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Abstract: Anti-resonant hollow-core fiber can be used for highly sensitive gas detection, but
there is a compromise between sensitivity and response time. Microchannels can be fabricated
periodically through the side of anti-resonant fiber to reduce the fiber filling time, but a difficulty
arises in accessing the core without disrupting the guiding structure and incurring loss. This
paper presents an image processing and cross-correlation method for determining the rotational
orientation of a hollow-core anti-resonant fiber without access to the local cross-section. The
alignment method is demonstrated on both coated and uncoated fibers. The method allows
microchannels to be accurately inserted between the capillary gaps to minimize loss. To show the
adaptability of this method, microchannels with dimensions 5 × 50 µm are fabricated on both a
commercial seven capillary fiber and an in-house fabricated six capillary fiber, designed for 1550
nm and 780 nm light guidance, respectively. Coated fibers were also micro-drilled, enabling
superior structural integrity. Such fiber could be used for remote sensing of gas concentration,
including atmospheric mapping and combustion diagnostics. The alignment method is potentially
applicable for the machining of other classes of optical fibers.
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1. Introduction

The use of hollow-core optical fiber has been demonstrated for gas detection of nitrous oxide [1],
ethane [2] and dissolved methane gas in liquid [3], for example. The environmental applications
cover atmospheric mapping [4], methane production monitoring, geochemical surveillance [5]
and combustion diagnostics [6]. One type of hollow-core fiber, anti-resonant fiber (ARF) has
been used to detect various physical parameters. These include temperature, pressure, and
mechanical force by exploiting the anti-resonant properties of the fiber, monitoring the shift in its
resonant wavelengths [7]. The fibers can also be employed to detect liquid where the hollow core
allows for injection into the fiber for optofluidic applications [8–10].

Anti-resonant fibers provide low-loss light transmission via the negative curvature created by
internal capillaries which surround the core [11–13], as described by the anti-resonant reflecting
optical waveguide (ARROW) model [14]. The hollow core allows for gas insertion and the entire
fiber length can be used as the active medium for highly sensitive remote gas detection, required
for many of the applications discussed above. The response time of such a system, however,
will be heavily limited by diffusion time and hence fiber filling time. Previous demonstrations
of hollow-core fiber gas sensing have required the use of a pressure differential [1,15–19] to
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overcome diffusion time, however this is not practical for remote sensing. An alternative approach
has been to put holes in the side of photonic crystal fiber [20]. However, this results in disruption
of the guidance structure, hence introducing significant loss. It is apparent that there is a
compromise between sensitivity and response time in fiber gas sensing applications. Short fiber
lengths give a fast response time at the expense of low sensitivity [21], while longer fiber lengths
provide high sensitivity but are limited by a slow response time [22,23]. The fabrication of
microchannels through the side of the fiber, periodically along its length, allows for a reduced fiber
filling time and hence simultaneous high sensitivity and fast response [24]. Additionally, low-loss
interconnects between ARF and commercial single-mode fiber have already been demonstrated
[25], paving the way to easy integration with optical fiber systems.

From the Beer-Lambert law [26–29], it can be seen that the sensitivity in gas-sensing is heavily
dictated by the interaction length, with increased path length at a given molecular concentration
leading to enhanced sensitivity. This has been previously achieved using multipass cells such
as the Herriott cell [30] and the White cell [31] and even longer path lengths can be achieved
using an optical cavity [32,33]. Using meters of optical fiber instead is advantageous, allowing
for remote sensing and smaller, more compact devices. The gap between the capillaries in
ARF provides a location for microchannels through the side of the fiber, for gaseous access to
the core without affecting the light guidance structure. However, the local cross-section of the
fiber will be inaccessible when machining long lengths of fiber from the side, and potential
twisting means that the cleaved end of the fiber cannot be used to determine the correct rotational
orientation. A robust method therefore needs to be developed where the local capillary position
can be determined by imaging the side of the fiber. Previously, Kozioł et al. [34] were able
to successfully machine uncoated mid-infrared fibers with an 87 µm core by manually rotating
the fiber while observing the capillaries by eye. However, it is desirable to have an automated
method of manufacture and to retain the fiber coating to preserve the fiber strength. It is also
desirable to machine smaller dimensioned fibers for operation at shorter wavelengths, such as the
near-infrared.

