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Abstract

We report on compact and robust supercontinuum generation and post-compression using transmission of light through
multiple thin solid plates at the SwissFEL X-ray free-electron laser facility. A single stage consisting of three thin plates
followed by a chirped mirror compressor achieves compression of initially 30-fs pulses with 800-nm center wavelength to
sub-10-fs duration. We also demonstrate a two-stage implementation to compress the pulses further to sub-5-fs duration.
With the two-stage setup, the generated supercontinuum includes wavelengths ranging from 500 to 1100 nm. The multi-
plate setup is compact, robust, and stable, which makes it ideal for applications at free-electron laser facilities such as

pump-probe experiments and laser-arrival timing tools.
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1. Introduction

Electronic and nuclear dynamics play essential roles in the
properties and functions of matter''!. Such dynamics span
timescales from picoseconds down to attoseconds?>’!. In
many cases, ultrashort pulses are required to initiate and
probe the selected dynamics. Such pulses can be provided
by both optical-frequency lasers and free-electron lasers
(FELs)®-1% Optical-wavelength pulses can reach pulse
durations down to a few femtoseconds and, high-order
harmonic generation, can in turn be used to produce pulses in
the extreme ultraviolet/soft X-ray spectral regime with pulse
durations below 100 attoseconds®!. In the past decades,
these pulses have been successfully applied to many studies
of ultrafast dynamics in gases and solids (see Chang!'!! and
Nisoli et al!'”! and references therein). One of the major
limitations of these high-harmonic sources is low photon
flux at photon energies above 200 eV.

Recently, X-ray FELs have achieved significantly higher
photon fluxes at such photon energies, with pulse dura-
tions down to a few femtoseconds and, in some cases,
a few hundreds of attoseconds!'*~'>!. The Linac Coherent
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Light Source (LCLS) has already demonstrated tunable
free-electron X-ray pulses with pulse durations of a few
hundreds of attoseconds and pulse energies of a few tens
of microjoules, and a photon flux of more than one million
times higher than that is currently possible from laser-driven
high-harmonic sources!'*. The SwissFEL also aims to gener-
ate bright ultrashort X-ray pulses in both hard and soft X-ray
spectral regimes, with properties ideal for time-resolved
studies of ultrafast electron and nuclear dynamics in atoms,
molecules, and condensed matter!'®!'”. Currently, SwissFEL
has two beamlines for X-ray generation with complementary
wavelength ranges. The ARAMIS beamline produces X-ray
pulses with photon energies ranging from 1.77 to 12.4 keV.
The recently constructed ATHOS beamline delivers soft
X-rays with photon energy between 250 eV and 1.8 keV and
pulse durations below 100 fs. In special running modes, these
pulses can be reduced in duration to sub-10-fs or even sub-
femtosecond levels!'®!.

Fully exploiting the potential for high time resolution
for pump-probe experiments requires synchronization of
the FEL output with another laser of comparable pulse
duration operating in the near-optical wavelength range.
The amplified Ti:sapphire laser system used for pump-
probe experiments at the ATHOS beamline delivers pulses
with two Fourier-transform-limited pulse duration modes:
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30 and 100 fs. To obtain a laser pulse with a pulse duration
of sub-10 fs, post-compression of the pulses from the laser
amplifier is required. Owing to the tight time constraints
imposed by user facility operation, such a short-pulse com-
pressor must be exceedingly stable and robust.

An additional requirement for high-time-resolution exper-
iments at X-ray FELs is the need for precise and accurate
measurements of the relative timing between the pump and
probe pulses. The timing between these pulses typically
changes from pulse to pulse by an amount dependent on
the methods used to synchronize the different sources, but
is typically of the order of 30-100 fs. So-called laser timing
arrival measurements use a variety of methods to encode the
relative timing information between the X-ray pulses and a
short pulse derived from the optical-wavelength laser!'*~>1,
Many such methods rely on ultrafast X-ray-induced changes
to the optical properties of a condensed phase material. One
common implementation of a laser arrival time measurement
requires that the X-ray and optical pulses intersect with a
large relative angle on a thin slab of a material that absorbs a
fraction of the X-ray pulse. As the relative arrival time of the
two pulses varies with position on the slab, an image of the
reflected or transmitted optical light pulse from the slab can
encode the relative timing of the two pulses. The temporal
resolution of such a timing tool is typically limited by the
pulse durations of both the optical laser and the X-ray pulses.
This means that for very high-time-resolution experiments,
not only are sub-10-fs optical laser pulses often needed for
the experiment itself, but also are potentially vital for the
arrival time tool.

