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Fig. 1. Schematic setup of the nonlinear optical microscopy driven by SESS. ISO: isolator, LD: laser diode, WDM: wavelength-divi-
sion multiplexing, Amp: amplifier, HWP: half-wave plate, PBS: polarization beam splitter, L: lens, LPF: long pass filter, NLOM:

nonlinear optical microscopy.
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Fig. 2. Spectrum and autocorrelation trace of the amplified pulse: (a) Spectrum; (b) autocorrelation trace. Red curve: measured

autocorrelation trace. Black curve: calculated from the transform-limited pulses allowed by the amplified pulse spectrum.
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Fig. 3. Spectrum broadening with coupled energy of 44 nJ, spectrum and autocorrelation trace of the filtered pulses at 990 nm:
(a) Broadened spectrum; (b) autocorrelation trace. Red curve: measured autocorrelation trace. Black curve: calculated from the
transform-limited pulses allowed by the spectrum at 990 nm. Inset: filtered spectrum at 990 nm.
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Fig. 4. Spectrum broadening with coupled energy of 50 nJ,
spectrum and autocorrelation trace of the filtered pulses at
1110 nm: (a) Broadened spectrum; (b) autocorrelation
trace. Red curve: measured autocorrelation trace. Black
curve: calculated from the transform-limited pulses allowed
by the spectrum at 1110 nm. Inset: filtered spectrum at
1110 nm.
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Fig. 5. 2PEF/SHG images of ex vivo human gastric tissue:
(a) 2PEF image; (b) SHG image; (c¢) merging of 2PEF and

SHG images. White arrow: epithelial cells; yellow arrow:

collagen. Scale bar: 100 pm.
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Fig. 6. 2PEF/SHG/3PEF /THG images of ex vivo human
gastric tissue: (a) 2PEF image; (b) SHG image; (c) 3PEF
image; (d) THG image; (e) merging of 2PEF/SHG/3PEF/
THG images. Pink arrow: elastic; yellow arrow: collagen;

white arrow: adipocyte. Scale bar: 100 pm.
4 %

FRATTY L PO IR E A 3T R R S A b
R SESS REHE ML R 76 7T A8 1) ZFp K TR sh 3k
RVEC A BT, R LB 2 RS R . Hoh,
990 nm 1) Kbk ol T LL3R 8 2PEF/SHG 3%,
Wk E AL NIEPESO B FAD MBOGLF 9k,
W RS SR AT 4 1Y) SHG 5%, SEaixt B 48Uk Y
AT R B XU S AR 1110 nm () KEPBK rh AT 2
X5l SLAM, ¥k B AL itEE (SO E 720k
FIR 5 240 B i =79k, WER IR 2R 41 SHG
55— LA ZE A 8 B S Y THG (55, 28
X i B 22K VR YD F 2 AS UA.

Hij, 5 Z &4k ¥ v (optical parametric

oscillator, OPO) Z5G KT AWOL A IR LM
A R BRI TR 1, BT DU 1110 nm
(9 ok W 3K 3l SLAM. {H 2B 5 04 fik o 25 40
(80 MHz) ., ik %E (140400 fs), FEUE(E DA%
e LR 0 R B RSO Z A5 M5 . You 45 19
P I T 10 MHz B 28050 8 108 % 205
A, 3 3 ik R O 2% 2 R 3% 2238 P 1110430
nm B FHFIK S SLAM, Wi 1) 3% 2 % 2 as0sd &
2PEF /SHG/3PEF/THG X P M & 15 5, B
BRI B 5t S50 2 2% HOW IR BRI 30 T4
S FRATIR I AYIET SESS I PG G Bk
F A OPO YEIRH A (43 MHz) . k57 (48 fs).
WA T3, MM EET 10 MHz [ 45506 RS 0
S IR S5 H T B B AT AR, NS G R Bl
SLAM.

I 9 24 L R e P 5 v ) 2 o B 43 22 TR 1
FHEAEFHC 2 BCh T e s 40 e e 38 50 L 1228
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B AL, TP 4 U S AU T GUETAL,
R I, 5340, AT LLE S 1110 nm ki
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Simultaneous label-free autofluorescence-multiharmonic
microscopy driven by femtosecond sources based on self-phase
modulation enabled spectral selection”
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( Received 9 December 2021; revised manuscript received 12 January 2022 )

Abstract

Nonlinear optical microscopy technique has unique advantages in tissue imaging, such as enhanced
contrast, high resolution, and label-free deep optical sectioning capabilities. Nonlinear optical microscopy also
has multiple imaging modalities, corresponding to various components in biological tissues. Unfortunately, its
wide applications are hindered due to the lack of broadly tunable femtosecond sources designed for driving
multimodalities simultaneously. To solve this challenge, we propose a new wavelength conversion
approach—self-phase modulation (SPM) enabled spectral selection, dubbed as SESS. The SESS employs SPM
to broaden the input spectrum in a short fiber, and the broadened spectrum features well-isolated spectral lobes.
Using the suitable optical filters to select the outermost spectral lobes produces nearly transform-limited
femtosecond pulses. In this work, we demonstrate a fiber-optic SESS source for multimodal nonlinear optical
microscopy. Based on a 43-MHz Yb-fiber laser, this SESS source can emit 990-nm, 84-fs pulses with >5-nJ
energy and ~84-fs pulse duration; it can also produce 1110-nm, 48-fs pulses with 15-nJ energy. The 990-nm
pulses are used to drive two-photon excitation fluorescence of many important fluorophores and second-
harmonic generation microscopy, which, combined with image splicing technology, enables us to obtain a large
field of view image of the gastric tissue. We also employ the 1110-nm pulses to drive simultaneous label-free
autofluorescence-multiharmonic microscopy for multimodal imaging of gastric tissue. Two-photon excitation
fluorescence, three-photon excitation fluorescence, second-harmonic generation and third-harmonic generation
signals of gastric tissue are simultaneously excited efficiently. Such a multimodal nonlinear optical microscopy

driven by SESS sources becomes a powerful tool in biomedical imaging.

Keywords: fiber laser, self-phase modulation, nonlinear optical microscopy
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