Other applications of hollow core fiber involve the use of alkali vapours. Alkali vapours
such as rubidium show particularly long loading times in hollow-core fibers [35,36], with one
example taking 3 weeks at 70◦C to load a 4.5-cm-long, 6-µm core-diameter fiber, due to poor
loading kinetics as the atoms adhere to the side walls [35]. Therefore, loading times in longer
lengths of fiber could be improved by machining a set of equally spaced notches along the
length. Alkali vapour-loaded hollow core fibers allow for longer interaction lengths between
light and vapour while maintaining a small mode field diameter, as the interaction length is not
limited by diffraction. Such fibers are particularly interesting for quantum applications, and could
improve the performance of quantum technologies based on nonlinear interactions, such as alkali
vapour-based quantum memories [37–40] and phase modulators [41], and are also of interest for
atomic clocks [42], magnetic field sensing [43], and accelerometers [44].

The work in this paper presents a new and refined automated method for determining capillary
position in coated anti-resonant fibers, allowing for the potential machining of meters of coated
ARF. It is used to precisely fabricate microchannels between the capillaries of ARF.

2. Design

In this work, microchannels are fabricated in two different fibers to show the versatility of the
presented method. The first fiber (Fiber A) is a commercial fiber from Exail (manufactured
by Photonics Bretagne) designed for 1550 nm transmission. The second fiber (Fiber B) was
fabricated in-house at the University of Bath and is designed for 780 nm transmission.

As shown in Fig. 1, Fiber A has a hollow region of 97.11 µm diameter, within which there are
seven anti-resonant capillaries with a diameter around ∼ 26 µm and a central core of diameter
45.26 µm. The hollow region is surrounded by a cladding 70 µm thick. Fiber B has a hollow
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region of diameter 55.05 µm, comprising six capillaries of diameter ∼16 µm and a central core
of 24.69 µm diameter. The cladding is ∼ 35 µm. Fiber A has a larger core and hence larger mode
field diameter.

Fig. 1. SEM images to show the dimensions of the anti-resonant fiber: (a) Fiber A
(entire cross-section showing diameter of fiber and hollow region), (b) Fiber A (magnified
view showing core and capillary dimensions), (c) Fiber B (entire cross-section showing
diameter of fiber and hollow region), (d) Fiber B (magnified view showing core and capillary
dimensions).

The required microchannel separation along the fiber can be determined by considering the
free diffusion time and the Einstein-Smoluchowski equation [45]. If the gas is inserted in one end
of the fiber, the fiber filling time is heavily limited by the free diffusion of gases which occurs
at a rate of several hours per meter [46]. For the example of carbon dioxide detection with a
diffusion coefficient in air of 0.16 cm2/s [47] and microchannels at a separation of 1 cm, then the
diffusion time greatly decreases to ∼ 1 s. The reduction in the diffusion time via the introduction
of microchannels allows for close to real-time monitoring of gas composition while lengths of
fiber of the order of 104 m or higher could be used for increased sensitivity. This is without a
compromise in response time or the need for a pressure differential. The spacing and geometry of
these microchannels can be used to change the sensitivity and response time of the fiber system
[48].

2.1. Microchannel placement simulation

The fabrication of a microchannel through the cladding of ARF has the potential to affect the
fiber mode loss. To determine the impact, Fiber A was modeled using the finite element method
(FEM) solver FIMMWAVE, by Photon Design Ltd. The microchannel was incorporated as a
slot along the fiber length, to calculate the maximum loss per cm of the fabricated microchannel.
Preliminary convergence tests gave a perfectly matched layer thickness of 1 µm, 180 elements for
the FEM mesh, and the cross-section was reduced to 110 × 110 µm without significant change in
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mode loss. This increased the speed of the simulations. The refractive index of the cladding was
taken to be 1.445 at 1550 nm [49] where Fiber A is designed for high transmission [50].

