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Abstract: Coherent Raman scattering microscopy is widely regarded as a powerful tool for solving biomedical problems
due to its chemical specificity, label-free imaging capability, high spectral resolution and high sensitivity. However,
the clinical application of coherent Raman scattering imaging technology has long been hindered by environmental sensi-
tivity and large volume solid-state lasers. Ultrafast fiber lasers, with their compactness and stability, can effectively
overcome these shortcomings. In this paper, different realization methods and research progress of fiber-based laser
sources in coherent Raman scattering imaging are reviewed, including supercontinuum fiber source, soliton self-fre-
quency shift fiber source, fiber optical parametric oscillator and synchronized fiber source, and the future development
is prospected.
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Fig. 1

difference in photon energy between the pump and Stokes beams matches the energy of a vibrational state of the target molecule,

Schematic of all-fiber laser system for SRS based on broadband supercontinuum: (a) Energy diagram for SRS. When the

molecules are efficiently excited from the ground state to the corresponding excited state and a pump photon is absorbed and a
Stokes photon is generated. (b) Schematic of the fiber laser. The laser system starts with an Er-doped fiber oscillator, which is
mode-locked with a carbon nanotube (CNT) saturable absorber. The output is split into two arms to generate the pump (upper arm)
and Stokes (lower arm) beams. The Stokes beam is modulated at 10 MHz with an electro-optic modulator (EOM ), temporally and
spatially combined with the pump beam, and aligned into a beam-scanning microscope. Transmitted beams are collected with a con-
denser. The pump beam is detected by the autobalanced detector after the Stokes beam is blocked with an optical filter. The refer-

ence beam is sampled in front of the microscope with a polarizing beamsplitter (BS)
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Fig. 2 Clinical SRS microscope based on polarization-maintaining optical fiber components: (a) SRS microscope in operating
room. (b) Key components of the dual-wavelength fiber-laser coupled microscope required to create a portable, clinically compatible
SRS imaging system. The top arm of the laser diagram indicates the scheme for generating the Stokes beam (red), while the bottom
arm generates the pump beam (orange). Both beams are combined (purple) and passed through the specimen. HNLF, highly nonlin-
ear fiber; PD, photodiode; PPLN, periodically poled lithium niobate. (c)(d) Raw 2845 cm™ image of human tissue before (c) and af-

ter (d) balanced-detection-based noise cancellation
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Fig. 3 Multimodal label-free imaging system with controllable Stokes wavelength (A ) and relative pump delay (8t). BS, beam

splitter; SM, silver mirror; PCF, photonic crystal fiber; LP, long-pass filter; BP, bandpass filter; SF6, SF-6 glasses rod; DC,

dichroic beam combiner; OB, objective lenses; PC, pockels cell; Pol, polarizer; PD, photodiode. Inset on the right: measured

relative intensity noise of the fiber laser (red) and of the soliton self-frequency shifted pulses (black).
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Fig. 5
(blue) and the MOPA (red) are driven by high-speed function

generation electronics with adjustable delay (black). In the

(a) Schematic of the synchronized lasers. The PL

PL, the wavelength is determined by the frequency generator
through dispersion tuning using four dispersive CFBGs and an
EOM. The EOM is driven by a 25 ps pulse generator. A wave-
length division multiplexer (WDM) is used to combine the
980 nm pump and the signal into the erbium-doped fiber. The
MOPA consists of a continuous wave laser diode modulated
through an EOM by a 25 ps pulse generator with the same repe-
tition rate as the PL. (b) The CFBG forms different cavity
lengths for each wavelength. Tuning is achieved by changing
the driving frequency of the EOM, and consequently the repe-

tition rate of the laser
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Fig. 7 The experimental setup of passive synchronization fiber lasers used for CARS imaging. EDFO, Er-doped fiber oscillator;
YDFO, Yb-doped fiber oscillator; AMP, amplifiers; ASB, active spectral broadening module; BPF, bandpass filter; SP, short
pass filter; LSM, laser scanning microscopy; PS, phase shifter; OC, optical coupler; G, grating; SMF, single mode fiber;

