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High-intensity few-cycle laser-pulse generation by the plasma-wakefield self-compression effect
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We present experimental results for laser pulse compression due to wakefield excitation in the relativistic
regime using the spectral phase interferometry for direct electric-field reconstruction technique for complete

pulse characterization. The results indicate that the pulse was compressed to a 10-fs duration which was verified
by fully relativistic three-dimensional particle-in-cell simulations. Optimized modeling based on a hydrodynamic
code was also done, showing the possibility of producing laser pulses of few-cycle duration.
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Tremendous progress has recently been made in laser
technology primarily based on the chirped-pulse amplification
(CPA) [1], allowing ultrashort laser pulse generation with a
duration as short as 30 fs and peak power up to 1 petawatt
(PW) [2]. Several projects worldwide towards the 10-PW level
and higher are now in progress [3]. However, the generation
of high power few-cycle pulses, particularly below 10 fs for a
Ti:sapphire laser at a wavelength of about 800 nm, is still
a formidable task. It is worth noting an alternative to the
CPA approach, the Raman amplification scheme [4] which,
at the advanced stage, may provide the compression of an
amplified seed pulse to a length on the order of a plasma
wavelength. The great demand of high intensity few-cycle
pulses for various applications ranging from attosecond pulse
production [5] to particle acceleration make [6] it challenging
for present day laser physics. One of the ways relies on
the optical-parametric chirped-pulse amplification (OPCPA)
technology [7-9]. However, the progress of this technique
in obtaining high energy pulses has been relatively slow. It
possesses a high potential, including ultrabroad amplification
along with high gain. An alternative way is the recently
proposed method for high energy few-cycle pulse generation
using the ionization-induced self-compression effect [10], but
this method has not been verified experimentally at high
energy yet. A plasma-based scheme of pulse self-compression
employing the local character of relativistic nonlinearity was
analyzed in [11], which has not been realized experimentally
either. A very interesting effect is pulse shortening in a plasma
wave excited in underdense plasmas. The main features of
this effect in the one-dimensional approach were already
discussed more than a decade ago [12—14]. However, a key
issue that for ultrashort pulses the nonstationary self-focusing
effect [15] can strongly influence the dynamical process of
pulse self-compression was left unnoticed.

In this paper, we would like to draw the readers’ attention
to the plasma wakefield self-compression effect for high
power ultrashort laser pulses that may be used for few-cycle
pulse generation. We first carefully examine the temporal
characteristics of the pulses compressed to 10 fs duration by
using the spectral phase interferometry for direct electric-field
reconstruction (SPIDER) technique after passing a 100-TW,
30-fs pulse through a 2-mm gas jet. These experimental data
will be directly compared to three-dimensional (3D) particle-
in-cell (PIC) modeling showing that the self-compression of
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the driver pulse takes place along with the self-focusing effect
and is actually based on plasma wave excitation. Then we
develop a simplified 3D hydrodynamic model based on a
quasi-one-dimensional description of the plasma waves, which
agrees qualitatively well with PIC modeling and experiments
as well, and use it for optimization with respect to few-cycle
pulse generation.

It should be noted that the previous experiments in the
relativistic regime [16,17] have confirmed the general pre-
dictions for pulse shortening in a plasma wave excited by
a pulse. However, going one step further towards few-cycle
duration we employed a SPIDER technique for complete
pulse characterization, which is proven to be a perfect
characterization method for the 10-fs temporal range [18].

The experiment was conducted with the table-top Ti:Sa
laser system (ARCTURUS facility; 100 TW, 30 fs, 800 nm,
10 Hz). The linearly polarized laser pulse with an energy of
1.8 J was focused by an f/7 off-axis parabola onto a helium
gas jet to a focal spot with a diameter of about 10 pm that led to
an intensity of 3.4 x 10" Wem=2 in a vacuum, corresponding
to a normalized vector with an amplitude of ay = 4. The gas
jet length is about 2 mm. We have performed the experiments
by making a parametric scan in which the plasma densities
varied in the range of n, = (3-15)x10'® cm™ obtained by
changing the gas pressure.

