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Abstract. Theoretical studies and computer simulations predict efficient
generation of attosecond electromagnetic pulses from overdense plasma targets,
driven by relativistically strong laser pulses. These predictions need to be
validated in time resolved experiments in order to provide a route for
applications. The first available femtosecond sources for these experiments
are likely to be 10 fs pulses of a few millijoules, which could provide focal
intensities at about the relativistic threshold. With particle-in-cell simulations, we
demonstrate that the radiation resulting from interaction of such pulses with solid
targets is expected to be attosecond trains with very high conversion efficiency
as relativistic effects start to act.
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1. Introduction

Success in attosecond science based on laser–gas interactions and imposed intensity limitations
of the nonlinearities [1] has increased the interest to this research area using super-strong laser
pulses and solid targets. Relativistically strong fields satisfy the condition:a0 = eE0/meω0c>1,
whereE0 andω0 are the electric field amplitude and frequency,eandme are the electron charge
and mass, andc is the speed of light. In this domain it is convenient to represent intensity
in terms of a dimensionless amplitude,a0: I0[W cm−2] = 1.37× 1018a2

0/λ
2
µ, whereλµ is the

laser wavelength in micrometers. In such strong fields, electrons driven by the Lorentz force
FL = eE + e[v × B]/c, move not only in transverse and forward directions, but also towards
the incident pulse due to charge-separation fields arising in plasmas. In overdense plasma targets
(ω0 < ωp, ωp = (4πn2

e/me)
1/2) electrons driven with relativistic velocities can produce motion

away from and toward the incident pulse, providing almost total reflection and Doppler shifting
of the resulting radiation, and leading to efficient generation of attosecond electromagnetic
pulses and electron bunches (http://www.eecs.umich.edu/CUOS/attosecond).

The strong fields of high power lasers have introduced optics into the relativistic regime [2].
Systems capable of testing laser–matter interaction in this regime are tending to ever-higher
field strengths (http://eli-laser.eu/). They may even access the nonlinear regime of quantum
electrodynamics, in which the radiation processes should be considered with an account of
quanta recoil as well as electron–positron pair creation [2]–[4].

A great help in study of the relativistic nonlinearities is computer simulation with particle-
in-cell (PIC) codes [5]. The Maxwell equations resolved together with the relativistic equation
of motion for macroparticles in a self-consistent manner allow one to foresee the basic features
of laser–plasma interaction. Computer experiments allow the extraction of many possible
diagnostics, which are not accessible in real experiments. For the study of overdense plasma
an important simplification was the introduction of a boosted frame [6], allowing for
consideration of oblique incidence in one dimensional (1D) PIC simulations [7]. In this way the
interaction with solid-density targets could be simulated within a reasonable time, allowing for
the resolution of the plasma frequency of ionized matter and even higher. Simulations studying
the effects of the transverse pulse width in 2D and 3D are still limited to a model plasma
description with reduced plasma density. PIC codes have validity from below the threshold
for relativistic behavior up to intensities where radiation reaction becomes important. A recent
suggestion to keep an account of radiation reaction effects in PIC codes [8] allows the study of
laser–plasma interaction up to the limit where the nonlinear regime of quantum electrodynamics
comes into play.
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In this paper, we discuss theoretical predictions and experimental observations in laser
interaction with solid targets with respect to the production of efficient attosecond pulses. We
review possible femtosecond sources capable of delivering proof-of-principle experiments on
attosecond pulse production from solid targets. For the identified incident pulse parameters
we provide PIC simulations demonstrating the expected results on attosecond pulse generation
and influence of relativistic parametera0. In concluding, we discuss the future prospects and
limitations of such attosecond pulse production and touch on the status of relativistic attosecond
science in laser–solid interactions.

2. Theoretical predictions and experimental observations

First theoretical studies in this domain concerned the generation of harmonics in the interaction
of relativistically strong laser pulses with overdense targets [9]–[14]. To explain these findings
an oscillating mirror model was suggested [9]. In this model it was assumed that an
electromagnetic field is reflected from a thin layer of electrons, which oscillates under the action
of the incident light in the direction perpendicular to the target surface. Such an understanding
of collective behavior was motivated by PIC simulations [9].