WDM, wavelength division multiplexer; TM, tunable mirror; PMT, photomultiplier tube
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Table 2 Comparison of pros and cons of fiber—based laser sources for coherent Raman scattering imaging

WOt LHHEA T A B
HIETE T (~1000-3000 cm™") VRS OC R AR PR T il 3 Ul R
REBFBHERR o SR TR (A BHE AT (AR e )
A S B R O (5 L 22
BB (S AR )
Ry S SRR LE TR S EOLE AR TR
b 2 Ra AL E 5 N o4 B e ) T AL SR ]
TR A 1 L Hagits e 2 T A T e
VI S L T3K< 1 om”
T
A BRI S Sl s
o B K5
PRI Kb 43t ) S B0 DT T B R
WK O T 3 T2 60 T A TN T S N 2
ERFES LR SRS, TSI ps ZUK B 5 IR S R D S , L R M AT I
WO 38 3 S A A
5 e S {%ﬁ}‘ﬁﬁ%ﬂi@%ﬁﬂ AT A M
RIS e A B
BARSANR P ST R, BRI K (S
5F N,

RS T B AR X A2 IR, EL IR TG B O T s A

SERGBETT S SV EC 0 HERR M
BRI, A FDCL LR H AR TE AR M BE &R

G AR S N S N R T TR A A RS, A AR 2k

B RGBT REAR Y 23 (R 29 3R K R G 0F Kk H s

HATEE AT B

4 RES5RE

ARSCRGE I A0 T Y 1 AH T2 U
TSR G EF G A SE BLRE AT |, 0456 8 3% 223 AN
¥ AW LS kG A E s [ O LR
HWOL RS, it BA AR AR LSRR,
2 GO CLF O ARTEHE S F — s P AR K
JEA CRS - B E P AL O E

CRS Sl B8 AR AR He v 25 ) 0 B 0 2L R
C AR AT A e e S SR R AR B 2 N
TGRSR L2 W 5 AT S5 AU e )
S TE il Ji ggg e o0 LR e H A B Y U
JRUTH 72 A R e R A3 B0 BT v R B R
1o BRI, HET CRS F G811k AR AT T i i 22 4k
A, B AL HR A R AR R AR AR 5 2% W) 2D AL
A JNA G BRI . B AT, 2Bk S [ Invenio Im-
aging 2\ ] 5 T SRS Y Tl & 4t (NIO Laser Imaging
System ) SEHL T W] 20 (1)1 DRV Hhu i B, (H A& A AT
Ab T R Be

T ) A >, 628 G U ) 458 252 i Jee s 1 #E B
CRS RGEHERRIE T 5 Im R AL 1 SCHEBR Bl g . AL
M5, LA PUAST7 ) 0o OB - 1 RS 1 5 M

A PE 24 AT SC L SSFS 5 FOPO 25 i 5 748 i U5 I
30 A FE AF T 5 B MR P S v 1Y) [ BB, 52w SRS BTA
fEWE L. R TE MAR EALEI A 5 RGPtk
ACSE T AT TR AR T i . 2 R
VIS5 28 1SR il B AR 22k B R
R, TR I T A g B TOHUA AE SR ) R 3 I 3
HLH SR F 2238 1B A7 OG IR 284, SE R AE 22 R0 2
W] N P 2 A P08 6T . 3[R HL i AY 4 ik
SRR T - ki gh R 2P 05 58 O A ROR e ER AR
ARG ok i) R G 2k B XL IR S50
WSS IR 2 i B AR PR TR i — 2004k, DA 2
I PR 1 58 I B (B) B 2238 AT R . 4 KOS
B RUSEEESS AL & S TR AL B 1, 2 4
3l CRS E [ I R 5 FLAH FH A DG SRR AR . B2 B0
A B PTG A B R £ R K 3 T I
RS A S SO e P A 2 i 8

ST 2, BEE L BOGAR EERR AR R
REAb 4 il T B FF 22 AL, CRS USRS A SR
Xof AR B0 2R Ge O, 505 e PR BB+ I AR + 7]
TRE BT R R . RO A TS R
TR 2] BT 564 - 5 /NI CRS R4, A
BEA BT — B B AR R A8 A OB S HE
i v =7 RUR s W B A1 w8 B 255 v R A0 R v 3
LN RES 2y

References

[1] Raman C V, Krishnan K S. A new type of secondary radia-
tion [J]. Nature, 1928, 121(3048): 501-502.
[2] Zhang C, Cheng J. Perspective: Coherent Raman scattering



XX 1 AR 5 TR B IR B F IR .

microscopy, the future is bright [J]. APL Photonics,
2018, 3(9): 090901.