The transmitted pulse was measured by collimating the
central part of the laser beam. Figures 1(a) through 1(d)
show the experimentally measured SPIDER interferograms,
retrieved (red curves with circles) and approximated by fifth-
order polynomials (dashed curves) spectral phase, in Figs. 1(e)
to 1(h) the retrieved spectrograms with pulse spectra (on the
right side) are shown, and in Figs. 1(i) to 1(l) retrieved pulse
intensity profiles for four sequentially increasing electron
densities of 8.6 x 10'® cm™ [Figs. 1(a), 1(e), and 1(i)],
1.1 x 10"em™ [Figs. 1(b), 1(f), and 1(j)], 1.2 x 10" cm™3
[Figs. 1(c), 1(g), and 1(k)], and 1.5 x 10" cm™3 [Figs. 1(d),
1(h), and 1(1)]. We retrieved pulse shapes [Figs. 1(i) to
1(1)] assuming the spectra to be interferogram envelopes and
using the spectral phase approximation by the fifth-order
polynomials. After that the spectrograms are obtained [see
Figs. 1(e) to 1(h)] for reconstructed pulses defined as
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FIG. 1. (Color online) (a)-(d) Experimental SPIDER interferograms [(green) solid curves] for the electron densities of 8.6 x 10'8, 1.1 x
10", 1.2 x 10", and 1.5 x 10" cm3, respectively. The dashed curves are retrieved spectral phases and the (red) curves with circles are their
approximation by fifth-order polynomials. (e)—(h) Spectrograms, pulse spectra (on the right side of the box), and (i)—(1) retrieved pulse intensity

profiles for the corresponding electron densities.

where E(t) is the laser field and w(t) = exp[—t>/(40fs)?]
is the window function. The spectrograms display time-
dependent spectra: The Fourier transformation is applied to
different temporal sections of the signal. They clearly demon-
strate how spectral peaks are arranged in the time domain.
It should also be noted that the SPIDER application can
become challenging when the spectrum is highly modulated
or ultrabroadband [19]. Indeed, for fringe structures of the
SPIDER interferogram as in the case of Fig. 1, there is an
uncertainty for phase retrieval in the frequency regions where
the spectral intensities are close to zero. However, by applying
a direct pulse reconstruction algorithm, we manually corrected
the phase difference by adding or subtracting 27 at the
corresponding frequency points, assuming that the intensity
laser profile as a whole should be well localized within the
subpicosecond time domain.

Let us first pay attention to the low density case of
Figs. 1(a), 1(e), and 1(i) and Figs. 1(b), 1(f), and 1(j), where
the corresponding plasma wavelengths A, = 27c/w, =114
and 10.1 um [w, = (47e’n,/m)"/? is the plasma frequency]
exceed the pulse length ct =9 pum. After the pulse has
propagated about 2 mm, the retrieved output pulse durations
are about 15 and 11 fs, respectively, i.e., the compression
factor increases with the plasma density from 2 to 3 (the initial
pulse duration is 30 fs). Therefore, to further increase the
compression factor and get sub-10-fs pulses we can use higher
plasma densities, which is consistent with the point of view

that the interaction efficiency length is inversely proportional
to the plasma density. Second, indeed, in the higher density
case of Figs. 1(c), 1(g), and 1(k) and Figs. 1(d), 1(h), and 1(1),
the pulse spectrum becomes broader, which corresponds to a
transform-limited pulse duration of about 5 fs, but the retrieved
experimental output pulses are wider and consist of several
subpulses of about 10-fs durations. It is important to note that
the temporal resolution of the SPIDER technique we used
was about 10 fs. We assume that the origin of such subpulse
generation is the modulational instability of relativistically
intense laser pulses [20]. Summarizing the obtained results we
can propose the following scenario of the interaction: During
the propagation in the plasma the laser pulse is continuously
compressed along with the self-focusing effect shrinking the
beam as a whole in the transverse dimensions. However, there
is an optimal compression length, where the laser pulse has
minimal duration. At higher plasma densities we can assume
that either the optimal compression length is less than the
plasma width, i.e., 2 mm, or the Raman instability destroys the
pulse compression for the input pulse length comparable to
the plasma wavelength, which is 9.6 or 8.7 um for the
respective cases.

