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Abstract: We report the fabrication and characterization of the first double clad tubular anti-
resonant hollow core fiber. It allows to deliver ultrashort pulses without temporal nor spectral
distortions in the 700-1000 nm wavelength range and to efficiently collect scattered light in a
high numerical aperture double clad. The output fiber mode is shaped with a silica microsphere
generating a photonic nanojet, making it well suitable for nonlinear microendoscopy application.
Additionally, we provide an open access software allowing to find optimal drawing parameters
for the fabrication of tubular hollow core fibers.

© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

A major issue in early cancer diagnostic is the identification of potential tumors that requires the
careful preparation and inspection of ex vivo tissue biopsies by standard histology (haematoxylin,
eosin and saffron (HES) staining). Because biopsy removal and histology are labour and time
consuming, and therefore delay decision making, surgery and post treatment, there is a need to
develop intra-operative in vivo imaging tools to provide immediate cancer diagnostics. In this
scope, flexible label-free multimodal nonlinear microendoscopes have been reported [1–8]. They
combine advantages of nonlinear imaging or spectroscopic techniques with the high compactness
and deep penetration ability of flexible endoscopes. In order to get as much information as
possible, the endoscope must be ideally capable of performing two photon excitation (TPEF),
second (SHG) and third (THG) harmonic generation as well as coherent anti-Stokes Raman
scattering (CARS) imaging in a single device [9], with performances comparable to those of
nonlinear table microscopes in terms of sensitivity, spatial resolution, field of view, etc.

One of the key issues in developing these nonlinear microendoscopes concerns the endoscopic
optical fiber itself. Indeed, firstly, the fiber probe is expected to deliver high power ultrashort
pulses (typically 100-200 fs) at different wavelengths over several meters. In the case of TPEF and
SHG modalities, Ti:Sa oscillators are usually used in the 750-850 nm spectral range. For CARS
imaging, an additional short pulse has to be synchronized to match the vibrational frequency of
the molecule to be probed [10] and it is convenient to use continuously tunable optical parametric
oscillators (OPOs) delivering both pulses [11]. CARS is often used for lipid imaging, with
molecular bonds in the region of 2900 cm−1, which corresponds to wavelength separation of
about 200 nm between the two CARS pulses (typically 800 nm an 1040 nm) [12]. The endoscope
fiber must therefore be able to deliver short pulses over the 700-1100 nm spectral region, with
no spectral nor temporal distortion. Secondly, the output mode of the fiber must be shaped
correctly to be focused with the distal optics of the endoscope onto a diffraction limited spot,
ensuring optimal spatial resolution. Last, the same fiber must be able to collect the nonlinear
signals (TPEF, SHG, THG, CARS) scattered from the biological tissue with the highest possible
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collection efficiency, in the visible spectral range (typically between 400 and 650 nm, depending
on the imaging modality), and to guide them back to the various detection channels (PMTs). This
signal collection is optimally achieved by using a high numerical aperture (NA) double cladding
surrounding the fiber core [1–4,6,8]. The simplified architecture of such a multimodal nonlinear
microendoscope is schematized in Fig. 1.

Fig. 1. Scheme of a multimodal nonlinear microendoscope system. MO: microscope
objective.

Among possible solutions to match these specifications, double clad hollow core fibers (HCFs)
appear promising because light travels in air, with (potentially) lower dispersion and lower
nonlinearity than in solid core fibers. Photonic bandgap guiding HCFs suffer from relatively
high group velocity dispersion (GVD) and relatively narrow transmission bands, so despite
successful laboratory demonstrations [13], they are not well adapted for this purpose, or require
additional collection fiber [14]. As for HCFs guiding via inhibited coupling mechanism (Kagome
HCFs [15] without or with hypocycloid core contour [16], tubular anti-resonant HCFs [17]),
they exhibit very low GVD and nonlinearity [15,17,18], so they are very well suited for the
delivery of high power ultrashort pulses [18–20]. Double clad Kagome HCFs have therefore
been successfully used in the context of nonlinear microendoscopy [6]. However, due to the
important size of air/silica Kagome lattice required for efficient guidance, the collecting area
guiding light via total internal reflection consists in a relatively thin silica ring (of less than 40
µm thickness), furthermore it has to be located quite far away (∼100 µm) from the central core
[6,21]. This strongly limits the overall surface collection (to about 21 000 µm2 in [6] and 12
000 µm2 in [21]) and thus the collection efficiency of the double clad. This issue can be partly
overcome using tubular anti-resonant HCFs for which the microstructured cladding consists in a
single layer of capillaries. Therefore, a double clad can be located much closer to the main core,
and its surface can be easily enhanced while keeping an outer diameter sufficiently small for a
flexible fiber. Such fibers were also successfully used to deliver ultrashort pulses in the context
of nonlinear fiber-based microscopy [14,22,23], but the lack of double clad prevented them to be
used in an endoscopic configuration. Moreover, their transmission window was not large enough
to deliver the two pulses detuned by 3000 cm−1 required for CARS experiments. A double clad
tubular HCF operating in the 700-1100 nm spectral band would therefore be highly desirable for
the development of efficient nonlinear microendoscopic probes.

