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Abstract: Intense few-cycle laser pulses have a breadth of applications in high energy density
science, including particle acceleration and x-ray generation. Multi-amplifier laser system pulses
have durations of tens of femtoseconds or longer. To achieve high intensities at the single-cycle
limit, a robust and efficient post-compression scheme is required. We demonstrate a staged
compression technique using self-phase modulation in thin dielectric media, in which few-cycle
pulses can be produced. The few-cycle pulse is then used to generate extreme ultravoilet light via
high harmonic generation at strong field intensities and to generate MeV electron beams via laser
solid interactions at relativistic intensities.

© 2021 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Since the advent of Chirped Pulse Amplification [1], a rapid increase of focused laser intensity has
occurred, to the current record of 5.5 x 10?2 Wem ™2 [2]. Relativistic intensities, >10'® Wem ™2 at
wavelengths of 4 ~ 1 um, enable applications from compact GeV electron acceleration via Laser
Wakefield Acceleration (LWFA) [3-6] to MeV photon generation via laser-Compton scattering
[7,8]. Few-cycle intense lasers enable access to new regimes of science. Recent simulations
suggest that a dramatic improvements in proton energy spread and maximum energy can be
achieved as pulse durations approach a single cycle [9], while the production of multi-MeV
energy electron beams from LWFA have been demonstrated using few-cycle laser pulses at
kilohertz repetition rates with only a few millijoules of laser energy [10-14]. Additionally, the
use of few-cycle laser pulses enable efficient generation of attosecond pulses via relativistic high
harmonic generation [15,16].

Due to inherent limitations of amplification, pulse durations are typically on the order of
tens of femtoseconds (fs), or ~ 10 laser cycles at 800 nm. Post-compression is a technique in
which the output of a laser system is spectrally broadened, and then phase corrected to produce
pulses with shorter pulse durations. The spectral broadening is most commonly performed via
Kerr-induced self-phase modulation (SPM), which was demonstrated several decades ago using
optical fibers as the nonlinear medium [17,18]. In general, SPM is used to generate broadened
spectra, which then enables a shorter transform-limited pulse duration. If the SPM medium is
unable to compensate for spectral phase differences (e.g., dispersion effects), then dispersion
correcting optics such as chirped mirrors may be used. Since these early experiments, many
techniques of post-compression have been developed.

For pulses which have durations initially on the order of picoseconds or longer, considerable
bandwidth must be generated. To achieve such large amounts of nonlinearity, there necessarily
must be large amounts of propagation through the SPM medium, as increasing intensity leads to
optical damage. One important consideration for SPM is the accumulation of wavefront errors, as
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small intensity modulations can be enhanced and self-focused, often leading to the catastrophic
degradation of the laser wavefront [19]. Techniques such as multi-pass cells [20-22] ensure
beam quality by placing the SPM medium inside of a cavity. While this method has been shown
to support laser energies up to hundreds of mJ [20], reducing the final pulse duration below a
limit of tens of femtoseconds is difficult due to effects such as optical wave breaking [21].

Pulse compression to single or few optical cycles can be achieved by using laser pulses which
are initially tens to hundreds of femtoseconds. Higher intensities can be achieved with much
lower energy, and the factor of spectral broadening required is smaller than for picosecond pulse
lasers. For these pulses, the SPM medium can be placed at the focus to enable efficient SPM.
Microjoules of laser energy compression has been demonstrated by propagating through a bulk
dielectric, and the portion of the beam with the most pulse broadening can be discriminated
for use in experiment [23-26]. At higher laser energies, the small and large scale self focusing
prevents the bulk from being used as an SPM medium. A popular technique to compress laser
pulses is hollow core fiber compression, in which the laser is focused into a hollow-core, gas
filled waveguide which acts as the SPM medium [27]. Though this technique has been shown to
work up to pulse energies of millijoules [28,29], waveguides on the order of meters in length
are required and must have a sufficiently large diameter to prevent substantial ionization of the
gas inside the fiber [29].. Furthermore, losses are typically on the order of 35-50% [28,30-32].
Scaling hollow core fiber compression to even higher intensities is thus practically difficult.
Another technique known as multiple plate compression utilizes cascading dielectric plates
[33,34]. Placing a plate near the laser focus enables a strong nonlinear lens to occur, which then
provides a waveguiding effect through the multiple plates. While this technique has also been
shown to accommodate up to a millijoule of laser energy [35], the geometry would have to be
scaled considerably to maintain the correct nonlinear lensing geometry for significantly higher
pulse energies.

