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3. Supercontinuum generation in chiral PCF 

 

Original observation (Ranka [5]), frequency metrology (Holzwarth [6]), for a review see 
Dudley [7], supercontinuum using microchip laser pump (Wadsworth [8]), deep UV 
supercontinuum using ZBLAN PCF, Jiang [9]. 

3.1 Chirally twisted PCF maintains circular polarization state 

 

Effect of twist on fibres with non-circular cores: Fujii [10], Li [11], Xi [12], Wong [13], Beravat 
[14]. Non-circular core mode is forced to spin as it propagates, resulting in circular 
birefringence (see 3.2). 
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3.2 Circular birefringence in single chiral PCF core 

 

Two effects contribute to circular birefringence: the non-circular mode shape and the 
torsion of the spiral path, which increases as the core is moved away from the axis (Russell 
[15]). 

3.3 Ultrabroadband circularly polarized supercontinuum 

 

Using circularly birefringent chiral PCF, the supercontinuum is circularly polarised across its 
entire bandwidth (Sopalla [16]). In an untwisted PCF, in contrast, the polarization state 
varies strongly across the spectrum.  
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4. Vortex modes in chiral N-fold rotationally symmetric PCF 

 

Scalar theory of coupled spiralling waveguides (Longhi [17]), optical vortices in non-chiral 
arrays of coupled waveguides (Alexeyev [18]), helical layered waveguides (Alexyev [19]), and 
experiments on chirally coupled core fibres (Ma [20]). 

4.1 Six coupled cores in a ring 

 

Helical Bloch modes (HBMs) in chiral multi-core PCF (Xi [21]), scalar model of helical Bloch 
modes (Russell [15]), Frenet-Serret analysis of N-fold rotationally symmetric arrays of 
coupled cores (Chen [22]). 
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4.2 SCALAR coupled mode theory: 6 cores, untwisted 

 

Simple nearest-neighbour scalar coupled mode analysis of six coupled cores in an untwisted 
ring yields 6 modes and two pairs of degenerate modes. None of these modes carry optical 
vortices. The degenerate pairs can be used to construct HBMs carrying optical vortices (see 
4.3). 

4.3 Constructing SCALAR OAM modes in 6-core untwisted PCF 

 

By superimposing three degenerate versions of the same mode with appropriate phase 
differences, four different vortex HBMs can be constructed in an untwisted multi-core PCF. 
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4.4 Bloch waves of parallel waveguide system 

 

A dispersion surface is plot of axial versus transverse wavevector. It repeats in each Brillouin 
zone (first Brillouin zone is shaded in grey) (Russell [23]). The group velocity of a Bloch wave 
points normal to the dispersion surface (provided the orthogonal axes are scaled equally).  

4.5 Helical Bloch waves: SCALAR model, untwisted 

 

An untwisted structure with 6-fold rotational symmetry can be constructed by arranging 6 
cores equally spaced on a cylindrical surface. In the scalar case Bloch theory can then be 
straightforwardly applied, yielding the same dispersion surface as in 4.4. HBMs form at 
integer values of azimuthal order 𝓁A, which is the number of complete cycles in phase 
around the azimuth (Russell [15]). 
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4.6 VECTOR coupled-mode theory, untwisted 

 

In the vector case care must be taken to allow radial and azimuthal electric field 
components to couple. When expressed in local cylindrical coordinates, the fields repeat 
periodically six times around the azimuth, forming an azimuthal Bloch wave (Roth [24]). 

4.7 Helical Bloch waves: untwisted, index versus azimuthal order 

 

For cores with zero linear birefringence in an untwisted structure, vector coupled mode 
theory shows that the helical Bloch modes are circularly polarized and highly degenerate. 
The dispersion surface splits into two, one for LCP and the other for RCP modes, and 
displaced from each other by 2 units of azimuthal order (Chen, [22]). 
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4.8 Helical Bloch waves: untwisted, index versus topological charge 

 

For perfect circular polarization the two dispersion surfaces are identical in shape, so can be 
translated on top of each other. In this case the horizontal axis becomes the topological 
charge 𝓁T = 𝓁A − s, i.e., the number of phase singularities in the HBM field. 

4.9 VECTOR model, twisted, Frenet-Serret analysis 

 

In the chiral case of a twisted 6-core PCF, a Frenet-Serret analysis must be used to follow 
the field evolution correctly. The dispersion surfaces turn out to tilt and shift vertically 
relative to each other, breaking the left-right symmetry of the diagram (Chen [22]). 
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4.10 VECTOR model, circularly polarized fields, topological charge 

 

Once again, for perfect circular polarization, the curves can be translated to lie (almost – see 
4.12) exactly on top of each other. HBMs with the same topological charge but opposite 
spin are degenerate in index, whereas HBMs with equal and opposite topological orders are 
non-degenerate. 

