542 B 5
2023 4E 10 A

AP RS T N K

J. Infrared Millim. Waves

Vol. 42, No. 5
October,2023

XEHS:1001-9014(2023)05-0681-06

DOI: 10. 11972/j. issn. 1001-9014. 2023. 05. 013

FT CARS B R BY B K AT S e LRt 28

HOE, FEA, A R,

A

NN

MoE, #EX

(LB TR e R B ST EHL TR A5, L1 200093)

HEHMTRHFETHITE M (CARS) B MR G AR B REZ SN RGN FENH BN TG SLAES,
R AE R e Pm R By E IR R R F 55 2 %W CARS 5 5 R M . MLk K, 7T LA F 4Rk EiRk%
FRHEALFEET AT EAENAELEEEFATEET  HEEAETUE—FRE FHKELREESEF
B, CEHERET T 0% Mok oA KR R B K K TS B OR P HOE A G, S I R T SOk ok B RE
R LI T 779. 1~784. 5 nm, 777. 5~786. 1 nm,784. 5~790. 5 nm By K KB %, 7K 43 T 110. 8 mW, 136 fs By ko #r 1 .

At 5 BRI RS w s B F, T T CARS Bt
*x @
HE S %S 0437

WA T R R A KK TS FRIRERSRF
SCERFRIRAD: A

Wavelength tunable fiber laser for CARS imaging

ZHAO Ming-Ze, LlJia-Ying, LIU Liang,

LI Dian-Dian,

HAO Qiang, YANG Kang-Wen

(School of Optical Electrical and Computer Engineering, University of Shanghai for Science and Technology,
Shanghai 200093 )

Abstract: Coherent anti-Stokes Raman scattering (CARS) microscopy showed great potential for rapid pathological

analysis, pharmacokinetics and other fields. However, the non-resonant background (NRB) signals generated during

imaging will affect the detection of CARS signals. By tuning the wavelength, the signal can be generated at the coexis-

tence of resonance and NRB, or at the place where there is only NRB. The influence of NRB can be eliminated to a cer-

tain extent by cancelling the two signals. In this paper, a wavelength tunable erbium-doped fiber laser system based on

divided pulse amplifier and crystal frequency doubling was built. It was proposed to control the pump power of two-

stage amplifiers to achieve wavelength tuning. Finally, 110. 8 mW and 136 fs pulses were output at 779. 1-784. 5 nm,
777.5-786. 1 nm and 784.5-790. 5 nm. The laser and ytterbium-doped laser system can be used for CARS imaging

through passive synchronization.

Key words: coherent anti-Stokes Raman scattering, wavelength tunable, non-resonant background

51

il

AT 5 37 4G v 7 7 2 B (Coherent Anti-
Stokes Raman Scattering, CARS) & —Fl & T4 F1k
AR B AR bR SO BAMOR R T L T A bR
10 RSV OCH s /N AR R A A U L
R 2j s Iy 2 46 05 ) N . AT
TEI ] _F[6) 20 25 6] b 0y S8 GG se 5t
STIEURTAT G570 e | = o SO RSE @ [E A L ¥ (==

s B 8B :2023- 03- 11,188 B #7:2023- 07- 14
HEWB : HEK AR FEE4(11974248,62175064)

i %07 S CARS JfG . AR AE ™ A S 4B ve
(e 5 A TRII, o2 phRE AR B 7 AR Al LR T S5t I
PR AR IR SRS (5 S 2 B — LB
CARS{F 5, X 2 flf CARS i i 25 A A & UM E
R M RO R, T R AR IR TS S
F TR B AT F T CARS AR B 1
Mo —2EBREAL PR I 1 TR T a3 13O E 27 8
B CARS {55 PR LR SR A I F e T . —

Received date:2023- 03- 11, Revised date:2023- 07- 14

Foundation items : supported by National Natural Science Foundation of China (11974248, 62175064 )
13 18 91 (Biography) « X W% (1998-) , 55, e YT N, 2 20 A, 32 B0 S8 AU JH T 400 B AR B9 3T 204 27 O &%, E-mail :

1967801421@qq. com
: B IF{EE (Corresponding author) : E-mail: kangwenyang@yeah. net


https://dx.doi.org/10.11972/j.issn.1001-9014.2023.05.013
mailto:E-mail:1967801421@qq.com
mailto:E-mail:1967801421@qq.com
mailto:E-mail:kangwenyang@yeah.net
mailto:E-mail:kangwenyang@yeah.net