A technique that has been proposed to produce few-cycle laser pulses that is scalable to Joule
energy levels is Thin-film Compression (TFC) [36,37]. In TFC, a collimated, top-hat beam
profile is spectrally broadened through a thin dielectric film. The thin films can be various
amorphous materials, for instance, a variety of glasses and plastics have been used in the past
[38—44]. While TFC has been used to compress pulses up to a factor of 5 on multi-Joule systems
[45,46], relativistic intensities have only been produced with tens of femtosecond pulse durations
[41,47]. In order to achieve uniform broadening, a top-hat beam profile is necessary, and the
collimated geometry of the large beam diameters produce negligible nonlinear lensing effects.
For the common Gaussian beam profile, spatially varying phase causes the focal spot quality to
be strongly diminished [40,47]. TFC has been staged to achieve higher compression, as proposed
in [36] and implemented in [48], has numerous benefits [40]. One major benefit is the additional
distance between the plates can enable self-healing of the beam to occur, mitigating effects of
beam breakup [49] for TFC and multiple plate compression.

In this Article, we demonstrate a stageable pulse compression scheme using thin dielectric
media to produce high intensity, few-cycle pulses suitable for strong and high field science
applications. A spectral broadening factor up 6.8 was shown for three stages. The output of
two stages was compressed to a measured 7 femtoseconds, and the focal spot was shown to be
minimally affected by wavefront errors. This beam was used to generate broadened harmonic
spectrum in a high harmonic generation experiment, and MeV electrons from a relativistically
intense laser solid interaction.

2. Experimental setup

The experiments were performed using a commercially available, single-stage Ti:Sapphire
regenerative amplifier (Spectra-Physics Solstice ACE) operating at a kilohertz repetition rate with
a central wavelength of 800 nm with P-polarization. The wavefront was a Gaussian mode with
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an M? of <1.25. The initial pulse duration was measured to be 36 fs as measured by a second
harmonic generation freqeuency resolved optical gating (SHG FROG) with a 70 nm bandwidth at
the -20 dB level. The laser energy delivered at the input of the compression set-up was up to 6.9
milliJoules, corresponding to a maximum peak power of 180 GW, though for most experiments
0.95 mJ was used to prevent optical damage. The energy throughput depends on the number
of stages used and is limited by the reflectivity of the mirrors used. For example, the energy
throughput of the two stage system is 75+1%, primarily from the use of metallic mirrors.

We used a two stage pulse compression scheme for most of the characterization and experiments
in this paper, as shown in Fig. 1. The laser enters a reflective Galilean telescope consisting of
two curved mirrors, which relays the beam through focus. A thin plate of fused silica is placed
sufficiently far from focus such that ionization of the material is suppressed, yet close enough
such that nonlinearity is present. In all experiments presented here, we placed the fused silica
such that the intensity on target is approximately 4 TWcm™2. Fused silica plates were used due
to the high damage threshold, optical quality, and known optical parameters. The laser intensity
in the fused silica can be adjusted by positioning the plates at a suitable location along the optical
axis. The pulse compression apparatus is housed inside a vacuum chamber, to enable the laser to
pass through focus without laser breakdown occurring.

Vacuum Window ,J_‘

Mirror

f=20cm
Fused Silica MEEIYIEE]

f=20cm n
Mirror Wedge

-45 fs?

f=20cm

Infinity
5 Corrected
-54 fs Objective

' Removable
/ Mirror
Experiment
or Third Stage

Off-axis
parabolic
mirror f= 1"

0.5 mm Fused Silica

Removable
at Brewster’s

Mirrors

Fig. 1. Two Stage Experimental Setup The pulse enters at the top and is directed into
the first stage reflective telescope, consisting of two curved mirrors. Spectra broadening
occurs inside of a 0.5 mm fused silica plate oriented at Brewster’s angle. The collimating
curved mirror in each stage is positioned to collimate the broadened beam which experiences
nonlinear lensing. The beam can be sent into an additional stage, into an experiment, or into
characterization diagnostics. The power is reduced for the characterization diagnostics by
multiple reflections off of wedged glass substrates.