4.11 Twisted PCF with six-core ring: Experiment 

 

Experimental results confirming the predictions in 4.10, reported in Russell [15]. Since the 
topological charge in the m-th Brillouin zone is 𝓁T(m) = 𝓁T(0) + mN, many additional phase 
singularities appear when the azimuthal Bloch harmonics are strong. 
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4.12 Dispersion relation for HBM in chiral ring of N cores 

 

Analytical expression for the dispersion relation of circularly polarized HBMs in chiral N-fold 
rotationally symmetric N-core PCF (Chen [22]). The values are almost independent of 
polarization state, except for the term sλα3ρ2/4π, which is very small (~10−7) in the 
experiments. 

5. Fibres with no core 

 

Helical distortion of a coreless PCF creates an unusual kind of waveguide (Beravat [25] and 
Roth [26]). The results are related to earlier theoretical work by Longhi [17]. 
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5.1 Coreless PCF guides light when helically twisted 

 

The diameter of twist-guided mode shrinks as the twist rate increases. The mode pattern is 
graphene-like, and the dispersion surfaces exhibit Dirac points (Beravat [25]). 

5.2 Untwisted coreless PCF: Refractive index distribution 

 

Simplified sketch of refractive index distribution across a coreless PCF. Analysis of the 
photonic band structure reveals passbands and bandgaps, which at fixed optical frequency 
lie within certain ranges of axial refractive index. Cut-off occurs for indices greater than that 
of the fundamental space-filling mode.   
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5.3 Twisted coreless PCF: Distorted refractive index distribution 

 

Twisting the fibre to form a chiral structure forces light confined in off-axis glass strands to 
follow a spiral path, which increases the effective geometrical path-length along the axis in 
proportion to the radius squared, thus "stretching" space and slowing down both the group 
and phase velocity along the fibre axis [15]. 

5.4 Mode is guided at bottom of passband 

 

When the rays (parallel to the Bloch wave group velocity) are tracked at constant axial 
effective index, they follow curved paths. For some of these paths (close to the bottom edge 
of the passband), the rays encounter a photonic band gap at a certain value of radius and 
are reflected back towards the axis (see 5.5). 
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5.5 Real and reciprocal space trajectories 

 

Hamiltonian optics [27] can be used to track the trajectories in reciprocal (left) and real 
(right) space. The photonic band structure rises in index as the square of the radius. Details 
of the Hamiltonian analysis are available in [25]. 
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5.6 Anomalous cornering: Negative effective photon mass 

 

Hamiltonian analysis reveals that the effective mass ∂2ω/∂k2 is negative at the bottom of 
the passband. As a result, bending the fibre will cause the mode to move anomalously to 
the inside of the bend, not the outside as is normally expected [25].  

5.7 Coreless modes: Probing phase and amplitude in the near-field 

 

An interferometric technique can be used to measure the amplitude and phase of the near-
field of the twist-guided modes (Roth [26]). An SLM is used as an adjustable beam-splitter. 
One beam goes to the twisted PCF and the other to the reference arm (single-mode fibre, 
SMF). With appropriate optics the HBM field can be fully characterised. 
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5.8 Radial and azimuthal harmonics of HBMs 

 

The measurements can then be expressed as summations of Bessel beams with azimuthal 
order 𝓁A and radial order p. As expected, higher azimuthal orders correspond to lower radial 
orders and vice-versa. 

5.9 Amplitude/phase maps & azimuthal harmonic spectra 

 

The harmonic "fingerprints" (right) of three different twist-guided modes are quite distinct, 
with significant deviations between LCP and RCP versions. The pink vertical bars are the 
harmonics in the first Brillouin zone.  
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6. Anti-resonant-reflecting hollow core PCF 

 

The first hollow-core PCF guiding by anti-resonant reflection (see theoretical study by 
Archambault [28]) appeared in a paper on stimulated Raman scattering in hydrogen-filled 
PCF (Benabid [29]).  The PCF had a kagomé-style cladding structure. 
 

 

It was subsequently realised that the first row of hollow capillaries around the core was 
critical in obtaining low loss, leading to breakthroughs that have opened up a new era in 
hollow core fibres (Pryamikov [30], Yu [31], Debord [32], Uebel [33], Gao [34], Bradley [35]). 
For an overview see Wei [36]. 



 

© Philip Russell, MPI Science of Light, Erlangen, Germany          27.02.2021 18 of 29 

6.1 Why is guidance so broad-band? 

 

The weak dispersion of leaky modes guided in the core and the surrounding capillaries 
guarantees low leakage loss in a well-designed structure. As the wavelength increases, fully 
bound modes guided in the capillary walls (m = 2 mode shown) experience cut-off at certain 
values of wavelength, when their modal index falls slightly below 1, allowing them to phase-
match to the core mode, causing narrow bands of strong leakage loss [37][38].   

6.2 Suppressing HOMs in single-ring ARR-PCF 

 

By careful choice of capillary-to-core diameter ratio, higher order modes can be strongly 
stripped away, resulting in an effectively endlessly single-mode hollow-core PCF (Uebel 
[33]). 
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7. Circular dichroism in twisted hollow core PCF 

 

It has been reported that a linearly birefringent solid-core PCF, chirally twisted, could 
support just one guided mode with elliptical polarization state (Li  [11]).  Wong explored 
circular dichroism in twisted 6-fold symmetric PCF [13].  

