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ABSTRACT

We report on the properties of tapered single-ring hollow-core photonic-crystal fibers, with a particular emphasis on applications in nonlinear
optics. The simplicity of these structures allows the use of non-invasive side-illumination to assess the quality of the tapering process, by
observing the scattered far-field spectrum originating from excitation of whispering-gallery modes in the cladding capillaries. We investigate
the conditions that ensure adiabatic propagation in the up- and down-tapers, and the scaling of loss-bands (created by anti-crossings between
the core mode and modes in the capillary walls) with taper ratio. We also present an analytical model for the pressure profile along a tapered

hollow fiber under differential pumping.

© 2019 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5093474

I. INTRODUCTION

Over the last few decades, tapered step-index and photonic
crystal fibers, offering axially varying dispersion and high effec-
tive nonlinearity, have emerged as attractive platforms for control-
ling nonlinear optical effects such as supercontinuum generation, "
dispersive wave generation,” adiabatic pulse compression’ and
third harmonic generation.”” More recently, rapid developments
in hollow-core photonic crystal fibers that guide by anti-resonant-
reflection (ARR-PCFs) have opened up new possibilities for gas-
based nonlinear optics, offering very high optical damage thresholds,
wide spectral transmission bands (especially in the UV"” and in the
mid-IR"’) and pressure-tunable dispersion when gas-filled."" Here
we report on a series of experiments exploring the use of tapered
ARR-PCEF in gas-based nonlinear optics. Although tapered kagomé
ARR-PCFs have previously been reported,'” their nonlinear proper-
ties have so far only been investigated numerically.”” Among the dif-
ferent types of ARR-PCF,"” single-ring PCF (SR-PCF), consisting of
acircular ring of thin-walled capillaries surrounding a central hollow
core and mounted inside a thick-walled fiber capillary, has received
great attention recently because it can offer low-loss,” easily

APL Photon. 4, 056105 (2019); doi: 10.1063/1.5093474
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predictable windows of transparency,'® effectively single-mode
guidance'” and, not least, is relatively simple to fabricate. We report
on the fabrication and characterization of tapered SR-PCF, and
present a systematic analysis of the optical properties relevant to
experiments in the field of nonlinear optics. We also derive an
analytical expression for the pressure profile along the fiber when
it is differentially pumped. Finally, we show that the taper pro-
file can be designed so that the zero dispersion wavelength (ZDW)
remains constant along the whole fiber length, while the third order
dispersion and the effective nonlinearity vary.

Il. FABRICATION AND CHARACTERIZATION
A. Tapering technique

A tapered fiber usually consists of a down-taper where the fiber
diameter is reduced, followed by a waist of constant diameter and
an up-taper to the original diameter. The length of the waist can
extend from a few millimeters to several tens of centimeters. We
define the local taper ratio Tr as the dimension of a feature in the
tapered fiber divided by its value in the untapered fiber. For isomor-
phic tapering, the aim is to maintain the same value of Tr for all

4, 056105-1
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geometrical features of the microstructure (i.e, core diameter,
capillary-wall thickness, etc.).

Tapered fibers are fabricated by scanning an oxy-butane flame
along the length of a fiber while gently pulling it. Precise control of
the extension of the heated area during the elongation process allows
production of arbitrary taper profiles and waist lengths.' In the case
of SR HC-PCEF, since the cladding consists of thin-walled capillar-
ies, heating up the glass often results in collapse of the microstruc-
ture, driven by surface tension. To compensate for this, the gas
pressure in the hollow regions outside the cladding capillaries was
reduced during the taper fabrication, while maintaining the capil-
laries at atmospheric pressure. This was achieved by collapsing the
cladding capillaries at the evacuated fiber end using the electric arc
of a fiber splicer while completely sealing the other fiber end with
vacuum-compatible epoxy.

To obtain isomorphic tapers, the flame temperature was
adjusted (by changing the oxygen concentration in the gas mixture
or varying the distance between flame and fiber) to the lowest value
that allowed softening of the silica glass. The optimal tapering condi-
tions were found by tapering fresh samples at successively lower val-
ues of core pressure until the microstructure scaled isomorphically.
A systematic study of different SF-PCFs revealed that the required
evacuation pressure (generally in the range 30 mbar-500 mbar)
depends non-trivially on the core diameter and the capillary-wall
thickness and needs to be carefully calibrated for each SR-PCF
geometry. Once the optimal parameters have been found, however,
several samples could be successfully tapered even for significantly
different values of Tr. During tapering the fiber elongation rate
was set to 0.3 mm/s, so that the entire process lasted only a few
minutes.