An alternative implementation of the arrival time tool
is spectral encoding, where the X-ray and optical pulses
are collinear, but the optical pulses are chirped by a small
amount so that different wavelength components overlap at
different times. By measuring the changes to the transmitted
spectrum of the optical pulse through a thin plate with
optical properties that are modified by the X-ray pulse on
fast time scales, it is possible to infer the relative timing
of the two pulses. Here the chirp of the laser pulse sets
the relationship between the wavelength and relative arrival
time. The spectral resolution of the optical spectrometer
and the magnitude of the chirp of the pulse set the time
resolution, with high spectral resolution and small chirp
values leading to more precise timing measurements. These
parameters, however, must be balanced against the need for
an adequate measurement range to cover the synchronization
jitter or small timing drifts, which favor a larger value for the
chirp. A large bandwidth of the laser pulse is therefore highly
desirable because it allows for both high time resolution
(small chirp) and a large timing range. This also indicates a
need for generating ultrabroadband optical pulses for optimal
arrival time measurement performance.

The very large bandwidths needed for these applica-
tions can in principle be generated from femtosecond or
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picosecond pulses via supercontinuum generation in bulk
solids such as sapphire, CaF,, or YAG®®, The generated
supercontinuum typically covers a broad range with extended
plateaus to the red and blue sides of the fundamental
wavelength. Most of the pulse energy, however, remains
at the fundamental wavelength which limits the energy of
the supercontinuum to the nanojoule level. In addition, the
beam quality is hard to maintain due to conical diffraction
from the filamentation in the solids'?®!. Both the pulse energy
and the beam quality of the supercontinuum are critical to
obtain sufficient spectral intensity for the spectral encoding
to achieve a decent signal-to-noise ratio. Therefore, new
supercontinuum sources with higher pulse energies and
better beam quality are highly desirable.

The most frequently used mechanism to broaden the
spectrum of an ultrashort pulse is self-phase modulation
(SPM)*1. The third-order nonlinear susceptibility of a
medium results in an effective index of refraction nes that
depends on the pulse intensity I as negr = n + nyl, where n
is the linear index of refraction. In most materials n, > 0,
SO negr increases with intensity. As a consequence, for an
ultrashort pulse the center of the pulse has a lower phase
velocity than either edge. This leads to the generation of new
frequencies over the pulse after propagation: a red shift on
the leading edge and blue shift on the falling edge. With
further dispersion compensation, the spectrally broadened
pulses can be compressed to a shorter pulse duration that
is, in principle, limited by the Fourier transform of the
spectrum.

To obtain sub-10-fs laser pulses, the most commonly
used techniques are based on SPM in gas-filled hollow-core
capillaries and photonic crystal fibers**=**!. Pulses with
durations below 5 fs can be achieved*!). There are, however,
some disadvantages of these techniques that become espe-
cially problematic for applications at X-ray FEL facilities.
One issue is timing stability: successfully using arrival time
monitors to correct for both fast jitter and slow drifts in the
relative timing of the optical laser relative to the X-ray pulses
requires that the timing of the pulses used for the timing
tool be exactly stable with respect to the timing of the pulse
used for the experiment. For pulse compression techniques
based on gas-filled waveguides, the fluctuation and long-
term changes of the gas pressure inside a waveguide can
introduce a significant timing fluctuation and drift to the
laser arrival time. Moreover, the inner diameter of the fiber
is on the order of 10 — 100 pm which makes the performance
very sensitive to the beam pointing of the input laser beam.
In addition, the gas-filled waveguide is in general imple-
mented in a vacuum system which adds bulk and complexity
to the setup. To overcome these disadvantages, we pro-
pose to use the newly developed technique based on multi-
plate spectral broadening®*~*?!. This technique uses several
pieces of thin fused silica plates, each with a thickness of
a few hundred micrometers, placed after the focus of the
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fundamental laser beam to broaden the spectra of the input
pulse through SPM while avoiding the breakdown and the
spatial distortion in the medium due to self-focusing and
conical diffraction!****!, The setup is simple, compact, and
timing stable due to the use of solid-state materials for the
nonlinear interactions. Using 4 pieces of 100-pm fused silica
plates, we demonstrate compression of 30 fs pulse duration
down to 9.6 fs using chirped mirrors to compensate for the
group delay dispersion (GDD). For input pulse energies in
the range of 50 wJ up to 500 wJ we measure a conversion
efficiency of more than 80% for this one-stage setup. With a
sequence of two such stages, we observe a supercontinuum
covering the wavelength from about 500 to 1100 nm. These
super broadband pulses are compressed to a pulse duration
of 4.4 fs with a conversion efficiency of more than 60%.