682 g hh 5 2 oKk I e 42 3%

BB T 38 I RO AR R S IO A [R) A B T
0 FL, A DL A A iR | A IR LR Y R
A7 CARS 155 DA Bz HAEAE AR Jh 4R 9 50 s 1Y
CARSTF 5 ¥ MR A5 2 ) CARS 15 5 AHIH B AT 15 2]
B W AR AL IR 55

SBR[ AR T CARS BUZ 0 4 AT i
WEOGCLFHOE AR AT A G [ Wt . 2014 4%, 56 3L
B3 R 2 Y Xie R X A8 NS T RFMBEEBOLAT
ARG G SR CEF 7 A K A B3RS 1 7 1 58
BTG s OGP I . 2016 4, REER 411
TLRUESE NFEEE T A B EOCL IR &, A Ha i
72 S BT S TG RIS . X PRk AR
AR ABAAAAE— € B BRI #8506 7 iAot 2f 25
HI T D B RE [l B e AR AR e, B
LRI ) R GRS BN S Ao 2020 4F 2 2021 4,
AR VR A — T B T ) i A S B A
TR, AN R A R R T S OGS S L
TGk Al FE 0. 3 nm AR IR (LA A ORI
R G0 T B DA R A, T R B S AN ik
Rk, FEOCHEINE 4

R TR AR ) T, A SR TS T — P Sk
WA AT HIE B DR EOBE B T IR
LA ZR S8, 30 328 18] B PR GOOR I A D R L, 58
BLT 780 ~790 nm HY PRI 5 38 1o F MFEA B
Bl SEE T I ] CARS R FH 4 P VRO 6 TR
1 XWKE

SR EAN R 1 R . ARSI iR F A 4 i
P 32 AT A Bk 3l [R50 32 2 th = NPEOG &%
PR, FHOG RS EE hBEDLL R &% (Er Oscil-
lator) | 43 B ik ¥ it K (Divided Pulse Amplifier,
DPA) AR K A5 55 ( Frequency Doubling ) #Et2H Al ; A
HOLE: FZ R BROLL R G 4% (Yb Oscillator) & 42
BEGCAF A (Amplifier) 2H A8 o

BHDCLBOCER T E 48 T O R 254, 4
it B o3 R AR G R B IE B2 (Nonlinear Ampli-
fied Loop Mirror, NALM) 845 77 =X, e S L <97
FHEALGEH . AR AT OB 976 nm R m
TR Sk 600 mW 1Y 80 — #% 45 (Laser Diode,
LD) , | FAH# %% (Phase Shifter, PS) FA{R A% {8
PBELHOC K IR 5 s it 2 DPASGIrh, e i
K4 976 nm 1Y LD 1 Ay B Y 218 U5, 79 2 0 9
{19 B e i £ 01253 31l 600 mW 2W o T R
Z AL ik o3 5 2% ( Divider ) R PR o 45 530 24

Tk, 2833 D 3R 5 19 ik vh PR £33 Divider
B R B K ORI B9 Kt 2858 1550 nm (Y 5
BOGEFJEAT K oh FE 4, i H 0% koo Ao J) 49001 e
A (Periodically Poled Lithium Niobate, PPLN)#f
PR, e 2t O I R 785 nm 2245 1D

FRATTHE 4 R 45 SR OGS 1 S B dE e 1ok
IR, ARG #5450 S8R G A AL, IR 48 %
R Tk oh 2 5k B RS PR UCEE A P G KA R
GO R AR IR I I 976 nm , f = )%
53510 600 mW 14 W, f5: 0] DL A5 2] i Hh D Ry
5.67 W, LR 1026 nm A ik i

FI IR it ik L B 42 841 3% #3119 1: 9 OC (Optical
Coupler) 1 10% i i ¥ 5 48 Bk ¥ ¢ 19 1030/1550
nm WDM (Wavelength Division Multiplexer) i& % ,
R 25 OC K5 T A ZBERG &, 5%
ML BRI WO S o i R K o 28 d gk
TERAS 26 A AU T R4 T A A S 1 CARS A4
2 RIGERSH

