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Abstract

Coherent Anti-Stokes Raman Spectroscopy (CARS) is a non-invasive and label-free optical detection

CHEHIEE

XESIM: X, ik, XNE, . BARE CARS 55 AR SN M ], #5153, 2025, 14(5): 975-986.
DOI: 10.12677/mo0s.2025.145450


https://www.hanspub.org/journal/mos
https://doi.org/10.12677/mos.2025.145450
https://doi.org/10.12677/mos.2025.145450
https://www.hanspub.org/

i

XE

Pax
&

technique widely utilized in biological imaging and chemical analysis. The time-stretching approach
can broaden CARS signals, enhancing spectral acquisition speed. However, the optical fiber length
affects signal power attenuation and temporal broadening, while the detector’s rise time and noise
influence the signal-to-noise ratio (SNR) and spectral resolution. Therefore, optimizing the fiber
length and the temporal response characteristics of the detection system is crucial. In this study,
the CARS spectrum of dimethyl sulfoxide (DMSO) was first obtained. A numerical simulation was
then conducted to analyze the power attenuation, broadening, and dispersion-induced delay varia-
tion of CARS signals at different fiber lengths. Furthermore, the response characteristics of the ava-
lanche photodiode (APD) were incorporated to simulate the influence of the non-resonant back-
ground and noise on the SNR. The time-stretched CARS signal was successfully simulated, and the
effects of the detector rise time and fiber length on the spectral resolution were further examined.
The results demonstrate that fiber length, non-resonant background noise intensity, and the tem-
poral response characteristics of the detection system significantly impact CARS signal quality and
detection accuracy. This study provides theoretical support for optimizing optical fiber transmis-
sion of CARS signals and designing high-performance detection systems.
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1. 5|15

AHT-H7 2 BB R (Coherent Raman Scattering, CRS) & — i REEE . Tobrids AFR A AR M2
EMEEA, ALFE 2 WL 2 HU (Stimulated Raman Scattering, SRS) ATAH -+ J 31 4E 7¢ 11 47 = #U5F (Coherent
Anti-Stokes Raman Spectroscopy, CARS), HAEWMMAR[1]. HEVIEEE[2] [3]. MBI HT[4] [5]. SEit Al
[6][7]- P40 BR8] 2540 B AT FEE N . 7€ CARS {5 511774, CARS RSP RELEIR RALEE L
T CIR IR . AL FAE S EAREO RS, SRR A RAC, ABVNOR A9, Tz H
T CARS 5286, ¥r4E3K, -7 H iR (Soliton Self-Frequency Shift, SSFS) [10]. Jt:4[Z B4k % #%(Optical Par-
ametric Oscillator, OPO) [11] LA K #5) [F] 2 (Synchronization) [12]55 £k a2 HLHIFENLAL CARS Sty T2
BT RBEH . ARBAESE CARS JIRHIATT E T — RFIWE7E: 2018 4, ARELALfEH OPO fEH
R IeU8, SCHLT C-H #RE1 I CARS 15 S4MI[13]; 2020 4, FAH 4 {3l 7 5 X e £ oG U,
FRINFREL T it/ R FZH 2L CARS &1 [14]5 2022 4F, 3 — B R T4 A5 Er F1 Yb B 446 4P 800 3%,
SEPL T ARG K, RIS T EIEMTE CARS AZ[15]. SR, AURAEIRHA L LUK AL CARS
ARIE =GR 1 755K . BRI I VERE[RIRE & Ve CARS 5 5 i E AR R, FEAETE LR L i
SyFre, oA R B R 43 14k EE (Signal-to-Noise Ratio, SNR) CARS {5 54/ 4R i I Bk ik -

