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Fig.1 The working principle of PGP imaging spectrometer
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Fig.2 Schematic image of the curved slit on the detector
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Fig.4 The smile when grating line is 280 Ip/ mm
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Fig.8 The smile of the circular slit from 400 nm to 800 nm
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Table 1 Combined parameters of slit shape and lens distortion

No. Value of fit h,;/mm h,/mm hs/mm h,/mm Dist, Dist,
1 6.13 0.005 6 0.022 1 0.049 9 0.089 1 —0.90% —1.16%
2 4.84 0.006 2 0.022 5 0.049 2 0.089 5 —0.91% —1.18%
3 2.95 0.005 3 0.021 2 0.049 6 0.088 7 —0.86% —1.18%
4 2.82 0.005 5 0.0219 0.049 4 0.089 0 —0.81% —1.12%

T 7 3] DU Bl g5 ke Y 3E N pR B A S TR, {H Dist, B Dist, £ 0,754 , 13X & v B85 A1 3 A2 55 () A
R NAE T S . W MR B G A 3.2 P EEA AT . SEHLFE 1P A — AT/ AR IE ik £k
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Fig.11 Smile of PGP spectrometers with the curved slit
i P P S AT 11 AT, 2 Bk 48 PGP RO 5 3 RE A R AR 1 e 2 i, 30 gk 2 o e 4 A 45 Sk e AR
IS G 975 30, BEHs — 140 pm R/N IR A2 i $2 7E 1.2 pm DAY o
ZMIE LR PGP BSOS 2025 i A9 77 ik ARSI T 45 il B4 EUR AR AIE 17O il (OL i iy S 4l A
M TG B A o IF H %07 5 BT Al AT PGP 2% 0 €0 BORE B 58 70 5 18 1 4% M DA 380 3% 26 25 it B9 32 i, fiE
8 AT AT BOGMER X0 PGP SSOLTE 5 L2 I AL T, Ik 2 R 3 i .
R2 HEMREE R 280 Ip/mmNAESH

Table 2 Combined parameters when grating line is 280 Ip/mm

Slit length/  Smile with the Smile with the

] ) ) hi/mm h,/mm hs/mm h,/mm Dist, Dist,
mm straight slit /um  curved slit /pm
30 — 260 —0.56 0.010 3 0.041 3 0.093 5 0.167 4 —1.82% —2.02%
40 —462 —1.79 0.0184 0.073 8 0.167 7 0.302 0 —3.32% —3.45%
50 —721 —4.702 0.028 8 0.116 2 0.265 4 0.4816 —5.33% —5.30%

F3 KMRILE A 250 Ip/mm WA SSH

Table 3 Combined parameters when grating line is 250 Ip/ mm

Slit length/  Smile with the Smile with the

mm straight slit /um  curved slit /pm fa/mm - hy/mm hy/mm - hy/mm Dist Dist.

30 —231 —0.41 0.009 2 0.036 9 0.083 5 0.149 6 —1.83% —1.98%
40 —411 —1.63 0.016 4 0.066 0 0.150 0 0.270 2 —3.30% —3.38%
50 —641 —4.126 0.0257 0.103 9 0.237 3 0.4307 —5.31% —5.24%

R M 22028 8500 280 Ip/mm, 1156 3R A BERY EBEly 80 mem A, O BBl K L B I T
] 30 mm 40 mm B, 3B F AW AE LS th I8 9 SR G RIS iR R 1.79 pm DI IR 2 Bos . )
5 e 4 L Sk W 25 I sl 197 2 00 R ] K FE A S AT RSB e T 2 3 USE ) T 207 2 0 R I
et B0 3L 4 PGP RGO AT B 1

MR 2 HZE 3T LA, 2 B4 1K 3 39 K F) 50 mm i, BB SR FI A% smile 28 K, (H AT REKS 218245 K T 600 pm
O BIELR A5 M 5 7 4.7 i 2247 PR K B S PGP OB BEFT AT — 2 104 8

3 BB LRR T
3.1 i&%itigHR

g SR, T — 6 TAEBE B R 400~800 nm MY L% PGP BRAZ G IE AN, 36 M 38 J5S b4 RE R A% 5 41
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Table 4 The main indexes of imaging spectrometer