A single 500 um thick fused silica plate is used as the SPM media in each stage. The plates
were positioned at Brewster’s angle to minimize reflection losses, increasing the propagation
length to 600 um. Due to the small beam size on the fused silica plate, Kerr lensing of the
broadened beam is non-negligible, which shifts the focus closer to the focusing optic of the
telescope [40]. The collimation optic is placed to compensate this nonlinear lensing, outputting
a collimated, broadened pulse and reducing the overall length of the telescope. The residual
unbroadened laser pulse, not experiencing the nonlinear lens, will output the telescope with
positive divergence. For high efficiency compression to occur, pulses are recompressed between
stages, which is done with commercially available chirped mirrors (Newport 10Q20UF.40 and
Thorlabs UMC10-15FS) as the dispersion compensating optics.
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To temporally characterize the broadened beam without introducing additional nonlinearities,
the beam was reduced in intensity by reflecting off fused silica wedges near Brewster’s angle.
Temporal characterization of this pulse was performed by sending the beam into a transient-grating
frequency resolved optical gating (TG-FROG) due to the supercontinuum nature of the pulse.
The beam can be diverted from the TG-FROG into a F/2 off-axis parabolic (OAP) mirror to
characterize the focal spot. The focal spot was reimaged using an infinity-corrected, plane
achromatic microscope objective and an imaging lens which magnified the focal spot onto a digital
camera. The wavelength dependence of the far field was measured by placing dielectric bandpass
filters (Thorlabs FB650-40, Newport 10BPF10-700, and Thorlabs FB800-10) in the collimated
portion of the focal spot imaging optics. The diagnostics were aligned with the collimated,
many cycle laser output. The broadened output of the pulse compressor was aligned into the
diagnostics without changing any of the imaging conditions. While imaging the broadened beam,
any residual portion of the unbroadened beam will not be properly collimated and thus is focused
to a different focal plane in both the TG-FROG and the focal spot charaterziation setup.

The broadened spectrum is measured by taking a spatial average of the beam, either by
measuring diffuse scatter of the beam onto a screen, or by focusing the beam onto a cosine
corrector and optical fiber spectrometer. Both measurements produced similar results, and the
spectrometer was calibrated with a NIST-calibrated Tungsten Halogen lamp. When possible, the
entire beam was used for diagnostics and characterization. However, the diverging unbroadened
portion of the beam, preferentially existing in the outer edge of the beam, was blocked by a hard
aperture in the TG-FROG and in the third stage spectral measurements.

3. Results

3.1. Spectral broadening numerical modeling

Numerical modeling of the interaction was performed using a Python nonlinear optics package
(PyNLO). PyNLO solves the generalized nonlinear Schrodinger equation using a split-step Fourier
method (SSFM) [50,51]. Though including self-steepening and the delayed Raman response in
the simulations produced better agreement with experiment, inclusion of material dispersion
has the largest effect. Material dispersion was modeled up to the fourth order dispersion term
of fused silica. The thickness of material and locations of the fused silica were the same as the
experimental values. Before each stage, the reflective losses from two silver mirrors (Newport
ER.2) are taken into account. Due to the target being oriented at Brewster’s angle to minimize
reflective losses, there is an effective decrease of the peak intensity of ~ 1.4 within the fused
silica. The initial pulse for the simulation matches the experiment with a measurement taken with
a SHG-FROG and includes simulating the nonlinear propagation in air and the vacuum window.

The simulations are one dimensional, though unexpectedly produce predicted spectra consistent
with experimental measurements. This is because the the areas of highest intensity will produce
the most bandwidth, and in a spatially integrated spectrum the extrema of the spectra are from
this central portion. While two dimensional simulations would undoubtedly produce better
agreements, we experimentally observe consistent enough correlation between experiment and
simulation that such an approach was not warranted.

