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Abstract.  Multiband supercontinuum generation in an air-core 
revolver fibre having a large number of transmission bands in a 
wide spectral range has been studied experimentally and theoreti-
cally for the first time. The fibre fabricated by us possesses unique 
dispersion and guidance characteristics for radiation transfer from 
one band to another despite the high losses at the band boundaries. 
In our experiments, launching 205-fs laser pulses of 110 mJ energy 
at 1028 nm into the fibre we have obtained a supercontinuum span-
ning the spectral range from 415 to 1593 nm, with 11 transmission 
bands. Numerical simulation suggests that, in the case of single-
mode propagation of pulses with such energy in the fibre, the super-
continuum may span 14 transmission bands and have a spectral 
width above three octaves, with a long-wavelength edge at 4200 nm.

Keywords: hollow-core microstructured fibres, femtosecond pulses, 
supercontinuum.

1. Introduction

Hollow-core microstructured fibres (HCMFs) offer wide pos-
sibilities for transmitting high-power laser light. Owing to the 
high degree of light localisation in their core, the light propa-
gates in the gaseous medium that fills the core and has low 
dispersion and nonlinearity. Because of this, such fibres 
enable transmission of ultrashort pulses with energies of up to 
several hundred microjoules without significant distortion 
[1 – 3]. Moreover, one important advantage of the HCMFs is 
the possibility of controlling the nonlinear properties of the 
active medium by filling the fibre with various gases under 
pressure [4]. Gaseous media have very high optical break-
down thresholds for ultrashort pulses, so, even at small non-
linear coefficients, high-power light is capable of causing 
various nonlinear processes, including supercontinuum gen-
eration, at sufficiently long fibre lengths.

Impressive advances in UV supercontinuum generation 
by femtosecond pulses were made using hydrogen-filled hol-

low-core fibres with a Kagome lattice cladding [4, 5]. Con
trolling fibre dispersion and guidance characteristics by vary-
ing the gas pressure, Belli et al. [5] obtained a record low value 
(124 nm) for the short-wavelength edge of the superconti
nuum, with the supercontinuum spectrum spanning more 
than three octaves: from 124 to 1200 nm. In addition, such 
fibres enabled the generation of a supercontinuum in the form 
of a Raman comb (a sequence of broadened Stokes and anti-
Stokes spectral components of Raman scattering in hydro-
gen) extending from the UV to the mid-IR [6 – 9]. The Kagome 
cladding fibre used for supercontinuum generation in the 
studies in question had one or a few broad transmission 
bands, which limited the spectral width of the superconti
nuum.

In hollow-core revolver fibres (HCRFs) with a cladding 
formed by a single ring of standard capillaries or a few rings 
of nested capillaries [10 – 16], the light confinement mecha-
nism is determined by the negative curvature of the reflective 
cladding [17, 18]. Unlike Kagome lattice fibres, which have 
broad transmission bands, an HCRF may have a large num-
ber of narrower bands, with low losses in their centre. Their 
boundaries can be found approximately from the resonance 
condition for a planar interferometer in the ARROW model 
[19]:
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where lm is the wavelength corresponding to the transmission 
minimum in the mth band; d is the capillary wall thickness; n1 
is the refractive index of the gaseous medium filling the core; 
and n2 is that of the cladding material. It follows from this 
condition that, in the case of a weakly dispersive gaseous 
medium, the transmission bands have almost identical spec-
tral widths.

The high degree of light localisation in HCRFs makes it 
possible to obtain lower losses in the centre of each band and 
shift the long-wavelength edge of the supercontinuum farther 
into the mid-IR region in comparison with Kagome cladding 
fibres. To the best of our knowledge, a supercontinuum span-
ning a large number of transmission bands in a hollow-core 
fibre has not been previously investigated.

This paper presents an experimental and theoretical study 
of the feasibility of obtaining a multiband supercontinuum in 
an HCRF with a cladding formed by noncontacting single-
wall capillaries. Launching 205-fs laser pulses of 110 mJ energy 
at 1028 nm into a fibre filled with atmospheric air, we experi-
mentally obtain a supercontinuum spanning the spectral 
range from 415 to 1593 nm, with 11 transmission bands. We 
examine the basic nonlinear processes responsible for the 
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pulse energy distribution over the transmission bands. 
Numerical analysis indicates that, in the case of the above 
input pulse parameters and single-mode pulse propagation in 
the fibre, the long-wavelength edge of the supercontinuum 
can be shifted to 4200 nm, spanning 14 transmission bands of 
the fibre.