[3] Raman C V. A new radiation [J]. Proceedings of the Indian
Academy of Sciences — Section A, 1953, 37(3): 333-341.

[4] Gao S, Zhang Y, Cui K, et al. Self-stacked small mole-
cules for ultrasensitive, substrate—free Raman imaging in
vivo [ J]. Nature Biotechnology, 2024.

[5] Min W, Gao X. Fundamental detectability of Raman scat-
tering: A unified diagrammatic approach [J]. The Journal
of Chemical Physics, 2024, 160(9): 094110.

[6] Gao X, Li X, Min W. Absolute stimulated Raman cross
sections of molecules [J]. The Journal of Physical Chemis-
try Letters, 2023, 14(24): 5701-5708.

[7] Maker P D, Terhune R W. Study of optical effects due to an
induced polarization third order in the electric field strength
[J]. Physical Review, 1965, 137(3A): A801-A818.

[8] Min W, Gao X. Raman scattering and vacuum fluctuation :
An Einstein—coefficient-like equation for Raman cross sec-
tions [J]. The Journal of Chemical Physics, 2023, 159
(19): 194103.

[9] Saar B G, Freudiger C W, Reichman J, et al. Video-rate
molecular imaging in vivo with stimulated Raman scattering
[J]. Science, 2010, 330(6009) : 1368-1370.

[10] Camp J C H, Cicerone M T. Chemically sensitive bioimag-

ing with coherent Raman scattering [J]. Nature Photon-
ics, 2015, 9(5): 295-305.

[11] Zumbusch A, Holtom G R, Xie X S. Three—dimensional
vibrational imaging by coherent anti-Stokes Raman scat-
tering [T]. Physical Review Letters, 1999, 82 (20) :
4142-4145.

[12] Tipping W J, Lee M, Serrels A, et al. Stimulated Raman
scattering microscopy : an emerging tool for drug discovery
[J]. Chemical Society Reviews, 2016, 45 (8) : 2075-
2089.

[13] Duncan M D, Reintjes J, Manuccia T J. Scanning coher-
ent anti-Stokes Raman microscope [J]. Optics Letters,
1982, 7(8): 350-352.

[14] Potma E O, Jones D J, Cheng J, et al. High—sensitivity
coherent anti—Stokes Raman scattering microscopy with
two tightly synchronized picosecond lasers [J]. Optics Let-
ters, 2002, 27(13): 1168-1170.

[15] Ganikhanov F, Carrasco S, Xie X S, et al. Broadly tun-
able dual-wavelength light source for coherent anti—
Stokes Raman scattering microscopy [J]. Optics Letters,
2006, 31(9): 1292-1294.

[16] Evans C L, Potma E O, Puoris'haag M, et al. Chemical
imaging of tissue in vivo with video—rate coherent anti—
Stokes Raman scattering microscopy [J]. Proceedings of
the National Academy of Sciences, 2005, 102 (46) :
16807-16812.

[17] Kieu K, Saar B G, Holtom G R, et al. High—power pico-
second fiber source for coherent Raman microscopy [1l.
Optics Letters, 2009, 34(13): 2051-2053.

[ 18] Beutler M, Rimke I, Biittner E, et al. Difference—frequen-
cy generation of ultrashort pulses in the mid—IR using Yb—
fiber pump systems and AgGaSe, [J]. Optics Express,
2015, 23(3): 2730-2736.

[19] Freudiger C W, Yang W, Holtom G R, et al. Stimulated

Raman scattering microscopy with a robust fibre laser

source [ J]. Nature Photonics, 2014, 8(2): 153-159.