Though the targets are thin, introducing a small amount of group delay dispersion (GDD)
induced from material dispersion will dramatically alter the SPM modulated output spectrum;
we observed a predicted FTL pulse duration 40% shorter than experimentally measured for the
2 stage system when not including dispersion. Asymmetric broadening is observed in both
simulated and experimental results, largely due to the residual third-order phase inherent to many
laser systems. Material dispersion, self-steepening, delayed Raman response also contributing to
the asymmetric broadening of the spectrum.
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3.2. Experimental compression

The numerical modeling was used to determine the intensity on the dielectric plates, and the
magnitude of dispersion correction required for the chirped mirrors. Placing the fused silica plates
to produce the expected intensities, the laser bandwidth is nearly tripled to 198 nm maintaining
the central wavelength of 800 nm, corresponding to an FTL duration of 12 fs, as shown in Fig. 2.
The beam diameter on the plate was approximately 1 mm, from the initial 12 mm output from

the laser system. A total of -90 fs? of group delay dispersion was used to compress the pulse
after the first stage.
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Fig. 2. Experimental and simulated spectra a) Experimental spectral measurements of
the pulse with a varying number of stages in logarithmic scale. The initial pulse (blue) has a
-20 dB width of 70 nm. The output bandwidth of each stage is 198 nm for a single stage
(red), 316 nm for two stages (black), and 477 nm for three stages (magenta), leading to a
total broadening factor of 6.8. b-e) Output spectrum for each stage experimentally (solid
lines) and simulated (dashed) in linear scale. The experimental Fourier transform limit is
listed for each stage. The simulated spectrum results in Fourier transform limits of 35 fs
initially, 12 fs for 1 stage, 6 fs for 2 stages, and 4 fs for 3 stages.
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Fig. 3. TG-FROG reconstruction a) Temporal profile of two stage laser pulse from
TG-FROG measurement (red) demonstrating a pulse duration of 7 fs (2-3 cycles); and from
numerical simulations (blue) demonstrating an identical pulse duration of 7 fs. b) Spectrum
of the two stage output, with power spectrum (solid) and spectral phase (dashed) overlaid.
The reconstructed pulse (red) and the numerical simulations (blue) show good agreement.
c-d) The experimentally measured and retrieved FROG traces.
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3.3.  Multi-staged compression

We implemented two additional stages experimentally, again with each stage consisting of a
one to one telescope, a 0.5 mm fused silica plate, and chirped mirrors. Due to the temporal
compression from the previous stages, it was necessary to increase the on-target beam diameter
for each successive stage to maintain the correct intensity and not damage the fused silica. Beam
diameters were approximately 1.7 mm and 1.9 mm in the second and third stage, respectively.

The second stage produces a spectrum which is broadened to a —20 dB width of 316 nm as
shown in Fig. 2. Dispersion was corrected with a combination of —54 fs? from a chirped mirror
and 22 fs? of dispersion from material dispersion from an additional plate of fused silica. When
removing the dispersion accumulated propagating to the FROG, a retrieved pulse duration of 7 fs
was measured, nearly at the transform limit of 6 fs as shown in Fig. 3.

In the third stage, the spectrum was further broadened to a -20 dB width of 477 nm,
corresponding to a 4 fs FTL pulse duration or a sub-two cycle pulse. However, this spectrum
was broader than the available chirped mirror bandwidth so compression could not occur.
Simulations of the pulse predicted that the pulse should still be compressible to the FTL with
GDD compensation. Similar to the prior stages, the phase is dominated by group velocity
dispersion and thus is suitable for compression via chirped mirrors. For such large bandwidths,
imperfect compensation of the GDD from the previous stage can have a significant effect on the
broadening of the pulse. For the input of the third stage, an error in dispersion compensation of
22fs? produces a spectrum that is ~ 15% narrower.

The input energy of the two stage compressor was increased to 6.9 mJ. The beam diameter
was increased to 24 mm to prevent optical damage after the first stage of compression. The fused
silica plates were adjusted longitudinally to maintain approximately the same peak intensity on
the fused silica as for the 0.95 mJ case. The spectra from the 6.9 mJ with two stages of broadening
had a nearly identical output spectrum, with a FTL pulse duration of 8 fs, with spectral differences
resulting from the additional nonlinearity propagating to the compressor. Simulations for the
6.9 mJ spectrum predict a 8.5 fs FTL. We were unable to compress the output of the two stages
compression as the increased intensity required a beam diameter larger than our available chirped
mirrors.

