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Abstract: Hollow core negative curvature fibres (NCFs) are a relatively new class of microstructured optical fibre with potential applications in areas such as the delivery of high power laser
light and gas sensing. For sensing, it is necessary for the measurand to interact with the guided
mode. To facilitate this, a novel femtosecond laser-based machining protocol has been developed
that allows the precision sculpting of access slots into the NCF core along the length of the
fibre. The process is a direct-write process using a digitally defined scanning strategy with no
need for physical masks or additional processing such as wet etchants and/or focussed ion beam
machining. Due to the inherent flexibility of the machining strategy and the high level of control
over the depth of material removal, it is likely that this new technique will be transferable to a
wide range of microstructured fibres.
Published by The Optical Society under the terms of the Creative Commons Attribution 4.0 License. Further
distribution of this work must maintain attribution to the author(s) and the published article’s title, journal
citation, and DOI.

1.

Introduction

There is a range of photonic crystal fibres (PCFs) with different structures and guiding mechanisms:
hollow-core photonic bandgap fibres (HC-PBGFs) [1], hollow-core Kagome lattice [2] and hollow
core negative curvature fibres (NCFs) [3]. The NCF fibres are also referred to as hollow-core
anti-resonant fibres due to the way the light is guided [4]. The guided wavelength is dependent
on the thickness of the core wall or membranes. For example, for guidance at 1030 nm and 1064
nm the wall thickness should be 910 ± 50 nm [5].
Hollow-core NCFs have emerged as promising fibres with the negative curvature core boundary
(i.e., the contour of the core-cladding interface is in the opposite direction of the curvature
of the outer diameter of the fibre) resulting in a reduction of attenuation [6]. In addition to
low-loss, NCFs exhibit favourable guidance characteristics and have a relatively simple photonic
structure in comparison to HC-PBGFs and Kagome-lattice fibres [7]. NCF fibres have very
good transmission properties [8] and it was also demonstrated that a silica NCF can be used for
low-loss guidance in the mid-infrared (mid-IR) spectral range (above 3.5 µm) where the loss of
bulk silica glass is very high [9]. The glass curvature surrounding the core has an impact on the
leakage loss, bend loss and coupling between the core mode and cladding modes [10] and the
references therein. NCFs can exhibit low loss transmission of the order of 10 dB/km and lower
losses can be obtained if the core has a large diameter [10]. An NCF has also been reported with
an attenuation of 0.06 dB/m at 2.94 µm [11].
Other designs of NCF are also explored, such as adding elliptical elements that will give a
positive and negative curvature, since numerical studies showed that this improves the confinement
of the light in the core [12]. Therefore, due to the importance of the core wall in these fibres,
it is crucial to develop a machining strategy that can preserve these structures and hence does
not detrimentally affect the guidance properties of the NCF, so that these fibres can be used
in their full potential to realise novel optical sensors. Hollow core microstructured fibres can
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exhibit low loss in the mid-infrared region, which is of interest for spectroscopy and medicine
[13]. By modifying the fibre and allowing access to the hollow core, it is possible to enhance the
interaction of the measurand with the light and significantly improve the response time of the
sensor [14].
Post processing of NCF with femtosecond (fs) laser machining, to increase the access of a
measurand to the hollow core, has been reported [15,16,17]. A gas pressure sensor using a hollow
core fibre (HCF) which guides with an anti-resonant reflecting mechanism was demonstrated
using femtosecond laser drilling through the ring cladding structure of the fibre [15]. A V-shaped
microchannel was fabricated in the cladding of the fibre using a layer-by-layer scanning approach
(4 scanning cycles) The femtosecond machining was carried out at a wavelength of 800 nm, with
