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Abstract We report on investigations of high-order har-
monic generation from solid surfaces in the coherent wake
emission regime with relativistically intense few-cycle (8 fs)
laser pulses. Significant spectral broadening compared to
previous experiments with many-cycle pulses and the ap-
pearance of substructures on the harmonics are observed
that strongly fluctuate from shot-to-shot. Measurements in
which the linear polarization was rotated or ellipticity of the
laser pulse was varied exhibit a strong dependence of the
harmonic emission on the polarization state of the incident
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pulse. We show that the observed spectral features are ulti-
mately connected to the sub-cycle electron dynamics in the
laser-solid interaction and thus proof of the few-cycle nature
of the observed harmonic emission. Using a simple model
we have investigated the factors that play an important role
in the shape of the emitted spectrum.

1 Introduction

It has been recently demonstrated that the harmonic emis-
sion emanating from the interaction of intense laser pulses
with solid-density plasma possesses a remarkable prop-
erty, the individual harmonics in the emission spectrum are
phase-locked [1, 2]. This conclusion is based on the ex-
perimental observation that in the time domain the emitted
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light is bunched in form of a train of sub-laser-cycle dura-
tion pulses. Moreover, substantial theoretical [3–8] and ex-
perimental [9–15] evidence has been accumulated indicat-
ing that the plasma medium additionally exhibits the char-
acteristics required for a source of spatially coherent, ex-
treme ultraviolet (XUV) pulses of attosecond duration and
unprecedented brightness. This new source is superior to
the one based on the harmonic emission from gaseous me-
dia in several aspects. Besides being more efficient, it ex-
hibits no inherent limitation on the laser intensity that can
be used. In conjunction with rapid progress in laser technol-
ogy, the plasma medium holds promise for building a source
delivering attosecond pulses [16] with enough intensity to
be used in XUV-pump XUV-probe spectroscopy. For most
of the envisaged applications, the availability of a single at-
tosecond pulse is desirable [17]. There are two approaches
toward this objective. Whereas the first relies on the “inten-
sity gating” technique that requires modern laser systems
delivering pulses with some Joules of energy and few-cycle
duration [6], the second is based on the “polarization gat-
ing” technique [18–20] that can be used with the more read-
ily available conventional laser systems delivering 20–40 fs
laser pulses. In both cases, Carrier-Envelope-Phase (CEP)
stabilized pulses are necessary [21].

In this work, we report on investigations pertaining to
both approaches. Using the high-power Light Wave Synthe-
sizer (LWS) [22, 23] delivering 3-cycle (8 fs), non-phase-
stabilized 800 nm, ≈16 TW laser pulses, we were able to
observe for the first time high harmonics up to the 20th order
(H20) generated by the interaction of few-cycle laser pulses
with solid targets. During these investigations, the parame-
ters associated with the laser pulse from the LWS laser sys-
tem were such that the dominant harmonic emission mecha-
nism appears to be what by now is dubbed as Coherent Wake
Emission (CWE) [9, 24]. Generally, CWE prevails for val-
ues of the normalized vector potential up to aL ≈ 1, which
in terms of the focused laser intensity IL and wavelength λL

is given by a2
L = ILλ2

L/[1.38 × 1018 W cm−2 μm2]. For val-
ues of aL � 1 the so called Relativistic Oscillating Mirror
(ROM) [3, 4, 15] mechanism is considerably more efficient
and the harmonic emission is exclusively due to this process.
For intermediate values of aL � 1, the two processes can
coexist and which one of the two dominates depends sensi-
tively on the shape and gradient of the plasma density pro-
file [12].