To address all these issues, we report here the first fabrication and characterization of a double
clad tubular anti-resonant HCF. Its transmission spectrum covers the 700-1600 nm spectral
range with a low GVD, making it suitable for use in TPEF, SHG, THG and CARS nonlinear
endoscopic imaging experiments. Additionally, the fiber has been functionalized to transform the
original output fundamental mode with a large mode field diameter (MFD) and low NA into a
near diffraction limited spot, making it compatible with miniature distal imaging probes [6,24].
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2. Fiber design and fabrication

As discussed above, the use of a tubular anti-resonant HCF in microendoscopy imposes strong
requirements in terms of optical properties but also in terms of geometry, because in addition to
the main hollow core, the properties of the cladding have to be optimized too. More specifically,
a miniature scanner is required to perform imaging. One way of doing this is to place the fiber
into a piezoelectric ceramic tube which is driven at a frequency corresponding to the resonant
mechanical frequency of the fiber [2]. For compactness requirements, the inner diameter of this
ceramic tube must be around 500 µm. Therefore, the outer diameter of the coated fiber must be
slightly less than 500 µm, but as close as possible to this value. This dictates the specification
for the outer silica cladding diameter: the thickness of the polymer coating has to be large
enough to ensure good mechanical properties, but a too large polymer coating thickness means a
reduced silica cladding, which is detrimental for the collection of the nonlinear signal. To find
a compromise between these two constraints, we chose to fix the outer diameter of the silica
cladding to 250 µm, so that the total thickness of polymer coating will be about 125 µm.
We have seen that the hollow core needs to efficiently transmit ultrashort pulses in the range

700-1100 nm. Higher-order antiresonant bands are not broad enough in this wavelength range,
so this requires to design a fiber core guiding in the fundamental band, which requires capillary
tubes with a < 300 nm thickness in this spectral region [25]. Although challenging, tubular
anti-resonant HCFs with such thin cladding tubes have been successfully fabricated [25–27]. Our
targeted fiber design therefore follows the design rules deeply investigated and optimized in Ref.
[25], in terms of number of tubes, gap size, capillary size and thickness etc. In the present study
however, the additional geometrical constraints discussed above sightly complicates the drawing
process. In order to identify optimal drawing parameters, and faster than with fastidious trials
and errors method, we performed a numerical modeling of the drawing process, using the model
recently published in [28] with minor changes (see details in Appendix A). Starting from the
dimensions of existing but non-necessarily optimized canes, the model allows to identify optimal
drawing parameters (tension, ratio of drawing speeds, core and cladding overpressures) allowing
to obtain the targeted fiber structure by avoiding the capillary contact issue described in [28].
A user-friendly version of the software we have developed is available for free download from
Appendix A.

We used 2 mm diameter canes jacketed into two tubes so that the outer diameter of the final
preform is 7.8 mm. The fiber was drawn at an outer diameter of 250 µm with a draw speed of
9.7 m/min for a feed of 10 mm/min, at a tension of 1 kg and a differential pressure between the
core and capillaries of 118 mbar. The model described above was used to identify a rough set of
initial parameters, which were slightly adjusted in real time during the drawing process to match
the targeted structure. The actual parameters differ from the theoretical ones by a few percent.

3. Fiber characterization

3.1. Transmission properties

Figure 2(a) shows a scanning electron microscope (SEM) image of one of the fabricated tubular
anti-resonant HCFs. The double clad is obtained by adding a 35 µm thick layer of low index
polymer coating, surrounded by a 90 µm layer of high index, high mechanical resistance polymer
coating (both have been removed for acquiring the SEM image). The core diameter is 30 µm and
the average capillary thickness is about 250 nm. The distance between capillaries is 5±1 µm and
their diameter is 12.6±0.7 µm. The attenuation spectrum measured by cutback (from 30 to 3 m)
using a supercontinuum source is displayed in solid blue line in Fig. 2(b) for a selective excitation
of the fundamental mode. The fundamental band spans from 650 to 1650 nm, with a loss level
lower than 0.2 dB/m between 670 and 1500 nm, which covers the whole tunability range of
Ti:Sa oscillators and Yb-doped fiber lasers usually used in nonlinear microendoscopy. The GVD
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measured with a low-coherence interferometer is displayed in red full circles in Fig. 2(b) (the
solid red line is a polynomial fit). It is less than 2 ps/nm/km in the 700-1100 nm spectral range,
which is highly favorable for the delivery of ultrashort pulses.