2. Experiments

A schematic view of the experimental setup is shown in
Figure 1. The entire setup fits onto an aluminum breadboard
with a size of 200 mm x 900 mm. The input pulses are
from a Ti:sapphire laser amplifier with a center wavelength
of 800 nm, a pulse energy of 20 mJ, and a pulse duration of
30 fs. After a beam splitter, a portion of the laser beam is
sent through an aperture, which reduces the beam size from
18 mm to a diameter of 5 mm to achieve a large focus size
while keeping the setup compact by avoiding the use of a
telescope. The pulse energy after the aperture is 100 J. The
beam is then focused by a lens (focal length 300 mm) to a
waist diameter of about 150 wm (1/e). The peak intensity at
the focus is about 2 x 10> W/ecm?. A set of fused silica thin
plates with a thickness of a few hundreds of micrometers
are placed with the Brewster’s angle after the laser focus,
with the exact number and position of the plates varied for
optimization. Owing to SPM, the spectrum of the beam is
broadened as it propagates through the plates. After that,
the beam is recollimated by a silver concave mirror (FMI,
focal length 500 mm) and bounced several times between a
pair of chirped mirrors (CM1, Ultrafast Innovations PC70;
bandwidth 500-1050 nm; nominal GDD per bounce —40 fs?)

g,
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and passes through a pair of fused silica wedges to
compensate for the GDD. This completes one stage of
compression. To achieve even shorter pulses and broader
bandwidths, we can optionally send the beam through an
additional compression stage. Here, the compressed pulses
from the first stage are refocused with a silver concave
mirror (focal length 500 mm) to another set of fused silica
thin plates to further broaden the spectrum of the beam,
recollimated with a 250-mm focal length concave silver
mirror, and recompressed with another identical chirped-
mirror pair and a pair of fused silica wedges. The optical
path length of the beam through the wedges is adjusted to
fine-tune the dispersion compensation. An aperture is used
in each multi-plate stage before beam recollimation to block
outer diffraction rings.

We operated the setup with slightly different sets and
configurations of thin plates, depending on whether we tried
to optimize performance after only one stage or after both
stages. For the one-stage configuration, we used four fused
silica plates each with a thickness of 100 wm. The plates are
positioned after the focus of the lens at distances of 5, 25,
35, and 45 mm with respect to the waist position. The recolli-
mated beam had a diameter of 5 mm. After 8§ reflections from
the chirped mirrors (dispersion compensation of =320 fs?),
the beam passes through a pair of fused silica wedges to
fine tune the group velocity dispersion and achieve optimal
compression. The output pulses have a pulse energy of 81 wJ,
indicating a conversion efficiency of 81%.

