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Scaling Optical Soliton Dynamics Over Twelve Orders of
Magnitude: from One Watt Picosecond Pulses to Terawatt-Scale
Sub-Femtosecond Pulses
John C. Travers(1) , Teodora F. Grigorova(1) , Federico Belli(1)
(1)

School of Engineering and Physical Sciences, Heriot-Watt University, Edinburgh, EH14 4AS, United
Kingdom, j.travers@hw.ac.uk
Abstract Soliton dynamics can be scaled from the 1 W level in conventional fibres, to terrawatt peak
powers in simple hollow capillaries. We model sub-femtosecond pulse self-compression, and experimentally demonstrate high-brightness multiple-µJ-scale ultraviolet (115-330 nm) pulse generation.
Introduction
Bright optical soliton dynamics in waveguides
were predicted by Hasegawa and Tappert in
1973 1 , who were building on the pioneering work
on optical solitons by Shabat and Zakharov 2 . In
the first experimental demonstration of solitons
in optical fibres 3 , the soliton peak power was
1.24 W and the soliton duration was 7 ps. Subsequently, the soliton peak power has been considerably scaled, up to the sub-MW range in glasscore photonic-crystal fibres (PCF) fibres with extra large mode area 4 .
In 2003, the use of microstructured PCF with
a gas-filled hollow-core was demonstrated as a
means to further scale the soliton energy and
peak power, to the MW-scale. This started a new
era in ultrafast nonlinear optics in gases, especially in anti-resonant guiding and kagome-style
PCF 5–7 , resulting in effects such as soliton selfcompression at microjoule energies, leading to
few-gigawatt peak powers 8–11 , and efficient and
tunable pulse generation in the deep (DUV) and
vacuum ultraviolet (VUV) spectral region 8,9,12,13 .
This scaling is a result of both the gas properties
(lower nonlinearity and higher damage threshold
than glass) and the scaling of the fibre mode area.
How much higher in energy and peak power
can soliton dynamics be scaled? We have found
that soliton dynamics can be harnessed in largecore (100 µm to 1 mm diameter) hollow capillary
fibre (HCF), and that most of the ultrafast soliton
effects demonstrated in recent years in gas-filled
hollow-core PCF (HC-PCF), can be significantly
scaled in energy by using HCF, by up to three
orders of magnitude—resulting in terawatt peak
powers.
Here we numerically and experimentally explore coherent soliton self-compression in HCF,
leading to sub-femtosecond pulse durations,

multi-octave supercontinuum generation and subsequent fission dynamics. In particular, we experimentally demonstrate resonant dispersive-wave
emission in the deep (DUV) and vacuum (VUV)
ultraviolet (115-330 nm), with measured pulse energies in the VUV exceeding 20 µJ.
Soliton Scaling in HCF
For bright temporal soliton dynamics, self-phase
modulation (SPM) and negative group velocity
dispersion (GVD) must act simultaneously, within
the waveguide 1,2 . A pump pulse can be characterized by the soliton order N = (Ld /Lnl )1/2 ,
where Ld is the dispersion length, and Lnl is
the nonlinear length 14 . For higher order solitons
(N > 1) the nonlinear SPM initially dominates,
broadening the pulse spectrum. The resulting
chirp is then compensated by the negative GVD,
such that temporal compression of the pulse occurs 2,3,14 . This process is terminated when soliton fission occurs, due to higher-order linear and
nonlinear effects 15–18 . One of these fission processes is RDW emission induced due to higher
order dispersion 17–21 , which can be used to produce a frequency tunable, ultrafast pulse source
in the DUV and VUV 8,9,12,13 .
For resonant dispersive-wave emission to occur at extreme frequencies, the pump pulse must
undergo soliton-effect self-compression until it
reaches a sub-femtosecond pulse duration and
a multi-octave spanning spectral width. At this
point a resonant transfer of energy can occur to
particular phase-matched frequencies. This compression and emission point approximately occurs at the soliton fission length Lfiss = Ld /N 15 .
For HCF it can be shown that Lfiss ∝ τ02 a2 /N ,
where τ0 is the pump pulse duration and a is the
HCF core radius. In HC-PCF fibres, the low guidance loss for small a allows one to achieve soli-
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Fig. 1: Numerically modelled spectral (a) and temporal (b) evolution of a 10 fs, 800 nm, 0.5 mJ pump pulse in a 250 µm inner
diameter HCF filled with 0.3 bar He. N, A indicate normal and anomalous dispersion regions. (c) Optimized VUV dispersive-wave
emission peaks, for different He gas pressures.

ton self-compression and fission in short length
scales. In conventional HCF, the large a means
that either very large length scales are required,
or short pump pulses. Following the pioneering
work of Nagy et al. 22,23 , we make use of 3 m
long stretched capillary fibres, to provide sufficient propagation length for soliton dynamics to
occur, while also pumping with 10 fs pulses from a
conventional HCF compressor system to reduce
Lfiss .
Numerical Results
Fig. 1(a,b) shows one example simulation using
our rigorous, fully vectorial and spatially resolved,
unidirectional pulse propagation code, which includes ionization, plasma effects, self-focusing,
and polarization effects. A wide range of parameters have been modelled and will be presented,
but this example is illustrative, and coincides with
the experiments described below. In this case we
show the self compression of a 10 fs, 800 nm,
0.5 mJ pump pulse to 1 fs, in a 250 µm inner diameter HCF filled with 0.3 bar He. For these parameters, the zero dispersion point is at 355 nm,
and soliton order is N = 2.5. Scaling these dynamics to the multi-mJ, terrawatt-power regime
is realistic in larger core HCF, and will be presented. At the self-compression point, generation of a dispersive-wave at 130 nm occurs. The
energy transfer to the VUV can be extremely efficient, and we predict VUV pulse energies exceeding 50 µJ in sub-femtosecond pulses, as shown in
Fig. 1(c).
Experimental Results
In our experiments, bandwidth limited pulses at
around 800 nm, with a duration tunable from 6 fs
to 30 fs, are produced in a conventional hollow
fiber compressor system based on a stretched,
1.6 m long, 450 µm inner diameter HCF. The
compressed pulse energy can be tuned up to
1 mJ. For the current results, we set the pulse

duration to 10 fs, and coupled them into a 3 m
long stretched hollow capillary fiber, with an inner diameter of 250 µm. By tuning the gas pressure, gas species (He and Ne) and pump energy,
we can tune the emitted RDW wavelength from
115 nm to beyond 275 nm, as shown in Fig. 2.
The VUV and DUV RDW energies can be obtained from the absolute calibration of our VUV
spectrometer. The first peak in Fig. 2a, at 115 nm,
contains 350 nJ. As we tune to longer wavelengths the energy substantially increases, to
around 1 µJ in the 120 nm to 130 nm region, more
than 3 µJ around 140 nm, and over 20 µJ from
150 nm and longer wavelengths.
When fully scaled, this table-top light source
will have a peak power exceeding current freeelectron lasers in the VUV, with dramatically reduced cost and complexity, but also with a temporal resolution that exceeds free-electron laser
systems. The new regime of soliton dynamics discussed here promises to be the basis of a new
class of light-sources for ultrafast science.
Conclusions
In summary we have shown that soliton dynamics
can be scaled by twelve orders of magnitude from
thier initial demonstration in conventional fibres,
at a peak power of 1 W, to self-compression and
VUV generation at the terrwatt scale in gas-filled
hollow capillary fibres.
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