The novelty in these investigations is the shortness of the
laser pulse in combination with on-target intensities exceed-
ing 1018 W cm−2. This constitutes a step toward realiza-
tion of “intensity gating” for the harmonic emission from
solid targets. As in the case of gaseous media, the reduc-
tion of the number of cycles under the laser pulse envelope
would inevitably lead to fewer attosecond pulses in the gen-
erated train [17]. Furthermore, only those cycles within the

pulse with enough instantaneous intensity would produce
harmonic emission in the necessary spectral range for at-
tosecond time scale emission. In this context, harmonic gen-
eration using the plasma medium is more favorable because
only one attosecond pulse per laser cycle is produced in-
stead of two as in the case of a gaseous medium. Under these
circumstances however, some new effects appear that have
not been observed before. For example, it is found that the
laser pulses are short enough for effects like random Carrier-
Envelope-Phase (CEP) fluctuations to manifest themselves
in the observed harmonic spectra. The experimental results
are analyzed in terms of a simple model supported by 1D
PIC (Particle-In-Cell) simulations. The performed analysis
not only explains the main features of the experimental re-
sults, but more importantly sheds light on the microscopic
electron dynamics responsible for the harmonic emission.
The “polarization gating” technique has been also proposed
as a method to generate single attosecond pulses [19, 20].
To ascertain the appropriateness of the polarization manip-
ulation to achieve a temporal “gate”, a detailed study of
the harmonic emission in the CWE regime is undertaken in
which (a) the polarization between s- and p-polarized light
and (b) the ellipticity of the incident laser pulse was varied.
The results are in agreement with PIC simulations and indi-
cate that the first method appears to be quite promising.

2 Experimental investigation of the harmonic emission

The experiments were carried out using the unique few-
cycle Light Wave Synthesizer (LWS) [22, 23], which is
a Noncolinear Optical Parametric Chirped Pulse Amplifi-
cation (NOPCPA) system. During these investigations the
light source was upgraded from 8 TW (LWS-10) to 16 TW
(LWS-20) peak power output. A schematic of the layout of
the LWS system is shown in Fig. 1. The Nd:YAG pump laser
after frequency doubling delivers 78 ps pulses of 0.5 J in
case of LWS-10 and 1 J in case of LWS-20 energy at 532 nm
and is optically synchronized to the titanium:sapphire front
end (Femtopower, Femtolasers GmbH). The 1 kHz front end
produces 25 fs, 800 μJ pulses that are broadened in a hollow-
core fiber filled with 2 bar neon to seed the NOPCPA.
A grism based stretcher introduces negative group delay dis-
persion and elongates the pulses to 45 ps that are partially
compressed to about 25 ps in an acousto-optical program-
mable dispersive filter (DAZZLER). The non-collinear op-
tical parametric amplification from 700 nm to 980 nm takes
place in two consecutive single-pass Type I BBO stages. In
case of the LWS-20 laser system, the pulses are amplified
from a few μJ after the DAZZLER up to 1 mJ in the first
stage and up to 170 mJ in the second stage. After a bulk
compressor including 160 mm SF57 and 100 mm Quartz,
an adaptive mirror and a wavefront sensor in a closed loop
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Fig. 1 Layout of the Light
Wave Synthesizer 20 (LWS-20)
laser system [23]

configuration optimize the focusability. The pulses are sent
to a vacuum chamber, where four positively chirped mir-
rors compress them to a typical intensity Full-Width-Half-
Maximum (FWHM) duration of 8 fs, which for the 800 nm
center wavelength results in sub-3 optical cycles. Accord-
ingly, the E-field of the pulse has a FWHM duration of τL =
4.2 laser cycles. The compressed energy is up to 130 mJ
(65 mJ in the case of LWS-10) corresponding to 16 TW
(8 TW) power.

Figure 2(a) shows schematically the experimental setup.
The laser was focused onto the target at 45◦ angle of in-
cidence using an F/3, 30◦ off-axis parabola (effective focal
length feff = 168 mm). In case of LWS-20, the average fo-
cused intensity inside a focal spot radius containing 86%