Fig. 2. (a) SEM image of the double clad tubular anti-resonant HCF. The double layer of
polymer coating has been removed. (b) Attenuation spectrum (left axis, blue line) and GVD
(right axis, red markers and red line) measured across the fundamental band.

3.2. Output mode and fiber functionalization

Although the fabricated HCF is intrinsically multimode, a selective mode excitation at the fiber
input allows to couple most of the light in the fundamental mode. Figure 3(b) shows the near
field image of the fiber end face at 800 nm. The MFD of the fundamental mode was measured
to be 29 µm at 800 nm (at 1/e2 of peak intensity) and does not show any significant variation
between 700 and 1000 nm. The NA was deduced from the measurement of the 1/e2 radius of the
far field profile as a function of distance from fiber [blue markers in Fig. 3(e)]. The solid blue
line is the linear fit from which the slope gives a NA value of 0.023.

Fig. 3. (a,c) SEM image of the core region (a) without and (c) with silica bead attached.
(b,d) Near field mode profile recorded at 800 nm (c) without and (d) with silica bead attached
(same scale on (a) to (d) sub-figures). (e) NA measurement at 800 nm without silica bead
(blue markers) and with silica bead attached (red markers). Solid lines are linear fits from
which the NA value is deduced.
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These MFD and NA values are standard for tubular anti-resonant HCF designs [25], but
they are problematic for imaging endoscope applications. Indeed, the output fiber mode has
to be re-imaged onto the sample with a near diffraction limited spot in order to activate the
nonlinear contrast mechanism (TPEF, SHG, THG, CARS) and optimize spatial resolution, with
the constraint for the imaging system to be as compact as possible. Starting from a 29 µm MFD
at the fiber output would require a ×30-×60 de-magnification to reach a near diffraction limited
spot, which would require large focal length lenses, a solution unpractical regarding the final
compactness on the endoscope distal head. It results that the output mode of the fiber has to be
significantly reduced before being imaged onto the sample. This is done by splicing a silica bead
at the fiber output, which generates a photonic nanojet allowing optical confinement at [24] or
even below the diffraction limit [29]. This has already been demonstrated with Kagome HCFs, for
which the silica microsphere was easily spliced to the hexagonal core contour. Here, by carefully
adjusting the heat time and power of the CO2 laser of the splicer, we show that it is possible to
attach a silica bead to the thin capillaries delimiting the core area of tubular anti-resonant HCFs,
without substantial deformation of the overall structure. Figure 3(c) shows a SEM image where
a 32 µm diameter silica microsphere is spliced to the HCF. The focus spot measured after the
bead at 800 nm is displayed in Fig. 3(d). It corresponds to a point spread function (PSF) with a
full width at half maximum (FWHM) of 1.45 µm and NA of 0.21, as shown by red markers and
red line in Fig. 3(e). In the final endoscope, this NA value has to be compatible with the one of
the miniature distal objective (0.3 in our case). Finally, this focused spot is re-imaged onto the
sample with a 0.63 overall magnification of our miniature distal objective finally reaching a near
diffraction limited 0.9 µm FWHM spot at the sample plane.

3.3. Double clad

The use of a low index polymer coating allows the silica cladding to guide light via total internal
reflection, with a high NA and in a highly multimode way. Figures 4(a) and (b) show respectively
the near field and far field images of the fiber end face when the input face is illuminated with a
scattered light at 450 nm (corresponding to the typical spectral range of SHG signals). As can be
seen from Fig. 4(a), the whole silica cladding is filled with light, which corresponds to a total
collecting area of 46000 µm2. This is more than two times higher than in [6] and almost four
times higher than in [21]. Figure 4(c) shows the angular distribution at 450 nm out of a 2 m long
fiber measured at 50 cm from the fiber end (markers) and its Gaussian fit (solid line). The 1/e2
angle of the Gaussian fit gives a NA value of 0.38 at 450 nm. Note that in the context of an
endoscopic application, the collecting efficiency of the endoscope is ultimately limited by the NA
of the imaging lenses at the distal end. So ideally, the NA of the double clad should match to the
one of the distal optics head.

