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Abstract
We investigate soliton self-compression and ultraviolet resonant dispersive wave emission in the
higher-order modes of a gas-filled hollow capillary fibre (HCF). Our simple analytical scaling rules
predict shorter required waveguides and different energy scales when moving from the
fundamental to higher-order modes. Experimentally, we demonstrate soliton self-compression and
ultraviolet dispersive wave emission in the double-lobe LP11 mode of an argon-filled HCF, which
we excite by coupling into the fibre at oblique incidence. We observe the generation of ultraviolet
dispersive waves which are frequency-shifted and more narrowband as compared to
fundamental-mode generation due to the stronger modal dispersion, and a suppression of the
supercontinuum between the dispersive wave and the pump pulse. With numerical simulations, we
confirm the predictions of our scaling rules and find that the use of higher-order modes can
suppress photoionisation and plasma effects even while allowing for much higher pulse energy to
be used in the self-compression process. Our results add another degree of freedom for the design
of hollow-waveguide systems to generate sub-cycle field transients and tuneable ultrashort laser
pulses.

1. Introduction

Gas-filled hollow-core waveguides are a very flexible platform for nonlinear frequency conversion as well as
for the temporal and spectral reshaping of ultrafast laser pulses. While their use in nonlinear optics dates
back to the 1970s [1], they have found widespread application in the temporal compression of high-energy
laser pulses [2, 3]. The high damage threshold, long interaction length, and tuneable nonlinearity and
dispersion have further enabled frequency conversion via four-wave mixing [4, 5], spatio-temporal
self-compression [6], supercontinuum generation [7, 8], and a range of other nonlinear dynamical
effects [9, 10]. The combination of hollow-core waveguides with soliton self-compression and other
associated dynamics offers some unique capabilities, such as pulse compression to sub-cycle field transients
and frequency conversion to few-femtosecond pulses from the vacuum ultraviolet to the near
infrared [11–15]. These effects were first demonstrated in hollow-core photonic crystal fibres, which offer
low-loss guidance over very large bandwidths and strong anomalous dispersion [11]. However, their small
core size (few tens of µm) in combination with intensity limits due to nonlinear effects in the filling gas sets a
maximum peak power which can be used to drive soliton dynamics, with typical pulse energies below
20 µJ [11–13, 16]. Subsequent work proposed that soliton dynamics at higher energy could be achieved by
propagating pulses in simple hollow capillary fibres (HCFs) with much larger cores and compensating the
resulting reduction in anomalous waveguide dispersion by exploiting higher-order modes [17, 18]. The
interplay between higher-order-mode propagation and the effect of decreasing pressure gradients has also
been analysed in detail using numerical simulations [19]. The full range of soliton dynamics can in fact be
obtained in the fundamental mode of an HCF for correctly chosen parameters [14]. However, the properties
of higher-order modes offer an additional degree of freedom which has so far not been explored
experimentally.
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In this work, we investigate soliton dynamics in the higher-order modes of gas-filled hollow-core
waveguides. We derive simple scaling rules for the changes in the required pulse energy and length scale
which result from a change in mode order and we experimentally demonstrate soliton self-compression and
deep ultraviolet resonant dispersive wave (RDW) emission in a higher-order mode of an argon-filled HCF.
As a simple alternative to coupling schemes involving active beam shaping, we excite the LP11-like
double-lobe mode by focusing a Gaussian-like beam onto the HCF entrance face at an angle. Despite this
relatively crude method and the resulting mode mixture at the beginning of the nonlinear propagation, we
find that the mode-dependent phase-matching to dispersive waves leads to clean higher-order mode profiles
for the generated DUV pulses. Comparing RDW emission in LP11 and the fundamental mode, we find
significant differences in the bandwidth of the RDW as well as in the supercontinuum between the RDW and
the pump. Numerical simulations confirm that self-compression and RDW emission occur over a shorter
length scale in LP11 than in the fundamental mode and reveal that photoionisation can be strongly
suppressed by propagating in other higher-order modes despite an increase in total pulse energy.

2. Properties of solitons in higher-order modes

The central features of soliton propagation are created by the interplay of the Kerr nonlinearity and
anomalous group-velocity dispersion. To observe full soliton self-compression and resonant dispersive
emission in an HCF, the parameters must additionally be chosen so as to avoid excessive propagation
losses [14]. The mode in which the pulse propagates affects all three of these parameters.

The frequency-dependent propagation constant βnm(ω) and attenuation coefficient αnm(ω) in a
gas-filled capillary are given by

βnm(ω) =
ω

c

√
n2
gas(ω)−

c2u2nm
a2ω2

, αnm(ω,z) =
c2u2nm
a3ω2

νn(ω), (1)

where ω is angular frequency, c is the speed of light, ngas is the refractive index of the filling gas, and a is the
core radius. νn depends on the refractive index ratio between cladding and core as well as the character of the
mode—transverse electric (TE0m), transverse magnetic (TM0m) or hybrid (HEnm)—and unm is themth zero
of the Bessel function of the first kind J1 (for TE/TM) or Jn−1 (for HE) [20]. unm is smallest for the
fundamental mode (HE11), u11 ≈ 2.405. The mode character in combination with the azimuthal and radial
mode orders n andm designate a specific mode of the HCF. In addition, the hybrid modes are degenerate
with respect to their polarisation direction, with the two degenerate modes rotated by π/2n relative to
each other.

