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Spectral reduction algorithm for echelle grating
spectrometer based on least-squares image
coordinate correction
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! The State Key Lab of Precision Measuring Technology and Instruments, Tianjin University, Tianjin 300072, China;
?China Aerospace Hunan Power Machinery Research Institute, Zhuzhou, Hunan 412002, China

Abstract: The echelle grating spectrometer has cross-dispersion characteristics, and two-dimensional spectral map
reduction is the key link to determine its wavelength measurement accuracy, but the changes of spot coordinates
caused by environmental changes, processing and mounting have a serious impact on the accuracy of spectral
map reduction. In this paper, a spectrum reduction algorithm based on least-squares image coordinate correction is
proposed for the middle-step spectrometer. Firstly, the center-of-mass coordinates of the multi-wavelength spot of
the calibrated mercury lamp light source are extracted, and the coefficient matrix is constructed by using the
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theoretical and actual image point coordinates. The translation, scaling, and rotating coefficients of the two-

dimensional image plane are obtained by the least-squares estimation method, and then a polynomial fitting is

adopted to reduce the influence of residuals, to achieve the correction of the image coordinates of the spot at

different wavelengths, and then achieve the accurate resolution of wavelength, and realize the wavelength accurate

solving. The experimental results show that the algorithm can effectively improve the spectral image reduction

accuracy of the middle-step spectrometer, and the deviation of the corrected coordinates from the ideal coordinates

is less than 0.6 image element under the condition of simulating larger mounting errors, which proves that the

algorithm has high accuracy.

Keywords: spectroscopy; spectrometer; two-dimensional spectrogram; centroid extraction;

spectrogram reduction

1 3 §

PACIE A A & R S /N RAEY | ik
TEHEAS B A HER A LG0T (G A 38 fin et 2
2R 2 ol 4R v AR G AR I A O S S B v A A R
SR o Y 20028 3 B 1 T 2K SEME LA e il , HLAR
RGAEIE R A S GEAUNR R & e i ARtE .
WA DA S o 14 A A £ 5 AT R A B i (A3
SRR, AT LATE/ NG LR 2 B 5 AN U R G FE PR Y
AU SEE IS o BT ol 22 b 1Y FH 7R
ST gl A T AR

BRGSO A e TR RS G, h
BRI T AR AR =, 38 P B G o o
A BRSNS, W2 A BBt
IREDGIE XTI, X PP B e g -
e 4ERERER, BT 4G (S AL T 5 1
BRI BAZ s o B DT A SR KA B
T5 B FR R PR A, 3 A T AR bR
SEEUEORER, ML S B . 2O R MBS HiE .
Liu 28 AR FGZB T Jy 6 — i I o1 73 R A
/ORI BU R € o/ W < 7 N [ /375 o000 DIVA £ B 4 T
TN N GE L AR EEE I 2 G A K bR
7 R S R R R, R R S A 2 A
1% ICLAN o Finkelstein 38 13 4347 [R]— 2 R AN [R5 4 1)
S AT AR, R (R Rl — R I A T4
A1, McNeill 7¢ Finkelstein 57 B hil F A (E IS
TR FH B BB A s I v R AR A R E AU
B R B RGN 4 T, ARG
B e e O 10 40 A TR (E 2 LA, B R
K EEAE) 0.02 nm. Ji S5 A6 A RS bR
EMETTAL, PR 2R TR A R, i A
7T ARSI R AT 35 L A B ) 3, 7R SR 0.01 nm

PR E (A TR 8 T S b s, (A I 227k
(LRl I, 2566 R MURIRZE T, R T —Fh
BT R/N TRk, wT AR D e K AL
PEREAR B HTEE R X R BRI G TR 22 B 1E, 7R
B 6 AN K I A A S dle 1A T S B R A
PMEIERRIRZE/NT 1 MEIT. BV FHRREARTHE
VRIS 0 P S8 B RS B R T T 34047, A e
HIARE 5 B E M IR E S . EhRE iR
ZEHIAE 3 AMBIT LA BT TR PR AR A 7
At AT R A3 0.94 17,

