Chinese Physical Society

%ﬂ *ﬁActa Physica Sinica

Institute of Physics, CAS

EFTikhonovIEML S B AERE RS RIS TR IR 1% — 4 B R L BRI 05 5K

FT TuXin FFL HAL

Development of beam arrangement design for tunable diode laser absorption tomography reconstruction based on
Tikhonov regularization parameter matrix

LiNing TuXin  Huang Xiao-Long  Weng Chun-Sheng

5] Fi{i5 &, Citation: Acta Physica Sinica, 69, 227801 (2020) DOI: 10.7498/aps.69.20201144
TELR L View online: https://doi.org/10.7498/aps.69.20201144
A ZE View table of contents: http://wulixb.iphy.ac.cn

AT ARG HAh SCEE

Articles you may be interested in

BT Z A EBOE OO TSSO I W B B oA i a7 i

Two-stage velocity distribution measurement from multiple projections by tunable diode laser absorption spectrum

PIFEEEAR. 2019, 68(24): 247801  https:/doi.org/10.7498/aps.68.20191223

FTOL5R5 WACRARZ MR AU, A A O T R 7 vk
Laser intensity and absorbance measurements by tunable diode laser absorption spectroscopy based on non—line fitting algorithm

YrE2E 4. 2018, 67(5): 057801  https:/doi.org/10.7498/aps.67.20171905

2.0 w mBfHEEEHIFI SR T 13C02/12CO2 R 2 2 B 4 ks BE SR 2l &

Highly precise and real-time measurements of 13C02/12C02 isotopic ratio in breath using a 2 p m diode laser
YrH2E 4. 2018, 67(6): 064206  https:/doi.org/10.7498/aps.67.20171861

BT TR 20 YRR P T TN PRI i pR R T A R
New reduced matrix construction accelerated iterative solution of characteristic basis function method

Y34, 2019, 68(17): 170201  https://doi.org/10.7498/aps.68.20190572

ST RO OB B R LD TS RO B

Measurement of middle infrared spectroscopic parameters of carbon disulfide based on tunable diode laser absorption spectroscopy

WIBEAEAR. 2019, 68(8): 084204  https://doi.org/10.7498/aps.68.20182140

ST S OO AR01103.4 om R NH IR A BOE AR VERT

NH, aliasing absorption spectra at 1103.4 em! based on continuous quantum cascade laser

WIFEAEAR. 2020, 69(7): 074201 https://doi.org/10.7498/aps.69.20191832


http://wulixb.iphy.ac.cn
https://doi.org/10.7498/aps.69.20201144
http://wulixb.iphy.ac.cn
https://doi.org/10.7498/aps.68.20191223
https://doi.org/10.7498/aps.67.20171905
https://doi.org/10.7498/aps.67.20171861
https://doi.org/10.7498/aps.68.20190572
https://doi.org/10.7498/aps.68.20182140
https://doi.org/10.7498/aps.69.20191832

#) 32 % 3R Acta Phys. Sin. Vol. 69, No. 22 (2020) 227801

£ T Tikhonov 1E M4 2 £ %6 P& Hy i S IR UL 15
PRR I — BRI TR

A 2D Ty Xin?

HE R

BEED

1) (R TR PES Y E R S, f At 210094)

2) (Department of Electrical Engineering and Electronics, University of Liverpool, Liverpool L69 3GJ, UK)

(2020 4E 7 A 17 BUE]; 2020 4F 8 H 14 AU EIMEH)

A BREESE ZF T BOL IO 1 — 4k I ' B0 Tl X A B 37 T 45 5 B A T B2 R B X6 R T Tikhonov
TE DU A 9 9 25 505 O R 2E R I R, 4200 1 3R T IE WAL 2 MO B OG0T S B O k. B ar TR T
Tikhonov 1E W A2 KU B 1) LB BETT AR sk, A 845 5503 3RS dre L B A 05 5, 3 i DE PO i 5 1E I
PS03 A % 0 ke DX 3 PA) L T A A o A 0 4 LA/ e AR R 2 . R T 7185.6 em B HoO FRAE TR e IF 45 5
20 AR CIHONS 10 x 10 18 HIC Ak DXl A U006 g S0 2 A R R AT 1 S, X 5 AhOa i AR B Dy S e 4 R ot
A1 XA, S5 2R R WL T Tikhonov 1EMALSHUE MG By A5 R IR AR, LBk BL, Tikhonov
TE A2 B RV 8RB ) . T JR T 0 0o P A ok kg5 6 s LA I 3 B UL I i B9F 5, S8iE 17 AR 3
SR AR BT A SR IR AR PR T AR OR . A 5200 5 N AT /NI S EAT T SRR, R e i 0
(B BRI (B 5 S B 9 DLW A . BT 50 45 2R X T 3 3 IO WO 35 — 2k S BORTE R S LS Wy B e O 4R