3.4. Focal spot characterization

The collimated, unbroadened beam is used to align the focal spot diagnostic and as a reference
focal spot. When sent into the focal spot diagnostic, the unbroadened beam focused to a near
diffraction limited spot of 2.1 x 1.8 + 0.1um FWHM, as shown in Fig. 4(a). For the broadened
case, a near identical focal spot of 2.1 x 1.7 £ 0.1 um FWHM was measured, as shown in Fig. 4(b).
The shape of the focus is largely maintained. A slight wing structure appears, resulting in the
1/€? focal diameter to increase by ~ 8%. The beam quality was largely similar at all wavelengths,
with the 1/e? width being within 10% of each other on average for each bandpass filter used. We
observe a drop in peak fluence of only ~ 7% per stage, for two stages the peak was 15% lower, as
shown in Fig. 4(c). Similarly, the energy contained in the 1/¢ focal spot for two stages decreased
by =~ 14%, as measured by a large area photodiode with a pinhole placed in the image plane and
a thermopile power meter.
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Fig. 4. Camera images of focal spot before and after pulse compression. a) Focal spot
of the non-broadened laser pulse, normalized to the peak count values. b) Focal spot of the
spectrally broadened laser pulse, normalized to the peak count value. c¢) Horizontal lineouts
of the focal spots, normalized to the peak counts of the initial focal spot, show that the peak
counts and enclosed energy drops by 15% while the overall shape is largely maintained, with
only a slight additional wing structure added to the focus.

4. Strong and high field science applications

The two stage few-cycle output is suitable for a number of strong and high field applications. Due
to the flexibility of the compression technique, we were able to use the same experimental setup
that is discussed above for both regimes. Placing the fused silica on linear actuators enabled
reliable positioning of the fused silica between input laser conditions.

4.1. Few-cycle HHG

We performed a high harmonic generation experiment with the compressed pulse, and measured
the spectra using a homebuilt flat-field extreme ultraviolet (EUV) imaging spectrometer. The
compressed 7 fs beam with roughly 0.7 mJ of focusable energy at a 1 kHz repetition rate was
produced from the two stage compression setup. To compare the spectral broadening to the
initial many-cycle pulse, the dielectric media were removed, enabling the 36 fs beam to be used
traversing the same optics. The collimation optics of the compressor were adjusted such that the
output was collimated for this case as well.

The laser was focused by a curved mirror with focal length of 50 cm onto a 256 micron Argon
gas jet. The laser beam was apertured to an on-target intensity of ~ 5x10'* Wem™2, which
produced the brightest harmonic emission for the many-cycle beam. The few-cycle beam had
its energy further reduced to be as similar in intensity to the many-cycle as possible. Data was
averaged for 20 seconds, consisting of 20,000 shots. The spectra produced by both the many-cycle
and few-cycle beams are shown in Fig. 5. Compared to the many-cycle interaction, the few-cycle
interaction produces a harmonic spectrum with significant broadening of the harmonics and a
higher energy cutoff due to the dynamic phase matching from ionization [52,53]. The extra
bandwidth at higher energies illuminates the aluminum absorption edge from the 1.4 um Al
x-ray filters used, demonstrating the source’s potential for spectroscopic applications such as
X-ray absorption fine structure [54]. On par with other experiments, the estimated flux of the
beam exiting the gas jet is inferred to be ~ 10 photons/shot within the range of 38 to 43 eV
[55,56] after accounting for filter absorption, the quantum efficiency of the x-ray CCD, and
grating reflectivity.
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Fig. 5. Few-cycle EUV harmonic broadening a) EUV spectra produced though gas high
harmonic generation, normalized to the maximum of the many-cycle spectrum. When driven
by the many-cycle pulse (blue) discrete harmonics are observed. For the few-cycle pulse
(red) broadening of the harmonic widths occurs. b) Diagram of the experimental setup used
for gas high harmonic generation process.c-d Images of the few-cycle and many-cycle spectra
from 54 to 78 eV. The broadening of the harmonics in the few-cycle harmonic spectrum is
able to resolve the sharp absorption edge of Al at 72 eV.

4.2. Relativistic electrons from a solid density target

Millijoule lasers can be focused to relativistic intensities on solid materials, producing suprather-
mal electron beams with a temperature that scales with laser intensity [57]. In order to have
sufficient space to position a target at the laser focus, an OAP with a 50.8 mm focal length was
used. The input beam was upcollimated to ~20mm 1/¢> diameter using a reflective telescope to
maintain a similar f-number as in the focal spot diagnostic. Due to the increase in collimated
beam size, the fused silica plates were moved to maintain the same on-target intensity as was
used in 3, similarly producing a measured few-cycle pulse duration of 7 fs. After compression,
a gold-coated OAP focused the p-polarized beam onto a soda-lime glass target at an angle of
incidence of 45°. The targets were mounted on a motorized XYZ translation stage to keep
the target within the Rayleigh range of the laser and to continually refresh the target during
the experiment. The electron spectra were then measured using a homebuilt permanent dipole
magnet electron spectrometer positioned along the specular direction with the entrance slit of the
spectrometer positioned ~ 12.5cm from the laser focus. The dipole spectrometer was coupled
to a scintillating screen (Lanex Fine) imaged by a digital camera (Basler). To ensure sufficient
signal-to-noise, each electron spectrum was integrated over 650 shots.