Simulations were performed with the 5 µm wide microchannel located at different fiber
rotational positions, to vary the position of the microchannel relative to the capillaries, with
the results shown in Fig. 2(a). As the position of the microchannel moves further from the
optimal location, more of an adjacent capillary is destroyed. For each microchannel position,
the worst-case loss was recorded, corresponding to the fundamental mode of one of the two
orthogonal polarization states. The entire fiber model was rotated for each microchannel position,
to confirm that the loss remained consistent with polarization. Marked on Fig. 2(a), are three
example microchannel positions (A-C). Position A is where the microchannel is present optimally
within the gap between the capillaries as illustrated in Fig. 2(b), showing negligible fiber loss
under perfect conditions. The simulations assume there is no machining debris or micro-damage
to the capillaries. Rotational misalignment of up to 5 degrees results in minimal additional loss.

Fig. 2. Simulation conducted on FIMMWAVE using an FEM solver: (a) The mode loss
of the fundamental mode plotted against the rotation of the microchannel relative to the
center of the core. Indicated are three example microchannel positions A, B and C. See
Data File 1 for the underlying data. (b) Cross-section of the simulated Fiber A, with the
optimal microchannel position A shown and the microchannel rotation angle defined.

A sensitivity analysis was used to determine the impact of fiber tolerances on the simulation
results. A deviation of −0.01 in refractive index resulted in only minimal increase in the loss
coefficient, α, of 0.79%, 0.026%, and 0.4% for positions A, B and C in Fig. 2 respectively. Positive
changes in refractive index reduced the loss. Additionally, the properties of the fundamental fiber
mode before and after microchannel fabrication showed no measurable change in the effective
mode area with the microchannel present. Increasing the microchannel width from 5 to 10 µm
increases the loss coefficient, α, by 1.89% at position B and 2.18% at position C. However, there
was no measurable change at position A.

The refractive index profile for fibers with microchannels in Positions B and C are shown
in Fig. 3. At Position B the microchannel clips the side of the capillary as shown in Fig. 3(a),
resulting in a modest increase in loss. The impact of misalignment is greatest at Position
C [Fig. 3(b)] where the mode loss increases significantly to ∼ 0.5 dB/cm. This is assuming
perfect microchannel fabrication and no contribution to loss from the destruction of the cladding.
Figure 2(a) shows that it is essential to have an estimate for the location of the capillaries to avoid
damaging the light-guiding structure and hence greatly increasing the optical loss. With a robust
and repeatable method for finding the capillary gap, long path lengths can be achieved for higher
sensitivity. Coupled with a short response time, this benefits many of the applications of gas
sensing, including operation at telecommunications wavelengths where commodity components
exist, but absorption lines are typically weaker.

https://doi.org/10.6084/m9.figshare.28447595
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Fig. 3. Refractive index plots showing the position of the microchannel: (a) corresponding
to the small increase in mode loss at position B, (b) corresponding to the mode loss maxima
at position C.

3. Rotational alignment

3.1. Method

Previously, Xiao et al. [51], used an image recognition algorithm and a micro-displacement
compensation technique to align the center of a fiber core with the femtosecond laser focus.
A correlation method has previously been used by Shen at al. [52] for precise alignment of
speciality optical fibers for splicing. Generally, previous demonstrations of non-destructive side
imaging of fiber involve monitoring of fiber diameter and capillary size during fiber fabrication
[53–56]. Of course, when machining fibers greater than a few centimeters in length, the likelihood
of twists present in the fiber means that it is not possible to determine the correct rotational
orientation by imaging a cleaved fiber end.

In this work, the orientation of the capillaries was found using a cross-correlation system,
without access to the local cross-section of the fiber. The method developed allows the local
capillary position to be determined using an image from the side of the fiber from the CCD
camera of the reflection microscope integrated within the laser fabrication system. To do this,
reference images were obtained using a short piece of fiber with a cleaved end, with the fiber
mounted such that its central axis was horizontal. The cleaved end was imaged with a separate
camera to observe the rotational orientation. The fiber was rotated about its central axis until a
gap between the capillaries was at the top (the "12 o’clock" position), as observed on the image
of the cleaved end. An image from the top side of this fiber was then taken using the CCD camera
of the laser fabrication system and used as a reference image for longer lengths of fiber. A custom
fiber rotator was manufactured to allow for both imaging of the top side and the cleaved end of
the fiber. The reference images for both Fibers A and B are shown in Fig. 4.