In the following we show experimental results obtained with a
five-capillary SR-PCF with a core diameter of 32 ym and a core-wall
thickness of ~400 nm. Figure 1 compares scanning electron micro-
graphs (SEM) of the fiber cross-section for (a) Tr = 1, (b) Tr = 0.33
and (c) Tr = 0.17. The microstructure is very well preserved even at
high tapering ratios. Direct fiber-drawing of SR-PCF with such small
features (below 10 ym core diameter and sub-100 nm capillary wall
thickness) is technically very challenging.

B. Characterization of the tapered fiber

Isomorphic scaling of the fiber structure with Tx is in gen-
eral not guaranteed, and anamorphic deformations are not eas-
ily observable by imaging the fiber through the side in an optical
microscope. Although cleaving (Fig. 1) allows the local microstruc-
ture to be imaged, it destroys the sample. For non-destructive

APL Photon. 4, 056105 (2019); doi: 10.1063/1.5093474
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testing, we have exploited a novel technique that allows the local
diameter of the cladding capillaries to be measured to sub-micron
precision via whispering gallery mode (WGM) resonances.'” The
experimental set-up is shown in Fig. 2(a). The fiber is illuminated
from the side using a broadband light source (e.g., a Xe lamp).
Part of the light couples to WGMs in the capillaries and is col-
lected by a multimode optical fiber (400 ym core diameter) and
delivered to a spectrometer. The capillary diameter D can be cal-
culated by first Fourier transforming the measured optical spec-
trum to obtain the frequency spacing Av between the WGMs,
and then applying D = c/(mAvnwgm), where nwawm is related to
the effective index of the WGMs."” Both the light source and
the multimode fiber are mounted on a translation stage, allow-
ing the measurement to be repeated at several positions along the
fiber length. The diameter of individual cladding capillaries can be
measured by rotating the fiber using two synchronized motorized
stages.

As an example, Fig. 2(b) plots Tr for the diameter of one
of the cladding capillaries (orange circles, measured via the WGM
resonances) and for the outer diameter of the fiber (blue dots,
measured using an optical microscope). Both measurements agree
very well with the taper design (solid gray line). We point out
that a correct scaling of the outer diameter and the diameter
of the capillaries is sufficient for isomorphic preservation of the
structure.

The transmission spectrum of SR-PCF consists of broad low-
loss windows interspersed by narrow high-loss bands caused by anti-
crossings between the core mode and leaky open resonances in the
capillary walls. The wavelength of the mth order anti-crossing can be
predicted to good accuracy by:'®

2 o
Am=—n[ng =1 (1)

where ¢ is the capillary wall thickness and #, is the refractive index
of the glass. As predicted by the scalar approximation,” isomor-
phic down-scaling of the microstructure blue-shifts the anti-crossing
wavelengths. To verify this, light from a home-built supercontinuum
source, based on a solid-core PCF pumped in the anomalous dis-
persion regime, was launched into several 9-cm-long taper waists
(with their transition regions cleaved away) with different values
of Tr. Measured transmission spectra for Tr = 1, Tr = 0.76 and
Tr = 0.45 [Fig. 3(a)] clearly show the blue-shift of the m = 1 anti-
crossing wavelength. Figure 3(b) plots the m = 1 anti-crossing wave-
lengths for several different values of Tr, confirming the validity of
Eq. (1). The first transmission window shifts to shorter wavelengths,
resulting in strong attenuation at longer wavelengths. These features

FIG. 1. Scanning electron micrograph
(SEM) of the end-face of the SR-PCF
for: (a) untapered fibre (core diameter
32 pum, wall thickness 411 nm), (b) fibre
with Tr = 0.33 (core diameter 11.1 um,
wall thickness 149 nm), (c) fibre with
Tr = 0.17 (core diameter 5.8 ym, wall
thickness 84 nm).
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FIG. 2. (a) Experimental setup used to measure the diam-
Quter diam. eter of the cladding capillaries. MMF, multimode fibre; RS,
Al MIKUSEORaY 1 rotational stage; TF, tapered fiber. (b) Taper ratio of the outer
diameter (blue dots) and the cladding capillaries diameter
(orange circles). The gray line indicates the target taper
ratio Tr during the fabrication process. The measurements
confirm isomorphic tapering (i.e., all the fiber features scale
with the same value of Tg).
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suggest that with proper design, tapered gas-filled SR HC-PCFs can
be used to control laser frequency conversion,'" allowing unwanted
wavelengths to be suppressed. We observe that the fine structure of
the measured spectra around the supercontinuum pump wavelength
(1064 nm) depends only on the properties of the light source and is
not associated with the waveguide resonances.

