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The development of nonlinear fiber-endoscopes capable of imaging deeper in tissues and accessing internal organs represents a very 

attractive perspective for application of nonlinear optical microscopes to in-vivo research and diagnostics. A critical point in the 

development of such endoscopes is the transmission of ultra-short laser pulses used for excitation at the sample plane. Hollow-core fibers 

represent a solution to this problem since the propagation of the pulses in air reduces nonlinear interactions. In our work, we employ a 

novel double clad Kagomé-lattice hollow core fiber both for the delivery of ultrafast pulses across a large spectral window and the efficient 

epi-collection of the signal with the outer multimode cladding. We have developed a 4mm endoscope based on a four-quartered piezo-

electric tube to scan the laser beam on the sample. Imaging is performed by resonant scanning of the fiber tip and is capable of imaging a 

field of over 300 microns diameter. Images with different contrast mechanisms like Second Harmonic Generation (SHG), two photon 

excited fluorescence (TPEF) and Coherent Anti-Stokes Raman Scattering (CARS) acquired with the prototype endoscope illustrate the 

potential of these fibers for nonlinear imaging in regions otherwise inaccessible to conventional optical microscopes.   

Nonlinear optics: from 

microscopy to endoscopy 

The sensitivity of nonlinear imaging 

techniques to different molecules or 

structures make it ideal for the study of 

complex biological tissues. 

 

The development of miniaturized 

nonlinear imaging probes holds great 

promises for research and clinical 

applications (including cancer detection 

and surgery guidance) [3]. 

 Imaging of  Alzheimer Disease brain tissues with a Grin-lens  multimodal 

microscope [1]. 

Kagomé DC fiber 

for NLO 

endoscopes (a), 

the fiber core (b) 

and transmission 

spectrum (c). 

Kagome double-clad fiber for 

nonlinear optical endoscopes 

We present here a novel hollow-core (HC) double-clad Kagomé fiber. 

This fiber is characterized by low Group Velocity Dispersion (GVD) over a broad transmission 

band, which allows for simple spectral tunability and multi-wavelength excitation. 

Propagation in an air core drastically reduces nonlinear interactions occurring along propagation 

in the fiber. The double clad in the fiber increases the numerical aperture of the fiber, enhancing 

the collection efficiency. 

Photonic nanojet for higher image resolution 

The large mode field 

diameter of the Kagome is 

not ideal for a high-

resolution, high-contrast 

nonlinear endoscope. 

We solve this problem with a 

dielectric micro-sphere 

attached to the distal end of 

the fiber and sealed by 

means of a CO2 laser. 

The endoscope can 

perform imaging (or 

spectroscopy) over a 

broad spectral window.  

Spectral tunability 

Measured 

Literature [4] 

Pulse duration 

No temporal 

broadening is 

observed for 100-fs 

short pulses on the 

sample. 

SEM image of the micro-

bead after sealing to the 

fiber. TPEF and SHG imaging 

TPEF images of a human colon tissue ex-vivo (red) and 

SHG images of a rat tail tendon. 

Auto-fluorescence emission in tissues at 

540nm occurs mainly because of flavin rich 

proteins.  

SHG occurs when light is scatterd by non-

centrosymmetric materials. Collagen, naturally 

present in human tissues, is a strong SHG 

emitter. 

No FWM background 

HC fibers greatly reduce the 

FWM background, which has 

hampered so far the 

development of miniaturized 

CARS probes [2].  

The excitation pulses are transmitted by 

the Kagomé fiber. The spiral pattern 

followed by the fiber is reproduced on the 

sample through the relay optics 

(achromatic lens assembly). 

The nonlinear signal is back-collected by 

the fiber and detected with a PMT.  

Fiber-scanning 

endoscopy 

A nonlinear endoscope has to: 

• Transmit excitation pulses 

• Collect the generated signal 

• Perform imaging on the sample  

Coherent Raman imaging 

The development of miniaturized CARS 

endoscopes has so far been limited by the 

unavoidable Four Wave Mixing (FWM) 

background generated in silica optical fibers [3. 

With the Kagome fiber, propagation through the 

hollow-core limits nonlinear interactions, allowing 

for high-contrast, high-resolution CARS 

endoscopy. 

Coherent Raman imaging 

fs-CARS images of 30 𝜇m latex beads and 

lipids in a human stomach tissue ex-vivo. 

Coherent Raman imaging 

With the fiber-scanning endoscope we are 

capable of imaging different human tissues ex-

vivo and will soon perform in-vivo 

experiments. 

Multimodal imaging of 

unlabeled tissues 

Multimodal imaging of a human stomach tissue ex-vivo. CARS (red) highlights the lipid droplets, 

while SHG (green) shows the collagen that constitute the connective tissue. 

Top: the imaging mechanism of the probe. Bottom: The 4mm probe 

we developed in collaboration with Univ. Limoges (France) 
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