For this method, the intensity profile was taken as the grayscale values along a horizontal line
across the width of the fiber image as indicated in Fig. 4. The depth of focus was determined
by an iterative method whereby the focus depth was varied until a clear and repetitive intensity
pattern was seen. The correlation coefficient was then calculated between the intensity profiles
of the live image of the longer fiber sample and the reference intensity profile. As the fiber
is rotated, the correlation coefficient varies, with a maximum at the correct orientation. The
cross-correlation function, normxcorr2, provided by MATLAB, was used in conjunction with the
Labview program controlling the femtosecond laser, to allow for a live correlation coefficient
to be calculated based on the current image on the CCD camera. The function calculates the
cross-correlation between two images in the spatial or frequency domain and uses calculated
local sums to normalize the cross-correlation to give a coefficient. Defining f as the image, t as
the image template (specified as a numeric matrix positioned at u, ν), t̄ as the mean of the image
template and f̄u,ν as the mean of f (x, y) in the region under the template, then the function follows
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Fig. 4. Reference images of the top of the fiber with the desired capillary positions, taken
using the CCD camera of the reflection microscope integrated within the laser fabrication
system: (a) Fiber A, (b) Fiber B.

the formula [57,58]:

γ(u, ν) =
∑︁

x,y[f (x, y) − f̄u,ν][t(x − u, y − ν) − t̄]
{
∑︁

x,y[f (x, y) − f̄u,ν]2
∑︁

x,y[t(x − u, y − ν) − t̄]2}0.5
(1)

The variable γ(u, ν) will be labeled as C(θ) in this work to represent the correlation coefficient
at a specific rotation, θ, of the fiber.

3.2. Demonstration

To demonstrate the rotation and cross-correlation system, a test was carried out on Fiber A to see
whether the method could correctly identify the desired orientation. A short fiber sample was
used to capture the reference intensity profile, shown in Fig. 5. Maxima in the value of C(θ)
around 0.98 were found, indicating the optimal rotational alignment with respect to the reference
image. Slight misalignment of the fiber produced a lower value of C(θ). By plotting the intensity
across the fiber, it can be seen how a higher C(θ) correlates better with the reference intensity
profile. It should be noted that the images for the C(θ) = 0.98 image and the C(θ) = 0.95 are
virtually indistinguishable to the human eye. Furthermore, an algorithm based on choosing the
image with two equal maxima would incorrectly choose the misaligned image (C(θ) = 0.95),
since this image has maxima either side of the core which are closer in magnitude to each other
than those in the aligned image (C(θ) = 0.98). However, the cross-correlation technique enables
the image with the correct rotational alignment to be identified.

The method was then tested on a sample of Fiber A, both with and without the coating present.
By rotating the fiber through a range of angles, it can be seen in Fig. 6 how the cross-correlation
method can correctly identify multiple maxima in the value of C(θ), which all correspond to the
desired rotation, even with the external coating still present on the fiber. The variation of C(θ)
has a periodic form. The uncoated fiber shows greater contrast, but the periodic variation is also
clearly visible on the coated fiber. This is a promising result that will allow microchannels to
be machined without mechanically stripping the fiber coating, thereby maintaining structural
integrity. Instead, the external coating can be removed locally with laser ablation.

Figure 7 shows the effect of shutter speed and focus position. It can be seen that the shutter
speed variation produces a small fluctuation in the correlation coefficient. Results are also shown
using simulated data that were generated by changing the brightness value of the collected real
images to produce a similar trend line. At high shutter speeds, the reflected intensity off the
capillaries merges together causing a plateau in the correlation coefficient as seen in Fig. 7(a).
Variations in depth relative to the top of the capillaries also produce maxima in the value of C(θ),
as observed in Fig. 7(b). The variation due to both shutter speed and sample depth is smaller than
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Fig. 5. Comparison of the intensity profile across the width of the image between the
reference and C(θ) = 0.98 and C(θ) = 0.95 for Fiber A. The corresponding capillary
positions and CCD images are shown.