The group-velocity dispersion is given by

β(2)
nm (ω) = ∂2

ωβnm(ω)≈
ρ

c

[
∂ωγgas(ω)+

ω

2
∂2
ωγgas(ω)

]
− cu2nm

a2ω3
= ρδgas(ω)−

cu2nm
a2ω3

, (2)

where ρ is the number density of the gas, γgas(ω) is the linear polarisability of a single gas particle such that
n2gas(ω) = 1+ ργgas(ω), and hence ρδgas(ω) is the dispersion of the gas. The final term in equation (2)
contains the waveguide contribution to the dispersion, which is always anomalous. Moving from the
fundamental mode to higher-order modes means unm becomes larger, which increases this anomalous
dispersion contribution in a similar fashion to decreasing the core radius a. For a fixed pump wavelength, the
dispersion landscape can be parameterised by the zero-dispersion wavelength λzd = 2πc/ωzd, with ωzd

determined by

β(2)
nm (ωzd) = 0 ⇐⇒ ρzd =

cu2nm
a2ω3

zdδgas(ωzd)
. (3)

The gas density required to obtain a certain dispersion landscape and phase-match RDW emission at a
certain wavelength is thus proportional to u2nm, conversely to the scaling with core size [14, 21]. Importantly,
at all frequencies other than ωzd, the dispersion increases in magnitude when unm is increased and the density
is adjusted to keep ωzd fixed. Hence, the dispersion at the pump wavelength becomes more strongly
anomalous for higher mode orders.

The nonlinearity of the gas-filled waveguide is captured by the nonlinear coefficient γ = k0n2A
−1
eff , where

k0 = ω/c, n2 is the nonlinear refractive index of the filling gas and Aeff is the effective area of the mode profile:

Aeff =

[´ a
0

´ 2π
0 |e(r,θ)|2 rdrdθ

]2
´ a
0

´ 2π
0 |e(r,θ)|4 rdrdθ

, (4)
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Figure 1. Change in the effective area (a), nonlinear coefficient (b) and fission length (c) with mode order for soliton
self-compression in an argon-filled hollow capillary fibre with 125 µm core radius. In (b) and (c), the zero-dispersion wavelength
is held constant at λzd = 500 nm. In (c), the soliton order is additionally held constant at N= 2.5.

where e(r,θ) is the field distribution of the HCF mode in polar coordinates; bold symbols indicate vector
quantities. The magnitude of e(r,θ) for the modes of a HCF is given by |e(r,θ)|= Ji (unmr/a), where i= 1 for
TE/TM modes and i= n− 1 for HE modes [20]. The effective area increases for larger azimuthal indices n
and decreases for larger radial indicesm as shown in figure 1(a). When matching the dispersion, however, the
increase in gas density dominates over the relatively weak scaling of Aeff with unm, so the nonlinear coefficient

increases for both larger n and largerm, scaling approximately as γ ∝ u
9
4
nm for a fixed value of n, as shown in

figure 1(b).
The balance of nonlinear and dispersive effects is encoded in the soliton order N, given by

N=

√
Ld
Lnl

=

√
γP0T2

0

|β(2)|
, (5)

where Ld = T2
0/|β(2)| and Lnl = (γP0)−1 are the dispersion and nonlinear lengths, respectively, with P0 and

T0 the peak power and duration of the initial pulse, assuming the instantaneous power of the pulse follows
the form P(t) = P0sech

2(t/T0). A critical parameter in soliton self-compression and RDW emission in HCF
is the length scale of the process. This can be approximated by the fission length, Lf = Ld/N [22]. Keeping N
and λzd constant, the increased anomalous dispersion in higher-order modes leads to a significant reduction
in the fission length, as shown in figure 1(c). For N to remain the same as the mode changes, the pulse energy
has to be adjusted, because both the nonlinearity and the dispersion of the gas-filled waveguide change. As
with the effective area, the energy corresponding to a certain soliton order increases for larger n and
decreases for largerm.

The propagation loss increases for both smaller cores and higher-order modes. However, this increase is
less severe when increasing the mode order than when decreasing the core size, as α∝ u2nm/a

3. The loss scales
with unm in the same way as the dispersion, so the ratio of the fission length to the loss length Lloss = 1/α
remains the same regardless of mode order (as long as the mode character is the same) but the required
length of HCF is reduced. This suggests that propagation in higher-order modes makes soliton dynamics in
HCF more readily achievable and in more compact systems than when using the fundamental mode.