2. Fibre characteristics

To study the supercontinuum, we fabricated a fibre whose 
cross section is shown in Fig. 1. The reflective cladding of the 
hollow-core fibre consists of eight noncontacting capillaries 
symmetrically arranged around a 61.5-mm-diameter core. The 
wall thickness of the capillaries is 2.7 mm and their outer 
diameter is 25 mm.

Guidance and dispersion characteristics in 14 transmis-
sion bands of the fibre, which span the wavelength range from 
370 nm to 5 mm, were calculated by the finite element method 
using standard COMSOL software. Figure 2a shows calcu-
lated fundamental mode loss in the wavelength range cor
responding to the 14 transmission bands. According to the 
mechanism in the ARROW model, all the transmission bands 
of the fibre have almost identical widths (54 ± 5 THz), but the 
negative curvature of the core – cladding boundary shifts the 
edges of the bands to shorter wavelengths (within 5 %) in 
comparison with the above resonance condition for a planar 
interferometer. Figure 2b shows spectral losses calculated 
for the six lower order modes in the fourth to sixth transmis-
sion bands. Also shown are the losses measured in these 
bands [curves (I) – (III)]. It is seen that the measured funda-
mental mode loss is two or more orders of magnitude higher 
than the calculated one and that the difference increases 
with increasing band number (and decreasing wavelength). 
This can be accounted for by the fact that the measured loss 
corresponds to the loss of the higher order modes and their 
number increases with decreasing wavelength (increasing 
band number). It follows from Fig. 2b that, in the fifth band, 
which includes the emission wavelength (1028 nm) of the 
laser used, the calculated loss of four modes (LP01, LP11, 
LP21 and LP02) is lower than the measured one. The calcu-
lated 0.1 dB m–1 width of the fifth band for the fundamental 
mode is 148 nm. The mode field diameter at a wavelength of 

1028 nm is 45 mm and the calculated fundamental mode loss 
is 1.32 ́  10–3 dB m–1.

Figure 3 shows the spectral dependence of the second-
order dispersion coefficient in the fourth to sixth bands for 
the fundamental mode (LP01) and one of the lower order 
modes (LP21). In the central part of each band, the dispersion 
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Figure 1.  Cross-sectional electron micrograph of the hollow-core opti-
cal fibre.
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Figure 2.  (Colour online) (a) Calculated fundamental mode loss in the 
spectral range corresponding to 14 transmission bands; (b) experimen-
tally measured loss [curves (I) – (III)] and calculated loss (dotted curves) 
for the six lower order modes with different polarisation directions in 
the fourth to sixth transmission bands (the fundamental mode LP01 loss 
is shown by solid lines).
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Figure 3.  (Colour online) Spectral dependence of second-order disper-
sion in the fourth to sixth bands for the LP01 and LP21 modes. The dot-
dashed lines show the boundaries of the transmission bands.
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of each mode has one zero. It can be seen that the dispersion 
curves of the two modes have almost identical zero-dispersion 
wavelengths and differ only in slope.

The zero-dispersion wavelengths for the fundamental 
mode in the three bands are l04 = 843 nm, l05 = 989 nm and 
l06 = 1201 nm. At a wavelength l = 1028 nm, the dispersion of 
the fundamental mode is b2 = –1.16 ps2 km–1. Similar disper-
sion curves were obtained for the other bands.

3. Experimental

The beam of a PHAROS-SP femtosecond laser generating 
205-fs pulses at a wavelength of 1028 nm with a repetition rate 
of 1 kHz was focused by a plano-convex lens ( f = 10 cm) onto 
the end face of a 3-m-long segment of the fibre. The lens with 
this focal length allowed us to optimise light launch condi-
tions. The beam waist diameter at the input fibre end was 
42 mm. The femtosecond pulse energy was varied using a pola-
rising attenuator. The maximum pulse energy at the HCRF 
input was 130 mJ.

Figure 4a shows intensity distributions at the fibre output 
at an input pulse energy of ~100 nJ and varied light launch 
conditions. It is seen that at least four lower order modes can 
simultaneously propagate in the 3-m-long fibre. Figure 4b 
illustrates the effect of an increase in pulse energy from 7 to 
130 mJ on the mode field distribution at the fibre output under 
given light launch conditions. The mode symmetry is seen to 
be markedly distorted, which is attributable to the presence of 
higher order modes due to energy transfer from the funda-
mental mode through nonlinear processes [20].