Parameter Value
Wavelength/nm 400~800
F number 3.5
Slit length/mm 22
Slit width/pm 11
Spectral resolution/nm 2
Channels 200
Pixel size/pm 11
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AR PGP AR G AN 5 A1 Sty 2R 38 ) 8% 1K 20 6 6 DT I, SR S50 1% A3 o BB G I R O e i . AE
SEBRBETT Y, o R R 1 BT, BV AR i 0 G B, W 12 B o i 3R A B G T A AR O A 0 4
g, DT D /0N B il £ 42 LA (8 2R A% 22 B IE, Hown 26 Ak 45 S an P 13 i

B12 REGFH LKA
Fig.12 Optical path diagram of collimator lens

F13 REFECHEEN

Fig.13  Optical structure diagram of the focusing lens
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BB TE R R B R AR PGP 41L& BT 1 458 S8R A ZEMAX 7R PR b it
TGP . PRI I R PGP JC 8 1 07 T B4 AR 45 B8 14 6 BRI B, 3 B PGP (8 Bl AS /) 3 K
14 56 AR A i R 70 6 2R AR A 1 Ok i
P4 52 WUT , 78 ZEMAX 5 PF AR 38 Ay hs
Ty hy 3K A R AE R R S BB R G
Yo KRG MESHME 1LPIFS 1T
N MRk 4 28, i S it Pk g 0 R OIR AT DL
JAX () a2, HErsyhn T 1T a L
Xof 3 Ff 4 Yk 300 2 1 X 3R 1 0 A HE AT RS
T, L SEBR I TR an &l 14 B o
y=(—1.73 X 10 ")a* +(7.49 X 10 “)x* (13)
P ER ARG A EE)R,H
RAGX . RAGY SE#EHH Ax () F1 Ay (A, 1)1
oAk H AR 3 R 0, DU R il 0 2% 3 45 1% 2 245 i
OGS 25 il A KN o 3 PR O A% 28 pR 4

(Modulation Transfer Function, MTF) 19 K /ME B 14 5 kst Tom &K
Sty 85 S B A% R ST M FE B L 6 B S AT A Fig.14  Schematic diagram of processed curved slits

e LR e G i . PGP S OGIE UG 2: R GE s 2 A 25 I 15 0T 7 o 1% PGP USG5 A6 21
KR 280 Ip/mm KB 1M N 9.27° W Bi 2 A R 10.26°, RE LA 13 B B3, £ 2% R 5T 4 180 mm X
28 mm X 28 mm .

15 PGP RNk 4H
Fig.15 Optical structure diagram of the PGP spectrometer
34 BERIEH
£ ZEMAX Xt 3.3 %5 (1 PGP BUS G AT T 1245 ith 20 Br L i 0635 AU FH i Bk 4% B R =X (13)
FIoR o A BT as BRI BT 0 25 il Bk 4 PGP UG G 3% AT 300 1 R GE 15 2 25 il i B8 0, FEAE 400~800 nm
B3 28 25 38/ F 1 pm, HLAE 0.091 MR I LA o 1% AR 6 1A 45 0 37 1 6 385 45 #h 2/ F 0.7 pm, H/NF
0.7/M&50 , & 16 A1 17 fiR .

B 16 PGP Ly & E i B 17 PGPR#OL#y L5 &
Fig.16 Smile of PGP spectrometer Fig.17 Keystone of PGP spectrometer
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B8 25t T iz0627 AR G AR AR AR 1 s S IR DL, TRL vh B4 T M AR — N R 45 B R T R/ 2R R, &
GEXS AR R 2 nm B SR 48R BAT RAF 9 X 23 BE T, BCRE I 2 2 nmOGiE o ARG BT ER o B 19 M 45 1Y T
e RGEAEA R R IR BB B 07 AR 0L o 45 2R B, 78 400~800 nm KW I Y, 284 Bk 4% A [6] £
BRDCLRAEAR T B TR B R AR R R T 5.4 pm , BE 2 MU EEK .