ARSI T —Fp TN R 5 Z 1A S
IR RS, PR Es Rk B, DUORKT A 4F
TR K R 454 OpticStudio B fF e 23850, 7 5L
Bl 15 5 FRAR SR IR 2208 IE S AMER AL, XHEIE R
(R EBEAR BRI IR AG B, DTS, — i R 3%
AR ARG I AT R AR 000, KRR kG
JEw, BT, D BRI K T LA B
KRR, ARG T A% SIHiRE . HEEHE
ARBIBR E DR ZETE 0.6 MMEOTLAA, AT LA FH T45 Fh
AR (v R A S AN TR ) il 5t

2 XWHHE

2.1 HREE SRS

AR A TR IR B4 R B e AR I
ZERJEZE Littrow 2514 5 C-T 45 i S i A se Xt
BRE . a1 TR s SRR (G OZR) MIMLA
¥, 2 b R TR A TV T LA A o L A
WA AT B P REOCHE, TR BTESCHIPR-FA TR
TEF/FIT BT — R G, GRS ALl SO
BAEIUR 7 1 BEAT R, S X EURIIOEE (O
RIZAARRA R BR) i RAERRIBRAE, RAEFH

240134-2


https://doi.org/10.12086/oee.2024.240134

WRBHAPIEF, 26, SGH TR, 2024, 51(7): 240134

https://doi.org/10.12086/0ee.2024.240134

JCHGE AR B G AR, AR R TR
RICTEREL

BWAHZ TG FESECE . TG
N . PRI B, RO BRI . R ARER
e 4E . IR TES 4%, RS HunE |
FR

Sk TIOR3 A S S R
GARCR, XAl LG B 1 380 nm~780 nm #£47
D, AR HARE R B 4R R E 2 Bs,
P rp e ZE A iR AR AT S 9k hy 35 IR L €8 1] I,
FEAEARTE RS, S MR B R ATH PR
h 59 Y ST WOCHERIE USRI AL 8 . XX
BB GREOOR L, B, UGN, G E
A 2
22 EFs/_RMETAMUEHERIEEE X

Tk A SRR G BRE AR bR S0 . R

Focusing
spherical mirror

Ultraviolet off-axis
parabolic (OAP)
mirror

Echelle grating \ =

\\ t t |I.',r

Light
source

A1 LR T E R
Fig. 1 Schematic diagram of the echelle grating spectrometer

Yipixel
A

800

35" order

600

400

N

200

0_

-200 |

-400 |

-600 |

-800

SERCERBR R, G S AR AT RS 4
rd—4tisiE . gEschbrn g seh, hFRE. <
FERARA, Seontifenzs . gl R i 2
BRI s e B G S D B, AR RS B OGBE
LB Z AR 22, Joik B TS A . Ry T ikt
X BEE 2%, TR BN S PR R A 4B ED R T 5
DRI TE . B QE 3 R
2.2.1 JEBER R OHRE

TR MRS A — e T AR
EEE, HEETAER, ERG AT,
FOLERGRURANGEE . BRI = A5 Y B AL L I e
B PR P S R A2, PR BUR B AN 2
B ERE R, RS2 MEOT R, HorbBr
G A S AR LA . UGN E 15
AROCTEIREE 22 5 DG R bR H A X PR A )

A PG S

Table 1 Echelle grating spectrometer design parameters

Parameter Value
Raster etching density/(I-mm™) 79
Grating flashing angle/® 63
Grating deflection angle/® 7
Prismatic peak angle/® 18
Curvature of a spherical mirror/mm 300
Cylindrical lens curvature/mm 34.5
Detector full resolution 2048%2048
Detector pixel size/um’ 11x11
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Fig. 2 Two-dimensional spectrogram of the echelle grating spectrometer in the free spectrum region
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Table 2 Center of mass extraction error