a pulse width of 120 fs and pulse energy of 2 µJ (similar to the one presented in this paper) at a
repetition rate of 1 kHz. A microscope objective lens of 20 x was used to focus the laser beam
and a linear translation stage was used with a scanning speed of 2 µm/s over a total distance of 20
µm, parallel to the fibre axis. After one scanning cycle, the laser beam focus was shifted 10 µm
perpendicular to the fibre axis for the next scanning cycle [15]. Although the laser machining
produced slots that reached the core, this fibre has a much simpler cross-section than the NCF
and less favourable guidance properties.
Gas sensing of methane has been demonstrated with a laser machined NCF using drilled
side-holes [16]. A 50 µm diameter side hole was drilled in the fibre. The conditions used were: a
repetition rate of 1 kHz, 100 fs pulses and a wavelength of 790 nm. A relatively large pulse energy
of 1.8 mJ was used whereas for ultrafast machining of silica glass typically pulse energies of less
than 1 µJ are more common. The laser was focused to a 3 µm spot diameter using a 20 ×, 0.4 NA
long working distance objective lens and the focus remained fixed during the hole fabrication.
Real-time fibre transmission was used to indicate when the fibre core was breached. The hole
was machined by translating the focal spot deeper into the fibre in discrete steps. However, the
resultant holes were strongly tapered and exhibited some damage to the microstructured cladding
[16].
Femtosecond laser machining was also explored to produce a variable pressure fibre gas cell
in a HC-PBG fibre [17]. Micrometer diameter radial channels were drilled in the HC-PBG fibre
[17] with the fibre being held in an index-matching fluid during the process. The fluid has an
additional advantage of removing debris within the fibre and hence the drilling was done from
the core to the surface such that the ejected debris would be pushed out of the fibre [17]. A
commercial regeneratively amplified Ti:Sapphire laser (Spectra-Physics, Hurricane) able of 90 fs,
1 mJ pulses, working at 800 nm and with a repetition rate of 1 kHz was used. The pulse energy
used for drilling the holes was 80 nJ. The lens used was a Zeiss Neofluar 0.9 NA multi-immersion
objective. The fibre was held in an index-matching fluid of refractive index of 1.45 and translated
through the focus objective at a speed of 1 µm/s with Newport PM-500 stage at 100 nm step sizes.
This method was first tested on a solid core Corning SMF-28E fibre, translating the step-index
fibre upward though the laser focus with the drilling performed from the surface to the core of
the fibre [17]. However, the requirement for the process to continuously flood the hollow core
with fluid during machining adds an additional complexity to the process and the holes produced
were relatively small (approximately 1.5 µm diameter).
There are also a range of multi-step processes that have been used as a means to access the
hollow core of a fibre such as focused ion beam (FIB) combined with laser machining [18],
laser machining combined with chemical etching [19,20] or water assisted femtosecond laser
machining of fibres [21]. As for example, in Ref. [18] a fibre was drilled with a ultraviolet ns laser
machining with FIB milling. The hole drilled in the polymer coating had a diameter of 120 to 180
µm in order to expose the silica. The silica cladding was machined with FIB milling. The milled
hole had 10 µm diameter and approximately 55 µm depth. The implementation of these methods
has a range of drawbacks either being expensive, time consuming and/or requiring handling of
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chemical substances. Most of the structures are tapered and with the etching techniques the
removal depth is enhanced by chemical substances, thus reducing the controllability.
Whilst the above work shows that the strategy of post-processing fibre, via laser machining,
to increase the access to the hollow core is viable, there is scope for improvement in terms
of the quality, geometry and size of the machined structures and the flexibility of the process.
Consequently, in this paper a new, direct-writing machining strategy is proposed for the removal
of the solid cladding and of the fine (sub-micron) photonic cladding “web” structure in a hollow
core NCF.
2.