Fig. 4. (a) Near and (b) far field images of the double clad HCF end face obtained with
scattered light illumination at 450 nm. (c) Measurement of the output signal at 450 nm
versus angular divergence (markers) and Gaussian fit (solid line).
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4. High power ultrashort pulse delivery

Next we investigate the ability of the functionalized [i.e. with the silica microsphere Fig. 3(c)]
tubular anti-resonant HCF to deliver ultrashort pulses. It is well known that large core (> 60 µm)
negative curvature HCFs can efficiently deliver intense ultrashort pulses [18–20,30], but here
our HCF has a much smaller core and features a silica bead at its output facet. We consider a
2.5 m fiber sample with a silica microsphere attached at the output (same design as previously
described). We use a tunable Ti:Sa laser delivering near transformed limited pulses with FWHM
duration of 100-200 fs depending on the wavelength. The total transmission of the fiber including
coupling efficiency (of 85 %) and silica microsphere is 80 % in the 700-1000 nm spectral range.
We did not observe any reduction of transmission efficiency at high average powers (up to 3 W).

Figure 5(a) and (b) compare the evolution of the pulse parameters versus power at the output
of a 2.5 m-long HCF sample funtionalized with a 32 µm diameter silica microsphere spliced at
the output (full circles), with the ones of the pulses measured before injection in the fiber (solid
horizontal lines), for various Ti:Sa laser wavelengths. The measurements done at the HCF output
including a coupling lens, 2.5 m of functionalized HCF and a collimating lens are compared with
laser pulses without any optical element. The pulse duration [Fig. 5(a)] measured from the HCF
output does not evolve with increasing power, and shows less than 10 % deviation from original
pulses, depending on wavelength. The same deviation was observed by removing the silica
microsphere. So this slight variation between input and output pulse durations is presumably
due to dispersion in the coupling and collimating lenses and to the fact that initial pulses exhibit
a slight chirp which changes when the laser is tuned. The output spectral widths displayed in
Fig. 5(b) show negligible variation with increasing power and differ by less than 5 % from the
initial pulses in each case, indicating that no significant nonlinear effects occurs in the fiber even
for average power in the watt level.

Fig. 5. (a) FWHM pulse duration (full circles) obtained from autocorrelation measurements
and (b) FWHM spectral width (full circles) versus output power for various wavelengths of
the Ti:Sa laser, in a 2.5 m long HCF with a 32 µm diameter silica microsphere spliced at
the output. Horizontal solid lines represent the parameters of the Ti:Sa laser pulses before
injection in the fiber. See text for details.

These results demonstrate that the splicing of a silica microsphere required to adapt the
output fiber mode does not affect the delivery of intense ultrashort pulses required for nonlinear
endoscopic imaging. The output power can be higher than 1 W for each wavelength between 700
and 1000 nm (corresponding to a peak power higher than 50 kW), and even reaches 3.6 W (>
200 kW peak) at 800 nm, which is by far suitable for efficient nonlinear imaging.
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5. Imaging

Finally we integrated the presented functionalized fiber into the setup schematized in Fig. 1 and
detailed in [6]. We used a tunable fs laser (Discovery, Coherent) to perform TPEF and SHG
nonlinear imaging of representative tissue such as collagen as seen by SHG [Fig. 6(a)], GFP
tagged neurons [Fig. 6(b)] and human skin stratum corneum [Fig. 6(c)] as seen by two photon
fluo- and auto-fluorescence, respectively. Although the detailed presentation of the nonlinear
endoscope system is beyond the scope of this paper, these images demonstrate the capability of
the developed fiber to deliver ultra-short pulses and perform efficient signal collection to achieve
high quality nonlinear tissue imaging.

Fig. 6. Nonlinear endoscope imaging using the functionalized NCF: (a) SHG from rat tail
tendon collagen (ex: 800 nm, sample power: 30 mW), (b) TPEF from GFP labelled brain
slice neurons (ex: 930 nm, sample power 80 mW), (c) autofluorescence from human skin
(stratum corneum) (ex: 800 nm, sample power: 100 mW).

6. Conclusion

We have developed a tubular anti-resonant HCF optimized for nonlinear microendoscopes. It
has a broad low loss and low GVD transmission band from 650 to 1650 nm suitable to deliver
ultrashort pulses from Ti:Sa oscillators but also from Yb-doped fiber lasers or OPOs designed
for biophotonics with no temporal nor spectral distortions. It also features a high NA highly
multimode double clad allowing to efficiently collect visible light and guide it through total
internal reflection. We envision that this functionalized fiber is also suitable to perform CARS
and stimulated Raman scattering imaging [31] to enable multimodal nonlinear imaging flexible
endoscope developments.

Appendix A

A free MATLAB application has been developed to compute the drawing parameters that allow
to obtain a target fiber from a given fabricated cane [32]. The method used in this software is
described in the paper of G. T. Jasion et al. [28] with two minor modifications:

(1) Equation (3) of Ref. [28] has been modified as follows to take into account the fact that
black body radiation is a surface phenomenon and not a volume one:(

R2
j − r2j

)
2

ρcpw
dT
dz
= RjN (Ta − T) + Rjσα

(
T4

a − T4
)

(2) The glass viscosity model is based on [33]
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