T A HT BAT R

KR HOEWOERE, —4EEH#, Tikhonov 1ENIk, &7 SE 5

PACS: 78.20.Ci, 52.70.Kz, 47.40.Rs

1 5 =

A RO OLTEEAR (TDLAS) i
A P SRR RSO 8 S B MR 4 B il B2

PRS2 MR, EL A 0 SRR v AR TE] o R

AZ R TIER AL, S A S PLIEREI
(A 2T B 1oLy T 00 D L B 8 PR
A ARBOEBOE TG RO ME LA B AT
dEFgE, Wi 2O RGO SRR R
FRORARZE &, SEIU 27 B Bl B — oA
I NITAE A SIHUREEZ WAL | 45 B TR iR

DOI: 10.7498/aps.69.20201144

FSE L RACTS G W 55y T A S R AR A 16101,

223 (] A R, R RES e SRS IR O
T 5 2R 0 T AT R R AT PR, RSB/
TS ER R, I DX P AR R T e Y S
A, T T A g 25 7 R A R A ) . & LAY
SR A A 2% AR ik B2l AR Bk AR A
(ART). /M QR 40k (LSQR) 55, BCRH
WMEHLR KL (SA) . B (GA) F4 Rt
PR 1 k SEBR R TN R TC O B8 2o X
BHATR IR, LR R DI E IR 2R, —
PR RTAT I A DR 7 3 02 X 25 J R 2H SR FH IE Wk 56
W%, 4 Tikhonov 1FE N4k 5E, BRIV i 38 0 29 35 5 2

P E E R RS (HEES: 201906845059) . TLIRA H AR EIE ST AL S (S BK20190439) Flrh s i A S AR 55 9%

LI 4 (S 30919011258) B BIAYILE.
t BIE1EH. E-mail: lining@njust.edu.cn
©2020 HEHEFS Chinese Physical Society

http://wulixb.iphy.ac.cn

227801-1


http://doi.org/10.7498/aps.69.20201144
mailto:lining@njust.edu.cn
mailto:lining@njust.edu.cn
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

#) 32 % 3R Acta Phys. Sin. Vol. 69, No. 22 (2020) 227801

ZH A T A T A R A A S HME —.
AR AT DL 3 SR A 50 AR AR 0 i R e
Sy SR T LUE Y A S H O (SVD) 255
X BRI TR =

SEHLAEAT PREE R R S T G B T
AR B FHEOCIOBO IS — 2 1 e ) (Y E %
AT, TSI AT T BRANST. Terzija 45 [19)
SISt R S e S A AN VAR Y R A Obii s st aa Wil
5, BRI 5t DX P O B 7 B8 2 Ak SR 45 58 Sl A
S T RN AR AR AT (A LB S DA d KRR

S X, g — DR O, R T
SEIRHIESY, (HIH A 25 AR GRS 0 #T. Song 45 (10
DA 5 [ A PN ' B Rl i A AR R ¥ (GWF) Jf:
Ny HARsREL, Sl OB AR B GWE 53
TKAH. SCHPR G EXT 4 FROGES AR E 5 2t 7%
Lt fH RIS X i T BS540 4. Twynstra
& 07 3R ] Tikhonov 1E WK 7 2R i HOER BOG
T A A ISR A TR TR —IE
WL Z s et BAReR%L. 5 I8 3R I 59 00
AR AR SE 0 Bel 1 o7, s il
KL Morozov fi 22 R BB, L i 2 1 ) 2 1E
WAEZEL, R A S IR Lt E e =
B BGE ], B B TS GRS A
I EECR. Grauer 4508 HEH T IET Bayesian
JE R OGBS B R AR, 75K Tikhonov IE WAL A
W E NS EOG IR FEE T TR 22
JE R C RS AL B AR AL (MAP), HURHES T R
Bk IR WA BT 1207 i T i R T
THIE, [ ELAE SRR R BT LI S il R i R
ZEMYFE bR, LI T A FRECR A5 T RO T
Yu 55 U EXHRBGEA TR T RS, $2H0 T U
e /MU 1] & 1E SR (MOD) i H Bk sR ALY O
PRI, R RAUE I MO 2
B R AR DG, 756 RE AT B ] IAEHY IS AT fig
A DX el A 2 R . 12 DA e/ M I ) £ O
PR Bbw, Pofbid B8 It R 5 BT Se 505 2
PRI AN T FH 2R FH Y- SR s 1 1 D0 b k.