Fig. 6. Identification of maxima in the value of C(θ) with the reference intensity as Fiber A
is rotated. See Data File 2 for the underlying data.

that due to rotation. Therefore, the method is robust to changes in brightness and focus relative
to the reference image. Similarly, this technique can be employed to find the focus on the top of
the fiber prior to fabrication.

Due to symmetry, only image data through a rotation angle of half the separation between
capillaries are required, and the remaining data can be simulated by symmetrical reflection of the
grayscale intensity values along the central axis. Figure 8 shows this simulated data alongside

https://doi.org/10.6084/m9.figshare.28447604
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Fig. 7. Fluctuations in the correlation coefficient, C(θ), for Fiber A. (a) due to changes in
brightness level (real and simulated data), See Data File 3 for the underlying data. (b) due to
changes in depth relative to the focus on the top of the capillaries. See Data File 4 for the
underlying data.

Fig. 8. Correlation coefficient for different fiber rotations for both real and simulated data.
The latter was calculated by symmetrical reflection of the grayscale intensity values. See
Data File 5 for the underlying data.

https://doi.org/10.6084/m9.figshare.28447589
https://doi.org/10.6084/m9.figshare.28447601
https://doi.org/10.6084/m9.figshare.28447598
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the physical data from Fig. 6, showing good agreement in C(θ). This is a promising result
for the automation of this technique. The technique also has the potential for other machining
applications with other fiber types. For example, multicore fiber is used for shape sensing by
machining Bragg grating arrays into each core. By comparing the live image from the machining
system with a series of reference images at different orientations, it would be possible to determine
the orientation of the fiber without rotating it. Using this information, the individual cores
could be targeted by adjusting the position and focus. Furthermore, if air lenses were used, the
aberration compensation could be adaptively adjusted. Another potential fiber type would be
side-hole fibers used for in-fiber pressure sensing.

4. Microchannel abrication

4.1. Femtosecond laser machining

The microchannels were fabricated using a femtosecond laser machining system shown in Fig. 9.
A regeneratively amplified Ti:Sapphire femtosecond laser was used (Spectra Physics Solstice)
at 790 nm wavelength with 140 fs pulse duration and a 1 kHz repetition rate. The laser power
was adjusted using the combination of a half-wave plate and a polarizer. The aberration was
corrected using a spatial light modulator (Hamamatsu X10468-02) [59]. The beam was focussed
on the fiber with a 20× 0.5 NA objective lens. The fiber was illuminated with an LED source in
reflection and directed onto a CCD camera. An air-flow system, directed perpendicular to the
fiber length, was used to remove debris from the machining.

Fig. 9. Diagram of the fabrication laser including the adaptive optics and system to change
laser power used with a 1 kHz, 790 nm laser with a pulse duration of 140 fs and a 0.5 NA
objective lens.

The cross-correlation method was used to determine the correct rotation of the fiber prior to
microchannel fabrication. The top of the fiber was first identified by gradually raising the fiber to
be closer to the laser focus until marking could be seen, using a low pulse energy of 0.5 µJ at a 1
kHz repetition rate. Once the fiber was correctly positioned, a notch was created via cladding
ablation. Then a microchannel was drilled through the notch to access the core between the
capillaries. The process of cladding ablation and microchannel fabrication is shown in Fig. 10.
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Fig. 10. The process of creating the notch via cladding ablation using a femtosecond laser,
followed by the microchannel fabrication.

The cladding structure was ablated layer by layer to avoid any damage to the capillaries. For
Fiber A, the laser ablation (as shown in Fig. 10) follows a 50 µm long snake scan in x with a
1 µm lateral step in y between each pass. This is repeated until a 30 µm wide notch is created.
For Fiber B, the same technique is used but a 15 µm wide notch is created due to the smaller
dimensions of the fiber. After the ablation of each layer, the fiber is moved 20 µm in z towards
the laser focus. The lowest pulse energy possible was used to minimize the amount of material
ablated in each pass over the fiber [48]. This pulse energy was 5.5 µJ and the scanning speed was
0.2 mm/s.