Figure 5 shows the measured fibre transmittance as a 
function of input pulse energy. The rapid, almost linear 

decrease in transmittance from 75 % to 40 % in the initial por-
tion of the curve, at pulse energies below 30 mJ, gives way to 
a slower decrease at higher energies. One possible reason 
for the rapid drop in the initial portion of the curve is radia-
tion transfer to higher order modes, which have higher losses, 
through nonlinear effects.

Figure 6 shows fibre output spectra obtained at input 
pulse energies in the ranges 2.5 nJ to 3 mJ (Fig. 6a) and 5 to 
24 mJ (Fig. 6b). The spectra were measured in the wavelength 
range 1000 – 1100 nm, corresponding to the fifth transmission 
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Figure 4.  (Colour online) Effects of (a) light launch conditions and (b) 
input pulse energy (7, 20, 60, 86, 100, 110, 120 and 130 mJ, respectively) 
on the intensity distribution obtained at the fibre output using a 
Spiricon camera.
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Figure 5.  Fibre transmittance as a function of input pulse energy.
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Figure 6.  (Colour online) Laser emission spectrum measured at the out-
put of the 3-m-long fibre at input pulse energies (a) from 2.5 nJ to 3 mJ 
and (b) from 5 to 24 mJ. The dashed line in Fig. 6a shows the spectrum 
of the laser pulses at the fibre input.
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band of the fibre, which includes the input pulse wavelength: 
1028 nm. It follows from Fig. 6a that the spectrum obtained 
at an input pulse energy of 2.5 nJ is similar in shape to the 
spectrum of the input pulse, whereas at an energy of 624 nJ 
the shape of the spectrum is distorted by modulation, which 
increases with increasing pulse energy. The distortion of the 
spectrum may be caused by Kerr nonlinearity, rotational 
stimulated Raman scattering (SRS) and intermode coupling. 
It is worth noting that, in the pulse energy range under con-
sideration, we observe no SRS-induced shift of the spectral 
maximum. The effect of SRS shows up only as marked asym-
metry of the wings at an energy of 3 mJ. A considerable shift 
of the spectral maximum to longer wavelengths is observed in 
Fig. 6b. As the energy is raised to 24 mJ, the shift reaches 
32 nm and the full width at half maximum of the spectrum 
decreases by a factor of 1.8.

The measured spectra of input pulses having energies 
from 80 to 130 mJ demonstrate spectral broadening consider-
ably exceeding the width of the fifth transmission band, which 
corresponds to the input pulse wavelength. Figure 7 shows 
one such spectrum, measured at an input pulse energy of 
110  mJ. The spectrum has the form of a supercontinuum 
extending from 415 to 1593 nm and spanning 11 transmission 
bands. The observed output emission of the fibre is shown in 
Fig. 8.

A characteristic feature of the supercontinuum thus obta
ined is that it has a band structure, with dips in the spectrum 
at wavelengths corresponding to the peak loss region at the 

boundary between the transmission bands. The width of the 
spectral dips varies from tens to hundreds of nanometres, 
depending on the pulse energy and the number of the trans-
mission band.

4. Numerical analysis results and comparison 
with experimental data

The technique used to simulate pulse propagation in a hol-
low-core fibre was similar to that described previously [15]. 
Numerical simulation was performed for transform-limited 
Gaussian pulses propagating in a single-mode fibre filled with 
atmospheric air at a pressure of 1 atm. The pulse parameters 
at the fibre input corresponded to experimentally determined 
values. In numerical analysis of femtosecond pulse propaga-
tion in an HCRF, we used a generalised nonlinear Schrödinger 
equation for a complex-valued spectral pulse envelope [21], 
which takes into account higher order dispersion, Kerr non-
linearity and SRS by rotational transitions of nitrogen. We 
assumed that, in the case of 200-fs pulses, the Kerr effect and 
SRS made equal contributions to the nonlinear refractive 
index: n2K = n2R = 3 ́  10–23 m2 W–1 [22 – 25]. The Raman 
response function of atmospheric nitrogen, hR(t), was repre-
sented in the form [23]

( ) exp sinh t t t
R s

d s

2t t tW= -` `j j,

where W 2 = s
2t-  + d

2t- ; ts = 1/wR; wR is the cyclic frequency of 
the transition between the J = 8 and J = 6 rotational levels of 
the N2 molecule (wR = 1.6 ́  1013 s–1); td = 1/G2; and G2 = 
1.3 ́  1013 s–1 is the dephasing rate of the dipole moment of the 
J = 8 excited rotational state.