Methodology

The NCFs used in this work are shown in Fig. 1 and were produced by the University of Bath.
There are two types of NCF designed for guidance at 1 and 3 µm, designated NCF-1 and NCF-3
respectively. NCF-1 has an inner diameter of approximately 73 µm, a core diameter of 21 µm and
solid cladding thickness of approximately 42 µm. NCF-3 has an inner diameter of approximately
256 µm, a core diameter of 94 µm and a solid cladding thickness of 50 µm. The fibres were
sputter coated with gold prior to scanning electron microscope (SEM) imaging and for practical
purposes short lengths of fibre were used (10 to 20 cm).

Fig. 1. SEM picture of the NCF cross section for a) 1 µm guidance, NCF-1 and b) 3 µm
guidance, NCF-3.

In order to achieve higher control and precision (in comparison with other laser drilling
techniques) the laser machining was performed in a series of planes. In Fig. 2, a schematic of the
machining strategy showing four steps is presented: ablation of the solid cladding, approaching
the cladding web, removal of the cladding web and removal of the core wall approaching the
centre of the core. The red arrows indicate the direction of the laser beam relative to the fibre,
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although it should be noted in this scheme that the laser beam focus is fixed and the fibre is
translated relative to this.

Fig. 2. a) Cross section of the fibre showing the machining strategy proposed in this paper.
It consists of 4 steps: ablation of the solid cladding, approaching the cladding web, removal
of the cladding web and removal of the core wall approaching the centre of the core and b)
scheme of a machined slot on the fibre showing the exposed core. The red arrows indicate
the direction of the laser machining relative to the fibre but it should be noted in this scheme
that the laser beam focus is fixed and the fibre is translated relative to this.

A relatively low pulse energy was used to minimise the amount of ablated material removed in
each pass. This was implemented because when the machined structure becomes deeper and the
aspect ratio increases, it is more difficult for the ablated material to escape which can contribute
to rougher walls and less well-defined structures [22]. Using this machining strategy, it was
possible to machine larger features into the NCF than those previously reported [15,16,17] see
Table 1.
Table 1. Summary of results from the literature.
References

Geometry achieved

[15]

Strongly tapered V-shaped microchannel of 20 µm diameter (top) in the cladding of a hollow core fibre.

[16]

Tapered, V-shape hole of 50 µm diameter was obtained in the cladding of an NCF

[17]

Hole of approximately 1.5 µm diameter in a hollow-core photonic bandgap fibre

Current work

Un-tapered slot 150 µm in the y-axis across the whole width of the fibre.

The tapering effect results in a conical or V-shaped hole related to the Gaussian intensity
profile of the laser beam and enhanced thermal losses at the walls of the hole. The numerical
aperture is also known to have an influence with the void shape being narrower and longer if the
numerical aperture (NA) is higher than 0.9 NA [23]. In the work reported in this paper, the NA
used was 0.4 and tapering was mitigated by using the scanning strategy and translation in z axis
with small increments.
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In order to find the correct scanning methodology, a systematic study was performed. The
effect of increments size in the z axis was studied using increment of 0.5, 1.0, 2.0, 2.5 and 5.0 µm.
To ensure a reliable machining result, the machining would start with the focus above the fibre.
The best results with regards to both the depth achieved and the quality of the machined structures
were obtained when the scanning lines were machined in repeated planes with small increments
in z and low pulse energy. The small increments in z ensured a better control of the material
removal in order to achieve deeper structures although a balance had to be achieved between
increment size and processing speed. The optimum results were found using a 2.5 µm increment
and a pulse energy of 2 µJ. Locating the starting position of the machining process accurately
was necessary to ensure the optimal results. In order to accurately locate the uppermost surface
of the fibre prior to commencing machining a focus finder technique was employed similar to
[24]. This was critical to ensure that the focal position of the laser could be referenced to the
top surface, or highest point, of the fibre. The middle of the fibre was used as the approximate
location of the uppermost surface. The laser beam reflected from the fibre surface beam was then
imaged with a CCD camera and monitored whilst the fibre was translated in small increments
either side of this position. By finding the point where the reflected beam presented a circular
image the highest point was located.
Careful optimisation of the change in focal position for each plane is important as the ablated
material can solidify on the surface [22]. However, if the laser machining is performed in the x/y
plane, with fine z increments between each ablated plane of material, an improved machining
quality can be achieved.
This femtosecond laser machining strategy allows enhanced precision and control in terms
of depth achieved and the definition of the machined structure. It was possible to create access
portals into the hollow core of the NCF while preserving the guidance in the fibre. Additionally,
this a relatively simple, direct-write, technique which does not need fluid to remove ablated
material.
2.1.