In the case of the two-stage configuration, we used one
200 pm fused silica plate in the first stage and four plates in
the second stage. After one 200 pwm fused silica plate placed
10 mm after the focus, the spectrum of the beam is only
slightly broadened but maintains a high-quality beam pro-
file. The beam is then compressed through bouncing twice
through the chirped-mirror pair (dispersion compensation
of —160 fs?) before being sent to the second stage. In the
second stage the beam is focused to a diameter of about
150 wm with a peak intensity of about 2 x 103 W/cm?.
Four plates with thickness of 100 pwm were placed after the
laser focus at distances of 5, 15, 35, and 55 mm. The laser

‘ FM1

M2 Wedges ‘H

\“\
FM3

Figure 1. Schematic view of the multi-plate (MP) setup with two compression stages (FM, focusing mirror; CM, chirped mirror). For single-stage operation,
the beam parameters are measured after the first pair of chirped mirrors CM1 and before the refocusing mirror FM2.
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intensities at the positions of the plates are below the damage
threshold such that the beam quality can be maintained with
the spectrum of the beam effectively broadened. After this
the beam is reflected 8 times from the chirped mirrors (dis-
persion compensation of —320 fs?) and transmitted through
the pair of fused silica wedges that are adjusted to optimize
compression. The output energy from the second stage is
about 65 pJ, corresponding to a conversion efficiency of
about 65%.

The output spectra are measured using a commercial
grating spectrometer (Ocean Optics Flame). The compressed
pulse temporal properties are characterized via second-
order harmonic generation frequency-resolved optical
gating (SHG-FROG). From the measured FROG traces,
we reconstruct the temporal shape of the measured pulses
using an iterative phase retrieval algorithm!*!.

3. Results and discussion

3.1. Supercontinuum generation

The measured spectra both before and after the one-stage
and two-stage configurations are shown in Figure 2. The
spectrum of the 30-fs incoming pulse from the laser amplifier
centers at 800 nm with a spectral range from 750 to 850 nm
(=20 dB from the peak). After passing through the one-
stage configuration, the spectrum broadens to span a spectral
range from 593 to 944 nm (=20 dB from the peak) with
strong peaks developing at 750 and 850 nm. The two-stage
configuration results in a dramatically broader spectrum with
a supercontinuum extending down to below 500 nm and
up to 1100 nm, with total pulse energy of 70 wJ before
compression. Such broad and bright supercontinuum can be
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Figure 2. Measured spectra of the pulse before the broadening, after the
one-stage configuration and after the two-stage configuration.
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further chirped and directly applied for spectral timing tool
applications without filtering the fundamental frequency.

3.2. Compression

The measured and reconstructed FROG traces for the
one-stage configuration after compression are illustrated
in Figures 3(a) and 3(b). The reconstructed pulse intensity
envelope is plotted in Figure 3(c), which yields a pulse
duration of 9.6 fs in FWHM with the intensity of the
pedestal below 5% of the main pulse. Figure 3(c) also shows
the calculated Fourier-transform-limited pulse, which has a
pulse duration of 6.8 fs. This indicates that there are some
higher-order contributions to the dispersion that are not at
present possible to compensate for in our setup.

For the two-stage configuration, the spectrum covers more
than one octave from about 495 to 1080 nm (-20 dB range),
as shown in Figure 2, which supports a Fourier-transform-
limited pulse duration of 3.2 fs, as shown in Figure 3(f). The
measured and reconstructed FROG traces of the compressed
pulses are shown in Figures 3(d) and 3(e). The reconstructed
pulse envelope in Figure 3(f) has a pulse duration of 4.4 fs in
FWHM, with a pedestal of about 10 fs duration. The pulse
duration is limited by higher-order dispersion on the red side
that is not well compensated.

3.3. Beam profile and stability

A smooth beam profile is often critical for many applications
of short pulses at X-ray FELs, both for arrival time tools and
experiments. Owing to the diffraction effect in the plates,
the distribution of the beam profile represents as a Bessel
function!*’, shown in Figure 4 for the beam in the two-
stage configuration after the second set of plates. More than
90% of the pulse energy is within the zero-order peak. We
placed an aperture to block the outer diffraction rings before
sending the beam for further compression.