3. Experiment

The experimental setup is identical to that detailed in [14]. In brief, a titanium-doped sapphire amplifier
generates pulses at 800 nm central wavelength with a duration of 30 fs. These are spectrally broadened in a
first HCF, which is filled with helium, and subsequently compressed to 10 fs duration using chirped mirrors
and a wedge pair. After passing through a variable attenuator, the pulses are coupled into a second HCF with
a core radius of 125 µm and a length of 3 m, which is filled with argon. Both HCFs are stretched to eliminate
bend loss [23].

Due to their complex field distribution, including radial phase variations and nodes, efficiently exciting
the radially symmetric linearly polarised higher-order modes of an HCF (HE1m withm> 1) with
Gaussian-like pump beams requires complex beam shaping optics. As a simpler way to explore soliton
dynamics in higher-order modes, we excite the linearly polarised double-lobe mode LP11 instead. The two
lobes of LP11 have opposite phase, which can be approximately matched by coupling into the HCF with a
tilted phase-front, as shown in figure 2(a). The incidence angle for which this occurs can be approximated by
α= tan−1 (λ/2a), where λ is the wavelength and a is the core radius. For our parameters (λ= 800 nm,

3
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Figure 2. (a) Schematic representation of using oblique incidence to excite the LP11 mode of an HCF. The inset shows how, for the
correct angle of incidence, the path difference between the two halves of the core is λ/2, leading to a π phase shift. (Note that the
angle is exaggerated for visibility.) (b)–(d) Intensity profile (in false colour) and polarisation profile (white arrows) of the HE21
and TM01 modes, a superposition of which forms the LP11 mode. The white circle shows the HCF core boundary. (e) Coupling
efficiency into the most important double-lobe (LP1m) and radially symmetric hybrid (HE1m) modes as a function of tilt angle α.

a= 125 µm), this simple calculation results in α= 0.183◦. A more accurate estimate of the optimal angle
can be obtained by calculating the mode overlap integral,

η =

[´∞
0

´ 2π
0 e∗(r,θ) · E(r,θ) rdrdθ

]2
´∞
0

´ 2π
0 |e(r,θ)|2 rdrdθ

´∞
0

´ 2π
0 |E(r,θ)|2 rdrdθ

, (6)

where E(r,θ) is the field distribution of the incoming laser beam. The LP11 mode can be expressed as a
superposition of HE21 and TM01 (see figures 2(b)–(d)), which have the same value of unm (∼3.831) and
hence identical dispersion. A Gaussian beam with linear polarisation along the y axis which is incident at an
angle α to the z axis in the y–z plane can be described as

E(r,θ) = E0ŷexp−
r2

w2
0

(
cos2 θ+

sin2 θ

cos2α

)
+ irk0 sinα sinθ, (7)

where w0 is the 1/e2 radius of the beam and ŷ is the unit vector in the y-direction. As shown in figure 2(e),
for a Gaussian laser beam with a radius of w0 = 0.64a at 800 nm (which maximises coupling to HE11 for
normal incidence), an incidence angle of 0.193◦ maximises the overlap with LP11, in good agreement with
the simple calculation. At this angle, 39.5% of the incident energy is coupled into the LP11 mode. For our
focusing geometry, which consists of a single f= 1.25 m concave spherical mirror, a translation of the beam
on the focusing optic of 4.2 mm is required. While simple, this configuration does not lead to coupling
purely into LP11—approximately 34% of the energy is coupled into the fundamental HE11 mode, 12% into
HE12, 3% into LP12, and the remainder into other high-order modes of HE and TM character.

Figure 3 shows experimentally measured output spectra of the second HCF as a function of incident
pump energy for three combinations of argon pressure and incidence angle. In all three cases, the evolution
of the output spectrum shows typical features of soliton self-compression and RDW emission: rapid spectral
broadening around the pump wavelength at low energy followed by the emergence and subsequent blue-shift
of the RDW peak at the phase-matched wavelength, in this case in the UV. However, the spectral broadening
around the pump wavelength is less pronounced when pumping in the LP11 mode (figures 3(a) and (b))
than when pumping in the fundamental mode (figure 3(c)), even at energies where RDW emission occurs.
Furthermore, the RDW peak appears at a different wavelength for the same gas pressure (compare
figures 3(a) and (c)). The bright, narrowband feature around the pump wavelength of 800 nm, which does
not change appreciably as a function of energy, is the result of poor pulse contrast on the initial pulses
generated by our laser system [24].