Fig. 2 (a) Schematic of the experimental setup, (b) raw data record
obtained with the grazing-incidence imaging XUV spectrometer

of the total energy, was aL ≈ 1.5. The corresponding peak
intensity is estimated to be a

peak
L ≈ 3. The measured laser

pulse contrast was 10−4 at 3.3 ps and 10−8 at 5 ps before
the peak [23]. The 120 mm diameter fused silica disc targets
were mounted on a rotating mechanism allowing the acqui-
sition of approximately 3500 shots at a repetition rate of up
to 10 Hz. The generated harmonic radiation in the specular
direction was recorded using a grazing-incidence imaging
XUV spectrometer equipped with a CsI coated MCP detec-
tor. Except for the measurements where the laser polariza-
tion was varied (see Sect. 3), the rest of the data were ob-
tained with p-polarized laser beam. An example of a raw
data record is shown in Fig. 2(b). The investigated spec-
tral range was 40–100 nm, which for a laser wavelength
of 800 nm corresponds to 8th–20th harmonic orders (H8–
H20).

2.1 Harmonic spectrum with 3-cycle laser pulses

Figure 3 shows a set of six single-shot harmonic spectra ob-
tained with our 3-cycle laser pulses in the H11–H16 spectral
range. In a more detailed spectral scan a distinct cutoff in
the harmonic spectra at H20 was observed. This corresponds
to the highest harmonic that the plasma density can sustain
confirming that indeed CWE is the dominant harmonic gen-
eration process [9]. This is further supported by PIC simu-
lations conducted with parameters close to the ones in the
experiment. The measured spectra in Fig. 3 correspond to
single laser shots recorded under nominally the same laser
conditions. Two distinct characteristics in the spectra are no-
ticeable. The individual harmonics are broadened compared
to those from a longer pulse [1, 2, 9, 13] and exhibit from
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Fig. 3 Single-shot harmonic spectra from fused silica targets. These
six records were selected form a set of consecutive shots obtained un-
der nominally same conditions where all the controllable laser para-
meters were kept fixed. The irreproducible substructure due to CEP
variation is clearly visible

shot to shot a strongly irreproducible substructure and a sig-
nificant spectral shift. Although broader harmonics are ex-
pected due to the shortness of the laser pulse, the complex
and from shot-to-shot strongly varying spectral structure is a
new feature not observed in measurements with longer laser
pulses [1, 2]. As discussed in the next Sect. 2.2, the same
well behaved spectra exhibiting single harmonic peaks were
also observed with the present laser system using positively
chirped pulses. This is unequivocal proof that the structure
observed with 3-cycle pulses is due to the shortness of the
laser pulse.

2.2 Pulse duration variation

The variation of laser pulse duration was accomplished by
manipulation of the Group-Delay-Dispersion (GDD) us-
ing the DAZZLER incorporated into our laser system (see
Fig. 1), i.e., by introducing a chirp in the frequency spec-
trum of the pulse. This way pulse durations from the nearly
Fourier-Transform-Limited (FTL) value of 8 fs to (chirped)
pulses of several tens of fs were readily generated.

Figures 4 and 5 depict the main characteristics of the har-
monic emission for different pulse durations. They also pro-
vide another proof of the fact that the complex structure of
the harmonics is due to the shortness of the driving laser
pulses. The results indicate that, in contrast to the shortest
driving pulse of 8 fs which leads to a complex structure of
the harmonics that varies from shot-to-shot (see Fig. 3), the
longer pulses obtained by introducing positive chirp values
lead to reproducible single peaked harmonics. This is clearly
seen in Fig. 4 where a direct comparison of the harmonic

spectra for four values of GDD is shown. For nominally FTL
pulses (shot # 611), as already discussed, the harmonic spec-
tra appear to be very sensitive to the random variations of
CEP when using non-phase-stabilized pulses of only three
optical cycles under the envelope (8 fs). For positive val-
ues of GDD (shot # 617 and 622) the spectra become pro-
gressively narrower and more reproducible. The insuscepti-
bility of the spectrum on the CEP for long, chirped pulses
manifest itself in the same way as in the case of experi-
ments on high-harmonic generation on solids and gases with
long, FTL pulses. For negative values of GDD (shot # 628)
the individual harmonics become even broader and fluctu-
ate even stronger than with FTL pulses. This behavior for
different GDD values has been observed before with longer
laser pulses [13] and it is attributed to the compensation of
the intrinsic harmonic chirp for positive values of GDD. The
origin of the intrinsic harmonic chirp is the unequal spacing
of the individual pulses in the attosecond pulse train and it
is discussed in detail in Sect. 4. In case of uncompensated
negative GDD the intrinsic chirp is further increased and the
shape of the individual harmonics depends even more sensi-
tively on the CEP variation.