In addition, the stability of the supercontinuum and com-
pressed pulse is also very important for applications. We
carried out single-shot measurements every 2 s of the pulse
energy and beam pointing of the two-stage configuration
over a period of 4 h. The beam-pointing measurement was
carried out with a lens with a focal length of 500 mm and
a CCD camera at the focus to capture the beam profile. The
position of the beam along horizontal and vertical directions
at the focus is obtained by fitting the measured beam profile
to a two-dimensional Gaussian function, and the angular
pointing deviations are calculated by dividing the changes
in the peak position by the focal length of the lens. Over the
same period the angular pointing deviations from the laser
amplifier were 3.5 and 4.2 prad (rms) along the horizon-
tal and vertical directions, respectively, measured with the
leakage beam from the first highly reflective mirror after the
laser amplifier. The measured beam pointing stabilities of


https://doi.org/10.1017/hpl.2021.53

Compact and robust supercontinuum generation and post-compression

9 : 9
480 Measured FROG trace x10 480 Retrieved FROG trace x10
8 b 8 T T i
——FTL6.9fs
(a) . B : ) | i
440 440
£ 6 ¢ 6 08 1
=3 = =
£ 5 I 5 ;
= =) 5 06| 1
5 400 4 5 400 4 j:
[) ] £
> = g
(;“ 3 g 3 2041 J
360 2 360 2
] ) 02} 4
320 0 320 0 0 | N
-100 0 100 -100 0 100 -100 -50 0 50 100
Time (fs) Time (fs) Time (fs)
1010 : 1010
550 Measured FROG trace 25()) 550 Retrieved FROG trace 35
——Meas. 4.4
500 500 eas s
€ 25 ¢ 2.5 08+ ]
= = =
< 450 2 < 450 2 e
2 2 S067 1
E 15 o 15 g
= 400 "z 400 ' 8 oal |
= 1 = ) £0
350 05 350 05 02+r 4
R 0 L " 0 (f) __./J L& N\
-100 -50 0 50 100 -100 -50 0 50 100 100 -50 0 50 100
Time (fs) Time (fs) Time (fs)

Figure 3. (a), (d) Measured and (b), (e) retrieved SHG-FROG traces for the output from the one-stage setup (upper panels) and the two-stage setup (lower
panels); (c), (f) the reconstructed pulse from the FROG retrieval and the Fourier-transform-limited (FTL) pulse from the measured spectra.

Figure 4. The beam profile of the compressed pulses after the two-stage
configuration, just before final compression. The profile is collected by
imaging a flat piece of paper in the beam, imaged onto a camera.

the two-stage post-compressed pulses along horizontal and
vertical directions were 11.9 and 11.7 prad (rms) as shown in
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Figures 5(a) and 5(b), respectively. The worse beam point-
ing stability is mainly due to the optical magnification of
focusing optics used in the setup with additional vibrations
picked up by all optics in the beam path after the laser
amplifier. In the measurement, we observed slight drifts of
the beam that contributed to the above estimates for the
stability. These drifts could be compensated for with a beam
stabilization system with motorized mirrors before the multi-
plate setup to improve further the beam pointing stability
of the compressed pulses. The energy stability of the laser
amplifier is about 0.15% rms and 1% peak-to-peak over 24 h,
measured at a location directly after the laser amplifier. The
measured pulse energy of the two-stage compressed pulse
over a 4-h time interval is depicted in Figure 5(c), with an
rms of 0.37% and a peak-to-peak value of 3%.

4. Conclusion

Using spectral broadening from multiple thin fused silica
plates, we have built a compact pulse post-compression
and supercontinuum generation setup which is ready for
applications to X-ray FEL pump-probe experiments and
precise measurements of X-ray/laser arrival time. From a
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Figure 5. (a), (b) Single-shot measurements of beam pointing along the horizontal (6,) and vertical (fy) directions and (c) pulse energy stability over 4 h
for the compressed pulses after the two-stage configuration. The histograms of the stability distributions are plotted on the corresponding right-hand side

panels.

single-stage configuration, we have achieved sub-10-fs
pulses with a compression efficiency of more than 80%. The
supercontinuum generated from a two-stage configuration
covers the spectral range from about 500 to 1100 nm, which
can be directly used for spectral encoding timing tools.
This supercontinuum spectrum can be compressed down
to 4.4 fs with energy and beam pointing stability sufficient
for most applications. We anticipate that this method is
widely applicable to similar facilities and will enable
robust implementations of pump-probe measurements with
significantly improved time resolution compared with what
has to date been possible.
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