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Abstract: Hollow-core photonic crystal fibres which guide light in a air core have very low 
nonlinearity, unusual dispersion and a high damage threshold. These unusual properties 
make them ideally suited to delivery of laser beams. In specific wavelength ranges, 
interface or “surface” modes are guided and interact with core modes. We describe the 
observed effects of anti-crossings with interface modes on the fibre properties. 

1. Introduction 

Hollow core photonic crystal fibres (HC-PCF’s) have become the most advanced manifestation of 2-
dimensional photonic bandgap structures [1], enabling the guidance of light in a hollow core with low 
attenuation on kilometre length scales [2] – something that is completely impossible in conventional fibre optics. 
Their remarkable properties, which were studied academically for several years after their first conception in 
1991 [3], are now manifest in a number of structures which are rapidly becoming commercially available. With 
their greatly reduced nonlinearity [4] and increased damage thresholds [5], and with dispersion characteristics 
very different to conventional fibres, the field of laser delivery looks like a significant opportunity. Delivery of 
powerful laser light (both pulsed and CW) using glass-core fibres is traditionally hard, because the high optical 
powers and energies cause fibre damage and deleterious nonlinear-optical phenomena, and also because of the 
group-velocity dispersion (GVD) in fibres which disperses short pulses. In a bandgap fibre, the expected 
attenuation of the mode of the hollow core falls dramatically when the mode passes through the photonic 
bandgap of the photonic crystal cladding material [2,6]. The minimum attenuation is determined by scattering 
due to imperfections in the fibre and by coupling to other confined modes (interface or surface modes) which 
have a greater overlap with the core surround [7,8]. The properties of these interface modes are strongly 
dependent on the fibre design, but almost invariably influence the performance of the fibre as a whole. In this 
communication we describe the observed effects of interface modes on the fibre performance, and other features 
that impact on their suitability for laser delivery. 

2. Experiments 

The fibre discussed was drawn from a preform created by stacking together hundreds of hollow silica 
capillaries. An electron micrograph of the HC-PCF is shown in Fig. 1(a). The periodic “holey” cladding 
surrounds a larger central air hole, formed by omitting 7 central capillaries, which serves as the fiber core. The 
optical attenuation of the fibre (shown in the inset to Fig. 1(b)) was measured with a broadband light source 
using the cutback technique. The attenuation minimum was found to be 78 dB/km at a wavelength of 1102 nm, 
and the main low-loss window is roughly 115 nm wide, centred at 1083 nm.  
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    (a)                 (b) 
Fig. 1. (a) Scanning electron micrograph of the HC-PCF. (b) Spectrum of a broadband light source 

(tungsten lamp) transmitted through a 5m length of the HC-PCF. The inset shows the attenuation 
recorded using a cutback measurement on 85 m of the same fibre. 

In order to identify features in the high-loss regions surrounding the transmission window, we present in Fig. 
1(b) the transmitted spectrum of a 5 m fibre length measured using a broadband source (tungsten-halogen lamp). 
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On the long-wavelength edge (> 1160 nm), the transmitted intensity decreases rapidly. On the short wavelength 
side, from 900 nm to 1000 nm, the transmission oscillates and then decreases rapidly when approaching 900 nm. 
This spectral transmittance is not affected by bending the fibre, as long as the bend radius is greater than a few 
millimetres. We believe that the region between 900 nm and 1000 nm lies within the bandgap of the cladding 
material, but that losses in this range are significantly increased by virtue of anti-crossings [7,8] with several 
interface modes, which act as an additional loss mechanism. 