Fig. 4 Harmonic spectra obtained for different values of GDD corre-
sponding to negative chirp (shot 628), no chirp (shot 611) and positive
chirp (shots 617 and 622)

Fig. 5 Dependence of the H10 wavelength on GDD. The line is a fit
through the experimental points (circles)
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Another interesting effect observed under variation of the
chirp of the laser pulse is the shift of the central wavelength
of the individual harmonics. Namely as the GDD value in-
creases the central wavelength also increases. This is de-
picted in Fig. 5 for the H10. This is attributed to the fact
that harmonics are produced predominantly during a par-
ticular part of the laser pulse where the intensity is high.
As a consequence for a particular value of GDD different
parts of the spectrum are responsible for the harmonic gen-
eration.

3 Spectral measurements with polarization variation

The dependence of the harmonic emission on the polariza-
tion of the incident driving laser pulse is not only inter-
esting from a fundamental point of view but also in con-
nection with the polarization gating technique as a means
of generating single attosecond pulses. A number of re-
ports have investigated this subject already theoretically
[3, 20, 25, 26] and experimentally [27–31], but no clear pic-
ture for the CWE regime has been established so far. In pre-
vious reports with long laser pulses or existent prepulses,
Rayleigh–Taylor instabilities of the preplasma caused strong
surface rippling and therefore polarization scrabbling thus
diminishing the effect of changing polarization of the inci-
dent laser. However, in our case the shortness and the good
contrast of the used laser pulse preserves a clean interac-
tion surface. Since the early theoretical works of Lichters
et al. [3] it is well-known that for the polarization depen-
dence of high-harmonics generation certain selection rules
apply. In general it was found that the polarization of the
generating laser pulse might influence both the intensity and
the polarization state of the generated harmonics. In the case
of investigations with short-pulse lasers (i.e. shorter than
100 fs) harmonics have only been observed for p-polarized
incoming beam. This is expected for the CWE mechanism
in which case the existence of an E-field component in the
plane of incidence is essential to drag electrons out of the
solids (see discussion in Sect. 4). The experiments cited pre-
viously aimed primarily at determining the harmonic inten-
sity dependence on the two major polarization directions
(s and p) of linearly polarized laser pulses. On the other
hand, it is also of interest to investigate experimentally the
dependence of the harmonic emission for arbitrarily directed
linearly polarized laser light and as a function of the degree
of ellipticity. The aim of the present experiment is to obtain
a detailed picture of polarization dependence of harmonic
generation in the CWE regime. This will provide valuable
information regarding the applicability of the polarization
gating to generate single attosecond pulses.

The use of the LWS 20 laser system with its polariza-
tion insensitive bulk glass and chirped mirror compressor

enabled us to change the polarization by inserting small
aperture waveplates directly into the unexpanded beam of
the laser system where the pulses are still stretched. The po-
larization state of the laser radiation has been measured at
target position, to exclude any influence of the transmission
through the compressor and the beamline.

3.1 S–P variation

For measuring the effect of the polarization of the incident
laser radiation on the harmonic generation process a com-
mercial broadband, achromatic, zeroth order half-wave plate
has been introduced into the laser beam. The plate was ro-
tated in steps of 4 degrees and for every step around 30
spectra in the range of H8 to H13 were recorded with the
grazing-incidence spectrometer (see Fig. 2). These spectra
have subsequently been integrated over the given harmonic
range and averaged. In Fig. 6 the resulting values are shown.

