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Dispersive wave emission (DWE) in gas-filled hollow-
core dielectric waveguides is a promising source of
tuneable coherent and broadband radiation, but so
far the generation of few-femtosecond pulses using
this technique has not been demonstrated. Using in-
vacuum frequency-resolved optical gating, we directly
characterise tuneable 3 fs pulses in the deep ultravio-
let generated via DWE. Through numerical simulations,
we identify that the use of a pressure gradient in the
waveguide is critical for the generation of short pulses.
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Sources of very short laser pulses in the deep ultraviolet
(DUYV, 200 nm to 300 nm) are a key enabling technology for many
areas of physics, such as ultrafast spectroscopy [1, 2]. New
approaches are made necessary by the limitations of sources
based on harmonic generation, most importantly the lack of
direct spectral tuneability, low conversion efficiency to the DUV,
and the fact that only pulses of similar duration to the driving
field can be generated [3]. One promising avenue is the use of
dispersive wave emission (DWE), a phenomenon observable
during optical soliton [4] and filamentation [5] dynamics among
other effects. The extreme spectral broadening and nonlinear
phase evolution experienced by a pulse undergoing soliton self-
compression allows for phase-matching and coherent energy
transfer to a secondary pulse at a different frequency, known
as a dispersive wave. Crucially, in a gas-filled waveguide the
wavelength at which phase-matching occurs is continuously
tuneable by way of the gas pressure, enabling the generation
of broadband pulses from the visible to the vacuum ultraviolet
spectral range [6, 7].

Numerical studies suggest that the dispersive wave is gener-
ated as a near transform-limited pulse with a duration of only a
few femtoseconds, significantly shorter than the driving pulse
[8]. Measurements of pulses which were strongly chirped by
propagation through windows and ambient air before characteri-

sation were consistent with few-fs pulse durations at generation,
providing some support for this idea [9, 10]. However, to date,
no experiment has successfully measured a few-fs dispersive
wave in the DUV or provided a route towards delivering such
pulses to experiments without distortions.

Here we present the full characterisation of 3 fs dispersive-
wave pulses with central wavelength tuneable from 225nm to
300 nm using cross-correlation frequency-resolved optical gating
(XFROG). Our measurements represent the first characterisation
of a few-fs pulse generated via DWE and the shortest tuneable
laser pulses in this spectral region to date, demonstrating the
power of DWE-based sources for ultrafast science. The pulses
are delivered to the characterisation set-up in vacuum; the mea-
surements therefore faithfully reflect the pulses as generated
in the waveguide. By numerically simulating the generation
process, we further establish that the use of a pressure gradient
along the waveguide is critical to the generation of few-fs pulses.

The experimental layout is shown in Fig. 1(a)-(c) and consists
of three parts: pre-compression, DUV generation, and pulse
characterisation. A titanium-doped sapphire laser amplifier de-
livers pulses of 30 fs duration and 150 p energy at a repetition
rate of 1 kHz. The pulses are spectrally broadened in a 1 m long
hollow glass capillary with a 250 pm core diameter filled with
a positive pressure gradient from vacuum to 250 mbar of argon
and pass through a chirped-mirror compressor and an attenua-
tor. To generate DUV pulses, the pre-compressed driving pulses
are then coupled into a 7.5 cm long kagomé-type anti-resonant
photonic crystal fibre (AR-PCF) with a core diameter of 33 pm
by focusing the beam to a 22 pm diameter (1/e?) spot. A cross-
section micrograph of the PCF is shown in the inset in Fig. 1(b).
A spatial filter consisting of a 40 pm diameter pinhole placed in
the focal plane of a telescope removes distortions from the beam
profile to optimise the coupling. The inset in Fig. 1(a) shows
the pulse profile at the entrance of the AR-PCF as measured
using a second-harmonic generation (SHG) FROG device. Pre-
compression of the driving pulse is not required but leads to
higher-quality soliton self-compression and less structure in the
DWE spectrum [8].