 
 We have studied near-field patterns over the photonic bandgap wavelength range, including both low-loss 

and interface-mode regions. We used a short length (5 m) of HC-PCF and a fiber-based optical supercontinuum 
as a light source. The supercontinuum was passed through a monochromator (3 nm bandwidth) and then coupled 
into the HC-PCF using an objective lens. The output end of the HC-PCF was imaged onto a digital CCD camera 
with high magnification, so that the output field patterns could be studied as a function of wavelength. Images 
were recorded at 1 nm intervals. We were unable to cover the long wavelength edge of the guiding region 
(beyond the supercontinuum pump wavelength of 1064 nm) because of the limited spectral response of our CCD 
camera. The data were corrected for the spectral profile of the supercontinuum source and the spectral response 
of the CCD camera. The evolution of the maximal intensity of the guided mode through the interface-mode 
region is shown in Fig.2, along with some observed modal field patterns observed at high- and low-transmission 
wavelengths. 
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Fig 2. Enlarged view of the interface-mode region of the spectral transmission window, with observed 
near-field intensity maps at the fibre output at wavelengths corresponding to some of the intensity 

minima and maxima. 
 
Over the low-loss region at wavelengths beyond 1000 nm, the mode has a quasi-Gaussian intensity pattern. 

However, when moving into the bandgap from the short-wavelength side, we observe that the sharp variations in 
the measured attenuation are accompanied by radical changes in the observed output modal field patterns. 
Around the transmission minima, the strongly-peaked hollow-core mode is replaced by weaker modal patterns 
which are less strongly peaked in the air core. Clearly, this will have a substantial effect on the damage threshold 
and nonlinear response of the fibres, as well as on the dispersion [9] and attenuation.  

 
It is interesting to consider whether the birefringence in the fibre is sufficiently high to split the interface-

mode crossings enough to be observable spectrally. Experimentally, this is complicated by the low birefringence 
of the fundamental mode in this fibre, which means that polarisation is not maintained along the 5 m fibre length. 
By using a polarisation analyser between the HC-PCF and the camera we can readily observe both different 
modal field patterns (shown in Fig. 3(b)) and a different spectral response as a function of output polarisation. 
Fig. 3(a) shows the variations of the maximal intensity of the guided mode for tow orthogonal polarisations. Fig. 
3(b) shows that at 979 nm, polarisation 2 is more lossy and less peaked in the hollow core, whereas the situation 
is reversed by 990 nm. However, we cannot ascribe discrete loss peaks to specific polarisation states, most 
probably because of poor control of polarisation over the fibre length, a relatively small spectral splitting and 
perhaps a lack of coincidence of the polarisation axes for the interface and air modes. 
 
 



Polarisation 1      Polarisation 2 

           (a)              (b)            (c) 
Fig. 3. (a) Maximal intensity of the guided mode for tow orthogonal polarisations as a function of 

wavelength. (b) Polarised near-field intensity patterns recorded using low numerical aperture 
excitation as a function of wavelength (log scale). (c) Near-field patterns at two different wavelengths 
using a higher numerical aperture excitation with the same output polarisation (linear scale). One of 

these (1021 nm) shows interface-mode features, even though these are not apparent in the 
fundamental mode at this wavelength. 

 
By using a high-power (60×) objective lens, we were also able to excite higher-order modes in the hollow 

core (see Fig. 3(c)). Whereas the fundamental mode consists of a single polarization pair, the next set of modes 
consists of four closely-spaced modes, all generally “donut” shaped. In our experiment we expect to excite some 
superposition of these. The attenuation of these modes is higher than for the fundamental, so that they are not 
usually observed in long lengths of fibre. Also, they are sufficiently well split in propagation constant from the 
fundamental to not be coupled to it by bends and twists in the fibre. As these modes have different propagation 
constants to the fundamental, they cross with the interface modes at different, longer wavelengths. As an 
example, we present in Fig. 3(c) images of the second core mode crossing an interface mode in a wavelength 
range where the fundamental mode is not affected by interface modes. 

3. Conclusion 

We have observed the effects of interface-mode anti-crossings on the fundamental and higher-order core 
modes in a 7-cell fiber, and shown that the ideal properties of the guided modes are substantially destroyed in the 
vicinity of such a crossing. The modal field patterns are radically different in the frequency range around an anti-
crossing with an interface mode, with a significant increase in the light-in-glass fraction. This has a dramatic 
effect on the modal field profiles, the attenuation and must be expected to alter the damage threshold as well. 
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