18 % 4wy myl A
Fig.18 Spot diagrams

F19 R EEEwY T REEEKEELER G L
Fig.19 RMS spot radius versus wavelength

20 S IZGF F G (A G A ek 4 o B 4, JH vl R A A O B AR A B B B, AR R R — E T T
A BT 7 R RE 00 LL ), A R BTG R 0] e R R TR B 2 1 B A 0 . AT UL A L R RE R AR R R AE 20X 2
1% 04 I HE P 238 5] 90 %6, 45 & BT 2K .

MTF fig % 4 1 2 Bt 24 R G0 1 % 0 &, B/ 21 45 T 400 nm . 600 nm 1 800 nm ¥ £ #£ Nyquist 4 %
45.5 1p/ mm b B VR 7% 336 pR BN B o AN AT L, 800 nm I ER7E Nyquist 3% &b i) MTF {E#4 T 0.65400 nm
1600 nm K 7E Nyquist 5 R 4b i MTF 18 F 0.4 AR 5 K4, 6 2 15 R i 2K .
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Fig.20 Energy concentration diagram

B2 %A B b 8 % i o 2odh &

Fig.21 The modulation transfer function of multiple wavelengths
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i e 4% D' 1% AN B Wy B I A P I, T RE 2 S BOW I B I I 37 5 BRI SR AR T A AR LA RC v IR RE . SR
PRgE 5518 A (PR BE 50 B2 FL 00, WU R0 45 A A5 9 B0 vl L P4 A 5 A 2R B 4 1 EL T 2 i ) 2k
A7 618 R b, X 3% 4 BEAT I IE 5 20 2R e 4 25 ol 100 3% 2 L, U0 ORE R0 % 1) 3 £ 55 e 4 kAT LA C A
221 23 45 T PSR B2 it AR 48 2 il 1 2 F R PR DL

22 FPHKEST hiERNNER H23 o gkhk G OF H L AR R
Fig.22 The correspondence between straight slit and curved Fig.23  The correspondence between curved slit and straight
spectral lines spectral lines

23 71, Yoo Yis 20 90 4 B2 8% 0 5 7E 400 nm 405 nm T X6 07 4% 5 76 280 2% B 00y, A8 A5 K/ 5y, =
A2’ + Ba*+ Cix+ Yy My, = A2’ + Byx® + Coaxr + Yy 53 5 32 78 400 nm B 4818 A1 405 nm B 4815 11
i R, O AR K B S i RN, R AL S A, B S B, C 5 C B IF AR MR, 78 63 % b
B, A 30 A T 2 7 ol R 5 R AT A S0 b RS I, D6 3 A T A — M AE 100 DL L TAERAR K. 55
A1, BN 400 nm A1 405 nm B EEAR W] AT B, 4778 7] — AR T0 7K H AR 48 W335 BBk S8 A5 10 15 0 , 23 52 e B3
HERE

A5 [ e 8 T IV 1 B S A ST A SR TR 4 AR A5 08 O AN I G T B A I e 4 i 5k 1 H bR 4
BN S b BARFER — BHZ& L, B EMGBEE 5 H AR S FR 25 A7 & O AR 0T AE . Be48 i BT
TG T e A A F 1V 56 FR A R R, DAL O T A e A il B 4 ) KA Ry = Ao’ + Boa' + Cox
HEAT RO A8 1E COUART B o ) ol 48 00 28 - (00 5000 st 10 U I 0 190 25 TR0 7 2, BT 25 [ 2 b A5 A 0 o 3l ok v oy
TR LB AT A5 A e A 1Y JL AT TG o B T 00— 28 ELOG % A v A v v

Oy —J7 T, 25 e A R A I SR AR IO 18 A v A JE MR AT OR S T, 1 e AR Rk K AE
FEL i v T 2 g e 4 A LI R I O R A A 0 T s R B R e A B R AT 7, DAk B i b 5% A 3K
Ho FEBCTE I B 48 45 AL TE v T3 ) 1) 58 BEAR ), BIVAE #E459 J5 1) - 30 S DX R v DXCI0OKT 7 ) b 1T 53 9% 3 AH
TFil , PO A 41 Pt S R 2%ty IX I A 42 3 55, AR 24 BT o AE RS N 1 58 B A FH Uk e e SR A 4 1Y)
8 HEAT R I, LA OR IR B S Y I CUORE BE Uk O I S SORT R A TR AU R B A I S 40 1] 43 ) G ] 25 F 26

