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Fig. 1 Echelle spectrometer optical path structure
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Table 1 Technical specifications of echelle spectrometer

Parameter Numerical value
Spectral range /nm 200-800
Spectral resolution /nm 0.02
Grating density /(line-mm™") 54.5
Detector image surface size /(pixel X pixel) 1024 X 1024
Pixel size /(pm X pm) 13X13

22 ZHERIERE
T B A6 O A OIG 1% ANCR T B8 S R O 1% 45 1 B
i, &7 CCD G M BB i — 4Ei 18 . Hg-ArdT —
A 1% 1 an 1 2(b) o o A E T3 8 G, B s O b
AT S SR 8 AN ) A R DA AN TR], 51 A A H o6
XA HE S AT IR A B RS . B HOGIS X e ol
A GRS I B DA R D8 K 3 T, o A 22 A A T A 4R
G H OGS DT O B EDRR AR A4~
GOR ) A R OGTE X IR & O 2
(m'+1)A=m'(A+ Ar), (1)
o U5 A R P 5 AX R4 IR A K TR B
A0 (D) AT AR 2] A i OB iE X 3R AR
AA:i,o (2)

m

Hh I Ak S MM R A i S SR B AT R R R LS L T
I A SRR ST B9 A BB X, I A T AR T
AT S RBCR AR L T A I e P BN . A e
DX 52 B0 A, S e DX IR A i 4 I DX Ik 4 L 4R
I i 7 S BT i 1R By A R R X .
2Ca) A BRI E AL A BT XA ) RS 1A R
B K MR GO 1 S X 71, Y T 1 S D
CHLT ), 4 28015 4R AR X I — LRGS0, B A K
Xt I 22 AP o

PRI 25 R AR 09 B PR AL 5 1 i I 3 5 A A3 5 )
XFRE S Z, A 3 Ca) B s, HG 3 PR mT LA — > 2R
W 3238 -

111 112 Iln
Ly I, - I,

=" 7 . (3)
Iml Imz L.

K T8 1024 X 1024 6 5% B A6 5 B 5 1, A o B {H
m Fln 53 3 R AT BOR SR, A A SCrp LR /INVER R 1024

LE B 14 A7 A 4 S50 6 N7 T R CCD B T B 19 5%
FEAR TT AR AR, T B i B ) R B R oT L E B
B o i B S SRR G ] 3(h) TR, B AR A
M P — AP R

/111 /112 /1171
Ao /1‘)7 e /1 -

A= T . (4)
At A Ao

0811003-2



#5515 £ 8H/2024 5 4 A/REHR

(@) Y (b)

free spectral range

BRI

maximum order ] \

-« > minimum order

short wavelength  long wavelength

2 o R (o) [ HOGIE XNR —EgR & (D) He-Ar T 4 3% B 7R 22 ]
Fig. 2 Two dimensional spectral model. (a) Schematic of two-dimensional spectrum in free spectral range'; (b) schematic of two-

dimensional spectrum of Hg-Ar lamp
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Fig. 3 Schematics of spectrum reconstruction process. (a) Original spectrum; (b) spectrum reconstruction model“”; (c) one-dimensional

spectrum
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Fig. 4 Workflow diagram of spectrum reconstruction algorithm
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Fig. 5 Schematics of deviation method"". (a) Actual optical

path diagram; (b) optical path diagram of equivalent

model
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Fig. 6 Schematic of 11 sampling wavelength points in initial

model
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Table 2 Differences between theoretical model data and initial

model data along echelle/prism directions
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Fig. 7 Programming software curves. (a) Curve of sampling points in X-direction; (b) curve of sampling points in Y-direction
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Fig. 8 Fitting error curves. (a) Error after linear fitting in Y-direction; (b) error after quadratic fitting in X-direction; (c¢) error after cubic

fitting in X-direction; (d) error after fourth-order fitting in X-direction
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Table 3 Differences between

standard model data along echelle/prism directions

Wavelength /nm AY, /pixel AX, /pixel
201.294 1.317 —0.192
200.044 —0.924 0.118
843.318 1.045 —1.652
837.539 —1.035 —2.198
253.656 —0.431 —0.442
296.731 —0.095 0.165
313.165 0.399 —0.717
407.787 —0.037 0.151
546.085 0.601 1.782
621.353 —0.641 1.296
706.726 0.918 0.732
772.406 0.710 0.904
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Fig. 9 Mercury-argon lamp spectrum taken in laboratory with
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Fig. 10 Error curves before and after fitting. (a) Error curves before fitting; (b) error curves after fitting
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Fig. 11 Original two-dimensional images. (a) Bright spots of effective light spot; (b) bright spots of background noise
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mapping to original image
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Fig. 12 Flow chart of denoising algorithm
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K13