The AR-PCF is sealed into the connection between a gas cell
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Fig. 1. Layout of the experimental apparatus for (a) pre-
compression, (b) DUV generation and (c) DUV pulse charac-
terisation. BPF: bandpass filter; BS: beam-splitter; CM: chirped
mirror; HWP: half-wave plate; TFP: thin-film polariser; T: de-
lay stage, A: spectrometer, A: aperture. (d) Pressure distribu-
tion along the 7.5 cm long AR-PCF for the input fill pressures
used in the experiment. (e) Phase-matching efficiency for DFG
between a DUV test pulse and a narrowband gate pulse cen-
tred at 790 nm for a 5 um BBO crystal for three different angles
between the crystal axis and the beam propagation direction,
taking into account the change in effective thickness as the
crystal, cut for an angle of 48°, is rotated away from normal
incidence.

and a vacuum chamber such that its entrance can be pressurised
while keeping the exit under vacuum. This is critical to avoid
stretching of the DUV pulse in an exit gas cell or a window.
The shape of the resulting pressure gradient is given by P(z) =
Py+/(L — z)/L, where z is the distance along the waveguide, L
is the length of the waveguide and P is the fill pressure at the
entrance [7]. Fig. 1(d) shows P(z) in the AR-PCF used in the
experiment for three different fill pressures.

Due to the constraints of the vacuum system, DUV pulse en-
ergy measurement and pulse characterisation cannot be carried
out simultaneously. An energy measurement with the gas cell
at 7.5bar pressure of argon and the vacuum chamber at atmo-
spheric pressure showed a DUV pulse energy of 30 nJ with 1 pJ
driving pulse energy, corresponding to a conversion efficiency

of 3 %. This is in line with previous results [7] but can likely be
optimised further. Higher energies can be achieved by moving
to a larger core size [11].

The pulse characterisation is based on in-vacuum XFROG
between a DUV pulse (the test pulse) and a narrowband in-
frared pulse (the gate) in a beta barium borate (BBO) crystal
(see Fig. 1(c)) [12]. In contrast to gas-based autocorrelation
measurements [3], XFROG allows for the full characterisation
of the temporal intensity and phase of the pulses. We use
difference-frequency generation (DFG) as the nonlinear inter-
action since BBO is opaque below 190 nm, precluding the use
of sum-frequency generation (SFG). Compared to third-order
processes, DFG has the advantage of higher sensitivity as well
as generating a signal at a different wavelength to the test pulse;
this removes a potential source of background from the measure-
ment [12]. As shown in Fig. 1(e), using a type I (0-o-€) scheme in
a 5um thick BBO crystal, broadband phase-matching for DFG
across the DUV can be achieved by tuning the crystal angle.

A portion of the pulse is split off after the hollow capillary
and bandpass-filtered to create the gate pulse; its spectrum is
shown in the inset in Fig. 1(a). It enters the vacuum chamber
through a separate window after traversing a motorised delay
line. An aperture in the test pulse arm passes the DUV part of the
spectrum undisturbed while removing over 70 % of the driving
pulse energy. This prevents nonlinear interactions between the
driving pulse and the DUV pulse. The gate and test pulses
are brought to a common focus in the BBO crystal, and the
three beams exiting the crystal are collimated and steered out
of the chamber for analysis by a spectrometer. The signal spot
is imaged onto the spectrometer entrance slit with sufficient
magnification to reduce the temporal blurring introduced by the
non-collinear geometry to much less than the delay step in the
XFROG trace. A moveable block allows for the measurement of
the test pulse spectrum in the same position.