W24 H#pkmarsEnl
Fig.24  The push process of curved slit
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B25 ZRTHlEMR B 26 gkl &4 R
Fig.25 Quadratic element measuring instrument Fig.26  Slit measurement results

N T REASCRE A T 25 i B 48 1) PGP L BOE T S HA S YA pBOE T UM L8, 51 T R R Bk 4% L A
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Design of the Optical System of Coaxial PGP Imaging Spectrometer with
Eliminating Spectral Smile

FAN Xinghao"**, LIU Chunyu'®, XU Minglin"’, LIU Shuai"’, ZHAO Yingming"*”,
CUI Yazhen"**
(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 Key Laboratory of Space=based Dynamic & Rapid Optical Imaging Technology, Chinese Academy of Sciences
Changchun 130033, China)

Abstract: Hyperspectral remote sensing technology is an optical remote sensing technology developed on
the basis of imaging spectroscopy, which can realize comprehensive observation of spatial information,
spectral information and radiation information. The imaging spectrometer adopting the Prism—Grating—
Prism (PGP) spectroscopic element avoids the off-axis problem of traditional prism—type and grating-type
imaging spectrometers, and is conducive to the miniaturization and compactness of imaging spectrometers.
Aiming at the problem that the spectral smile of coaxial PGP imaging spectrometer is difficult to correct,
this paper proposes a method to rectify the curvature of spectral line by using curved slit and distortion of
the collimator lens and focusing lens. On the basis of retaining the advantages of PGP such as high
diffraction efficiency and coaxial optical path, this method can correct spectral smile and keystone of the
instrument. In this paper, the prism—grating—prism vector dispersion model is established by focusing on
the influence of lens distortion, the number of grating lines and prism angle on spectral smile and keystone.
By tracing the light vector and analyzing the intersection between the light vector and the image plane after
the light vector passes through the PGP element with different parameters, the influence of different
parameters on the smile was analyzed. It is worth noting that when the shape of the slit changes, the
direction of the initial light vector also changes. Therefore, this model can also analyze the effect of the slit
shape on the spectral smile and keystone. Further, the prism—grating—prism vector dispersion model is used
to analyze the spectral line bending characteristics of coaxial PGP spectroscopic elements: when the coaxial
condition is met, the PGP imaging spectrometer will inevitably have a large smile, and the spectrum is
bent in the short-wave direction. After adjusting the prism Angle, the number of grating lines and the lens
distortion, we analyzed the smile size of the combination of the above parameters, and came to an
optimistic conclusion: the smile problem of the imaging spectrometer could not be eliminated only by
changing the prism, grating and lens. However, the smile can be corrected well by the method of bending
the slit and matching the appropriate lens distortion. In order to improve the versatility of this method, this
paper gives an objective function for correcting spectral curvature and spectral line curvature by using the
PGP vector dispersion model, and uses genetic algorithm to optimize the objective function and calculate
the best combination of slit shape and lens parameters quickly. In order to verify the feasibility of this
method, this paper uses the calculation results of this method to design a curved slit PGP imaging
spectrometer with a slit length of 22 mm, an operating wavelength of 400~800 nm, a spectral resolution of
3nm, and an F number of 3.5 which has a spectral curvature of less than 2 pm and a spectral line curvature
of less than 2 pm. The optical system has a diffuse spot radius of less than 5.4 pm in the wavelength range
of 400~800 nm, and can distinguish slit images with a spectral interval of 2 nm. The energy concentration
of all fields of view can reach 90% in the 2X 2 pixel scale. The design results show that the use of curved
slit and distortion of the collimator lens and focusing lens can effectively correct the curve of the spectral
line, which has important guiding significance for the design of the coaxial PGP imaging spectrometers. In
this article, we calculated the optimal slit shape and lens parameters for different slit lengths and different
grating parameters, which proved that the method had universal applicability.

Key words: Spectrometer; Correcting spectral curvature; Curved slit; Prism-grating—prism; Imaging
spectrometer; Genetic algorithm
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