The bottom row in figure 3 shows far-field beam profiles of the dispersive-wave pulse, measured at an
energy near the initial emergence of the RDW (white dashed lines in figures 3(a)–(c)) after bandpass filtering
with 10 nm bandwidth around the spectral peak. The dispersive waves pumped in the higher-order mode
clearly show the characteristic two-lobe pattern of the LP11 mode. The beam at 232 nm (figure 3(d)) appears

4
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Figure 3. Experimental demonstration of self-compression and RDW emission in a higher-order mode. Top row: output
spectrum of the HCF (on a logarithmic colour scale) as a function of incident pump energy at the indicated argon pressures when
coupling at an angle (a), (b) and when coupling along the optical axis (c). Bottom row: far-field beam profile of the dispersive
wave, bandpass-filtered around the indicated wavelengths, when pumping with the energies indicated by the white dashed line in
the top row.

Figure 4. (a) Output spectrum at an argon pressure of 263 mbar and an incident pump energy of 236 µJ. (b) Energy
(on a normalised scale) in the UV (<350 nm) and IR (>550 nm) parts of the spectrum as a function of polariser rotation angle,
with 0◦ corresponding to vertical orientation of the polariser.

blurred; this is likely the result of cross-talk between camera pixels caused by the high intensity on the sensor,
which is required because the quantum efficiency of our camera is very low in this wavelength region.
Small-scale features in figures 3(e) and (f) are caused by imperfections of the bandpass filter.

The RDW beam profiles in figures 3(d) and (e) contain no noticeable contribution from other modes,
including the fundamental mode, even though our focusing geometry excites a variety of modes at the HCF
entrance. This is a consequence of the mode-selection property of RDW emission: since the phase-matching
to dispersive waves depends critically on the modal dispersion contribution, energy is efficiently transferred
to the spectral band of the dispersive wave only in the phase-matched mode. Another consequence of this is
the near-perfect beam quality of fundamental-mode dispersive-wave pulses, as previously observed [14] and
also shown in figure 3(f). The lobes of the dispersive-wave modes shown in figures 3(d) and (e) are tilted
with respect to the example shown in figure 2(d), even though we translate the beam purely vertically on the
focusing mirror to excite the LP11 mode. We attribute this to aberrations in our incident laser beam—such as
astigmatism caused by off-axis reflection from a spherical mirror—which may change the coupling
conditions. We find that small adjustments to the focusing mirror can rotate the mode of the dispersive wave
but simultaneously affect the coupling efficiency and RDW emission. The mode images shown in figure 3
represent the coupling conditions which maximise the RDW energy at the HCF output. Figure 4 shows the
polarisation direction of the pulse as characterised by measuring the output spectrum after a broadband
Rochon prism polariser as a function of polariser angle. Although the mode profile is rotated with respect to
the calculated mode, the polarisation is still purely linear and aligned with that of the incident beam.

5
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Figure 5. (a) Output spectra at the same pressure of 167 mbar and pump energy of 202 µJ and 62 µJ for the LP11 and HE11 mode,
respectively, corresponding to the beam profiles shown in figures 3(d) and (f). (b) Comparison between output spectra for RDW
emission at 355 nm in the two modes. The blue line shows the LP11 spectrum at 369 mbar argon pressure and 67 µJ pump energy
and the orange line shows the HE11 spectrum at 167 mbar pressure and 70 µJ of pump energy. (c) Calculated coherence length for
RDW emission in the two modes at 167 mbar. (d) Calculated coherence length for RDW emission at the two different pressures
shown in (b).

In figure 5, we investigate the differences between RDW emission in fundamental and higher-order
modes in more detail. Figure 5(a) shows spectra at 167 mbar, corresponding to the beam profiles shown in
figures 3(d) and (f). In addition to the clear difference in RDW emission wavelength (232 nm in LP11 as
opposed to 340 nm in HE11), the reduced coupling efficiency and stronger propagation loss in the
higher-order mode is evident in the fact that the spectrum near the pump is generally similar, despite the
LP11 RDW being pumped with three times the energy (202 µJ as compared to 67 µJ). Figure 5(b) compares
RDW emission for the parameters which place the RDW peak at 355 nm in both modes. To match the
phase-matching point, the pressure is increased to 369 mbar for pumping in LP11. One obvious difference is
in the overall spectral energy density, which is significantly lower in LP11. However, it is important to note
that the total input energy required to obtain RDW emission is similar (67 µJ and 70 µJ in LP11 and HE11,
respectively), despite stronger losses and lower coupling efficiency. This is because, in addition to the
generally stronger nonlinearity for higher-order modes (see figure 1(b)), the effective area of the LP11 mode
is a factor of 2/3 smaller than that of HE21 and TM01, further increasing the nonlinearity.