Numerical analysis was carried out in the Matlab environ-
ment using built-in algorithms for performing the fast Fourier 
transform and solving the equation by the fourth-order 
Runge – Kutta method. The spectral range containing 14 
transmission bands (from 370 nm to 5 mm) was divided into 
215 intervals. The maximum time interval was then 40 ps. The 
spectral dependences of the loss and effective refractive index 
for a particular mode were calculated with COMSOL 
Multiphysics.

Figure 9 shows the calculated pulse spectrum and shape 
at the output of a 3-m-long air-filled fibre for a transform-
limited Gaussian pulse at an input pulse energy of 6 mJ. The 
calculation results are presented for the LP01 (Figs 9a, 9b) and 
LP21 modes (Figs 9c, 9d) under the assumption that only one 
of these modes, with an energy of 6 mJ, propagates through 
the fibre. Pulses in these modes differ only slightly in spec-
trum and shape: a pulse propagating in the fundamental 
mode, which has lower dispersion, has a more severe non
linear distortion of its spectrum and a shorter time delay. 
Comparison of the spectra in Fig. 9 with the measured spectra 
in the power range under consideration (Fig. 6) demonstrates 
more significant distinctions.

The measured spectra have an additional, random modu-
lation. At the same time, their peaks are markedly less shifted 
from the input pulse wavelength. The most likely cause of the 
random modulation is intermode coupling. The software 
used in our simulations leaves it out of account, but it allows 
us to find from the Stokes shift of the spectral maximum that 
the energy in the fibre is not fully localised in the fundamental 
mode. For example, the calculated shift of the spectral maxi-
mum at a fibre length of 3 m and pulse energy of 6 mJ is 34 nm 
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Figure 7.  Laser emission spectrum measured at the output of the 3-m-
long fibre at an input pulse energy of 110 mJ.

Figure 8.  (Colour online) Emission from the fibre at an input pulse en-
ergy of 130 mJ.
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for both modes. In the measured spectrum, roughly the same 
shift (32 nm) was obtained at an input energy of 24 mJ. Since 
the Stokes shift scales linearly with power, this gives grounds 
to believe that the input energy redistributes in the fibre 
between different modes that have lower peak power in 
comparison with the peak power in the case of single-mode 
propagation.

The rainbow colour maps presented in Fig. 9 demonstrate 
characteristic features of the propagation of a pulse whose 
spectrum lies within one transmission band. It is seen that the 
pulse spectrum and shape vary significantly along the length 
of the fibre. Over the first metre of the fibre, the main effect is 
produced by self-phase modulation. As a result, the spectrum 
broadens and the pulse shape remains almost unchanged. At 
fibre lengths above 1 m, effects such as pulse self-steepening 
and Raman self-frequency shift cause the pulse to break up 
into Raman solitons propagating at various velocities, thus 
leading to a shift of the spectral maximum towards the long-
wavelength edge of the band and dispersive wave generation 
at its short-wavelength edge. In the rainbow colour maps, one 
can see the formation of a 936-nm dispersive wave when the 
maximum in the spectrum of a Raman soliton shifts by 30 nm 

towards the long-wavelength edge of the band. Upon a fur-
ther shift of the soliton, the spectrum of the dispersive wave 
shifts to the strong absorption region at the short-wavelength 
edge of the band (in accordance with the phase-matching con-
dition) and the wave decays over a distance of ~1 m. At a 
pulse energy of 6 mJ, no radiation transfer to neighbouring 
bands is detectable up to a power level of – 40 dB. At the same 
time, at 12 mJ there is energy transfer to neighbouring bands, 
which leads to supercontinuum generation (Fig. 10).

Figure 11 shows supercontinuum spectra calculated for 
different fibre lengths at a pulse energy of 110 mJ in one mode. 
The maximum supercontinuum width (370 – 2760 nm at the 
–30 dB power level and 370 – 4200 nm at the –50 dB level) is 
reached at a length as short as 50 cm. Over the first 50 cm of 
the fibre, losses have a weak effect on the efficient nonlinear 
processes. The spectrum has a relatively smooth shape, with a 
reduced depth and width of the dips at the boundaries of the 
bands. At a fibre length of 1.5 m, the spectrum assumes a 
well-defined band structure. Further pulse propagation, up to 
the fibre output, has little or no effect on the shape of the 
spectrum, except that the dips at the edges of the absorption 
bands become sharper.
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Figure 9.  (Colour online) Propagation of a transform-limited 200-fs Gaussian pulse in the LP01 and LP21 modes at an input pulse energy of 6 mJ in 
each mode: pulse shape and spectrum at the output of the 3-m-long fibre for the (a) LP01 and (c) LP21 modes; rainbow colour maps illustrating the 
evolution of the pulse spectrum and shape along the length of the fibre for the (b) LP01 and (d) LP21 modes. Here and in Fig. 10, dashed lines rep-
resent the pulse shape and spectrum at the fibre input.