Experimental set-up for femtosecond laser machining

A Hurricane (Spectra-Physics) laser was used with a pulse duration of 130 femtoseconds (fs) and
an output power of 910 mW. The repetition rate used throughout was 5 kHz. The processing lens
had an effective focal length of 6.24 mm and an NA of 0.4. The beam waist after this lens was
calculated as 1.26 µm (1/e2 ). The sample was fixed on motorised stages (A3200 Aerotech Inc)
and a scanning speed of 1 mm/s and acceleration of 120 mm/s2 was used. All machining was
performed using a pulse energy on the sample of 2 µJ. The separation distance between adjacent
ablation lines in each plane was 0.5 µm (y-axis).
The depth machined into the NCF was dictated by the number of planes used which were
calculated from the SEM cross-sections of the fibre. The laser was initially focused above the
fibre surface and then machined planes were repeatedly scanned across the width of the fibre.
For each successive scan, the fibre was moved upwards in the z direction by 2.5 µm. The time to
machine a single plane with dimensions of 0.400 mm in x and 0.150 mm in y was 6 mins and for
a plane with dimensions of 0.500 mm in x and 0.100 mm in y it was 4 min.
2.2.

Experimental set-up for optical characterisation of NCF

It was important to determine whether the proposed machining strategy would disrupt the
guidance of the NCF and hence detrimentally affect the performance of any devices subsequently
realised using this methodology. In order to do this, NCF-1was chosen due to the availability
of sources and detectors in that wavelength range. A 1064 nm diode laser was used, with a
measured maximum output of 22.3 mW. The fibre output was also imaged using a camera (Basler
106957-07) to allow the visualisation of the light transmitted in the core and cladding before and
after machining.

Research Article

3.
3.1.

Vol. 28, No. 17 / 17 August 2020 / Optics Express 25496

Results
Laser machining of NCF – extreme case

To assess the influence of the machining process on the light guidance, a large slot (150 µm) was
machined in NCF-1. This is larger than the scale of features that would likely be used in a sensing
device but it is presented as an extreme case. The length of scanning in the x-direction was
adjusted to allow the stages to both accelerate and decelerate. Figure 3 shows a slot machined
in the NCF-1with removal of material down to the bottom surface of the hollow core with no
tapering effects. Although it shows some debris along one edge of the slot, it still shows that the
webbing remains intact within the fibre and presents a good result in terms of the ablation depth
achieved. To check if the coupling of the fibre is not affected by the machined area, the light
output of a similar slot is shown in Fig. 4.

Fig. 3. SEM picture of the machined NCF-1 with scanning dimensions of 0.150 mm in the
y-axis and 0.400 mm in the x-axis.