[20] Bégin S, Burgoyne B, Mercier V, et al. Coherent anti—
Stokes Raman scattering hyperspectral tissue imaging with
a wavelength—swept system [J]. Biomedical Optics Ex-
press, 2011, 2(5): 1296-1306.

[21]Tu H, Liu Y, Turchinovich D, et al. Stain—free histopa-
thology by programmable supercontinuum pulses [J]. Na-
ture Photonics, 2016, 10(8): 534-540.

[22] Andresen E R, Paulsen H N, Birkedal V, et al. Broad-
band multiplex coherent anti—Stokes Raman scattering mi-
croscopy employing photonic—crystal fibers [J]. Journal of
the Optical Society of America B, 2005, 22(9) : 1934—
1938.

[23] Liu W, LiC, Zhang 7, et al. Self—phase modulation en-
abled, wavelength—tunable ultrafast fiber laser sources:
an energy scalable approach [J]. Optics Express, 2016,
24(14): 15328-15340.

[24] Orringer D A, Pandian B, Niknafs Y S, et al. Rapid intra-
operative histology of unprocessed surgical specimens via
fibre—laser-based stimulated Raman scattering microsco-
py [J]. Nature Biomedical Engineering, 2017, 1 (2)
0027.

[25] Hollon T, Jiang C, Chowdury A, et al. Artificial-intelli-
gence—based molecular classification of diffuse gliomas us-
ing rapid, label-free optical imaging [J]. Nature Medi-
cine, 2023, 29(4) . 828-832.

[26] Kondepudi A, Pekmezci M, Hou X, et al. Foundation
models for fast, label-free detection of glioma infiltration
[J]. Nature, 2025, 637(8045) : 439-445.

[27] Gottschall T, Meyer T, Baumgartl M, et al. Fiber—based
light sources for biomedical applications of coherent anti—
Stokes Raman scattering microscopy [J]. Laser & Photon-
ics Reviews, 2015, 9(5): 435-451.

[28] Wang K, Horton N G, Charan K, et al. Advanced fiber
soliton sources for nonlinear deep tissue imaging in bio-
photonics [J]. IEEE Journal of Selected Topics in Quan-
tum Electronics, 2013, 20(2): 50-60.

[29] Andresen E R, Berto P, Saint-Jalm S, et al. Stimulated
Raman scattering microscopy by spectral focussing and fi-
ber—generated soliton as Stokes pulse [J]. International
Society for Optics and Photonics, 2012, 8226: 822606.

[30] Wang K, Xu C. Tunable high—energy soliton pulse genera-
tion from a large-mode—area fiber and its application to
third harmonic generation microscopy [J]. Applied Phys-
ics Letters, 2011, 99(8): 1027.

[31] Dudley J] M, Genty G, Coen S. Supercontinuum genera-
tion in photonic crystal fiber [J]. Reviews of Modern Phys-
ics, 2006, 78(4): 1135-1184.

[32] Agrawal G. Nonlinear Fiber Optics [M]. 5th ed. Boston:
Academic Press, 2013: 129-191.

[33] Andresen E R, Nielsen C K, Thggersen J, et al. Fiber la-
ser—based light source for coherent anti-Stokes Raman
scattering microspectroscopy [J]. Optics Express, 2007,
15(8) : 4848-4856.

[34] Unruh J R, Price E' S, Molla R G, et al. Two—photon mi-
croscopy with wavelength switchable fiber laser excitation
[J]. Optics Express, 2006, 14(21): 9825-9831.

[35] Tada K, Karasawa N. Broadband coherent anti-Stokes Ra-

man scattering spectroscopy using soliton pulse trains from



12 AN/ RS9 S g o

XX &

a photonic crystal fiber (1. Optics Communications,
2009, 282(19): 3948-3952.

[36] Baumgartl M, Chemnitz M, Jauregui C, et al. All-fiber
laser source for CARS microscopy based on fiber optical
parametric frequency conversion [J]. Optics Express,
2012, 20(4) : 4484-4493.

[37] Xie R, Su J, Rentchler E C, et al. Multi-modal label—
free imaging based on a femtosecond fiber laser [J]. Bio-
medical Optics Express, 2014, 5(7): 2390-2396.