For the comparison between many-cycle and few-cycle, we again removed the dielectric
plates from the compressor and recollimated the many-cycle output. We performed experiments
with three different beam parameters. Electron spectra were taken with the many-cycle pulse
at two energies, 1 and 4 mJ. When compared to the few cycle pulse, this corresponds to a
comparison case of having the same total energy (1 mJ) and having the same inferred peak
intensity 1.3 + 0.1 x 10"¥Wcm™2, or 4 mJ. We then performed an intensity scan at these energies
by changing the separation of the grating compressor of the laser system. The change of
the inferred peak intensity due to the changing temporal profile was then modeled using the
numerical techniques discussed in section 3. This takes into account the change in temporal
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profile, including nonlinear propagation obtained while propagating into the vacuum chamber.
This was done for the many-cycle and few-cycle laser beams. The same method for intensity
scanning was used for all sets of data.

The spectra produced by the two highest intensities of the few-cycle and many-cycle drivers
are shown in 6(a). While these pulses have approximately the same inferred peak intensity,
the many-cycle pulse has approximately four times the laser energy. The temperature of the
electrons measured scales with the intensity of the laser, as previously observed for many cycle
pulse interactions [57]. The measured temperature of the compressed beam was 122 + 6 keV
with measured electron energies surpassing 1 MeV, comparable to what is measured with the
many pulse beam at a similar intensity. Figure 6(b) shows the electron spectra of the many-cycle
compared to the few-cycle when they have the same energy and inferred peak intensity. The
maximum energy as a function of intensity is shown in Fig. 6(d). A clear difference can be
observed between the few-cycle 1 mJ driver and the many-cycle 1 mJ driver, suggesting a much
higher intensity in the former case. Additionally, as we reduce the intensity by introducing GDD,
we observe the expected drop in the maximum electron energies.
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Fig. 6. Relativistic electron generation a) Electron spectrum produced by the few-cycle
pulse and many-cycle pulse at intensities of 1.2 x 10'® Wem™2 and 1.4 x 108 Wem™2.
Electron energies above 1 MeV detected. b) Electron spectrum produced by the few-cycle
pulse and many-cycle pulse at intensities of 0.27 X 10'® Wem2 and 0.28 x 108 Wem™2.
¢) Diagram of the experimental setup use for relativistic electron generation. d) Shows the
change in electron energy at 1% the maximum electron spectrum amplitude as the laser
compressor is adjusted, changing the peak intensities. Note that the intensities for the few
cycle case are inferred.
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5. Discussion

The amount of accumulated nonlinearity in the dielectric plate can be characterized with the
B-integral:

2
p=" / nol(7)dz,
Ao

where A is the central wavelength of the laser, n, is the nonlinear index of the dielectric, and
the intensity I(z) is the maximum intensity of the pulse at location z inside of the material.
Commonly, 1(z) is assumed to be constant throughout propagation, but as the bandwidth of the
pulse increases this approximation becomes less valid. The B-integrals reported in this work
are calculated using a summation approximation of the B-integral as it propagates inside of the
material, based on the nonlinear simulations of the system. A B-integral of 3.6 was calculated
for the first stage, 2.8 for the second stage, and 2.7 for the third stage. The total B-integral of 9.7
for all three stages, with the B integral being slightly higher due to the presence of nonlinearity
from the air and vacuum window prior to the compressor. The FTL for the spectral output of
each stage is predicted well by the simulations, and is also in agreement with analytical spectral
broadening factor for a Gaussian pulse [40].