To avoid unwanted coupling into higher order and radiation
modes, it is important that the up- and down-tapers are adia-
batic, i.e., they satisfy the length-scale criterion,” which limits the
maximum allowed taper angle Q for a given core radius to:

Omax(z) = @(ﬂm - no2), (2)

where z is the axial coordinate, A is the vacuum wavelength, a(z) is
the local core radius, and no; and ng, are the local refractive indices
of the fundamental (LPy;) and first higher-order modes sharing the
same azimuthal symmetry (LPo;). Away from the anti-crossings,
the effective refractive index of the LP,,, mode is given to a good
approximation by the capillary model:””

| 1 1{ o)
fmn(As p) = \l ngm(/l,p)—(uzm ) ~ 1+58()L)£ _ E(L) i
(3)

Po 2na

where p is the gas density and py its value at standard temperature
and pressure (for an ideal gas p/py = pTo/poT, where p is the pres-
sure and T the temperature), 8(\) is a Sellmeier expansion for the
dielectric susceptibility of the gas, and uu, is the nth zero of the mth
order Bessel function of the first kind. Combining Eqs. (2) and (3),
we obtain:

In Fig. 4(a), Qmax is plotted against z/L (solid blue line) at a wave-
length of 980 nm for 249 = 32 ym and a linear taper profile Tr(z)
= (1 - 0.33z/L), where L is the taper length. The taper angles cor-
responding to L = 5 mm, 10 mm and 20 mm are, respectively, 2.4,
1.2 and 0.6 mrad, well within the adiabatic region, showing that for
this family of tapers adiabatic propagation is ensured. Figure 4(b)
shows the measured transmission at 980 nm for four values of L; no
degradation in the optical properties is observable.

Ill. GAS PRESSURE DISTRIBUTION
IN TAPERED SR-PCFs

Fiber tapering allows the dispersion and nonlinearity to be tai-
lored along the fiber. Although a similar effect can be obtained
by applying different pressures at the two fiber ends,” the effect
on the fiber properties is different. The chromatic dispersion
of the LPg;-like guided mode depends on the balance between
the anomalous geometrical dispersion of the hollow waveguide
and the normal dispersion of the gas, with the result that the
B2 = 9*B/Ow® becomes less anomalous as the gas pressure is
increased. On the other hand, the nonlinear coefficient y = 2n,/(A az)
depends linearly on the gas pressure, and inversely on the square of
the core radius. Both pressure gradients and tapering can be com-
bined to design systems with a desired distribution of dispersion and
nonlinearity.

A pressure gradient can be created by enclosing the two end-
faces of the fiber taper in gas cells at different pressures. Most exper-
iments with gas-filled SR-PCFs are performed at pressures above
~10 mbar in the hydrodynamic regime, when intermolecular col-

Qumax(2) = A (s — 1) = 0.313 A ~ 0313 A @) l%si(?ns dominate over collisions with the core wall. In dyngmic equi-
8n?a(z) a(z) aoTr(2) librium the number of gas molecules flowing per second is constant
(@) (b)
£
o =800
% E’?OO FIG. 3. (a) Transmission spectra through a 9 cm lengths of
5 -20 T<=0.76 @ untapered (Tg = 1) and tapered (Tg = 0.76 and Tg = 0.45)
3 -40 m=1 2600 fibers. (b) Measured anti-crossing wavelength of the m = 1
g 60 g anti-crossing as a function of Tg; the dots represent exper-
8 .20 045 o 500 imental measurements, while the solid line was calculated
S 40| m=1 REY. @ ing Eq. (1
= o using Eq. (1).
-60 - 5 400
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along the taper. Assuming Poiseuille flow (a good approximation in
this case’ ") and noting that the local gas density (kg/m?) is propor-
tional to the pressure p(z), the average local flow velocity and mass
flow rate can be calculated as:

a‘%z)ndp;(z)

U(2) = 8y dz

and 11 o< p(2)U(2) (5)

assuming isothermal conditions. Solving the second of these equa-
tions for constant mass flow, we obtain the pressure distribution:

p(2) =/t~ (B3 - PD)a @)/ a4 (2)dz, (6)

where po and py are the pressures at z = 0 and L, respectively. For
a uniform fiber, Eq. (6) reduces to p(z) = \/pj —z(pi —p?)/L as
expected.”