	 Yu.P. Yatsenko, E.N. Pleteneva, A.G. Okhrimchuk, A.V. Gladyshev, et al.558

Figure 12a demonstrates how the energy of a 200-fs pulse 
with an input energy of 110 mJ varies in the course of pulse 
propagation through the fibre. At a length of 50 cm, where 
the spectrum has the maximum width, the pulse retains 55 % 
of its input energy. Figure 12b shows a theoretical depen-
dence of the width of the supercontinuum spectrum on pulse 
energy in one fibre mode. The width of the supercontinuum 
spectrum is comparable to the experimentally determined one 
at far lower input pulse energies. This can be accounted for by 
the considerable decrease in the peak pulse power in the fibre 
because of the energy redistribution over several modes.

The main mechanisms responsible for energy transfer to 
neighbouring bands are modulation instability due to four-
photon nonlinear processes (degenerate and nondegenerate 
four-wave mixing) and the generation of dispersive waves. 
This is illustrated in Fig. 13, where arrows mark peaks related 
to each other by nonlinear processes in the fourth to sixth 

transmission bands of the measured spectrum (Fig. 7) at an 
input pulse energy of 110 mJ and peak power Pin = 550 MW. 
In particular, the wavelengths 1251, 1036 and 884 nm of the 
S(P1), P1 and AS(P1) peaks, located in the fourth, fifth and 
sixth transmission bands, respectively, satisfy the condition of 
a degenerate four-wave process (2w1036 = w1251 + w884). In this 
process, light at the wavelength of the P1 peak in the fifth 
band serves to pump the Stokes component at the wavelength 
of the S(P1) peak in the fourth band and the anti-Stokes com-
ponent at the wavelength of the AS(P1) peak in the sixth 
band. The above condition is also met by the S(P3), P3 and 
AS(P3) peaks, located at wavelengths of 1230, 1030 and 
886 nm (2w1030 = w1230 + w886), and the S(P4), P4 and AS(P4) 
peaks, located at 1290, 1052 and 889 nm (2w1052 = w1290 + 
w889). Two peaks in the fifth band, P1 (1036 nm) and P2 
(1022  nm), are related to the S(P3) (1230 nm) and AS(P1) 
(884 nm) peaks in the fourth and sixth bands, respectively, by 
a condition corresponding to a nondegenerate four-wave pro-
cess: w1036 + w1022 = w1230 + w884. In addition, a nondegene
rate four-wave process determines the energy redistribution 
between the P1 (1036 nm) and P4 (1052 nm) peaks in the fifth 
band and the S(P1, P4) and AS(P1, P4) peaks at wavelengths 
of 1268 and 887 nm, respectively, in the fourth and sixth 
bands (w1036 + w1052 = w1268 + w887).

The presence of peaks related by nonlinear processes and 
located in different transmission bands at the output of the 
3-m-long fibre suggests high efficiency of four-photon pro-
cesses for widely separated pump, signal and idler wave-
lengths. This can be accounted for primarily by the very high 
degree of light localisation in air, a weakly dispersive medium. 
As a result, the effective refractive indices of each mode differ 
little even at a large separation between the bands. Moreover, 
an important role in ensuring phase matching and efficient 
energy transfer from one band to another is played by the 
presence of a zero second-order dispersion point in the centre 
of each band. For example, calculations for the fundamental 
mode indicate that the phase matching condition Db = 2b1036 – 
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Figure 10.  (Colour online) Propagation of a transform-limited 200-fs 
Gaussian pulse in the LP01 mode at an input pulse energy of 12 mJ: (a) 
pulse shape and spectrum at the output of the 3-m-long fibre; (b) rain-
bow colour maps illustrating the evolution of the pulse spectrum and 
shape along the length of the fibre.
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b1251 – b884 + 2gP = 0 (where b is the propagation constant; g 
is the nonlinearity coefficient; and P is the pump power) for 
the 2w1036 = w1251 + w884 process is satisfied exactly at a pump 
power P1036 = 58 MW. The wavelengths involved in this pro-
cess lie in the negative dispersion region at roughly the same 
distance from the zero dispersion point in their bands and are 
similar in second-order dispersion ( b2 is –1.439, –1.314 and 
–1.89 ps2 km–1 at wavelengths of 1036, 1251 and 884 nm, 
respectively). Given that the transmission bands of the fibre 
differ little in spectral width, the Stokes and anti-Stokes lines 
in the fourth and sixth bands can be used as pump sources for 
efficient radiation transfer near the zero dispersion point to 
the third and seventh bands, respectively. At a sufficient 
power of femtosecond pulses, such a cascade process may 
involve a large number of transmission bands and lead to 
broadband supercontinuum generation, despite the losses at 
the band edges.