[38] Feve J P, Pacaud O, Boulanger B, et al. Widely and con-
tinuously tunable optical parametric oscillator based on a
eylindrical periodically poled KTiOPO, crystal [J]. Optics
Letters, 2001, 26(23): 1882-1884.

[39] Zhang B, Yao J, Zhang H, et al. Temperature Tunable In-
frared Optical Parametric Oscillator with Periodically
Poled LiNbO, [J]. Chinese Physics Letters, 2003, 20
(7): 1077-1080.

[40] Kong C, Pilger C, Kunisch M, et al. Hyperspectral coher-
ent Raman scattering (CRS) microscopy based on a rapid-
ly tunable and environmentally stable fiber laser [J]. La-
ser & Photonics Reviews, 2023, 17(12): 2300512.

[41] Zhai Y, Goulart C, Sharping J E, et al. Multimodal coher-
ent anti-Stokes Raman spectroscopic imaging with a fiber
optical parametric oscillator [ J]. Applied Physics Letters,
2011, 98(19): 191106.

[42] Gotischall T, Meyer T, Jauregui C, et al. All-fiber opti-
cal parametric oscillator for bio—medical imaging applica-
tions [ C]// Proc. of SPIE. SPIE, 2017, 10083: 100831FE.

[43] Brinkmann M, Fast A, Hellwig T, et al. Portable all-fi-
ber dual-output widely tunable light source for coherent
Raman imaging [J]. Biomedical Optics Express, 2019,
10(9) : 4437-4449.

[44] Ni H, Lin P, Zhu Y, et al. Multiwindow SRS imaging us-
ing a rapid widely tunable fiber laser [J]. Analytical
Chemistry, 2021, 93(47): 15703-15711.

[45] Choi Y, Lim S, Shim J] W, et al. Shot—noise=limited two—
color stimulated Raman scattering microscopy with a bal-
anced detection scheme [J]. The Journal of Physical
Chemistry B, 2020, 124(13): 2591-2599.

[46] Nose K, Ozeki Y, Kishi T, et al. Sensitivity enhancement
of fiber-laser-based stimulated Raman scattering micros-
copy by collinear balanced detection technique [J]. Op-
tics Express, 2012, 20(13): 13958-13965.

[47] Crisafi F, Kumar V, Scopigno T, et al. In-line balanced
detection stimulated Raman scattering microscopy [J].
Scientific Reports, 2017, 7(1): 10745.

[48] Nose K, Ozeki Y, Kishi T, et al. Sensitivity enhancement
of fiber—laser—based stimulated Raman scattering micros-
copy by intensity noise suppressor [ C]// 2012 Conference
on Lasers and Electro—Optics (CLEO). IEEE, 2012: 1-2.

[49] Yang K, Li J, Wu J, et al. Mode—locking threshold de-
crease in a fiber laser by heterochromic optical pulse injec-
tion [J]. Optics Letters, 2022, 47(16) : 4095-4098.

[50] Kong C, Pilger C, Hachmeister H, et al. High—contrast,
fast chemical imaging by coherent Raman scattering using
a self—synchronized two—colour fibre laser [1]. Light: Sci-
ence & Applications, 2020, 9(1): 25.

[51] Yang K, Shen Y, Ao J, et al. Passively synchronized

mode—locked fiber lasers for coherent anti—Stokes Raman

imaging [1]. Optics Express, 2020, 28 (9) : 13721-
13730.

[52] Duling I N. All-fiber ring soliton laser mode locked with a
nonlinear mirror [J]. Optics Letters, 1991, 16 (8) :
539-541.

[53] Aguergaray C, Broderick N G R, Erkintalo M, et al.
Mode-locked femtosecond all-normal all-PM Yb-doped
fiber laser using a nonlinear amplifying loop mirror [J].
Optics Express, 2012, 20(10): 10545-10551.

[54] Runge A F J, Aguergaray C, Provo R, et al. All-normal
dispersion fiber lasers mode-locked with a nonlinear am-
plifying loop mirror [J]. Optical Fiber Technology, 2014,
20(6) : 657-665.