For a general taper profile, Eq. (6) needs to be solved numer-
ically. For illustration we treat the cases of a simple linear down-
taper [Fig. 5(a)] and a profile with linear up- and down-tapers and
a central waist [Fig. 5(b)]. The calculated pressure distributions for
po = 10 bars and p; = 1 bar are shown by the solid blue curves in

(a) (b)

the lower panels in Fig. 5. To assess the accuracy of the Poiseuille
approximation, we include numerical solutions of the Navier—Stokes
equation obtained by finite element modeling (orange curves). In
both cases the agreement is good. For comparison we include the
solution for an untapered fibre (dashed gray curve). It is evident that
a decrease in core diameter offers higher resistance to gas flow and,
in the case of Fig. 5(b), decouples the high and low pressure regions.

IV. MANIPULATING THE ZDW

The ZDW plays an important role in the dynamics of nonlinear
propagation. As an example of the additional freedom introduced by
combining tapering and pressure gradients, we show how to design
a fiber taper in which the ZDW stays constant, despite there being
a pressure gradient, while at the same time the fibre nonlinearity
and dispersion slope vary. In particular, keeping the ZDW constant
along the fibre while increasing the nonlinearity can be exploited, for
example, for spectral broadening of pulses a few hundred femtosec-
ond in duration by self-phase modulation in the normal dispersion
region. Such a configuration would help achieve spectral broadening
of a few tens of terahertz within a shorter fibre length, while at the

(c)
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FIG. 5. Gas pressure along the fiber calculated for (a) a linearly decreasing taper transition and (b) a fiber with linear up- and down-tapers and a central waist. The upper
panels show the fiber geometries. The grey dashed curves show the pressure distribution in the untapered case. FEM: finite element modeling. (c) Upper panel: taper profile
(left axis) and pressure distribution (right axis) for a fiber tapered following Eq. (9). Lower panel: corresponding calculated values of 8, at z/L = 0 (solid blue line), z/L = 0.5
(solid gray line) and z/L = 1 (solid red line) when argon gas is used to fill the fiber. The vertical dashed gray line indicates the position of the ZDW, while the horizontal dashed

gray line marks 32 = 0.
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same time avoiding instabilities such as modulational instability and
in-coupling instability, which emerge in the presence of very high
nonlinearity at the fibre input.

Using Eq. (3) to calculate 8, and then setting it to zero yields
the condition:

UmnPo

az(z)P(z) = m

™)
Since none of the quantities on the right-hand side of Eq. (7)
depend on Ty or the gas pressure, the taper profile that allows the

fiber geometry to be scaled without changing the ZDW can be found
by solving Eq. (6) subject to the additional condition:

a*(2)p(z) = agpo = aipr (8)

which leads to:
a(z) = ai/Laéf(z/L). )

We observe in Eq. (9) that the length of the fibre L is an
independent parameter and so can be freely chosen, depending on
the experimental requirements. As an example, the upper panel in
Fig. 5(c) shows the profile and the corresponding pressure distri-
bution for a fiber tapered following Eq. (9). For argon filling-gas,
the corresponding calculated values of 8, at z/L = 0, z/L = 0.5 and
z/L =1 are plotted in the lower panel of Fig. 5(c). It is evident that,
while the ZDW remains constant, the third order dispersion varies
significantly along the taper.

V. CONCLUSIONS

SR-PCF can be tapered using the standard flame brush tech-
nique by selectively evacuating the regions outside the capillaries
so as to balance surface tension. SR-PCF structures with small core
diameters (<10 pm) and very thin capillary walls (<100 nm), not
easily produced by direct fiber drawing, can be routinely fabricated.
By shifting loss-inducing anti-crossings into the vacuum ultravio-
let, this makes it possible to extend the SR-PCF transparency win-
dow deep into the UV. Taper lengths of a few tens of centimeters
can be produced—more than enough for many nonlinear optical
experiments involving gas-filled SR-PCE."" The simple geometry of
SR-PCFs allows non-invasive characterization of the microstructure
via excitation of WGM resonances in the cladding capillaries. Since
suppression of higher order modes, leading to robust single-mode
guidance, occurs for d/(2a) = 0.682, where d is the inner capillary
diameter,'” this property will persist at every value of Tr. Combin-
ing differential pumping with tapering opens up new possibilities for
controlling the fiber dispersion and nonlinearity, further improv-
ing the flexibility of gas-filled SR-PCFs, especially for applications
in nonlinear optics. Other potential applications include optome-
chanical devices’”* and optical trapping,”’ since down-scaling the
diameter of the core will strongly increase the optical forces.
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