Fig. 4. Image of the light output for a) unmachined NCF-1 and b) for the machined NCF-1.
The central bright core region corresponds to the core of the fibre and it has 21 µm core
diameter. Due to the short lengths of fibre used light coupled into the lossy cladding web
modes is still visible at the output end. This is reduced in the machined fibre as the slot
disrupted the propagation of these cladding modes.
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It is possible to see that the coupling of the light was successful before and after machining,
Figs. 4(a) and 4(b). It can be seen that although the majority of light is confined to the core there
is also light in the outer cladding for the unmachined fibre [Fig. 4(a)]. Due to the short lengths of
fibre used light coupled into to the lossy, glass cladding web modes was still visible at the output
end. However, for the machined fibre [Fig. 4(b)] the apparent light in the cladding is reduced,
where the section of the solid and photonic cladding has been removed, and there is strong light
confinement in the core. Also, due to the short length of fibre used, it was not possible to do a
cutback measurement. However, the total power output from the unmachined and machined NCF
(including light in the core and cladding) was measured at 1064 nm and losses were calculated
using the measured input power. For the machined fibre this gave a loss of 0.42 dB/cm and for the
unmachined fibre 0.39 dB/cm. Given that the unmachined fibre has more apparent light guided in
the cladding it is expected that the actual losses for the guided core mode would be lower for this
fibre. Considering the length of 15 cm, the loss for the non-machined fibre was 5.85 dB and for
the machined one was 6.3 dB and consequently the loss due to the single 150 µm long slot shown
in Fig. 3 was 0.45 dB. This value is higher than reported in the literature using a hollow-core
photonic bandgap fibre, 0.35 dB [17]. However, the unmachined fibre reported in [17] has a loss
of 0.033 dB (for a 33 cm length). Therefore, the microchannel fabricated in Ref. [17] adds a
larger relative increase in loss to the fibre compared to the slot machined in the NCF-1.
Figure 4(b) clearly shows that the machining strategy has not significantly disrupted the
guidance of the NCF and the impact on total fibre loss is small. These initial results confirm that
the laser processing of a large 150 µm slot through the fibre cladding to the bottom surface of the
hollow core does not significantly disrupt the guidance properties of the fibre.
In the slot shown in Fig. 3 the majority of the cladding has been completely removed (as an
extreme case) and hence without this confinement the beam will diverge across the slot according
to the NA of the core mode (0.044). It will then be coupled back into the hollow core at the
other side of the slot. This expansion will cause a mismatch between the size of the incident
beam and the core mode and hence an insertion coupling loss. The coupling efficiency, C, can be
calculated by considering the overlap integral, Eq. (1) [25]:
∫
 ∫

E1 (x, y)E2 (x, y)dxdy
E1 (x, y)E2 (x, y)dxdy
∫
∫
C= 
(1)


E1 (x, y)E1 × (x, y)dxdy
E2 (x, y)E2 × (x, y)dxdy
In Eq. (1) E1 (x,y) and E2 (x,y) is the electric field distribution of the input beam and fibre mode
respectively. If Gaussian profiles are assumed for these distributions, then Eq. (1) simplifies to
the following Eq. (2) [25]:
4
C=
(2)
(wb /wm + wm /wb )2
In Eq. (2) wb and wm are the input beam and fibre mode radius respectively. Based on the NA
of the fibre the beam expands across the 150 µm slot increasing from the fibre core mode radius,
10.5 µm to a radius 17 µm hence wb = 17 µm and wm = 10.5 µm. Using these values in Eq. (2) a
coupling efficiency of 80% is calculated. Therefore, using these assumptions, the 150 µm slot
would introduce a 0.97 dB loss. However, the measured loss of the slot machined in NCF-1
(Fig. 3) was 0.45 dB. Equation (2) results in an over estimation of the loss as it assumes the beam
is propagating in free space. However, as some cladding remains in the slot, the beam is not
propagating entirely in free space and hence it will not diverge to the same extent. Also, the NCF
core mode is not a perfect Gaussian as assumed for Eq. (2).
It should be noted that this slot represents an extreme case and in practice slots required e.g.
for gas sensors [26] would be much smaller. In [26] a long length of fibre is replaced by a series
of shorter lengths of fibres separated by small gaps to allow gas diffusion into the hollow core.
The technique presented in this work can reproduce such gaps with an advantage that the gap
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(i.e., the machined slot length) can be tailored to the desired specification due to the flexibility of
the laser machining methodology and multiple slots can be machined into a continuous length
of fibre (Fig. 7). The optimum gap for gas diffusion was calculated to be equal to the radius
of the hollow core [26] and hence for slots of this size the loss predicted by Eq. (2) would be
significantly lower.
3.2.