Pulse retrieval from XFROG measurements has traditionally
relied upon the accurate characterisation of the gate pulse [12].
Recently, the use of ptychographic techniques has enabled the
retrieval of pulses from XFROG traces without a known gate
pulse [13]. Furthermore, it was demonstrated that ptychographic
XFROG is capable of measuring pulses many times shorter than
the gate [14]. We apply this method to DFG XFROG for the
first time. We use the regularised iterative ptychographic engine
(rPIE) outlined in [15] with the addition of coefficient randomisa-
tion and soft thresholding described in [16] to aid convergence.
To transfer the algorithm from SFG to DFG it has to be adapted,
because the signal field in DFG XFROG is given by

p(t) = E(H)G*(t = 1), )

where E(t) is the field of the test pulse and G(t — 7) is the field of
the gate pulse delayed by 7, whereas in the case of SFG XFROG,
the gate pulse appears without the complex conjugate. The
adapted algorithm is thus derived by replacing the gate with
its complex conjugate in the SFG algorithm. The rPIE update
function to obtain a new guess for the test pulse, E'(t), is given

by
G(t—T1)
(1-a)|G(t—1)|* +a|G(t —T))| >

max

Alp(t) ’

(2
where « is a randomly chosen coefficient of order unity, max
denotes the maximum value, and A is given by Ap = ¢/ () —
P(t); ¥ is the signal field as calculated with Eq. (1) using the

E'(t) = E(t) +
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DFG XFROG traces on a logarithmic colour scale for three dif-
ferent argon gas pressures at the PCF entrance. The measured
traces have been corrected for the calculated phase-matching
efficiency.

current guess for E(t) and G(t) and ¢’ is obtained by replacing
the magnitude of ¢ with that of the measured XFROG trace:

Fiow [W(8)]
ll)() Fwit{‘}-ﬁ:w tl\/ WT]:| 3)

Here F;_,,, and f;;t denote the forward and inverse Fourier
transform over time, respectively, and S(w, T]-) is the slice of the
trace measured at delay 7;. The gate pulse, on the other hand, is
updated by

E(t) .
(1= B)E()* + BIE(H) [pax ! ()(;1)

where S is a second coefficient, and optionally projected onto the
separately measured power spectrum of the gate pulse, I (w):

" — ft—)w t
() = fm[vm t|\/ } )

XFROG measurements of DUV pulses generated by coupling
driving pulses with between 0.65 pJ and 1.15 pJ of energy into
the AR-PCF filled with three different pressures of argon at the
entrance are shown in Fig. 2. The traces were corrected for the
calculated phase-matching efficiency to account for the fact that,
while broadband, it is not uniform across the bandwidth of the
DUV pulses. Even before retrieval, it can be seen that the pulses
are close to transform-limited by the absence of any tilt in the
XFROG traces. The retrieval algorithm was run for 400 iterations
with the spectral projection of the gate pulse applied for the first
50. The excellent agreement between the measured and retrieved
traces shows that the retrieval was successful. The retrieved
pulses are shown in Fig. 3 along with the spectrum of the pulses
as measured by partially removing the block for the test and
gate pulses such that the test pulse enters the spectrometer (see
Fig. 1(c)). The good agreement between the spectra confirms
that the pulses were retrieved accurately.

All of the measured pulses consist of a main peak with a
duration of around 3 fs. To our knowledge, these are the shortest
DUV pulses ever measured, with the exception of (non-tuneable
and low-efficiency) third-harmonic generation using a few-cycle

G(t—1)=G(t—1)+

Fig. 3. Spectral (top row) and time-domain (bottom row) rep-
resentation of the DUV pulses as retrieved from the measure-
ments shown in Fig. 2. In the frequency domain plots, the
black line shows the intensity, the purple line shows the spec-
tral phase, and the red dashed line shows the separately mea-
sured power spectrum of the test pulse.

driving pulse [3]. At 250nm and 300 nm central wavelength,
the pulse profile is exceptionally clean without post-pulses or
significant pedestals. This is reflected in the flat spectral phase
of these pulses, which confirms that the pulses are indeed very
short at the point of generation and that our apparatus can
deliver them to an experiment without significant dispersion. In
contrast, the pulse at 225 nm exhibits a pedestal after the main
peak. This is caused by the more complicated spectral intensity
and phase structure, with a significant difference in arrival time
between parts of the spectrum, as demonstrated by the strong
phase gradient above 235 nm.