A maximum is observed around fully p-polarized inci-
dent laser light. But by rotating the polarization plane to in-
crease the Es/Ep ratio, the efficiency of the harmonic gen-
eration is dropping rapidly to less than 1%, which is around
the detection limit of our spectrometer. This behavior is ex-
pected, since we are looking at harmonics produced by the
CWE mechanism, whereby electrons are accelerated out of
the plasma by the component of the incident electric field
perpendicular to the target surface. By rotating the half-wave
plate in the laser beam, this p-component is decreasing in fa-
vor of an increasing s-component while leaving the overall
intensity on target constant. This behavior is reproduced by
the PIC simulations discussed in detail in Sect. 4.3.

Fig. 6 The effect of the polarization variation from S to P and back
to S on the harmonic emission. The squares represent the measured
values with the error bars being 1 SD over 30 spectra. The triangles
and the circles are the results of PIC simulations with fixed and variable
scale length for the preplasma (see discussion in Sect. 4.3). The curves
indicate the expected dependence ∝ |Ep|n for n = 1,2,4
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Fig. 7 The effect of the ellipticity variation on the harmonic emis-
sion. Points represent the measured values with the error bars being
1 SD over 30 spectra. The curves indicate the dependence ∝ |Ep|n for
n = 1,2,4

3.2 Ellipticity variation

Similar to the linear polarization measurement the depen-
dency of the harmonic emission on the incident laser pulse
ellipticity has been measured. This measurement was ac-
complished by replacing the half-wave plate with a zero or-
der quarter wave plate, which also has been rotated in steps
of 4 degrees to change the polarization of the transmitted
laser beam from circularly polarized on target to linearly
p-polarized and back to circular by a rotation of the plate
by 90◦. Again around 30 spectra of the emitted harmonics
in the H8–H13 range have been recorded at each position.

In Fig. 7 the integrated and subsequently averaged val-
ues of the spectral intensity are shown. As expected, a clear
maximum of the harmonic emission is observed for linearly
p-polarized light on target. The intensity of the emitted har-
monics is dropping rapidly to around 20% of the peak value
with increasing ellipticity. Similar to the case of changing
from s- to p-polarization, the reduction in efficiency is much
faster than expected when considering just the reduction of
the component of the driving electric field perpendicular to
the target surface (see discussion in Sect. 4.3).

4 Theoretical analysis and discussion

We first investigate some aspects of the Coherent Wake
Emission (CWE) mechanism [1, 2, 9, 12–14], which as al-
ready discussed, appears to be the dominant harmonic gen-
eration process in our experimental studies. In this regime,
several features in the emission spectrum can be understood
in terms of a 3-step model that describes the coherent sub-
cycle dynamics of the plasma electrons.

4.1 The 3-step model

According to this model, which is reminiscent of the 3-step
model for the harmonic generation in atoms [32], the in-
teraction unfolds as follows: (i) first, the E-field compo-
nent perpendicular to the target of the obliquely incident,
p-polarized laser pulse launches electrons into the vacuum
(Brunel electrons [33]), (ii) depending on the E-field phase
during the ejection some of these energetic electrons are
then hurled back into the plasma during the second half-
cycle of the laser period and form bunches that pass through
a density ramp, (iii) this gives rise to resonantly driven
plasma oscillations at positions xq within the density gra-
dient where an integer multiple of the driving frequency ωL

coincides with the local plasma frequency ωp, i.e., where
qωL = ωp(xq). At these resonance positions, the excited
plasma waves undergo linear mode conversion into EM-
waves via inverse resonance absorption [34].

Following the formulation of [33], the electron dynam-
ics can be described in a simplified fashion by the one-
dimensional equation of motion along the x-axis (with x = 0
on the plasma–vacuum interface). Since we deal with mildly
relativistic intensities, i.e., IL � 1018 W/cm2, we write the
equation of motion in its relativistically correct form. Each
single electron moves in the combined E-field of the laser
and electrostatic field due to space charge accumulation:

dβ

dt
= 4π sin(Θ)aL

(
1 − β2)3/2

× [
EL(t + t0) cos

(
ωL(t + t0 + ϕ)

)

− EL(t0) cos
(
ωL(t0 + ϕ)

)]
, (1)

with x the distance from the interface in wavelengths λL,
β = dx/dt . Here EL(t) = exp(−t2/0.72τ 2