Energy transfer to neighbouring bands may also be due to 
dispersive wave generation. Figure 13 shows a peak in the 
fourth band at a wavelength lD = 1144 nm, which satisfies the 

phase matching condition for a dispersive wave, DbD = b(wS) – 
b(wD) – b1(wS – wD) + 0.5gP = 0 (where wS and wD are the 
soliton and dispersive wave cyclic frequencies, respectively, 
and b1 = (db/dw)wS), during the propagation of a soliton with 
a power P = 276 MW at a wavelength lS = 1028 nm in the 
fifth band.

For efficient energy transfer from one band to another, 
the Stokes shift of rotational SRS in atmospheric nitrogen is 
too small (75 cm–1), but within each band it plays an active 
role in spectrum broadening. Figure 13 specifies the wave-
lengths corresponding to energy transfer in the fourth band 
from shorter to longer wavelength components due to rota-
tional SRS. The structure of the major peak at 1251 nm is 
modulated at a frequency of 75 cm–1, with dips in the shorter 
wavelength region and peaks in the longer wavelength region.

5. Conclusions

The fibre described in this report possesses unique dispersion 
and guidance characteristics for supercontinuum generation. 
It follows from the present numerical simulation results that 
the cladding parameters used in its design make it possible to 
obtain UV to mid-IR transmission bands essentially identical 
in spectral width and shape. Owing to the low dispersion of 
air, the dispersion characteristics of a particular mode in 
transmission bands identical in shape are also essentially 
identical. The presence of zero second-order dispersion points 
near the centre of each band ensures favourable conditions 
for efficient energy transfer from one band to another due to 
nonlinear effects.

In our experiments, launching 205-fs pulses of 110 mJ 
energy into the fibre, we have obtained a supercontinuum 
spanning the wavelength range from 415 to 1593 nm, with 11 
transmission bands. Multimode light propagation in the 
HCRF studied here reduces the efficiency of the nonlinear 
processes responsible for supercontinuum generation because 
of the energy redistribution between the modes. The present 
numerical simulation results indicate that, in the case of pulse 
powers near those in our experiments and single-mode opera-
tion of the HCRF, the supercontinuum may span 14 trans-
mission bands, extending from 370 to 4200 nm. Such spectral 
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Figure 12.  (a) Pulse energy as a function of fibre length for a 200-fs 
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width (over three octaves) can be obtained at a fibre length of 
~50 cm. The pulse then retains more than 50 % of its energy. 

Examining the structure of the spectrum in different 
transmission bands, we have identified the main nonlinear 
processes responsible for energy transfer from one band to 
another, such as degenerate and nondegenerate four-wave 
mixing and the generation of dispersive waves by solitons. It 
is worth emphasising the high efficiency of nonlinear cascade 
processes in an HCRF filled with atmospheric air owing to 
the uniform distribution of zero dispersion points over a wide 
spectral region.

Rotational SRS in nitrogen has a negative effect on multi-
band supercontinuum generation. Even though its Stokes and 
anti-Stokes components contribute to rapid broadening of 
the spectrum within each band, the Stokes shift is too small 
for radiation transfer from one band to another. Moreover, 
the Raman shift of the spectral maximum within each band 
leads to a shift of the energy in the spectrum towards the long-
wavelength edges of the transmission bands, where it is 
rapidly absorbed. The SRS-induced radiation losses at the 
boundaries between the transmission bands can be avoided 
by filling the fibre core with gaseous media such as argon, in 
which no such effect occurs.

It follows from the present results that optimising the 
HCRF design for achieving single-mode propagation will 
make it possible to extend the multiband supercontinuum to 
both the UV and mid-IR.
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