Other differences appear in the spectral shape of the continuum and the RDW peak. In the higher-order
mode, the dip in the spectrum between pump and RDW wavelengths is more pronounced, leaving the RDW
peak more isolated. Additionally, the bandwidth of the RDW is significantly smaller in the higher-order
mode: the full width at half-maximum (FWHM) is 24 nm as compared to 52 nm in HE11. Both of these
observations, as well as the spectral blue-shift of the higher-order-mode RDW for a fixed pressure, can be
attributed to phase-matching effects. RDW phase-matching can be described approximately by treating the
self-compressing pulse as a soliton experiencing no dispersion and writing the propagation constants of the
soliton, βs, and that of the dispersive wave, βdw, as

βs(ω) = β(0) +β(1)∆ω (8)

βdw(ω) = β(0) +β(1)∆ω+
β(2)

2
∆ω2 +

β(3)

6
∆ω3 + · · · , (9)

where β(i) = ∂i
ωβ(ω)|ω0 and∆ω = ω−ω0 is the frequency detuning from the central frequency of the

soliton ω0. The phase mismatch is then∆β(ω) = βdw(ω)−βs(ω). Figures 5(c) and (d) show the coherence
length Lcoh = π/∆β(ω) in the LP11 and HE11 modes for the conditions in figures 5(a) and (b), respectively.
The most obvious difference in figure 5(c) is that the coherence length diverges at different UV wavelengths,
indicating that the phase-matching point for RDW emission has shifted. This is due to the stronger
anomalous dispersion, in a similar manner to the dispersive-wave blue-shift for lower pressures [12, 14].
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Away from the pump wavelength and the RDW phase-matching points, the coherence length between
soliton and dispersive wave is far shorter in the higher-order mode. As a consequence, these frequency
components are less efficiently generated, leading to the larger dip in the supercontinuum spectrum as
observed in the experiment. The inset in figure 5(d) shows a detailed view around the phase-matching point
in the UV. The key feature is the difference in bandwidth of the two peaks. For the fundamental mode, the
phase mismatch changes more slowly around the phase-matching point, leading to a larger phase-matching
bandwidth. This explains the difference in observed RDW bandwidth in figure 5(b). The small discrepancy
between phase-matching wavelengths, which is not observed in the experiment for these pressures, can be
attributed to the fact that equation (8) neglects the nonlinear contribution to βs. This is difficult to estimate
for the mixed-mode input in our experiment but would certainly differ between the two modes. The dashed
line in figure 5(d) shows the coherence length for the pressure at which the phase-matched wavelengths
according to equations (8) and (9) coincide; the difference in overall coherence length and phase-matching
bandwidth is present here as well.

4. Numerical simulations

To investigate the nonlinear dynamics in more detail and confirm the predictions of the scaling rules laid out
in section 2, we numerically simulate self-compression and RDW emission in our system. The numerical
model and its implementation are described in detail elsewhere [14, 25]. We model the fully space- and
polarisation-resolved multimode propagation including the modal dispersion and loss, the Kerr effect, and
photoionisation and plasma dynamics.

Figure 6 shows simulated energy-dependent output spectra of the gas-filled HCF for a fixed
zero-dispersion wavelength of 500 nm in three different modes: in addition to the two modes observed
experimentally (figures 6(a) and (c)), we simulate the propagation dynamics in the pure TM01 mode
(figure 6(b)). We consider an ideal Gaussian laser pulse with a FWHM duration of 10 fs. For propagation in
LP11, we place half of the energy into HE21 and TM01, respectively, and include higher-modes up to HE24 and
TM04. For propagation in the pure modes, we include higher-order modes up to TM04 and HE14, respectively.

The results shown in figures 6(a) and (c) reproduce the features observed experimentally, including the
more pronounced dip in the supercontinuum between the pump and RDW peaks for propagation in LP11.
Since we adjust the pressure to fix the zero-dispersion wavelength, we obtain RDW emission in the same
spectral region. Similarly to the experimental results for RDW emission at 355 nm, the energy required to
first obtain RDW emission is closely matched—60 µJ and 66 µJ in LP11 and HE11, respectively—because the
small effective area of LP11 counteracts the general increase in required energy when moving to higher-order
modes: the effective area of the LP11 mode with a core radius of 125 µm is∼0.0234 mm2, as compared to
∼0.0211 mm2 for HE11. In combination with the matched dispersion, this close correspondence accounts for
the similarity in energy scale.

The similar peak intensity in LP11 and HE11 is also reflected in the peak ionisation fraction reached
during propagation, as shown in figures 6(d) and (f), which is closely matched between the two cases.
Propagation in TM01 presents a different picture, however: although the overall dynamics are very similar
(compare figures 6(a) and (b)), the electron density is significantly lower when self-compression and RDW
emission occur in TM01, as shown in figure 6(e). This is despite the higher energy required for the same
dynamics in this mode, as expected from the factor of 3/2 in the effective area as compared to LP11, with
RDW emission first appearing around 90 µJ. Modes of higher azimuthal order thus allow for more energetic
self-compression while suppressing photoionisation, which may be advantageous for the generation of very
high-energy sub-cycle transients and RDWs.

