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ABSTRACT 

In this letter, we will explore the utilization of specialty multi-core fibers combined with wavefront shaping to 

enable two-photon imaging using femtosecond pulses. Specifically, we will emphasize the optimization of both 

the design and the post-processing of these multi-core fibers to achieve a compact footprint (200 microns), efficient 

power delivery, and resilience to mechanical perturbations 
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1. INTRODUCTION 

Imaging with cellular resolution through biological tissue remains a longstanding challenge. In this context, 

endoscopes based on optical fibers have emerged as a means to image deep inside living organisms. However, this 

ability comes at the expense of the invasive nature of the probe. Therefore, it is interesting to develop methods 

that minimize the probe's footprint and eliminate active elements to ensure the safety of the organism under test. 

Lensless endoscopes based on optical fibers — a concept pioneered in the last decades — represent a class of 

techniques pursuing extreme miniaturization, leading to probes fundamentally limited by the size of the fiber. In 

this paper, we examine how a combination of specialty multi-core fibers and spatial light modulators addresses 

the specific challenge of performing 3D resolved nonlinear imaging.  

2. NONLINEAR IMAGING THROUGH MULTICORE FIBERS  

The overarching concept behind nonlinear imaging through a bare fiber is presented below in Figure 1.   

 

 
Figure 1 A conceptual sketch of a lensless endoscope. The main elements, a spatial light modulator (blue), the 

arbitrary optical system represented as a lens (green) and the fiber (yellow).The electric field at the distal end of 

the fiber can be fully controlled and shaped by the spatial light modulator at the proximal end. This enables 

focusing and scanning a laser beam; performing point scanning imaging analagous to a confocal microscope 

A lensless endoscope relies on optical fibers (either multimode (MMF) or multicore fibers (MCF)) to transmit the 

image from its distal tip to the proximal end [1]. However, this process is often obstructed by mode mixing in the 

fibers, which distorts the image when accessed at the proximal end. Since 2010, efforts have surged to invert this 

process of mode-scrambling, either physically or numerically. Physical approaches leverage the fact that for 

coherent transport through the fibers, even in the case of strong mode-mixing, the image information is not lost 

but merely scrambled [2]. Adopting the transmission matrix framework , one can measure the transmission matrix 

of any fiber (MMF or MCF) and recover the image information [3]. Using this powerful conceptual tool, we tackle 

the problem of performing nonlinear imaging at the tip of an ultra-thin fiber probe. This entails addressing three 

main challenges: (i) delivering a femtosecond pulse through a fiber, (ii) focusing and scanning the laser beam with 

no opto-mechanical elements at the distal end, and (iii) efficiently collecting the fluorescence signal. 



 

 

 
Figure 2 A sketch of the tapered MCF. The original MCF is designed with large inter-core distances and the size of each core 

(D) is optimized to have minimal inter-core group delay dispersion. The injection and imaging ends are then tapered down 

2.1 Multicore fibers as a key enabling technology  

While there have been demonstrations of MMFs in lensless endoscopes employing nonlinear contrast [4], they 

have limitations in focusing the laser at the distal end. This arises due to the significant differential mode delay, 

even when employing graded-index fibers. In earlier works, we have demonstrated that multicore fibers employing 

single mode cores suffer minimal inter core group delay dispersion [1], and hence are more suited for the delivery 

of femtosecond pulses through a few tens of centimetres of the fiber.  In addition to this, we have addressed two 

other main challenges by engineering the properties of the MCF. The first demonstration was the development of 

a helically twisted multicore fiber, that ensured the endoscope is impervious to any bending or mechanical 

perturbations [5], and the second demonstration employed an optimized spatial distribution of the single mode 

cores to ensure both the imaging metrics: i) resolution and ii) field of view , are limited only by diffraction itself 

[6], [7]. Despite these advantages, generating an intense spatio-temporal focus at the distal tip remains a major 

challenge. This arises from using a sparse layout of the cores along the face of the MCF (~475 cores over a 330 

µm diameter). While this layout has favourable characteristics such as low cross-talk and an infinite memory effect 

[1], it effectively delivers only a few percent of the total power into the central focal spot, quantified by the strehl 

ratio [8]. Thus, there is a conflict between the parameters required for delivering ultrashort pulses (sparse cores) 

and imaging performance (dense layout) [1]. In [9], we increased the strehl ratio by 3D printing a hyper-telescope 

utilizing a femtosecond laser. In this contribution, we present an alternative approach to artificially increase the 

mode density at the distal end of the fiber by tapering the fiber itself, as illustrated in Figure 2.[8]  

2.2 Tapered multicore fibers  

We utilized a framework based on coupled-mode theory (CMT) and perturbation theory to identify the optimal 

parameters for the tapered MCF and simulate its imaging performance in the far field at the distal end [8]. Briefly, 

we considered the tapered fiber as a series of uniform segments whose structural parameters needed optimization. 

CMT was used to compute the effective indices of the guided modes at each segment and hence its complex 

transmission matrix, H, expressed in the basis of the guided modes of each segment. The transmission matrix of 

the entire fiber, H, is expressed as a product of the transmission matrices of the individual segments. This 

framework allows us to predict both the cross-talk between the cores and the expected strehl ratio. We compare 

the cross-talk matrix from this model to the gold standard, the finite element method, and observe agreement in 

Figure 3a for taper ratios of interest. While the CMT model is extremely fast, requiring less than a minute, its 

validity is limited to the weakly coupled regime. In our case, this corresponds to a taper ratio of about 0.5. 