7.1 Circular dichroism in twisted 5-core SR-PCF 

 

A chirally twisted single-ring hollow-core PCF can provide strong circular dichroism over a 
~15 nm band (Roth [24]). Although 5 capillaries were used in the experiment, the effect can 
also be seen for all lower-order symmetries N > 2. 
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7.2 Mechanism underlying circular dichroism in chiral HC-PCF 

 

At twist rate αλ = −0.00075 an LCP (s = +1, red curve) HBM of the capillary ring becomes 
phase-matched to an RCP (s = −1, green curve) core mode, while the LCP core mode is 
strongly dephased. Q: But how can modes with opposite polarization states couple? 

7.3 High and low loss eigenmodes of coupled chiral system 

 

Finite element modelling and near-field measurements of amplitude and phase reveal that, 
while the azimuthal orders must always match between core and capillary ring, the 
polarization states are not perfectly orthogonal. As a result coupling is possible, leading to 
circular dichroism. The field plots show the two eigenmodes for the case when the fibre loss 
is high at 1593 nm (RCP in core). The LCP core mode experiences much lower loss.   
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7.4 Helical Bloch mode fields are azimuthally periodic 

 

The N-fold rotational symmetry has the consequence that helical Bloch modes have vector 
fields that are perfectly periodic when evaluated in local cylindrical coordinates, apart from 
the Bloch phase advance between each azimuthal "unit cell", which is 2π𝓁A/N. 

8. Nonlinear Raman holography in hydrogen-filled HC-PCF 
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8.1 Stimulated Raman scattering in H2 near a zero dispersion point 

 

The curvature of the dispersion changes sign at a zero dispersion point. This makes it 
possible to re-use a coherence wave generated in one spectral region for frequency up-
conversion in an entirely different spectral region. Raman gain suppression is observed 
when pumping at the zero dispersion point (Bloembergen [39] and Duncan [40].  
Bauerschmidt [41][42], Mridha [43], Tymenev [44]). 

8.2 Broad-band spectral up-conversion exploiting Raman hologram 

 

Frequency up-conversion in hydrogen-filled HC-PCF can be both broadband and highly 
efficient (>70% energy conversion of a broadband signal to the anti-Stokes band [41]). 
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9. Dominance of backward stimulated Raman scattering 

 

Backward SRS has been discussed by many authors, e.g., Bloembergen [39], Lin [45], 
Sentrayan [46], Mridha [47]. 

9.1 Backward SRS dominates in hydrogen-filled HC-PCF 

 

Extremely uniform, diffraction-free propagation in HC-PCF makes it possible to observe 
phenomena that would be very difficult to see in bulk gas cells. In the course of experiments 
on forward SRS, it was observed that the forward Stokes signal saturated at a certain pump 
pulse energy. This turned out to be because backward SRS, usually considered a weaker 
effect, began to dominate. The results are remarkable (Mridha [47]). 
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9.2 Spatiotemporal evolution of  pulses and Raman coherence 

 

Numerical simulations of the spatiotemporal behaviour of few-ns pulses in a hydrogen-filled 
HC-PCF. A highly intense backward-reflecting coherence wave forms close to the input face 
of the fibre, its spatial extent shrinking as the pump energy increases. 

9.3 Backward and forward spectra 

 

The backward spectrum is much cleaner than the forward, because the phase-matching 
conditions are much fewer. The backward coherence wavefront velocity is roughly 10 times 
slower than for forward SRS, and the coherence wavelength is much shorter: approximately 
half the pump wavelength ("luminal Bragg scattering"). 
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10. Stimulated Raman scattering between vortex modes 

 

Here is a selection of useful papers on vortex beams and modes: Allen [48], Franke-Arnold 
[49], Padgett [50], Davtyan [51]. 

10.1 Rotational SRS gain in hydrogen: Molecular response 

 

The rotational Raman gain in hydrogen depends strongly on the polarisation state of the 
pump and the Stokes seed signal, varying from 6 (in normalised units) for orthogonal 
circularly polarized pump and Stokes, to 1 for co-circularly polarized pump and Stokes 
(Venkin [52], Pritchett [53]). 
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10.2 SRS between vortex modes in twisted HC-PCF 

 

Twisted single-ring hollow-core PCF robustly preserves the polarization state and the 
azimuthal order of circularly polarized modes (Davtyan [51]). For modes with topological 
charge greater than 1, the imperfect geometry of the fibre causes the individual phase 
singularities to detach from each other (right-hand panels). 

10.3 Selection rules for SRS between vortex modes 

 

Forward SRS between circularly polarized vortex modes can be understood by recognising 
that the azimuthal order (orbital angular momentum) must be conserved between pump, 
Stokes and coherence wave, and that the highest gain is between orthogonal circularly 
polarized modes. 
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