As shown in figure 1(c), stronger dispersion in higher-order modes should lead to faster self-compression
for a given soliton order. This prediction is confirmed in figure 7, which shows the evolution of the pulse
shape (in a reference frame moving with the group velocity at the pump) during propagation in LP11 and
HE11 for the energy at which RDW emission first occurs, corresponding to a soliton order of N = 2.2. When
propagating in the higher-order mode, the pulse clearly self-compresses much more rapidly, reaching its
maximal peak power within less than 1.5 m, as opposed to near the end of the waveguide. The peak power at
the self-compression point is 13.3 GW in LP11, whereas in HE11 it reaches 16.1 GW. From the ratio of pump
energies, a maximal peak power of 14.4 GW would be expected in LP11. The discrepancy is not due to a
difference in the self-compression process: the two pulses self-compress to near-identical duration, 1.76 fs for
HE11 and 1.77 fs for LP11. Instead, a small difference in the propagation loss causes the pulse to lose more
energy in the higher-order mode. This difference stems from the fact that the LP11 mode is constituted from
two modes of different character, HE21 and TM01. HE21 has the same HE character as the fundamental mode,
so the loss scaling detailed in section 2 applies. TM01, however, is more lossy due to a difference in the νn(ω)
term even though the value of unm is identical [20]. Using the average propagation loss of the two modes with
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Figure 6. (a)–(c) Simulated output spectra as a function of coupled pump energy when pumping in the modes LP11 (a), TM01

(b), and HE11 (c) for a fixed zero-dispersion wavelength of λzd = 500 nm, corresponding to 167 mbar argon pressure in LP11 and
TM01 and 67 mbar in HE11. The right axis in (c) is common to all top-row plots and shows the soliton order. The white dashed
lines in (a) and (c) indicate the energies for which the time-domain evolution is shown in figure 7. (d)–(f) maximum ionisation
fraction reached during propagation for the same range of soliton orders shown in (a)–(c).

Figure 7. Time-domain evolution of the self-compressing pulse for a soliton order of N= 2.2 in the modes LP11 (a) and HE11
(b) for a fixed zero-dispersion wavelength of 500 nm.

the scaled fission length predicts a maximum peak power of 13.5 GW for LP11, in good agreement with the
simulation results. It should be noted that due to this difference in loss, LP11 is not strictly speaking a mode
of the waveguide, as even an input field with purely this field distribution will not remain pure upon
propagation.

5. Conclusions

While in most applications, single-mode propagation is preferred [14, 26], the role and potential of
multi-mode propagation in gas-filled hollow-core waveguides has recently been investigated in some detail.
Results include greatly enhanced Raman scattering and frequency conversion to ultrashort pulses in the
infrared [27, 28] as well as the generation of high-energy few-femtosecond pulses by nonlinear mode
mixing [29]. Energy transfer from the fundamental to higher-order modes has also been observed during
soliton self-compression and RDW emission [12, 30]. What unites these studies is the importance of mode
mixing, that is, the transfer of energy between fibre modes mediated by the nonlinear interaction, during
propagation of a pulse which is initially coupled into the fundamental mode. In contrast, our results here are
characterised by the absence of significant multi-mode propagation effects. Although we couple significant
energy into a variety of modes at the HCF entrance, our experimental results are closely reproduced by
simulations which ignore this, and the beam profiles in figures 3(d) and (e) show that RDW emission only
occurs in the LP11-like mode. Our results suggest that pure single-mode output can be achieved in any mode
of the HCF, provided the initial pulse is coupled into it and the other experimental parameters are chosen
correctly.
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In summary, we have explored the properties of soliton self-compression in the higher-order modes of
gas-filled HCFs using simple scaling rules, experimental investigations, and numerical simulations. Our first
key finding is that the use of higher-order modes can shorten the required waveguide without incurring a loss
penalty, in contrast to a reduction in core size [24]. Secondly, RDWs generated in higher-order modes show
exceptional mode purity, even in the presence of pulses in multiple modes interacting nonlinearly. Thirdly,
the stronger anomalous dispersion contribution from higher-order modes affects the central wavelength and
bandwidth of dispersive waves as well the shape of the supercontinuum between the dispersive wave and the
pump. Finally, self-compression in higher-order modes can be achieved at significantly higher energy while
simultaneously suppressing photoionisation effects as compared to equivalent parameters in the
fundamental mode. We expect that our results will be useful for the design of more flexible, powerful, and
compact systems to generate sub-cycle field transients as well as widely tuneable few-femtosecond pulses.

Data availability statement

The data that support the findings of this study are available upon reasonable request from the authors.

Acknowledgments

This work was funded by the European Research Council under the European Union’s Horizon 2020
Research and Innovation program: Starting Grant agreement HISOL, No. 679649; Proof of Concept Grant
agreement ULIGHT, No. 899900; and by the United Kingdom’s Engineering and Physical Sciences Research
Council: Grant agreement EP/T020903/1.