L) is the temporal
envelope of the laser E-field, Θ the angle of incidence, and
ωL = 2π the laser frequency. The time t, t0 and the FWHM
intensity pulse duration τL are in laser periods TL and the
CE-phase ϕ is normalized to 2π . The last term in (1) rep-
resents the effect of the space charge to the electron mo-
tion as formulated in [33]. The instant of release of the elec-
tron from the plasma–vacuum interface is denoted as t0. In
the relativistically correct equation of motion we have ne-
glected the magnetic field term to keep the model simple
and one-dimensional. As PIC simulation confirm, for mildly
relativistic intensities this is justified. A similar analysis
but with emphasis on the escaping electrons has been re-
ported in [35]. The numerical solution of (1) for aL = 1.5,
τL = 3 and Θ = 45◦ is depicted in Fig. 8(a). The electrons
at the vacuum–plasma interface are initially at rest and uni-
formly distributed, i.e. t0 is varied in equidistant intervals.
After reentry into the plasma region they are assumed to
travel at the constant velocity acquired during the excursion
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Fig. 8 (a) Numerical solution of (1). The trajectories of the electrons
released into the vacuum at uniformly varying values of t0 and return-
ing to the plasma surface are shown in green and the histogram (num-
ber of electrons per unit time) at a depth of x = −0.1 is plotted in
black line (yellow filled). For reference the driving electric field is also
plotted (red line). (b) The electron density evolution for few cycles at
the beginning of the pulse obtained from the 1D-PIC simulation and
the E-field of the driving pulse (red). The density is color coded with
the solid-density target slab appearing as a dark bar. (c) The generated
as-pulses (blue) are positioned at the point in time coinciding with the
return of the expelled electrons

in the vacuum. In Fig. 8(a) only those orbits of the elec-
trons returning to the plasma region are plotted. The his-
togram of the electrons per unit time crossing a line located
at x = −0.1 behind the interface clearly shows a temporal
bunching of the returning electrons within a time window
amounting to a fraction of a cycle. The reason for this bunch-
ing is merely the electron dynamics for different phases of
the sinusoidal E-field of the laser. A careful examination
of the orbits in Fig. 8(a) indicates that at the beginning of
each cycle (positive-to-negative field crossing) some elec-
trons are pulled out but due to the weak field their excursion
is short. As the field continues to grow, the subsequent elec-
trons move further from the surface but due to their higher
velocity they return approximately at the same time with the
previous ones. This results in a crossover of the orbits in-
side the plasma and the formation of electron bunches. Since
the harmonics are generated via these bunches of energetic
electrons (e-bunches), the emission time of the individual

attosecond bursts will follow the occurrence of the electron
temporal localization.

We have further substantiated the validity of our simple
CWE 3-step model by performing simulations using the 1D
PIC code PICWIG [20]. The input parameters used were
close to those in the experiment, namely aL = 1.5, Θ = 45◦
and ne/nc = 400 where ne is the maximum electron density
and nc is the critical electron density corresponding to the
frequency ωL of the driving laser pulse. The laser spot size
is estimated to be �7 μm, which is larger than the length of
the 3-cycle laser pulse of �2.4 μm. This indicates that the
interaction is nearly one-dimensional and thus the use of 1D
PIC code is justified. We chose to conduct the simulations
at the average intensity in the interaction area to approxi-
mate the behavior of the whole focal region. Furthermore,
for the calculation of the harmonic emission a linear density
ramp with a scale length of L = 0.2λL was assumed in front
of the plasma slab. This value is based on a simple estima-
tion in which an expansion velocity of 5 × 107 cm/s is as-
sumed and as expansion interval the point of 10−4 contrast
at 3.3 ps before the peak of the laser pulse, i.e. the point
where plasma is generated. The electron density evolution
due to a τL = 3 (FWHM in intensity) laser pulse of those
electrons returning to the plasma for few cycles at the be-
ginning of the pulse is depicted in Fig. 8(b). It exhibits an
almost quantitatively similar behavior as the one deduced
using the CWE 3-step model (compare Fig. 8(a)). In par-
ticular, the time interval during which most of the electrons
are pulled into vacuum is preferentially near the first quar-
ter cycle after each positive-to-negative zero crossing of the
electric field and their return half a cycle later as predicted
by the model also. The attosecond pulse train generated by
the coherent superposition of the H10 to H20 harmonics is
shown in Fig. 8(c). This confirms the postulation that the
harmonic emission contributing to the formation of attosec-
ond pulses occurs at the points in time that coincide with
the return of the expelled electrons. From this comparison
it becomes apparent that the CWE 3-step model despite its
simplicity contains most of the relevant physics.