D (R O AR X 15 50 43 A1 T 000 £ P A% X
N, I A Tikhonov 1 Ak 7 B Ab % 25 7
TR 2 B B — T DU A S 500 LA e AN [0 3 DX s PN
X IE WA A & B R oK . A SCHR T —Fh B
T Tikhonov IEMESHGEREH) TDLAS #4584 —
A E@OGR B, PN AR 2150 A0 ) TE

W A6 2 5 S A [R]0 £: DX 3 Py 2 D) AR A o 7 )
BB HES T 3T Tikhonov 1F WAL 2 KUSERE 1Y)
JGEE BT B AR R, SRR AP T LG
A #8720 R B B AR SOy i 5 H A 7 vkt
1T X E, B03F T % F Tikhonov 1F WAL S HU0E 4
el AR BT U B EROR . %50 ) TDLAS $
AR F DR T BB be 17 — 4 1 #O G
115 Tikhonov 1EN bR g HRfiL4E T, HAA H 2
WHIFFE R SOR T2 N A 5=

2 TDLAS — & # %kt r &

2.1 E-F Tikhonov IEM{LH) TDLAS —%
BEEEROH
— WK v OCHGE SRR BT, 3
DR A2 SRR W SO 2 52 M, 5 32 A8 6 AT AR
i Beer s I THIA:
I; (v)
—1In To (0)
Horf) 1o ZE R I AR BT B ORI
RTINS AE O SR PSRN BT,
L ABOCTE SR BT &R O6RE x IR Rk B
o(v) PFFETE LI BREL, LB E AR
HR 15 S(T) MFFIETE LR bR b(v) i Rl
ARSI RS B 1 R ORI
THEN LR R G A
RSB GE S — S W, T DO TR A R B
BB, AR R E B LASE Ik bE

=b(v) = PS(T)p()XL, (1)

i
Laser beam 3

B 1 O BOGEE D O B R g B
Fig. 1. Geometry of transmitted laser beam in tomography

measurement.
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single regularization parameter; (e) beams arrangement designed based on regularization parameter matrix.
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Fig. 7. Phantom and reconstruction results from different beam arrangement: (a) Phantom; (b) 2 x 10 parallel beams arrangement;
(¢) 4 x 5 fanned beams arrangement; (d) beams arrangement designed based on MOD method; (e) beams arrangement designed

based on single regularization parameter; (f) beams arrangement designed based on regularization parameter matrix.
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Fig. 8. Effect of noise in projections on reconstruction error.
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Abstract

Beam arrangement with limited projections is a critical part of research on tunable diode laser absorption
tomography reconstruction for combustion diagnosis. Based on the efforts to regularize this rank-deficient and
ill-posed problem with Tikhonov regularization, a novel approach to using the regularization parameter matrix
is developed for designing optical component layout and predicting the reconstruction accuracy. Objective
function of beam arrangement is established by the rigorous mathematical derivation, and genetic algorithm is
adopted to realize the optimization of function to overcome the difficulty associated with the multimodal nature
of the problem. Nonuniform distribution properties of matrix elements in physical space relate to location and
alignment of the laser/detector pairs, and form a basis for adjusting the weight between measurement and
regularization to improve the reconstruction performance. A mathematical model of double Gauss distributions
is established in a 10 x 10 element discrete tomography domain, and typically 20 measurement beams scanning
the HyO transition at 7185.6 cm ! are available to probe the domain of interest. The systematic comparison
between optimized beam array here and four existing beam arrangements in the literature is analyzed to
validate the method. The reconstruction with Tikhonov regularization parameter matrix shows obvious
advantages of reducing errors especially under the condition of fewer projections. The validation of
reconstruction performance of the optimized beam array is also examined by simulating the laser absorption
measurement which is carried out on phantoms generated using a simulation of external flow field of an air-
gasoline pulsed detonation engine. The result shows that the optimized beam array consistently outperforms
other arrangements reported in complicated fluid field. A demonstration reconstruction experiment is performed
on the distribution from small gas burners. Both locations and amplitudes are in good agreement with those in
the actual case. This proposed design method will be valuable in broadening the scope of applications of tunable

diode laser absorption tomography reconstruction for engine diagnosis and combustion efficiency improvement.

Keywords: laser absorption spectroscopy, tomography reconstruction, Tikhonov regularization, singular value

decomposition
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