010JD014398
https://doi.org/10.1029/2010JD014398
https://doi.org/10.3390/atmos12020186

s Gk A2

% 7 4 www.irla.cn % 51 %
concentric optics[D]. Beijing: University of Chinese Academy of [15] Zhu Yuji, Yin Dayi, Wei Chuanxin, et al. Design of
Sciences, 2012. (in Chinese) hyperspectral resolution ultraviolet double-slit spectrometer

[10] Nicholas T, Curtiss O D, Tim V, et al. Behavioral model and system [J]. Semiconductor Optoelectronics, 2018, 39(4): 549-
simulator for the Multi-slit Optimized Spectrometer (MOS): 553. (in Chinese)

Imaging spectrometry XVII[C}//Proc of SPIE, 2013. [16] Liu Zhiying, Gao Liuxu, Huang Yunhan. Design of continuous

[11] Ji Yiqun, Shen Weimin. Design and manufacture of Offner z00m medium-wave infrared spectral imaging system based on

ting hyper-spectral i J. I d and L
convex grating hyper-spectral imager [J]. Infrared and Laser oftner scheme [J]. Infrared and Laser Engineering, 2019,
Engineering, 2010, 39(2): 285-287. (in Chinese) . .
48(7): 0718003. (in Chinese)
[12] Chen Xinhua, Zhao Zhicheng, Zhou Zhengping, et al.
[17] Prieto-Blanco X, Montero-Orille C, Couce B, et al. Analytical
Development of wide field-of-view imaging spectrometer using
) o design of an Offner imaging spectrometer [J]. Optics Express,
inner-stitching [J]. Journal of Applied Optics, 2016, 37(4): 495-
. . 2006, 14(20): 9156-9168.
502. (in Chinese)

[13] Cao Yanan. The study of 3.5 um mid-infrared laser heterodyne [18] Sun Yunzhu, Jiang Guangwei, Li Yunduan, et al. Hyper-spectral
spectroscopy technology and system[D]. Hefei: University of observation satellite and it's application prospects [J]. Aerospace
Science and Technology of China, 2018. (in Chinese) Shanghai, 2017, 34(3): 13.

[14] Yu Lei. Development and application of imaging spectrometer [19] Zhao Zhe, Ding Lei. Design of high spectral resolution and wide

[J]. Infrared and Laser Engineering, 2022, 51(1): 20210940.
(in Chinese)

20220431-9

swath spectrometer for greenhouse gas detection [J]. Infrared,

2017, 38(7): 10.


https://doi.org/10.3969/j.issn.1007-2276.2010.02.020
https://doi.org/10.3969/j.issn.1007-2276.2010.02.020
https://doi.org/10.5768/JAO201637.0401001
https://doi.org/10.3788/IRLA20210940
https://doi.org/10.16818/j.issn1001-5868.2018.04.020
https://doi.org/10.3788/IRLA201948.0718003
https://doi.org/10.1364/OE.14.009156
https://doi.org/10.19328/j.cnki.1006-1630.2017.03.001
https://doi.org/10.19328/j.cnki.1006-1630.2017.03.001
https://doi.org/10.3969/j.issn.1007-2276.2010.02.020
https://doi.org/10.3969/j.issn.1007-2276.2010.02.020
https://doi.org/10.5768/JAO201637.0401001
https://doi.org/10.3788/IRLA20210940
https://doi.org/10.16818/j.issn1001-5868.2018.04.020
https://doi.org/10.3788/IRLA201948.0718003
https://doi.org/10.1364/OE.14.009156
https://doi.org/10.19328/j.cnki.1006-1630.2017.03.001
https://doi.org/10.19328/j.cnki.1006-1630.2017.03.001
https://doi.org/10.3969/j.issn.1007-2276.2010.02.020
https://doi.org/10.3969/j.issn.1007-2276.2010.02.020
https://doi.org/10.5768/JAO201637.0401001
https://doi.org/10.3788/IRLA20210940
https://doi.org/10.3969/j.issn.1007-2276.2010.02.020
https://doi.org/10.3969/j.issn.1007-2276.2010.02.020
https://doi.org/10.5768/JAO201637.0401001
https://doi.org/10.3788/IRLA20210940
https://doi.org/10.16818/j.issn1001-5868.2018.04.020
https://doi.org/10.3788/IRLA201948.0718003
https://doi.org/10.1364/OE.14.009156
https://doi.org/10.19328/j.cnki.1006-1630.2017.03.001
https://doi.org/10.19328/j.cnki.1006-1630.2017.03.001
https://doi.org/10.16818/j.issn1001-5868.2018.04.020
https://doi.org/10.3788/IRLA201948.0718003
https://doi.org/10.1364/OE.14.009156
https://doi.org/10.19328/j.cnki.1006-1630.2017.03.001
https://doi.org/10.19328/j.cnki.1006-1630.2017.03.001

	0 引　言
	1 基于Offner光栅光谱仪设计原理
	1.1 光学系统原理及参数解算
	1.2 光学系统初始参数解算流程

	2 光学系统结构设计及优化
	2.1 光学系统初始结构设计
	2.2 光学系统优化结构设计

	3 光学系统性能分析
	3.1 光谱分辨率
	3.2 像元能量集中度
	3.3 色畸变和谱线弯曲

	4 结  &nbsp; 论