Local two-dimensional spectra of mercury-argon lamp. (a) Local spectrum before denoising; (b) local spectrum after denoising

Fig. 13
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Fig. 14 Schematics of false peaks during extracting. (a) Schematic of adjacent levels in long wavelength band; (b) schematic of fake
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Fig. 15 One-dimensional spectrum of characteristic wavelength

and light intensity
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AR SC B T P A SRS TR v R TR) I B A AR B4R R Y R
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e i L S )R TR o S ) 8 B Ak A 48 452 28 9T 6 Iz 1
e 2518 (G HL K 25 (8 Oy 16 Ui B3 o BBUARE: 19 - 2 0
F 6N
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S XF W — AR FE AL bR BRI, WA K 22 1) %6 1 Ak bR
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e 1 A R 7 B R (254, 539) , 11 210.274 nm K 5
A & R (254, 540) , AN I K 7R [ — 2k b, Y 7 1]

Fd IR BEIE R P R HEAT I 1

Table 4 Characteristic wavelengths in different wavelength

ranges
Wavelength /nm Element lamp Band /nm
253.652 Hg-Ar 200-300
296.728 Hg-Ar 200-300
223.008 Cu 200-300
244.090 Cu 200-300
248.592 Cu 200-300
282.425 Cu 200-300
256.231 Li 200-300
274.118 Li 200-300
302.150 Hg-Ar 300-400
313.155 Hg-Ar 300-400
365.010 Hg-Ar 300-400
324.754 Cu 300-400
327.396 Cu 300-400
333.782 Cu 300-400
338.071 Sr 300-400
404.656 Hg-Ar 400-500
407.780 Hg-Ar 400-500
435.835 Hg-Ar 400-500
413.262 Li 400-500
407.771 Sr 400-500
416.180 Sr 400-500
421.552 Sr 400-500
460.733 Sr 400-500
546.074 Hg-Ar 500-600
576.961 Hg-Ar 500-600
579.067 Hg-Ar 500-600
510.550 Cu 500-600
521.820 Cu 500-600
515.330 Cu 500-600
578.200 Cu 500-600
588.995 Na 500-600
589.592 Na 500-600
610.362 Li 600-700
670.784 Li 600-700
696.540 Hg-Ar 600-700
706.720 Hg-Ar 700-800
727.290 Hg-Ar 700-800
738.400 Hg-Ar 700-800
750.390 Hg-Ar 700-800
763.510 Hg-Ar 700-800
772.400 Hg-Ar 700-800
794.820 Hg-Ar 700-800
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Table 5 Comparison and  deviations

of  characteristic

wavelengths of elemental lamps

K6 AFEPBPMBIREN PO EMN
Table 6 Central wavelength differences between adjacent pixels

in different wavelength bands

Band /nm 200-300  300-500  500-600  600-800

Characteristic Extraced Extraction
wavelength /nm wavelength /nm deviation /nm
223.008 223.015 0.007
244.090 244.099 0.009
248.592 248.601 0.009
253.652 253.659 0.007
256.231 256.238 0.007
274.118 274.108 0.011
282.425 282.430 0.005
296.728 296.730 0.002
302.150 302.155 0.005
313.155 313.150 0.005

324.754 324.754 0

327.396 327.399 0.003
333.782 333.790 0.008
338.071 338.060 0.011
365.010 365.009 0.001
404.656 404.643 0.013
407.771 407.770 0.001
407.780 407.773 0.007
413.262 413.275 0.013
416.180 416.196 0.016
421.552 421.550 0.002
435.835 435.813 0.022
460.733 460.745 0.012
510.550 510.542 0.008
515.330 515.312 0.018
521.820 521.817 0.003
546.074 546.053 0.021
576.961 576.940 0.021
578.200 578.204 0.004
579.067 579.061 0.006
588.995 588.990 0.005
589.592 589.580 0.012
610.362 610.361 0.001
670.784 670.753 0.031
696.540 696.524 0.016
706.720 706.706 0.014
727.290 727.271 0.019
738.400 738.391 0.009
750.390 750.360 0.030
763.510 763.492 0.018
772.400 772.391 0.009
794.820 794.790 0.028