The change in the oscillation amplitude due to the enve-
lope of the driving pulse gives rise to another effect, which
for moderate laser intensities aL = 0.2 and longer pulses has
been investigated before using PIC simulations [13]. As is
clearly seen in Fig. 8(a), the e-bunches are not equidistant.
The distance between them monotonically increases with
time while the time interval Δtn between the nth positive-
to-negative zero crossing of the E-field and the resulting
e-bunch decreases on the rising edge of the pulse but then in-
creases again. Figures 9(a) and 9(c) show the data points ex-
tracted from the corresponding histograms for the unequally
spaced e-bunches generated by a 15-cycle and 3-cycle laser
pulse. For a Gaussian pulse envelope the data points follow
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Fig. 9 Time delay between the nth positive-to-negative zero crossing
of the E-field and the return of the individual electron bunches calcu-
lated for three different CE-phases for (a) a 15-cycle and (c) a 3-cy-
cle pulse. The intensity of the driving pulses is given for reference.
(b) and (d) show the harmonic spectra corresponding to pulse trains
with as-pulses spaced according to the results shown in (a) and (c) re-
spectively. For comparison, in (d) the spectrum for regularly spaced
pulses is shown (dashed line)

very closely a Δtn(t, ϕ) = A|(t − (ϕ − ϕ0))/τL|p + B de-
pendency with A, B , ϕ0 and p fitting parameters. The expo-
nent p depends weakly on the pulse duration τL and for the
two cases considered to a good approximation is constant
and equal to 3. This is shown in Figs. 9(a) and 9(c) for the
“long” and “short” pulse where Δtn has been calculated for
three CE-phases. It is seen that all values fall on the same
curve indicating that it is the pulse envelope that determines
Δtn for each t . Note also that ϕ0 �= 0 because of the finite
time spent by each electron in the vacuum.

4.2 Short-pulse spectra

To assess the influence of the unequal spacing on the spectra
expected with laser intensities of aL = 1.5 and for a given
pulse duration τL we have calculated the spectrum ET(ω)

of a train of attosecond pulses unequally spaced in time

given by:

ET(ω) = EA(ω)
∑

n

EL(tn)e
iωtn . (2)

EA(ω) represents the spectrum of a single electron burst
of sub-cycle duration that excites plasma oscillations at all
frequencies and it is assumed to be constant in the spectral
range of interest. According to the CWE 3-step model, for a
given ϕ the attosecond pulse within the nth cycle will occur
at time tn = Δtn(n,ϕ) + n − (ϕ − ϕ0). Using (2) we have
computed the spectrum for τL = 15 (Fig. 9(b)) and τL = 3
(Fig. 9(d)). For “long” pulses the spectrum exhibits regu-
larly spaced individual harmonics in good agreement with
the spectrum from previous experiments [1, 9, 13] and with
properly “chirped” pulses (see Fig. 4). When the model is
applied to a 3-cycle pulse (see Fig. 9(c)) the effect on the
spectrum is striking (Fig. 9(d)). The individual harmonics
are not only broadened but also are strongly distorted in
shape. It is important to emphasize that despite the distor-
tions the spectrum shown in Fig. 9(d) corresponds to a short
train of individual attosecond pulses.