Based on the oscillating mirror model a further suggestion was made to generate attosecond
pulse trains in the reflection of intense laser pulses from solid surfaces [15]. Using extremely
short pulse duration and tight focus [16], the λ3 regime, efficient (10%) generation of isolated
attosecond pulses via reflection, deflection and compression was also proposed [17] with the
support of 2D, 3D PIC simulations, using different target geometries and plasma profiles, and
a range of pulse amplitudes [17]–[20]. The scalability of attosecond pulses using higher laser
pulse amplitudes for the generation of even shorter pulses of duration∝1/a0 was shown using
boosted frame 1D PIC simulations. 2D simulations have revealed discrimination in the coherent
reflection of the light outside the specular cone due to the active role of the electric field and
high spatial and temporal gradients of the incident pulse. 3D simulations have demonstrated
potential focusability of the attosecond pulse using the same target where it was produced, and
anisotropy of the attosecond pulse both in and out of focus. Beside the electromagnetic pulses,
it was demonstrated that, with specific conditions of large angles of incidence, the electron
bunches, driving the reflection of the light at the target, could be extracted synchronously into
the vacuum, inheriting the attosecond duration [18].

One more proposal concerned a thin foil for the production of attosecond pulse trains [21].
In this study the optimal conditions for the foil were found for s- and p-polarized laser pulses,
different angles of incidence, and validated with 2D PIC simulations. Spectral filtering and
optimization of conditions for the generation of single attosecond pulses were also discussed.

Other proposals concerned the pre-existing techniques in attosecond science [1]: harmonic
filtering and polarization gating [22]–[25]. Using conditions not optimal for a single attosecond
pulse production, and introducing an ideal harmonic filter, it is possible to produce a train of
even shorter attosecond pulses or to isolate a single attosecond pulse at the expense of the
efficiency. However, these proposals have been validated only in 1D.

In [26] using output data from the PIC code for normal incidence and propagating the fields
in a 3D space it was found that the harmonics were inside the pulse total shape. An anisotropic
feature was also observed by these authors, in agreement with recent and earlier work
[19, 20, 27]. Another group using a similar set-up has revealed that much stronger attosecond
pulses could be observed in the far-field off the central axis, and they do not need to be
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filtered [28]. This means that the compression is stronger when the electric field is not parallel
to the surface, i.e. at oblique incidence, as was observed in other work [17], [19]–[21].

A conceptual model for attosecond pulse production is the Doppler up-shift of the radiation
from the moving mirror by a factor 4γ 2, whereγ = (1− v2/c2)−1/2, andv is the velocity of
the mirror. A realization of such a ‘flying’ mirror in gas targets has also been proposed [29]. In
the solid target case, the generation of electron current by the incident light in a thin layer of the
target, along the direction of the incident pulse, providing Doppler up-shift or down-shift, or, the
same, phase compression or decompression, leads to the transformation of the incident radiation
into attosecond pulses [2, 17]. Analytical description of attosecond pulse production is limited
by a number of assumptions, based on observations from PIC simulations. PIC simulations
provide a self-consistent description limited by computational resolution.

A platform for attosecond pulse work was established in early experiments on harmonic
generation from solid targets [30]–[33]. In recent experiments, using tens-of-femtosecond high-
contrast laser pulses, a clear transition from non-relativistic to relativistic regime of high
harmonic generation has been demonstrated [34, 35]. In addition, these observations were found
to be in agreement with boosted 1D PIC simulations. Refined experiments with high contrast
lasers [36] and with the introduction of controlled plasma gradients [34, 37] now allow more
detailed study and optimization of harmonic output. Recently, experiments on the production
of the 3000th order harmonics with 600 fs laser pulses focused using anf/3 paraboloid at
intensities of 1020 W cm−2 were reported [38].