Wavelength

_
difference /nm 0007 0.010  0.015  0.020

22— MR R A KA 22 0.007 nmo HoAth % Bt [
P, 2545 3R SR 6 gL AT LU EDULE IR RRE K R R
T 22 o AN TR BERFAE I K 118 2 I 22 W0 &L 16 BT , 1l
PLE - 7E 200~300 nm % Bt 22 A #8331 pixel; #£
300~500 nm Fl 500~600 nm i Bt fi 22 f K Hy 2 pixel;
£ 600~800 nm I B fi 22 A M it 2 pixel, MEEHEEA T
B BE(200~800 nm) , e K AZ i s 22 29 4 2 pixel, A<
SCHE RS- 34 KR 2298 0.01 nm, SEPR I 245 4 A
AU B AR TR 2 A 25 . e ad b 43 o] R0 7E 200~
800 nm % Bt , 15 1l e KA 254 2 pixelo 45 & 87 101
PEL30 Ji 4SS 70 ) R i T 3 D A 7R e K U B R (] ) A
S5 0] B A 3~4 pixel, 2 pixel f i 22 A 2 i B IR 152
(9% Y15 152 B8 76 A SC 3.2 795 % K 48 Ak A B Al A
), T DU BB BT A S K R S B N R
BEZER . LR 50 oo 2 AT 9 I 5 51 5 2 B, AR S ik
P30 R SR AR B R B € [ B LA AR s ) R,
il S PR TR () BR

5 4 1w

P& — B I T 2R LA 0 T R A S
FIA RS . e @Rl B rp | e 6 T R Bl B, B SR
BERUKS BE o 1 0, A i 2 35 100 o 3 N7 — A 40 iy A
(254 S AR R A ), 30 2 X ) B A 75 5 L 30 A5 AR
(2 38 08 A o X 52 B o' 1% 1) o6 483 8 5080 ) 447 4
B AR BN BRUERTA SR 5 b o R 5 S R AR AR (o S
P 255 N FO4E A0 oK -EULT 1S D) AT LA A5 B R AR
R M, AR A ST S8 R, B TR ST T T Y B R] R
0.94 s, B BB SEME J7 1 (Y J7 1) B9 47 B R 22 A
it 1 pixel , M B 855 18 (X 7 15 (007 & 22 A
it 3 pixel, FERLAIE ST JF XK AT HRER . 1 e
o ZAEAR N KSR AR T B DL R SRS R A R
B 55 47 5 0 A O P2 BORRAE B, O AE 1024 X
1024 DX 3k P 568 B2 T A4 2 — — X 1 A (i 4 2 7E 158 22
FUVFIE ) R F [ st — 5 R AR AR D DG
S BT N DG R o BT, BERR TRV AN R DL K
BE5 FP T R AT AE A RO IR, DK IR R RS . &
i B E A5 RS 2 0% K A B EBUIR 22 4 0.01 nm. fE
200~800 nm 1 T.1F i Bt AR TR %= I 2% 7F 2 pixel LA
W o 280 SCH0 B IE , BT 32 3 151 A0 Ji 530 7k 7F 2 A ok 3
BEAURS BE J7 10 AR R I AR I L 8. 2 e — B A
0 DR R AR AR S AT AR 1, Y B AR ek
HALLERE B ARSI A 2 R A U MR RS, DT 5
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Fig. 16 Pixel deviations of characteristic wavelengths in different wavelength bands. (a) Pixel deviation in 200-300 nm wavelength

band; (b) pixel deviation in 300 - 500 nm wavelength band; (c) pixel deviation in 500 - 600 nm wavelength band; (d) pixel

deviation in 600-800 nm wavelength band
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Spectral Reduction Algorithm for Echelle Spectrometer Based on Full-
Field Fitting

Cui Tao', YinLu", Sun Yanan', Chen Jianjun®, Zhou Yangdong', Han Longfei', Wang Le'”
'College of Optics and Electronic Science and Technology, China Jiliang University, Hangzhou 310018, Zhejiang, China;
*College of Information and Control Engineering, Qingdao University of Technology, Qingdao266520, Shandong, China