To properly verify these results and optimize few-cycle
pulse generation we employ two numerical codes. The first one
is a 3D PIC code, which requires quite essential supercomputer
resources for the parameters relevant to the experiment, and the
second, more simplified code is based on the hydrodynamic
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approach. Here we should mention the new approach for PIC
modeling based on boosted frame [21] that could decrease
requirements on supercomputer resources.

The fully relativistic PIC code accounts exactly for electro-
magnetic dispersion as it uses a fast Fourier transformation for
field calculations and allows in some cases even a fairly quan-
titative comparison with the experimental data. The simulation
box comoving with the speed of lightis 1251 x 1251 x 100 A
and contains 512 x 512 x 1024 cells. Each cell is filled with
eight quasiparticles. A linearly polarized laser pulse with a
Gaussian envelope a = aoexp[—()c2 + yz)/bz]exp[—tz/tz] in
both the transverse (x, y) and longitudinal (z) directions is
focused normally onto the front edge of the plasma slab from
the left side (z = 0). Since in the experiment the length of the
gas jet was comparable with the beam Rayleigh length, we set
the following parameters: ap = 4, b = 20 um, t = 30 fs, and
a uniform helium plasma slab 2 mm in length, to mimic the
experiment. The initial temperature of the electrons and pro-
tons is 20 keV. Indeed, at lower densities PIC modeling shows
a good agreement with the experimental data, demonstrating
continuous pulse compression by a factor of 2 to 3 during
the propagation in the plasma. However, at higher densities,
the situation is a bit different. It is reminiscent of the previous
one only at the initial stage of the propagation, but then
the pulse becomes structured, actually consisting of several
subpulses. The typical simulation result for a plasma density
of 1.3 x 10" cm™3 is shown in Fig. 2. At the beginning, the
laser pulse entered into the plasma is continuously shortened
during its propagation, sequentially reaching 11.1 fs at a
distance of 1.2 mm [Fig. 2(b), blue dashed-dotted line] and
then 6.1 fs at 1.28 mm [Fig. 2(b), red solid line]. The most
important feature of the compression is that it occurs so
that the plasma wave is excited in a quasi-one-dimensional
manner, i.e., unlike in the blowout or bubble regime [22].
This is very consistent with the weakly relativistic theory [15]
and ensures that the electron density immediately behind the
laser pulse is controlled. Indeed, at the beginning of the pulse
propagation, the maximum excited plasma wave density is
about 0.5n., which is consistent with the one-dimensional
(1D) excitation in the relativistic regime. However, during
propagation it decreases but is not less than 0.23#n,, i.e., the
electrons under the action of the ponderomotive force do not go
around the laser pulse as in the bubble regime but mostly pass
through it. Nevertheless, 3D effects are very important for the
laser field; we see that the pulse compression is accompanied
by relativistic self-focusing where the laser beam diameter
shrinks from 20 to 6.5 wm and the output intensity increases
up to 10?° Wem—2. Then, at a distance of 1.642 mm, the pulse
becomes broader (about 8.5 fs) and structured [Fig. 2(b), violet
solid line with triangles], both of these factors increasing with
further propagation. Thus, comparing this simulation with the
experiment shown in Figs. 1(c) and 1(d) we can conclude that
the pulse compression occurs at shorter distances of about
1 mm. The ultrabroad pulse spectrum [Fig. 2(a)] actually
reflects the possibility of such compression.