To better understand the conditions necessary for the genera-
tion of short DUV pulses, we have simulated the pulse propa-
gation in the AR-PCF using the single-mode forward Maxwell
equation [17]. The model includes the waveguide [18] and gas
[19] dispersion, the Kerr nonlinearity [20], and the effect of pho-
toionisation [21] using the Perelomov-Popov-Terent’ev ionisa-
tion rate [22]. The initial pulse energy was determined from the
experimental energy and the transmission of the AR-PCFE.

The DUV spectrum obtained by propagating the measured
input pulse through a waveguide with the same parameters
as used in the experiment at 6 bar argon pressure is shown in
Fig. 4(a). The shape of the spectrum as well as the phase are
in good agreement with the XFROG measurement, including a
distinct difference in arrival time between the main peak and a
long-wavelength pedestal. As shown in Fig. 4(b), the dispersive
wave is emitted around 5cm into the fibre. Due to the pres-
sure gradient, the phase-matched wavelength changes over the
course of the emission process, with lower pressures leading to
phase-matching at shorter wavelengths [7]. As a consequence
the DUV pulse shifts and broadens spectrally as it is being gen-
erated, decreasing the transform-limited pulse duration of the
dispersive wave. The lower-frequency pedestal appears fur-
ther into the propagation and is displaced from the main pulse
due to group-velocity mismatch. A result of complex genera-
tion dynamics, the pulse shape of the dispersive wave cannot
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Fig. 4. Simulated propagation of the measured input pulse
with 1.15uJ energy in a 7.5 cm length, 33 uym core diameter
AR-PCF filled with argon with a negative pressure gradient
from 6 bar to vacuum (identical parameters to the experiment).
(a) The output DUV spectral intensity (black) and phase (pur-
ple). (b) The spectral evolution of the pulse along the fibre

on a logarithmic colour scale. The green line shows the zero-
dispersion wavelength. (c) The temporal evolution of the
field in a co-moving frame on a linear colour scale. The inset
shows the evolution of the DUV part of the field as obtained
by bandpass-filtering; the edges of the filter are shown as black
dashed lines in (b). The green line follows the peak of the DUV
pulse.

be determined from its power spectrum alone. Accurate pulse
characterisation is thus very important for the use of DWE as a
practical source for ultrafast science.

In the time-domain representation, shown in Fig. 4(c), the
self-compression of the driving pulse is clearly visible; DWE
occurs at the point of maximum compression. The curved tra-
jectory of the DUV pulse, revealed by bandpass filtering, shows
that it begins to catch up to the driving pulse towards the end
of the propagation after falling behind initially. This is due to
the pressure gradient. As demonstrated by the shifting zero-
dispersion wavelength, shown in Fig. 4(b), the dispersion land-
scape changes; the dispersive wave is accelerated relative to the
driving pulse as a consequence. Importantly, despite several
centimetres of propagation, the duration of the main DUV pulse
remains well below 4 fs—the gas pressure is low and the DUV
pulse experiences negligible dispersion. This is in contrast to
the case of uniform gas pressure, where the dispersive wave
can be stretched to several times its initial duration unless the
point of maximum compression is very close to the end of the
waveguide [8], making the generation process more sensitive to
fluctuations of the input pulse energy. Since it also removes the
need for an exit window as well as any propagation through a
pressurised gas cell, the use of a pressure gradient is critical for
the use of DWE as a source of few-fs pulses.

In summary, we have demonstrated the generation, delivery
and characterisation of compressed, tuneable few-femtosecond

pulses from DWE for the first time in what is also the first ap-
plication of ptychographic retrieval to non-SFG XFROG. Our
measurements as well as numerical simulations show that to ob-
tain such short pulses, a pressure gradient in the waveguide has
to be used. With vacuum propagation enabling the dispersion-
free delivery of few-femtosecond DUV pulses, the apparatus is
directly compatible with application in pump-probe schemes.
Our work fully establishes DWE as a powerful light source for
ultrafast measurements with unprecedented spectral coverage
and temporal resolution.
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