Abstract

Objective The echelle spectrometer, with its high spectral resolution, is increasingly applied in various fields and has become one
of the primary spectroscopic analysis instruments. Spectrum reconstruction technology is at the core of data processing in echelle
spectrometers. It achieves rapid reconstruction from two-dimensional (2D) images to one-dimensional (1D) spectra by establishing a
correspondence between the wavelength and imaging position. The accuracy of the spectrum reconstruction directly determines the
performance of the echelle spectrometer, making it a key and challenging aspect of instrument development. Spectrum reconstruction
algorithms have evolved from ray tracing, modeling (deviation method and mathematical modeling), and calibration methods. The
evolution of algorithms is an ongoing process of continuous optimization and improvement. Each spectrum reconstruction algorithm
has its advantages and disadvantages. However, a consistent mainstream approach is to achieve high accuracy and speed. Factors
such as environmental conditions and application requirements must also be considered. Therefore, it is crucial to develop a spectrum

reconstruction algorithm that combines these various advantages.

Methods This study proposes a convenient and widely applicable spectrum reconstruction algorithm, adopting a nontraditional
approach that initially focuses on improving the modeling speed, followed by further enhancement of accuracy. The main research
method involves leveraging the advantage of rapid modeling using the deviation method to establish an initial model quickly.
Subsequently, the initial model is subjected to holographic surface fitting with the theoretical model traced using ray-tracing software
to obtain a standard model. Calibration is thereafter incorporated into the modeling process, allowing the standard model to fit an
actual model comprising elemental lamp spectrum data. Through this process, the final model is obtained, and a spectrum
reconstruction model is established. Following this, denoising is applied to the 2D spectra of the elemental lamps, completing the
wavelength extraction. Finally, five elemental lamps are selected as test light sources to validate the accuracy of the proposed

algorithm.

Results and Discussions Holographic surface fitting is performed between the initial and theoretical models (Fig. 7). After
holographic surface fitting, a standard model is obtained (Fig. 8). The error within the holographic surface of the standard model is

within 2 pixel (Table 3). In the two-stage modeling process, the standard model is fitted with the actual model to obtain the final
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model. The error within the holographic surface of the final model after fitting is within 3 pixel (Fig. 10). In the image denoising
process, a denoising algorithm is developed based on the characteristics of the original 2D spectrum, accomplishing the denoising task
and removing the majority of the noise (Fig. 13). Finally, by selecting five types of elemental lamps as test light sources (Table 4) and
42 characteristic wavelengths as test data (Table 5), experimental results exhibit an extraction error of 0.01 nm for the average
wavelength within the selected wavelength range. The entire image surface deviation is validated by the spectrum reconstruction
model (Table 6). Within the wavelength range of 200-800 nm, the image surface deviation is within 2 pixel (Fig. 16). The spectrum
reconstruction algorithm presented in this paper demonstrates excellent accuracy.

Conclusions This study proposes a spectrum reconstruction algorithm for echelle spectrometers based on holographic surface
fitting. The algorithm demonstrates notable advantages in both modeling speed and model accuracy. As concerns calibration during
the modeling process, this algorithm overcomes the impact of environmental changes and instrument movements, thereby saving
resources and time. This study shifts its focus to the modeling process, initially prioritizing modeling speed, and later pursuing model
accuracy. The advantage of rapid modeling using the deviation method is leveraged to establish an initial model. Thereafter, the
spectrum reconstruction model is constructed using holographic surface fitting, cleverly incorporating calibration into the modeling
process. After model establishment, denoising is applied to the 2D original images, and wavelength extraction is completed. Finally,
the accuracy of the model is validated using five types of elemental lamps. The experimental results indicate that within the entire
wavelength range (200-800 nm), the average wavelength extraction error is within 0.01 nm, and the pixel deviation for extracting
characteristic wavelengths within the holographic surface is 2 pixel, which does not lead to significant misinterpretations. The
algorithm can correctly output 1D spectra of the characteristic wavelengths and intensities. These experimental results fully
demonstrate the capability of the algorithm to meet precision requirements. Moreover, the algorithm is straightforward, versatile,
and applicable, making it more conducive to widespread use in practical production. These aspects are significant for enhancing the

performance and practicality of echelle spectrometers.

Key words spectroscopy; echelle spectrometer; spectral reduction algorithm; full-field fitting; spectral calibration
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