The used pulse energy was inspired by prior studies [24,34,46] and chosen to optimise ablation
depth whilst still maintaining sufficient depth so as to not affect the hollow core. Furthermore,
this value allowed for a sufficient amount of material to be removed on each layer of ablation as
the notch and microchannel were created. The chosen scanning speed allowed for the production
of a smooth surface at the bottom of the notch to fabricate the microchannel. Additionally, any
effect of surface roughness of the microchannel is minimised as it is away from the resonators
and optical mode. An iterative method was implemented to find these optimal parameters by
machining a microchannel on the cleaved end of a fiber and subsequently imaging it to see if the
microchannel had successfully reached the core without damage to the capillaries.

The method for debris removal from the notch involved passing the laser over the same track,
but moving into the fiber by one less step in z than the number that created the notch. This
provided the power to remove the debris from the notch without ablating any additional cladding.
For Fiber A, a 30 × 50 µm section of cladding was ablated, while for Fiber B (which has a smaller
diameter) a 16 × 50 µm section of cladding was removed. The notch removed cladding to a
distance of ∼ 65 µm into Fiber A and ∼ 25 µm into Fiber B. Once a clean notch had been created,
the microchannels were fabricated using the same laser power and repetition rate. A 5 × 50 µm
microchannel was fabricated for both fibers.

Figure 11 shows side-view microscope images of the fabricated microchannels for the two
fibers. In order to verify accurate rotational position, microchannels were also fabricated at
cleaved ends of the the fibers and scanning electron microscope (SEM) images were taken, shown
in Fig. 12. These show the microchannels to be ideally located between two capillaries, such that
the guiding structure is undisturbed, including Fiber B which has smaller dimensions. The debris
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that can be seen within the capillary of Fiber B is a consequence of drilling a cleaved end and
there would be no opening for debris to enter when drilling a long length of fiber.

Fig. 11. Microscope image of the side of micro-drilled optical fiber: (a) Fiber A including
an image with the focus at the bottom surface of the notch to allow for the microchannel
to be seen due to the greater notch depth, (b) Fiber B with the microchannel visible at the
bottom surface of the notch. The fiber orientation is such that it runs vertically top to bottom
in all three images.

Fig. 12. SEM images of the cleaved end of micro-drilled optical fiber: (a) Fiber A, (b)
Fiber B.

The SEM images in Fig. 12 show no visible damage to the capillary side walls. Additionally,
the 5 µm wide channel, which connects the fiber core and the notch, is central between two of the
capillaries and hence the physical microchannel is consistent with the simulation.

4.2. Characterization

The resulting fiber loss arising from the fabrication of the microchannels was recorded via an in
situ loss measurement. Each end of Fiber A was spliced to single mode fiber (SMF) using the
standard settings for SMF-SMF splicing and adapting the parameters to include fiber overlap
[60]. The output from a 1550 nm laser with a polarization controller was coupled into the fiber
and detected on a power meter (Newport PMKIT-06-01). The coupling loss was found to be, on
average, 5.25 dB per splice with a ± 1 dB polarization dependence across the spliced fiber. The
splice loss is considered to mainly originate from mode mismatch between fiber types and the
destruction of the capillary microstructure during fusion splicing [60,61]. It is expected that each
addition of a microchannel produces an approximate linear increase in the fiber loss [34]. The
error in the loss measurement came from the fabrication introducing polarization dependence.

The initial method for debris removal involved using the laser power to remove debris from the
notch before microchannel fabrication. Upon measurement of the loss and SEM imaging of the
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microchannel, it was clear that debris was still present in the core, causing a scattering effect.
Hence, the air-flow system was installed to provide additional force for debris removal and the
loss was significantly reduced. The loss incurred from fabricating a 5 µm wide microchannel
of increasing length is shown in Fig. 13, both with and without air-flow. Compared to the
simulated loss which was negligible, a 50 µm microchannel gave a loss of 0.056 dB. This loss is
therefore predicted to be due to scattering loss from any remaining debris or micro-damage to
the capillaries which may not be visible on an SEM image. Destruction of the outer cladding
may also contribute to this loss.

Fig. 13. The measured loss of a 5 µm wide microchannel for increasing length. See
Data File 6 for the underlying data.