Error Xlpixel Yipixel Euclidean distance/pixel
MAE 0.39511  0.37941 0.60333
MSE 0.18411  0.23683 0.42094
RMSE 0.42908  0.48665 0.64881
MAE (OSTU) 2.5928 1.3792 3.0394
MSE (OSTU) 7.0404 2.6216 9.662
RMSE (OSTU)  2.6534 1.6191 3.1084
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Fig. 6 Schematic diagram of center of mass extraction. (a) Original image; (b) Addition of Gaussian noise; (c) Background noise reduction;
(d) Edge extraction; (e) Connected domain analysis center of mass extraction; (f) OSTU dipolarization;
(g) Gray scale weighted center of mass extraction
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Fig. 7 Two-dimensional spectrogram of mercury-argon light source imaging
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Table 3 Simulation experiment optical path parameter error value

Factor Test1 Test2 Test3
Collimated spherical mirror deflection
angle difference/° 01 02 -02
Grating flashing angle difference/® 0.2 0.2 -0.2
Grating deflection angle difference/® 0.2 -0.2 0.2
Prismatic peak angle difference/° 0.05 0.05 -0.05
Focusing spherical mirror deflection angle/° -0.1 0.1 -0.1
Image plane X coordinate difference/mm 05 -0.1 0.1

Image plane Y coordinate difference/mm -05 01 0.1

Image plane Z coordinate difference/mm 2.0 -1.0 2
Angle of rotation of image plane difference/° 1.5 0 -1.5
Temperature difference/C 10.0 -10.0 10.0
Barometric pressure difference/ATM 0.5 0 -0.5

-11.3
-11.3 0

XImm

1.3
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Fig. 8 Comparison of imaging spectrograms of mercury-argon light sources
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Fig. 9 Common element wavelength coordinate correction residuals
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Table 4 Spectral information on characteristic wavelengths of mercury-argon lamps

Wavelength/nm Order of diffraction X position/pixel Y position/pixel || Wavelength/nm Order of diffraction X position/pixel Y position/pixel
253.652 88 -1.0108 287.6266 727.294 31 -769.6398 -229.8145
296.728 75 -259.1705 433.7794 738.398 30 -768.3944 653.3849
302.150 74 -285.9167 203.6792 750.387 30 -778.3806 -147.5455
313.155 72 -324.6694 -231.9005 763.511 29 -774.8637 674.6637
334.148 67 -399.4394 138.8264 772.376 29 -787.3103 113.8959
365.015 61 -475.8133 409.3228 794.818 28 -790.2125 433.5014
404.656 55 -549.4312 430.7239 800.616 28 -794.6037 72.0627
407.783 55 -557.1198 47.3395 811.531 28 -775.0149 -670.483
435.833 51 -591.7942 492.492 826.452 27 -800.1515 303.6997
546.074 41 -694.7505 136.294 842.465 27 -778.8817 -732.2836
576.960 39 -710.6427 -123.4383 852.144 26 -798.1824 645.4346
579.066 39 -706.8637 -320.3302 866.794 26 -806.3448 -207.1703
696.543 32 -762.6245 358.3138 912.297 25 -783.509 -894.4498
706.722 32 -757.8462 -397.779 922.450 24 -811.9811 681.0741
714.704 31 -761.3504 645.1947

A5 HE ARG ES R

Table 5 Spectral coordinate correction fitting factor

BRI E AR/, FRFk 2208 1 ME0L,

FEAE RS IR RS FE AT oK o 5 B3 SE Bl 47 53t Factor Test1 Test2 Test3
S U A2 Rk . RS A T A, 0.9986 0.9939 0.9961

BN AR i EER T AR A, Ak 5 00279 0,000 00961

ZEATAMA A E— AR S P AR ARG S o 5 A UAT c, -33.6899 ~2.9814 -15.0959
_ A 0.0290 0.0043 -0.0262
Syt L2 P an g - 4E 1h BB AV 2

PR R 22 BRI UA L (26)~(29), 15 HHARZEHMS B, 0.9876 0.9949 0.9993

LU PIE 2R 7 i G 50.1140 -15.7932 8.9989
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Fig. 10 Two-dimensional spectrogram of mercury-argon light source imaging
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Table 6 Spectral coordinates of common elements