ORCID iDs

Christian Brahms https://orcid.org/0000-0002-8009-3547
John C Travers  https://orcid.org/0000-0003-0350-9104

References

[1] Miles R B, Laufer G and Bjorklund G C 1977 Coherent anti-Stokes Raman scattering in a hollow dielectric waveguide Appl. Phys.
Lett. 30 417–9

[2] Nisoli M, De Silvestri S and Svelto O 1996 Generation of high energy 10 fs pulses by a new pulse compression technique Appl. Phys.
Lett 68 2793

[3] Nagy T, Simon P and Veisz L 2021 High-energy few-cycle pulses: post-compression techniques Adv. Phys. X 6 1845795
[4] Durfee C G, Backus S, Murnane MM and Kapteyn H C 1997 Ultrabroadband phase-matched optical parametric generation in the

ultraviolet by use of guided waves Opt. Lett. 22 1565
[5] Misoguti L, Backus S, Durfee C G, Bartels R, Murnane MM and Kapteyn H C 2001 Generation of broadband VUV light using

third-order cascaded processes Phys. Rev. Lett. 87 013601
[6] Wagner N L, Gibson E A, Popmintchev T, Christov I P, Murnane MM and Kapteyn H C 2004 Self-compression of ultrashort pulses

through ionization-induced spatiotemporal reshaping Phys. Rev. Lett. 93 173902
[7] Tani F, Travers J C and Russell P S J 2013 PHz-wide supercontinua of nondispersing subcycle pulses generated by extreme

modulational instability Phys. Rev. Lett. 111 033902
[8] Gao S-F, Wang Y-Y, Belli F, Brahms C, Wang P and Travers J C 2022 From Raman frequency combs to supercontinuum generation

in nitrogen-filled hollow-core anti-resonant fiber Laser Photonics Rev. 16 2100426
[9] Travers J C, Chang W, Nold J, Joly N Y and Russell P S J 2011 Ultrafast nonlinear optics in gas-filled hollow-core photonic crystal

fibers [Invited] J. Opt. Soc. Am. B 28 A11–A26
[10] Russell P S J, Hölzer P, Chang W, Abdolvand A and Travers J C 2014 Hollow-core photonic crystal fibres for gas-based nonlinear

optics Nat. Photon. 8 278–86
[11] Joly N Y, Nold J, Chang W, Hölzer P, Nazarkin A, Wong G K L, Biancalana F and Russell P S J 2011 Bright spatially coherent

wavelength-tunable deep-UV laser source using an Ar-filled photonic crystal fiber Phys. Rev. Lett. 106 203901
[12] Mak K F, Travers J C, Hölzer P, Joly N Y and Russell P S J 2013 Tunable vacuum-UV to visible ultrafast pulse source based on

gas-filled Kagome-PCF Opt. Express 21 10942–53
[13] Ermolov A, Mak K F, Frosz M H, Travers J C and Russell P S J 2015 Supercontinuum generation in the vacuum ultraviolet through

dispersive-wave and soliton-plasma interaction in a noble-gas-filled hollow-core photonic crystal fiber Phys. Rev. A 92 033821
[14] Travers J C, Grigorova T F, Brahms C and Belli F 2019 High-energy pulse self-compression and ultraviolet generation through

soliton dynamics in hollow capillary fibres Nat. Photon. 13 547–54
[15] Brahms C, Belli F and Travers J C 2020 Infrared attosecond field transients and UV to IR few-femtosecond pulses generated by

high-energy soliton self-compression Phys. Rev. Res. 2 043037
[16] Köttig F, Tani F, Biersach C M, Travers J C and Russell P S 2017 Generation of microjoule pulses in the deep ultraviolet at

megahertz repetition rates Optica 4 1272
[17] López-Zubieta B A, Jarque E C, Sola I J and Roman J S 2018 Theoretical analysis of single-cycle self-compression of near infrared

pulses using high-spatial modes in capillary fibers Opt. Express 26 6345–50
[18] López-Zubieta B A, Jarque E C, Sola I J and Roman J S 2018 Spatiotemporal-dressed optical solitons in hollow-core capillaries OSA