To further reduce the presence of debris in the micro-machined fiber, and hence further reduce
the loss incurred by microchannel fabrication, liquid such as IPA could be used to flush the fiber
post-machining. Alternatively, a pressure differential could be created between the fiber core
and the external environment. When the micro-machined fiber is used for gas spectroscopy,
debris may accumulate in the fiber. The debris may be removed by flushing as discussed earlier
for post-machining. In fact, the presence of the microchannels will assist in the fiber cleaning
process and may also reduce contamination effects from atmospheric conditions by molecules
such as water vapour [62]. High temperature and pressure can cause dimensional changes in
hollow core fiber [63]. However, the dimensions of the microchannel are predicted to scale
uniformly with the changes in fiber dimensions. If the predicted environmental conditions cause
the fiber dimensions to contract, then the microchannel width can be increased to counteract this
effect and ensure gaseous access to the fiber core.

To determine the effect of uncontrolled fabrication, a 50 µm section of the entire width of
the fiber cladding was ablated in layers towards the center of the fiber. When the core was
breached and the microchannel structure was partly damaged, the loss incurred was 1.8 dB.
Further destruction of the fiber and capillaries, towards the fiber center, dramatically increased the
loss by another 8.3 dB. This provides assurance that the capillary structure should be preserved.
This increase in loss when the microstructure is destroyed will limit the length of the fiber that
can be used as well as the number and size of the microchannels before the loss is too great.

4.3. Fabrication in coated fiber

It is desirable to retain the protective polyacrylate coating on the fiber to maintain structural
integrity. Microchannels were therefore fabricated in Fiber A without manual stripping of the
coating. Instead, only a small section of the coating was laser ablated in the region of the
microchannel. In order to fabricate microchannels into the core of coated ARF, a 70 µm long
section of the outer polyacrylate coating was first removed by femtosecond laser ablation to
provide easy placement for the microchannel through the remaining cladding. This was removed

https://doi.org/10.6084/m9.figshare.28447592
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across the width of the coating to prevent debris entering the core upon microchannel fabrication,
as shown in Fig. 14. Once the coating had been locally removed, the microchannels were
fabricated within the exposed cladding region using the same method as described in Section
4.1. Using further debris removal via the transverse airflow, the loss incurred by fabrication of a
microchannel through the coating was found to be 0.068 ± 0.009 dB, only a fractional increase
from the earlier result with no coating present. With this technique, the structural integrity is far
greater than removing a larger section using mechanical strippers with a negligible effect on fiber
loss. Microscope images, via reflection illumination, of the top of the machined fiber are shown
in Fig. 15 with increasing focus towards the fiber core.

Fig. 14. A cross-sectional diagram of the process of femtosecond laser ablation to remove
the outer polyacrylate coating.

Fig. 15. Microscope images of microchannels fabricated within a coated fiber. The images
are shown with increasing focus towards the fiber core. The fiber orientation is such that it
runs vertically top to bottom in all three images.

5. Conclusions

This paper has presented an automated cross-correlation method for determining the rotational
orientation of hollow-core anti-resonant fiber without access to the local cross-section. The
alignment method has been verified to work on both coated and uncoated fibers. The method has
also been shown to be robust to changes in illumination levels and depth of focus. Simulations
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show that the microchannels should be fabricated in the gap between the anti-resonant capillaries
to avoid damaging the capillaries and hence increasing fiber loss.

Microchannels were fabricated between the capillaries for gaseous access to the core in two
anti-resonant hollow-core fibers: a commercial 1550 nm fiber and an in-house fabricated 780 nm
fiber. A loss investigation on the commercial fiber gave a loss for a 5 × 50 µm microchannel
of 0.056 dB and this was found to increase linearly with microchannel length. A microchannel
was also fabricated through the coating of the commercial 1550 nm fiber with only 0.068 dB
loss, thereby allowing structural integrity to be maintained with a negligible effect on fiber loss.
The resulting fibers allow for fast filling of gases without the need for a pressure differential.
These machined fibers therefore have potential for remote gas sensors with high sensitivity and
fast response time, provided by the long interaction length. The alignment technique also has
potential applications for the machining of other fiber types.
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