Wavelength/nm  Type of elements X position/pixel Y position/pixel

Wavelength/nm Type of elements X position/pixel Y position/pixel

328.0 Ag -379.2747 325.992
308.2 Al -308.3616 -116.4983
249.7 B 32.5311 -56.4979
230.4 Ba 227.3107 226.7227
396.8 Ca -534.824 506.7872
226.5 Cd 275.5752 57.838
267.7 Cr -102.4702 -88.747
324.7 Cu -369.9202 101.6626
259.9 Fe -49.8481 220.8933
285.2 Mg -202.6585 -192.7362
257.6 Mn -32.7989 85.962

281.6 Mo -183.6679 -186.0624
588.9 Na -719.3371 160.7838
221.6 Ni 341.3734 153.1065
213.6 P 464.375 47.4839
220.3 Pb 361.3903 -50.9932
251.6 Si 14.9795 128.6809
283.9 Sn -199.6097 47.3144
213.8 Zn 461.5029 -0.894

334.9 Ti -401.2032 23.8482
310.2 \ -317.9437 258.7749
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Fig. 12 Final deviation after residual compensation of wavelength coordinates of common elements
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Table 7 Residual polynomial fitting coefficients
Factor Test1 Test2 Test3
A, 3.373x10 3.361x107 9.772x10™
B, -8.157x107° -1.153x10™ -2.517x10°
C, 2.640x107° 6.465x107° 1.724x10™"°
A, -7.852x107 1.142x10™ -1.312x107
B, 2.221x10™ -3.411x10™ 3.365x10
C, -9.151x10™ 1.204x10°° -2.296x10™°
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Spectral reduction algorithm for echelle grating
spectrometer based on least-squares image
coordinate correction

Ouyang Yuxuan', Fu Xiao", Duan Fajiel, Wang Kuan', Wu ]ingxin2
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Two-dimensional spectrogram of the echelle grating spectrometer in the free spectrum region

Overview: Echelle grating spectrometer uses a cross-dispersive optical structure for spectroscopy, forming a two-
dimensional spectral image on the image plane. The reduction accuracy of the two-dimensional spectral image is to
determine the accuracy of its wavelength measurement, but environmental changes, processing and mounting and other
reasons will lead to the error between the actual spot coordinates and the theoretical spot coordinates, and the change of
the spot coordinates will have a serious impact on the reduction accuracy of the spectral image. In this paper, a spectrum
reduction algorithm for an echelle grating spectrometer based on least squares image coordinate correction is proposed.
Firstly, the theoretical spot coordinates of the mercury lamp are recorded by simulation software, and then
measurements are made using a calibrated mercury lamp light source, and the background noise reduction and
morphological processing of the two-dimensional spectral map are carried out to obtain the center-of-mass coordinates
of the actual spot of the wavelength of the mercury lamp, and then the coefficient matrix is constructed by utilizing the
theoretical and actual image point coordinates, and then the coefficient matrix is solved from the obtained two-
dimensional spectrum by the method of least squares. The coefficient matrix is solved by the least squares method to
obtain the fitting coefficients of translation, scaling and rotation of the two-dimensional image plane, and then the
polynomial fitting is used to reduce the influence of the residuals, realizing the image coordinate correction of the spot at
different wavelengths, and then realize the accurate wavelength solution.

The experimental results show that the algorithm can effectively improve the spectral image reduction accuracy of the
echelle grating spectrometer, and the center of mass extraction error is controlled at 0.6 image elements, and under the
simulation of large mounting errors and environmental errors, the corrected coordinates of the measurements of the
common elements deviate from their ideal coordinates by less than 0.6 image elements, which proves that the algorithm
has high accuracy and provides a basis for the measurement of broad-band atomic emission spectra.

Ouyang Y X, Fu X, Duan F J, et al. Spectral reduction algorithm for echelle grating spectrometer based on least-squares
image coordinate correction[J]. Opto-Electron Eng, 2024, 51(7): 240134; DOI: 10.12086/0ee.2024.240134
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