Laser machining of NCF and depth control

Laser machining of NCF-3 was performed in order to assess the ability to control the depth of
ablation. This is important for potential future application as a critical region of interest for
sensing is in the mid-IR [16]. In Fig. 5, an SEM picture of a laser machined slot in NCF-3 with a
targeted ablation depth of 107.5 µm is presented. This depth was chosen to achieve removal of
the solid cladding and expose of the top surface of the cladding web structure. The laser scanning
dimensions are 0.100 mm in the y-axis and 0.500 mm in the x-axis. In Fig. 6, an SEM picture
of a laser machined slot in NCF-3 with targeted ablation depth of 132.5 µm is presented. This
deeper slot was chosen to machine through the cladding web and open up the hollow core. The
scanning dimensions of 0.150 mm in y and 0.400 mm in x (and a different view angle) were used.

Fig. 5. SEM picture of the NCF machined for 3 µm guidance with the femtosecond laser
with a theoretical ablation depth (calculated) of 107.5 µm done with scanning dimensions of
0.100 mm in y and 0.500 mm in x.

Fig. 6. SEM picture of the NCF machined for 3 µm guidance with the femtosecond laser
done with a theoretical ablation depth (calculated) of 132.5 µm with a) scanning dimensions
of 0.150 mm in y and 0.400 mm in x and b) different view angle.
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In Fig. 5 it is possible to see that the solid cladding glass has been removed and the top surface
of the cladding web exposed (but is undamaged). In Fig. 6, a deeper slot has been successfully
machined through the cladding web and hence exposing the hollow core. This clearly shows
the depth control possible using the scanning methodology developed. It is therefore possible
to precisely control the ablation depth in order to either remove the solid part of the cladding
(Fig. 5) or to machine deeper, through the fibre cladding web, thus exposing the hollow core
(Fig. 6). This depth control enabled by the scanning strategy provides significantly more control
to the removal of material from such microstructured fibres compared to previously reported
methodologies.
Another advantage related to the precision and control shown above is that this technique
allows the possibility to modify the cladding structure. Reference [27] mentions that the tailoring
of the cladding can allow the propagation of selected modes.
It was also possible to machine the structure a number of times in the same fibre and
subsequently rotate the fibre to enable a side view of the machined structure. In Fig. 7, a fibre
is machined in 2 places, the first slot is targeted at machining the solid cladding exposing the
cladding web and the second slot is targeted at reaching the bottom surface of the hollow core.
This again validates the level of control possible with this laser machining methodology. Also, it
should be highlighted that none of the slots machined in NCF-1 and NCF-3 exhibit the tapering
effect reported previously.

Fig. 7. SEM picture of a side view of NCF-3 machined with the femtosecond laser showing
the differences in the achieved depths in both cases: exposing the cladding web (leftmost
slot) and exposing the hollow core (rightmost slot).

4.

Conclusion

The femtosecond laser machining methodology presented in this paper provides a robust method
for creating slots in hollow core microstructured fibres overcoming the issues of tapering
associated with drilling. It is a single, direct-write process (using a digitally defined scanning
strategy), which allows larger slots to be created than those previously reported yet still preserves
the cladding web, which is of upmost importance for the guidance mechanism of the NCF [5]. It
also provides better depth control when compared to other laser processes, enabling the process
end point to be well defined, i.e., stopped to expose the upper core wall or breaking though
the core wall to expose the hollow core. This strategy also potentially allows any shape to be
machined in a microstructured optical fibre, since it is governed by a digital scanning pattern.
This therefore provides a way to radically enhance the types of devices that might be developed
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using an NCF or other hollow-core microstructured fibres and opens up new possibilities for
optical fibre sensing devices.
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