[55] Zhao W, Ma H, Zhang W, et al. Environmentally stable
ytterbium figure—of—eight fiber laser producing 177-fs
pulses [J]. Optics Communications, 2007, 273 (1) :
242-245.

[56] Liu G, Jiang X, Wang B, et al. 313 MHz repetition rate
mode—locked Yb: fiber laser with phase—biased nonlinear
amplifying loop mirror [J]. Laser Physics Letters, 2017,
14(8): 085103.

[57] Chu H, Zhao S, Li G, et al. Mode—locked femtosecond
polarization—maintaining Yb—doped fiber laser with a fig-
ure-nine configuration [1]. Optics Communications,
2021, 482: 126595.

[58] Zhao D, Zhang B, Liu S, et al. Wavelength tunable dissi-
pative soliton resonant holmium—doped fiber laser beyond
2.1 pm [J]. Optics Communications, 2023, 537:
129395.

[59] Freudiger C W, Min W, Saar B G, et al. Label-free bio-
medical imaging with high sensitivity by stimulated Ra-
man scattering microscopy [J]. Science, 2008, 322
(5909) : 1857-1861.

[60] Freudiger C W, Min W, Holtom G R, et al. Highly specif-
ic label-free molecular imaging with spectrally tailored ex-
citation—stimulated Raman scattering (STE-SRS) micros-
copy [J]. Nature Photonics, 2011, 5(2): 103-109.

[61]FuD, lu FK, Zhang X, et al. Quantitative chemical im-
aging with multiplex stimulated Raman ccattering micros-
copy [J]. Journal of the American Chemical Society,
2012, 134(8): 3623-3626.

[62] Cheng J, Xie X S. Vibrational spectroscopic imaging of
living systems: An emerging platform for biology and med-
icine [ J]. Science, 2015, 350(6264) : aaa8870.

[63] Lin H, Cheng J. Computational coherent Raman scattering
imaging: breaking physical barriers by fusion of advanced
instrumentation and data science [J]. eLight, 2023, 3
(13): 2-20.

[64] Lu F, Calligaris D, Olubiyi O I, et al. Label-free neuro-
surgical pathology with stimulated Raman imaging [J].
Cancer Research, 2016, 76(12): 3451-3462.

[65] Bae K, Xin L, Zheng W, et al. Mapping the intratumoral
heterogeneity in glioblastomas with hyperspectral stimulat-
ed Raman scattering microscopy [J]. Analytical Chemis-
try, 2021, 93(4): 2377-2384.

[66] Shin K S, Laohajaratsang M, Men S, et al. Quantitative
chemical imaging of breast calcifications in association
with neoplastic processes [J]. Theranostics, 2020, 10
(13): 5865-5878.



XX ] EAERT AF T AR08 B BUR RO AL IR AT T i 13

[67] Yang Y, Yang Y, Liu Z, et al. Microcalcification—based
tumor malignancy evaluation in fresh breast biopsies with
hyperspectral stimulated Raman scattering [J]. Analytical
Chemistry, 2021, 93(15): 6223-6231.

[68] Yang Y, Liu Z, Huang J, et al. Histological diagnosis of
unprocessed breast core—needle biopsy via stimulated Ra-
man scattering microscopy and multi-instance learning
[J]. Theranostics, 2023, 13(4): 1342-1354.

[69] Ni H, Dessai C P, Lin H, et al. High—content stimulated
Raman histology of human breast cancer [J]. Theranos-
tics, 2024, 14(4): 1361-1370.

[70] Ao J, Shao X, Liu Z, et al. Stimulated Raman scattering

microscopy enables Gleason scoring of prostate core nee-
dle biopsy by a convolutional neural network [J]. Cancer
Research, 2023, 83(4): 641-651.

[71] Zhang B, Xu H, Chen J, et al. Highly specific and label-
free histological identification of microcrystals in fresh hu-
man gout tissues with stimulated Raman scattering [J].
Theranostics, 2021, 11(7): 3074-3088.

[72]1Xu H, Zhang B, Chen Y, et al. Type II collagen facili-
tates gouty arthritis by regulating MSU crystallisation and
inflammatory cell recruitment [J]. Annals of the Rheumat-

ic Diseases, 2023, 82(3): 416-427.