Contin. 1 930–8

9

https://orcid.org/0000-0002-8009-3547
https://orcid.org/0000-0002-8009-3547
https://orcid.org/0000-0003-0350-9104
https://orcid.org/0000-0003-0350-9104
https://doi.org/10.1063/1.89426
https://doi.org/10.1063/1.89426
https://doi.org/10.1063/1.116609
https://doi.org/10.1063/1.116609
https://doi.org/10.1080/23746149.2020.1845795
https://doi.org/10.1080/23746149.2020.1845795
https://doi.org/10.1364/OL.22.001565
https://doi.org/10.1364/OL.22.001565
https://doi.org/10.1103/PhysRevLett.87.013601
https://doi.org/10.1103/PhysRevLett.87.013601
https://doi.org/10.1103/PhysRevLett.93.173902
https://doi.org/10.1103/PhysRevLett.93.173902
https://doi.org/10.1103/PhysRevLett.111.033902
https://doi.org/10.1103/PhysRevLett.111.033902
https://doi.org/10.1002/lpor.202100426
https://doi.org/10.1002/lpor.202100426
https://doi.org/10.1364/JOSAB.28.000A11
https://doi.org/10.1364/JOSAB.28.000A11
https://doi.org/10.1038/nphoton.2013.312
https://doi.org/10.1038/nphoton.2013.312
https://doi.org/10.1103/PhysRevLett.106.203901
https://doi.org/10.1103/PhysRevLett.106.203901
https://doi.org/10.1364/OE.21.010942
https://doi.org/10.1364/OE.21.010942
https://doi.org/10.1103/PhysRevA.92.033821
https://doi.org/10.1103/PhysRevA.92.033821
https://doi.org/10.1038/s41566-019-0416-4
https://doi.org/10.1038/s41566-019-0416-4
https://doi.org/10.1103/PhysRevResearch.2.043037
https://doi.org/10.1103/PhysRevResearch.2.043037
https://doi.org/10.1364/OPTICA.4.001272
https://doi.org/10.1364/OPTICA.4.001272
https://doi.org/10.1364/OE.26.006345
https://doi.org/10.1364/OE.26.006345
https://doi.org/10.1364/OSAC.1.000930
https://doi.org/10.1364/OSAC.1.000930


J. Phys. Photonics 4 (2022) 034002 C Brahms and J C Travers

[19] Wan Y and Chang W 2021 Effect of decreasing pressure on soliton self-compression in higher-order modes of a gas-filled capillary
Opt. Express 29 7070–83

[20] Marcatili E A J and Schmeltzer R A 1964 Hollow metallic and dielectric waveguides for long distance optical transmission and
lasers Bell Syst. Tech. J. 43 1783–809

[21] Heyl C M et al 2016 Scale-invariant nonlinear optics in gases Optica 3 75
[22] Dudley J M, Genty G and Coen S 2006 Supercontinuum generation in photonic crystal fiber Rev. Mod. Phys. 78 1135–84
[23] Nagy T, Forster M and Simon P 2008 Flexible hollow fiber for pulse compressors Appl. Opt. 47 3264
[24] Brahms C, Grigorova T, Belli F and Travers J C 2019 High-energy ultraviolet dispersive-wave emission in compact hollow capillary

systems Opt. Lett. 44 2990
[25] Brahms C and Travers J C 2021 Luna.jl: a flexible nonlinear optical pulse propagator (https://doi.org/10.5281/zenodo.5513570)
[26] Fibich G and Gaeta A L 2000 Critical power for self-focusing in bulk media and in hollow waveguides Opt. Lett. 25 335
[27] Carpeggiani P A et al 2020 Extreme Raman red shift: ultrafast multimode nonlinear space-time dynamics, pulse compression and

broadly tunable frequency conversion Optica 7 1349
[28] Safaei R, Fan G, Kwon O, Légaré K, Lassonde P, Schmidt B E, Ibrahim H and Légaré F 2020 High-energy multidimensional solitary

states in hollow-core fibres Nat. Photon. 14 733–9
[29] Piccoli R et al 2021 Intense few-cycle visible pulses directly generated via nonlinear fibre mode mixing Nat. Photon. 15 884–9
[30] Tani F, Travers J C and Russell P S J 2014 Multimode ultrafast nonlinear optics in optical waveguides: numerical modeling and

experiments in Kagomé photonic-crystal fiber J. Opt. Soc. Am. B 31 311

10

https://doi.org/10.1364/OE.418217
https://doi.org/10.1364/OE.418217
https://doi.org/10.1002/j.1538-7305.1964.tb04108.x
https://doi.org/10.1002/j.1538-7305.1964.tb04108.x
https://doi.org/10.1364/OPTICA.3.000075
https://doi.org/10.1364/OPTICA.3.000075
https://doi.org/10.1103/RevModPhys.78.1135
https://doi.org/10.1103/RevModPhys.78.1135
https://doi.org/10.1364/AO.47.003264
https://doi.org/10.1364/AO.47.003264
https://doi.org/10.1364/OL.44.002990
https://doi.org/10.1364/OL.44.002990
https://doi.org/10.5281/zenodo.5513570
https://doi.org/10.1364/OL.25.000335
https://doi.org/10.1364/OL.25.000335
https://doi.org/10.1364/OPTICA.397685
https://doi.org/10.1364/OPTICA.397685
https://doi.org/10.1038/s41566-020-00699-2
https://doi.org/10.1038/s41566-020-00699-2
https://doi.org/10.1038/s41566-021-00888-7
https://doi.org/10.1038/s41566-021-00888-7
https://doi.org/10.1364/JOSAB.31.000311
https://doi.org/10.1364/JOSAB.31.000311

	Soliton self-compression and resonant dispersive wave emission in higher-order modes of a hollow capillary fibre
	1. Introduction
	2. Properties of solitons in higher-order modes
	3. Experiment
	4. Numerical simulations
	5. Conclusions
	Acknowledgments
	References