Particularly in nonlinear schemes of pulse broadening, great care must be taken when discussing
the properties of the beam. There is likely some amount of inhomogeneity in the beam profile
with regards to both broadening and pulse duration. For instance, in the case of TFC, our 12 mm
beam entering a dielectric at a lower B integral [47] produces narrower spectra, but also produces
spatial phase errors that can not easily be compensated [40]. We have previously observed in
our laser system that there exist significant losses in the focal spot quality and intensity when
a TFC geometry is used [40,47]. These losses appeared to have been mitigated in the system
utilized in this paper. The mechanism for why the focusability of the beam has improved over the
collimated system cannot be explained using the same models and warrants further study. One
potential explanation is the interaction between the multiple stages of spectral broadening in a
focusing geometry and nonlinear lensing occurring inside of the dielectric media.

While the spatiotemporal effects do not introduce substantial losses in the focusabiliy of the
pulse, they introduce complications into a calculation of the peak intensity of the laser [40,58].
Assuming the focal spots and pulse durations discussed in this work, the intensity could increase
by a factor of ~1.2 to ~3.7 [40]. The peak intensity was not directly measured, and with spatially
averaging measurements we can only infer an intensity value, which may vary between a value
of 0.4 and 1.2 x 10'"®Wem™2. The relativistic electron spectra produced by the compressed
few-cycle laser pulse was nearly identical to the many-cycle laser pulse with an on-target intensity
of 1.4 x 10'® Wem™2, shown in Fig. 6(a), suggesting that we are likely closer to the higher
estimated intensity. When the intensity scan was performed, pulses with similar inferred peak
intensities produce similar electron spectra, as seen in Figs. 6(b) and 6(d). Though factors such
as laser contrast, pulse duration, pulse structure, and focal quality may have an unknown impact
in this experiment, the similarities between the two experiments suggest that these effects are
minimal.

The pulse compression scheme presented in this work used all commercially available
components with a total cost of less than three thousand US dollars, yet enabled MeV electrons
to be generated with a factor of 4 less laser energy. While the system does require to be under
vacuum, potentially increasing the cost, relativistic laser-plasma experiments require the use
of vacuum, and such a system may be implemented within current vacuum infrastructure in a
manner similar to ours. The current dominant cost is due to the chirped mirrors. Increasing
the energy of the laser system to even 10 mJ will require 2 inch optics to maintain a collimated
intensity below 0.5 TWcm™ after 2 stages of compression, corresponding to chirped mirrors
which can cost tens of thousands of dollars.
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With the required high reflectivity dielectric optics, terawatt peak powers are possible out of
our laser system, a commercially available single-stage amplifier. This scheme can be easily
adapted for laser systems with tens of millijoules, such as the 30 mJ red Wyvern (KMLabs).
Assuming similar losses to what we have observed in our system, a two stage compressor with
larger diameter optics, and a F/1.5 OAP focusing optic enables the commercially available Red
Wyvern to achieve on-target intensities of ~ 1020 Wem™ at a kilohertz repetition rate. At such
high intensities laser contrast is an important consideration. The ratio between laser prepulse
and the on-target intensity laser is known as the laser contrast. Laser contrast has been shown to
have a major impact in experiments such as laser ion acceleration and high harmonic generation
[59,60]. Changing the laser contrast by changing the main pulse intensity does not necessarily
imply that the prepulse is negligible, and in some experiments pulse cleaning may be required. It
should be noted that since the laser system used is not Carrier Envelope Phase stabilized, the
compressed pulse would not be either. If applied to systems that are Carrier Envelope Phase
stabilized or have features such as orbital angular momentum these features should be maintained
[32,61].

In this Article, relativistically intense few-cycle laser pulses capable of driving both high and
strong field physics were demonstrated utilizing an inexpensive and easy to implement staged
compression setup. In hollow core fiber compression, the laser undergoes SPM in a gas media
and the broadened portion of the beam propagates through a waveguide, maintaining beam
quality. In multiple plate compression, the technique is similar, now the SPM media is a solid
dielectric and the waveguiding comes in the form of the repeating nonlinear lens. Our technique
can be thought of in a similar manner, where instead of using the nonlinear lens to guide the
broadened spectra we instead use repeated real lenses, in the form of our reflective curved mirrors.
The benefit of such an approach is that we decouple the SPM from the recollimation, enabling
more compact and efficient geometries to be employed. Due to this technique relying only on
self-phase modulation and dispersion compensation, it is expected that this technique can be
applied to other optical and near infrared wavelengths. Additionally, if a dielectric material
is chosen with a similar nonlinear index and is transparent across the entire range of expected
spectra this technique should work.
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