IR+ ARy CARS A5 5 I PRIEIRIFZ AL | — PG 207 Z[16], & nT LUl G 1) O8N A4 4
WG5S ARG S, B RS 937 0] Jw 2 [ 1R5 41 (Field-Programmable Gate Array, FPGA) ¢ =i
SRFERE e, AT DAST IR S 0 R0 o AR, 7ESEBR R A i Ko £ Sk IR FE L E LR 15 5t (Non-Resonant
Background, NRB)FIA7E PRI 9 A 17 v S A4S DA R AS T 3 7 P W 75 452 [R] 35 35 AT g B AR A 5 T B AR
WIKERE . DRI, e KEEMIERES APD AL CAHE S CARS 15 5 BRI RE R DG

Ak, IR H R O CRS AN S 7 — it g . 2016 4 Francesco Saltarelli & K G 4HE
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NI A FE e %, SEIL T AR SRS, R 500 cmt (ERIISE FEAT 10 cm L G RE A HER, (A USSR
FEAX A 5% [17]. 2017 4, Alexis Bohlin ¥ H Z A5 & K H kb RE & 1) APk, S28l 1780 AT
B HURHE 5 (RN, A v () WA )y 2 kv e L FEL 922 I FH 1) AR 0 i [ 18] . 2024 4, H A1) Takuro Ideguchi
WA, SCE 7 1000 emtYE L 14 em G o R ER R S ORI, R I R R Tz 8 O G A
DR FE T E] 50 M JEils/FP[16]. 4R1M, HRTMEEZ 2T CARS 155 B G BERIPR I &8 L FH LK
NRB ALK RGEERT T, JoIL R IR RN CARS i 43 HE R A SNR HISLIA R 78 04K o X —Aff
FON T A RS A R G, eI R AR AR ek O E

AW TR HBUERIL T, /387 7 CARS (& SE G4t #E i i D Za g8k, DA 15031 ke (1) I )
JEwE, IHgia APD WRAFME, BEFC T APD [ BRI XS5 e . Jhah, HE— RS TORA K
FERT APD M REREIENHE 5 S 2, HAR 176K S APD (3. [FI 734 7 NRB 38X SNR
fEZI . W E45 R CARS {5 S DGR AL S m P RR R I R G BT H Sk 1 3R S8, I Ta)har fif
CARS HATE iy T 0 A I v 7 82 FH B A 2 3
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Figure 1. Experimental setup and subsequent simulation process
B 1. XWREESFEELRE

KA OGS CARS (E 5 8RINEAR, HSimfE i 1) in[19]. SLied, Hodkk 1048
nm. J6iEGEEE 6 nm. ki 58 350 fs. JGBEELAR 2 mm. B IR 1 MHz 30 6E WG R4 5 2% (PBS)
SRR . Ho, AR Mt ok, IR RGEE BRI, AT PSR BEK 1048 nm. A7 E 1
nm [KEE RN E(Pump), HAEMOGER RN T RER RS, TS S e m e iR . 5 —
HL AL R AR A (Yttrium Aluminum Garnet, YAG) 4, 7= AE % BE & 5 500~1500 nm (1) 42 1E 56 [20],
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Filid 1100 nm [KIEREE AR EE 1100~1500 nm 36 Bl HTHT . PIROE4idiE 1100 nm. Jx 1048
nm [ [ A5 (DM) J5 B A 7E—ifS . Ui, 38 I I SR (Pump) (B TR EIR , i RISV YE AT L e ik
MR E S, RARRNEES. XHRNTESFERDCENBIE RS, M, SRE g &5 55
% DMSO i, FERE S N R A DY VR A E A, ARk CARS 155 TERUE R85 N 1000 nm )4 38
JEW R, F T UERRIR I R AT O, Bk CARS 15 5 IICIERDeLr o, 337 KM 1000
nW {55, JFIEEERE{ (OSA)RMITE 2] CARS {5 S HIEHE . A #Tisf [ CARS 155 HIRM, K
I 1(0) MR R B B AT ke . JeFi 2% . APD I BTHAY. WA 252030 % (Noise Equivalent
Power, NEP)Xf J-If [A] it CARS 15 5 (520
2.2. CARS ES B4 5 A5 sl