Nevertheless, its speed enables quick identification and iterative optimization of fiber parameters such as core size, 

inter-core distances, and taper ratios. As a first step, we address pulse broadening in the fiber, which largely results 

from local variation of the single-mode cores. Generally, the inter-core group delay dispersion for the fundamental 

mode decreases with an increasing V-parameter of the core. Figure 3b, indicates the calculated values for a step-

index and parabolic index core, and we chose to fabricate a MCF that a parabolic index profile and a core size 

such that it operates at the second cut-off (V = 5.06). This required tapering the injection end (proximal) of the 

fiber over a short distance (2 mm) to ensure coupling only into the fundamental mode in the transport region of 

the MCF.[8] 

a)  b)

 
Figure 3 Panel (a) A comparison of the crosstalk matrix of a uniform 475 core MCF with a pitch of 7.5 µm 

simulated with the CMT model (left) and the FEM model (right). Panel (b) is the calculated derivative of the group 

delays for a step-index and parabolic fiber  



 

 

2.3 Experimental results 

Once the design parameters for the untapered MCF and the required taper ratios were identified, the fiber was 

fabricated at FiberTech, Lille using the conventional stack and draw technique. The fibers were then tapered with 

a transition length of 2 mm and post-processed with a CO2 laser based glass processing station (LZM-100, 

Fujikura)  Characteristic scanning electron microscope images of the tapered fibers and their parameters are 

indicated in Fig 4. 

   
t(im) = 1 

D(im) = 330 µm 

MFD(im)= 3.6 µm 

XTavg < -30 dB 

t(im) = 0.6 

D(im) = 198 µm 

MFD(im)= 2.8 µm 

XTavg < -11 dB 

 

t(im) = 0.4 

D(im) = 132 µm 

MFD(im)= 2.3 µm 

XTavg < -1 dB 

Figure 4 A summary of the experimental parameters of the tapered fiber. The distal ends (imaging end) of the 

fibers for taper ratios [1,0.6,0.4] are depicted with the experimentally measured mode field diameters (MFD) and 

the average crosstalk (XT). All the images are made on the same spatial scale. The superscript (im) indicates the 

imaging end of the MCF 

The improved strehl ratios and the resulting memory effect were experimentally characterized using an optical test 

bench with a spatial light modulator and a camera at the distal end of the MCF. For a more detailed description of 

the setup, we refer the readers to [7], [8]. We observe an increase of the strehl ratio from 0.07 for the un-tapered 

fiber (t(im) = 1) to 0.19 for a tapered fiber (t(im) = 0.4) (see Fig 5 (left panel)). Since, the two photon excited 

fluorescence signal is proportional to the square of the intensity of the focused spot, we expect a quadratic increase 

in the SNR. In practise, we measure a signal larger by a factor 6. We do observe a discrepancy for the expected 

values of the improvement in the strehl ratio at the  (t(im) = 0.4), as our assumptions of a weakly coupled regime 

are no longer valid. This is also reflected in the plot of the measured memory effects for different taper ratios in 

the right panel of Figure 3. This indicates  that a simple linear tilts at the proximal end of the fiber with the SLM 

no longer results in a tilt of the composite wavefront at the distal end. 

 

 

 
Figure 5 Measurements of the strehl ratio (left) and the memory effect (right) for the tapered fibers 

Finally, we used the same setup to perform two-photon imaging on a biological sample (excitation wavelength at 

920 nm) with a tapered MCF (t(im) = 0.6). After an initial measurement of the transmission matrix, we focus and 

scan the laser at the distal end to perform point-scanning imaging. A set of wavelength filters in front of a single 

pixel detector ensures that we collect only the generated fluorescence signal and not the laser itself. The resulting 

images are depicted in Figure 6. The increased focusing efficiency allows us to generate a 2 photon image of a 

sample with a conventional laser source (1 Watt average power, 80 MHz, Ti:Sapphire) while earlier demonstration 

relied on high pulse energy sources and complex calibration techniques to mitigate inter-core group delay 

dispersion [10]. Nevertheless, we observe artifacts in the images (replicas of the central motif). This can be 

alleviated by using a fiber with an optimized core layout as in [6] 

 



 

 

 
Figure 6 The ground truth image (left) and the two-photon image from the lensless endoscope (right). Note that there are 

periodic artifacts in the lensless endoscope image arising from the periodic arrangement of the core. 

3. CONCLUSIONS AND PERSPECTIVES 

We have reported the conception and fabrication of a tapered MCF for nonlinear lensless endoscopy and its proof 

of principle application to imaging a biological sample. We see a significant improvement of a factor 6 in the 

generated fluorescence signal. In the future, the tapering would be employed in conjunction with twisted fibers , 

aperiodic core layouts and a double clad geometry. This would address the limitations of these initial 

demonstrations, and pave the way to a high-efficiency and bending-insensitive lensless endoscope capable of 

imaging at the cellular resolution. 
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