The evidence of harmonics is a potential signature for the identification of attosecond
pulses in laser–solid experiments. This is still valid for relatively long tens-of-femtosecond
laser pulses. However for few-cycle laser pulses the spectrum is expected to be broadband [19]
and the harmonics, if observed, might not necessarily be centered on the integer values. Time-
resolved measurements will be the main diagnostics in these experiments. While relativistic-
intensity experiments have been performed at low repetition rate,610 Hz, to provide sufficient
statistics to characterize attosecond pulses, kilohertz laser systems are needed.

3. Relativistically strong femtosecond sources for attosecond pulse generation

The formation of isolated attosecond pulses in theλ3 regime needs intense and ultra-short laser
bursts with only a few (i.e. 1–3) cycles. In order to reach relativistic intensities (>1018 W cm−2)
and conditions for driving attosecond pulse generation at a high repetition rate (i.e.>1 kHz),
the pulse energy provided by conventional kilohertz laser systems (typically a few millijoule)
requires tight focusing of the laser beam to a spot size close to its diffraction limit (≈1× 1µm2).
Such small spot sizes are achieved routinely by wave front optimization with a deformable
mirror [39]. The quest to confine the pulse energy to a few femtoseconds declares high demands
on amplifier technology since the widely used Ti:sapphire systems provide typically ‘long’
(25–50 fs) pulses. Therefore further compression by external means is required.

The key concept for compression of amplified pulses is based on spectral broadening
induced by the optical Kerr effect in a gas. In [40] the technique of spectral broadening in a
gas-filled hollow fiber with subsequent chirped-mirror compression was introduced. Thereby
pulses of 5 fs with≈100µJ were demonstrated. An up-scaling towards several millijoule has
been shown feasible by post-amplification of broadband hollow-fiber pulses in a subsequent
Ti:sapphire amplifier [41] or by adapting the waveguide parameters in order to increase the
laser energy transmitted through the waveguide [42].
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A conceptually simpler technique for intense few-cycle pulse compression is based on self-
guiding (‘filamentation’) making an external waveguide obsolete. As a source of 5 fs, 200µJ
pulses [43] this technique provides a performance comparable to the hollow-fiber approach.
Recently, it has been shown that the filament-based spectral broadening concept is scalable
to higher energies. Sub-10 fs, 1.8 mJ pulses could be demonstrated with a contrast well suited
for relativistic applications [44]. Both, the capillary and filament based method preserve the
carrier-envelope phase [43, 45], which is an important prerequisite for reliable attosecond pulse
sources.

Another emerging laser scheme delivering intense few-cycle pulses is optical parametric
chirped pulse amplification (OPCPA). The large spectral gain of some nonlinearly phase-
matched crystals is suitable to directly amplify few-cycle pulses without subsequent spectral
broadening. Powerful sub-10 fs pulses are successfully generated in a multi-stage non-collinear
β-barium borate (BBO)-based optical parametric amplifier [46, 47] with peak powers up to
the terawatt level. However, technical challenges in the pump laser design currently restrict
the repetition rate of such systems to 10–30 Hz, which is a severe drawback for spectroscopic
applications.

4. Anticipating first results

Few millijoule, near-10 fs, pulses are expected to excite attosecond dynamics in dense targets.
These are the initial parameters for the simulations of potential experiments. Intensities in focal
spots of 1 or 2λ fall in the range between 1018 and 1019 W cm−2 (λ = 0.8µm).

We perform 2D PIC simulations for a 10 fs (3.75 cycles) p-polarized laser pulse with
a focal spot of 2λ. The plasma target has a typical exponential profilene = n0 exp(x/L),
where L = 0.1λ is a scalelength,n0 = 16ncr (ncr = meω

2
0/4πe2), and is rotated at 45◦. The

pulse is initiated in vacuum atx = −10λ, and focused on the target atx = 0 and y = 0.
After the interaction, the pulse propagates in vacuum along the central specular direction up
to y = 40λ.

The results of such simulations for two laser pulse amplitudes:a0 = 1 and 3 are presented in
figures1 and2. In figure1 the intensity of the electromagnetic field,B2

z , is shown 30 cycles after
the interaction with the target. We observe a number of characteristics in the reflected radiation.
The radiation is compressed most strongly only once per cycle. The degree of compression
is greater for higher pulse amplitude. The peaks corresponding to each half-cycle are reflected
with different delays, which is a sign that the radiating electrons have relativistic velocities from
or toward the observer. The durations of strongest attosecond peaks are 370 and 260 as for these
two cases; this being an indication of relativistic compression.