BT BRE 1(b)AE, EERE DMSO Mhr 2 uik 4 mlgk 8, FEric UANRHIEIE(E 2(2)). B
J&, BT HL kKA 1048 nm. #5E A 1 nm ) Pump Jgig(14 2(b)), LA 1100~1500 nm () Stokes Y i
(1 2(c)). FHT BRI HE AR, FTLIERFE CARS /55 (4 2(d)), BT pump Y5 R 1 nm,
FrUATEER I CARS {55 12k EE# T 1 nm &, HE NRB HRIERFESERM CARS 155 (14
2(e)).
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Figure 2. Theoretical simulation of DMSO’s CARS signal: (a) Raman spectrum of DMSO; (b) Pump spectrum; (c) Stokes
spectrum; (d) Simulated CARS spectrum; (¢) CARS spectrum with non-resonant background

[E 2. EiLRHL DMSO B CARS {55 : (a) DMSO HIRIEiE; (b) Pump SEi%; (c) Stokes Sti%; (d) #&R#LAY CARS 3¢
i&; (e) BT IEHIRE R CARS Kig

FEIRFGHIAE [ CARS (55 )5, #E— DAL AR S AT AR I R o 10 Tl 0 S S A 5 Wi 2 AR 1
KL 2 T EAE SR (A3 AR S RCRAN A, X — RO 1 B HDB LT M e kg . 1R
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Figure 3. Dispersion coefficient as a function of wavelength

B 3. BHABESRKXA

HRIEA G T S OB R S PR AR R

e—4/4450.58 e—4/193.17

2

MR (2) 7T LAAF 2 D TR R B OB, A 4 1415 nm, iZE AT IEER T (4, ) 4 0ns.
FTF iR 2(e), 5351 CARS {55636 By 750~1050 nm, HR#EA R (1) 5 AR (2) AT LAE R4 5 Hi-
1060 Y£F K5 By CARS {5 5 A R 7= A R ZE I (1 28 &R (4] 4)

BE—2Bh, B Th A AT LA A R IR TR . BT APD (10 B 2 £l I K AR (7E 800 nm I
W N R =, 9 2.5 x 104 VIW), DRI TR 4 & FLmm )97l 28 SRAB I T SAS [F) s B R I N R 8. il 5
Fis A APD Fm N 2k, €5l [ APD R GA 0 s, 20 Eph 28 P & i 28

BT BB A, PRV A RIS A 0045 5 7L A i R v e AR I A BT . 7R AR A I EL
750 nm % 1050 nm (EP AR %6 B 300 nm)TE N THEVE],  DLHSRAEAS R G LR FE T 124000 Vi [l A FA) A
25, AR ML G A R 5 RO 95 B A i 22 (1) ¢ R 2k (14 6(a)), PTLAE R, HLFKEEM 1 km 3600
£ 6km, BFIEIETEM 23 ns HINE] 130 ns. RIAFHILG CARS 55 HI~FH4 T2y 1000 nW, 7% £& HI-1060
FEFHIBFERECH 2.0dB/Kkm, 15 T CARS B 5@ A EDGLKEEI-FThR . JReal 7Kg S
P TIEPR R M (E 6(b), FTLLER], SZOGAMFEMEm, MECAKEMN Lkm 3Nz 6km, F5
13Dy Z )N 600 nW BRI E] 70 nW. fR#ELE HiZk5 800 nm K, APD M 5%k 2.5 x 10° VIW DL K&
SEARFDCAK LS FEHT CARS 155 13Dy 3 0] LIS BIEIEAE B, X RORIERS EIRRE . RALH

D(2)=-5575.97 +2220.121~ +5510.00"
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TR M8 f IR AR a3 . BRI, ACSCAE R 6(c)hidsin 17— M@, X 4 km £ 6 km [X ] i 429
AT 7 JRIFRTBOR  DAASE S5 T b e s 1 X T 9 ER 3R AL R 12

250 T T T T T

——1km
———15km
2 km

—2.5 km

[ —3ki _
200 N 3.5Tm

0
750 800 850 900 950 1000 1050
K (nm)