To make careful optimization with respect to few-cycle
generation we have developed a simplified hydrodynamic
code together with the well-proven slowly evolving wave
approach (SEWA) [23]. As the plasma density n, is much
less than the critical value n. = mw?/(4me®) (n, < n.) (o is
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FIG. 2. (Color online) (a), (b) The result of modeling for a 2-mm
long plasma with a density of 1.3 x 10" cm™3: input (dotted line),
in the middle z = 1.28 mm [(red) solid line] and at z = 1.642 mm
[(violet) solid line with triangles) pulse spectra, and the corresponding
pulse profiles: (blue) dashed-dotted line at z = 628 pm, respectively.
In the insets: The beam profiles of (b) 6.5 um in diameter (FWHM)
at z = 1.28 mm.

the pulse carrier frequency), assuming that the field changes
only slightly on the wavelength scale and the transverse size of
the beam is large compared to the characteristic longitudinal
scale of the field (quasi-optical beam), the Maxwell equations
and plasma hydrodynamic equations can be reduced to the
following set of self-consistent equations in the corresponding
reference frame t =t — z/c
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where w, = (4me’n,/m)"/? is the plasma frequency, c is the
speed of light in a vacuum, and A = 8%/9r> 4+ (1/r)d/dr.
Here, we introduced the following dimensionless vector and
scalar potentials: a = eA/mc?, ® = ep/mc?. Equation (3) is
an ordinary equation of state for a plasma wave [15,24], when
the electrons evolve mainly in the longitudinal direction (see
also [25]).

A comparison of the results of hydrodynamic modeling
with the PIC simulations and experiment shows that they
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FIG. 3. (Color online) Spatial-temporal pulse dynamics along the propagation direction at a plasma density of 1.3 x 10'” cm™3; additional
input (dashed curve) and current [(red) solid line] laser pulse profiles on the axis, and transverse [(blue) solid curve] beam profiles on the plane

of maximum intensity are depicted.

are in good agreement. Since we can now follow the
propagation dynamics in detail, the peculiarity is that
few-cycle pulses are really produced, particularly, for the
density of n, = 1.3 x 10" cm™3, as in Fig. 2, and ay = 3 the
minimum pulse duration is 1.2 optical periods, i.e., 4 fs, at a
distance of 1.15 mm only. But after this point, e.g., at a distance
of 2 mm, the pulse splits into subpulses, as can be clearly seen
in Fig. 3. It is worth noting that the self-focusing effect is very
important, actually exponentially increasing intensity like
in [15] and correspondingly accelerating the process of pulse
shortening. In Fig. 4 we also show the experimental depen-
dence of the pulse duration (as in Fig. 1) versus plasma density
together with the corresponding results of optimization. The
optimal intensities for wakefield pulse compression lie in the
interval @ >~ 1-3, but to obtain the shortest pulse duration
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FIG. 4. (Color online) Pulse duration at full-width-half-
maximum (FWHM) vs plasma density for a 30-fs laser pulse after
2 mm long propagation: experimental results as in Fig. 1 (red-dashed)
and optimized modeling for different incident intensities.

together with the high energy efficiency the plasma density
should be matched with the input pulse length, i.e., the pulse
length should be comparable to the plasma wavelength. As
is seen from Fig. 4, for the plasma length of 2 mm and the
input pulse duration of 30 fs, the optimal plasma density is
about (0.8-1.2) x 10" cm~ depending on the field intensity.
For example, for ¢ =2 in a quite broad density range
around 10" cm™3 (dashed-dotted blue curve) a single-cycle
pulse of 3.6 fs with an energy efficiency of about 20% is
obtained.

In conclusion, we have examined wakefield pulse com-
pression in a combined experimental and numerical study. It
is shown that in the relativistic regime (ay ~ 1-4) laser pulses
can be effectively compressed to a duration of few cycles.
Moreover, the scheme, as is seen from Egs. (2) and (3), is
scalable to the petawatt level, which means that for present
day conventional laser systems delivering comparatively long
pulses the wakefield compression opens up a new way of
producing PW-class few-cycle pulses. It is also interesting
to note that in the alternative to the CPA approach in the
advanced stage of the Raman amplification when the amplified
seed pulse is compressed to a length on the order of a
plasma wavelength, the stage for the wakefield compression
can be further applied to obtain very high power few-cycle
pulses. It can be applied as an additional final stage of the
Raman compression technique or even by properly choosing
the plasma parameters such as the density and the plasma
length. The Raman compression effect can set the stage for
the wakefield self-compression effect to further shorten the
pulse duration.
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