Figure2 shows the spectrum of the radiation collected aty = 15λ. The spectral energy
B2

z(x, ω) is shown together with its lineout atx = 0 (dash-dotted line) and averaged value across
the transverse direction (solid line). For these simulations 73 and 79% of the incident radiation
has passed the collecting antenna. We observe that the relative conversion into harmonics is
very high. The energy in the harmonics (not including the fundamental) in proportion to the
total energy in the reflected radiation is 28 and 57%, fora0 = 1 and 3, respectively.

These simulations provide motivation to identify attosecond pulse characteristics using
moderate laser energies, at the very threshold relativistic intensity, and theλ3 domain.
The further study of attosecond features and verification of theoretical predictions needs to
be done in close connection between experiments and simulations. The active role of the
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Figure 1. The instantaneous electromagnetic energy density,B2
z , of the reflected

light with its intensity profile and field,Bz, on a linear scale, 30 cycles after
the interaction. Simulation parameters: 10 fs p-polarized pulse with amplitude
a0 = 1 and 3, incident with a focal spot size of 2λ at 45◦ on a plasma target
having an exponential profile with a scalelength of 0.1λ. Herex and y are in
units ofλ.

plasma gradient has been observed already in experiments on harmonic production and in
corresponding PIC simulations [34, 37]. Similar verification and optimization can now be done
in studying attosecond features.

5. Discussion

For much higher intensity the details of attosecond pulse generation may change due to radiation
reaction effects or quantum effects [2]–[4]. For example, in the second stage of the extreme
light infrastructure (ELI) project (http://eli-laser.eu/) it is expected that 10 fs 1.5 kJ laser pulses
focusable to aλ2 spot will be obtained. At these high intensities (1025 W cm−2) it is evident that
new physics will be essential. The fastest electrons, supposedly responsible for reflecting the
incident light, will lose their energy during this interaction, generating x-rays andγ -rays. For
example, even at the level of 1022 W cm−2, the total losses could be on the order of a per cent
with respect to the incident laser energy [8]. Taking into account that these losses concern only
a small group of the fastest particles, radiation reaction effects should be taken into account
whenever one is considering such high intensities.
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Figure 2. Spectral energyB2
z(x, ω) on a logarithmic scale of the radiation

passing antennas at a distance of 15λ from the target for the simulations
corresponding to figure1, and its lineout atx = 0 (dash-dotted line) and averaged
value across the transverse direction (solid line) in arbitrary units. Herex is in
units ofλ, and frequency is normalized to laser frequency:ω/ω0.

Recent experiments on high harmonic generation at relativistic intensity [34, 35, 38]
are a good starting point in relativistic attosecond science. Theoretical predictions bring a
variety of realizations for efficient attosecond pulse production [15], [17]–[25], using solid
targets or thin foils, to produce ultra-intense attosecond ultraviolet or soft- or even hard-x-ray
pulses. Scalability of attosecond pulses to higher intensity and shorter duration under specific
conditions, and the limitations of such scaling might soon be verified in experiments. Radiation
reaction effects and their influence on attosecond dynamics can also be studied with present-day
lasers, which have produced intensities of 1022 W cm−2 [48].
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The first possible experiments studying the temporal characteristics of radiation from laser
driven overdense plasma interactions can be done nowadays using kilohertz laser systems
delivering 10 fs, and few-millijoule pulses. Simulations for this specific range of parameters
provide motivation for these experiments. Proposed auto-correlation techniques [19, 49, 50]
may also be tested using such tools, the simplest of which is based on conventional optics
coated in the visible to near ultraviolet. Despite inspiring theoretical understanding and many-
dimensional-simulation evidence of efficient attosecond pulses, proof of principle experiments
are still of high priority in order to validate the prediction of attosecond duration light pulses
from laser–solid interactions.
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