Figure 4. Wavelength-dependent time delay after transmission through HI-1060 fibers of different lengths
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Figure 5. APD response curve
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Figure 6. Effect of time-stretching on the intensity and delay of CARS spectral signals at fiber lengths of 1~6 km: (a) The variation
of the time delay difference of the CARS spectrum width of 300 nm with the fiber length; (b) The variation of the average power
of the CARS signal with the fiber length; (c) The variation of the peak power and peak-to-peak voltage of the CARS signal with
the fiber length
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Figure 7. The time-stretch signals after passing through 1, 2, 4, and 6 kilometers of optical fiber
7. 231, 2. 4. 6 km RAFHHEES

TESERRRMIEFE A, CARS 15 5 ISREUCZ BIERIZHRF A2 . BT APD A74E XA 0.5 ns ) - A
WpfE), PRI, RS E S I R A HER R A . N T B REIX R, TR 7 RS B
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Figure 8. The time-stretch signal with a 0.5 ns rising edge is superimposed after passing through 1, 2, 4, and 6 km of optical
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Figure 10. Effect of varying NRB intensities on CARS signals: (a) When the NRB intensity is 0.1; (b) When the NRB intensity
is 0.5; (c) When the NRB intensity is 1.0

10. AREI38E NRB %} CARS {55 RIS MI: (a) NRB32E )3 0.1 BF; (b) NRB 3EE 4 0.5 BF; (c) NRB32E 4 1.0 At

NTEMIHELFKES NRB X SNR 152, M E 74K NRB 5 SNR Z A X R
BI(E 11). o, BRAIRRROGEF K, HALFRRIR NRB 3%, BUEIREE T RAE SNR (/. & 11
YA El @), (b) (C)F(d)ZE %, F3 xR 2(a)F DMSO $i 2 ik (DU A 3 ZERFAE I o XA [R]85 £
fhr 2%, NRB 56T SNR FIS2M A A F R . TEHECH 661 cm ™ (h: & I, BE3 NRB 555 M
0.1 #4%% 1.0, SNR M 45 B4 /1% 50, 1X 2K iZhr 2 RIS SRR, SNR ARG /N . IX R,
XFA S CARGRAPEE S, NRB 8 IN%T SNR MBI EE; XHFHECh 1042 cm™ A1 1414 cm™!
(4 2%, SNR M 10 3% 30. HAMME NEE, FEBT YAG @A A FE LSS OBk
1048 nm I BESR K, 7RI B TR O K ISR AN . BT AZEIX Se B U L Y, NRB 40 A/l [ e
# NRB GRG0, SNR KAE THEMZ . XERH, X TAGHKRTMH 255 H NRB 2 mHRAKH
THEOLT, HIGKX SNR s BB )5, AT 2905 cm™ Fi 20, JOEIZIE(E S5H0E,
{H T XN [ Stokes 3RJEAR/N, S 15 S HAMRERAK. ik, SNR {HE/N, [ NRB &K
Hahn, SNR A K. XRUTEE TEGMEL T, NRB 5N SNR MBGESIR AR . MAkE,
BEECLF KR N, SNR EBLH UM TR BKAICL 2 S8 5 R SERAN R (B R, M
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Figure 11. The signal to noise ratio of four wave number peaks at 1~6 km length and different non-resonant backgrounds: (a)
Wave number at 661.3 cm™; (b) Wave number at 1042.1 cm™; (c) Wave number at 1413.8 cm™; (d) Wave number at 2905.3
cm™

11. 1~6 km KERMAEFEHFE R T MRBUEEREEL : (a) KEH 661.3 cm 1 B; (b) K#J9 1042.1 cm Y
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Figure 12. The signal to noise ratio of the four wave number peaks of 1~6 km length and different rising edges: (a) Wave
number at 661.3 cm™; (b) Wave number at 1042.1 cm™; (c) Wave number at 1413.8 cm™; (d) Wave number at 2905.3 cm™
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