FIH] LaserFOAM A 477 A2 BLBOG & i Ot
TEIE , 4 Ak of A48 DPA B8 oh— 20K 5
it R G ET 3 25 AL, DPA ) R R
SN A RN EN el SUIRST &S = RPN QU LI NN Sl
B BE S WA kA 2T B AL R 1550 nm,
Jok w58 B2 Sk 3 ps, WHIRk 2 0. 2 fs” 1) /55 0 ik oo, 4 B
PkufRE BN 1. 6 n] CFHZIRK 80 mW ), #ET2K
P SO S8 W E LA AR B 6 W
km™, K 1580 nm, R FE B 80 70 ps/km,
KRR 1 m, [RI 5 LA B €5 15 0% 0 e B 40 512 B
S AEXTAR S, RS BB TE R AN 2 (a)
W 2k BRAR R MK vP B i 2 1 ] CE3 5%k 50
mW) , £ B RE E e 2 (b) 15 ih 28 5 gk 2k %
IRk pP BB I 22 0. 6 n) CF TR 30 mW) , 153
BEUETE EE 2 (o) #E e ih 4k . i Rl f
LA Bl G AT 1 25 o R g G 4l S
JEIEE T, 4 ORIRAT A SR P R X —

eSS E R, SeE U TR H R Pump2
55 Pump | 530 1 6] — B 5 A GAEL, R 1 K s 2
R E R — K, FEREAK Pump 1 {81 [ B, 7 38
K Pump2 ({E . HO K 1560 nm, J12K 7 mW A9 ik
ot A DPA B % Pumpl JF £ 600 mW,
Pump2 JF 2 1 W, A 2 29 2% 1Y (Pump2 : Pumpl)
M1 67, B TR N 398 mW, Ho G iE A&l 2 (a)



BEHPE 2 T CARS BUS YD Al I e 2oL &%

5 683
Pump Pump 1
980/1550 2:8 @ 980/1550 g zz 2
—
‘WDM oC F-PBS WDM EDF FRM
5:5 @ Pump 2
: RM
OC EDF|
EYDF
o PS FRM
- Divided Pulse Amplifier
0
oC
Er Oscillator Output
O
© ﬁ
1550/1030 5:5 FC/APC Lent ~ ppLN  Len2 M
Frequency Doubling
Pl Pump Pump
Pump
980/1030 980/1030
Col WDM/OC 1SO WDM YSF ISO Combiner PCF pc/APC
Yb Oscillator Amplifier
Bl 1 SCH0 A K WDM.: P40 & & s EDF : B4 35 6 2F  OC: 40 63 s PS: MRS 2 s FRM 3 405 SO 5% s EYDF - SHBE BWLAL )2 47

YSF: B 53 35 JCE4T 5 Col : ME ELA s FBG : YL Aii hiA% JGMl ; 1SO - B B 28 s F-PBS : YGLT R IR 73 SR s HWP: 220 A ;s Divider: kil 3 2 25 s M« U

5 PCF BT MR IGLr
Fig. 1

Diagram of experimental setup: WDM: wavelength division multiplexer; EDF: erbium doped fiber; OC: optical coupler; PS: phase

shifter; FRM: Faraday rotation mirror; EYDF: erbium ytterbium doped fiber; YSF: Yb doped fiber; Col: collimator; FBG: fiber bragg grating; 1SO:

isolator; F~PBS: fiber polarization beam splitter; HWP: half-wave plate; Divider: pulse separator; M: Mirror; PCF: Photonic crystal fiber
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Fig. 2

(a) Spectral simulation diagram of pulse energy 1. 6 nJ;

Output spectrogram with pump power ratio of 3. 33; (b) Spectral

simulation diagram of pulse energy 1nJ; Output spectrogram with pump power ratio of 1. 67; : (¢) Spectral simulation diagram of pulse

energy 0.6 nJ; Output spectrogram with pump power ratio of 6.67; (d)Time domain waveform with pump power ratio of 6.67
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Fig. 3 (a) Spectrum after frequency doubling with pump power ratio of 1. 67; (b) Spectrum after frequency doubling with pump

power ratio of 3. 33; (c) Spectrum after frequency doubling with pump power ratio of 6. 67; (d) Time domain waveform after fre-

quency doubling with pump power ratio of 6. 67; (e) Relation between the ratio of pump power and pulse output power and spec-

tral center wavelength; (f) Output power variation curve of different pump power ratios
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of Yb-doped laser
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Table 1 Comparison of Raman Wavenumbers and Detectable Chemical Bond
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