The key to the observed substructure in the harmonic
spectrum lies in the intrinsic properties of the CWE gen-
eration process, which become perceptible because of the
shortness of the driving laser pulse. To investigate the ori-
gin of the shot-to-shot variation in the spectrum and assess
the impact of various parameters on the spectral structure
of the emitted harmonics, we have conducted a parametric
study for 3-cycle laser pulses using the model described pre-
viously. Using (2) we have calculated the expected spectra
for the range −0.5 ≤ ϕ ≤ 0.5 and in the frequency range
of the experimentally acquired spectra. Also, for the same
laser pulse duration (3-cycles) we have performed PIC sim-
ulations using the code LPIC [3] and computed the emitted
spectrum similarly for a range of the CEP. The thus obtained
spectra for selected values of ϕ are depicted in Fig. 10 for
both cases. We find that for specific values of ϕ the spectra
calculated using the model and PIC simulation reproduce
qualitatively remarkably well the features exhibited by the
measured ones (see Fig. 3). As seen in Fig. 10 there is no
exact correspondence of the spectrum for the same value
of ϕ between model and simulation. This is attributed to
the fact that while the PIC simulation computes everything
self-consistently the model uses some simplifications. For
example, the phase jump between the incident and the re-
flected wave at the plasma–vacuum interface depends on the
local plasma density. This effect is taken into account self-
consistently in the PIC simulation. In the model however,
a constant phase jump of π is assumed.

According to the model, the time of emergence of the at-
tosecond pulses crucially depends not only on CE-phase ϕ

but also on the overall shape of the Δtn curve. As expected,
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Fig. 10 Top: Modeled spectra obtained using (2) in the experimen-
tally recorded range and for four different values of the normalized
CE-phase ϕ. The spacing of the individual as-pulses was inferred from
the data shown in Fig. 9. Bottom: PIC simulated spectra for the same
values of the CE-phase

CEP variations have practically no influence on the har-
monic spectrum of the 15-cycle pulse because most of the
emitted attosecond pulses emanate in a time interval where
the instantaneous intensity variation is negligible and as a
result are equidistant. However, this is not the case for the
3-cycle pulses that were used in the experiments. An inspec-
tion of the analytical expression for the Δtn curve shows im-
mediately that its shape would also be affected by inherent
pulse duration τL fluctuations, which, for our laser system,
amount to 3%. Detailed model calculations indicate that this
fluctuation level affects the relative amplitude of the peaks
within each harmonic, whereas the overall shape (single-vs
multi-peaked) is determined predominantly by the value of
the CE-phase. A similar analysis shows that intensity (also
in the 3% range) and scale-length fluctuations are affecting
only the constants A and B and have negligible effect on
the calculated spectrum. This suggests that shot-to-shot CEP
fluctuations are chiefly responsible for the observed spectral
structure.

4.3 Simulations on the effect of the polarization variation
in the CWE regime

Previous reports [1, 9] have shown that, for purely
p-polarized driver laser, the efficiency of harmonic gen-
eration varies with the intensity of the laser as IXUV ∝
I 0.4−1

L ∝ |EL|0.8−2. Therefore, for mixed polarization (par-
tially s-polarized and partially p-polarized) one expects that
the harmonic intensity would similarly vary as ∝ E0.8−2

L,p

where EL,p is the p-component of the obliquely incident
laser field. But from Fig. 6 it is evident, that in our case
changing the plane of polarization from purely p to purely s,
the efficiency is decreasing considerably faster than |EL,p|2.
We have simulated the polarization variation using the
PICWIG code and the results are shown in Fig. 6. The in-
put parameters were the same as those given in Sect. 4.1 but
the scale length in one case was kept constant at L = 0.1λL

(triangles in Fig. 6) while in the other was reduced progres-
sively from L = 0.1λL for EL,s = 0.3 to L = 0.04λL for
EL,s = 1.0 (circles in Fig. 6). As it is discussed later on,
this is to simulate the effect of reduced absorption due to
increasing s-polarized component in the incident field. As
can be seen, the PIC simulations confirm the |EL,p|2 de-
pendence for the case of fixed scale length. On the other
hand the reduction of the scale length for increasing values
of EL,s yields a dependence much closer to |EL,p|4 and to
experimental results.

This result can be understood in terms of the different
absorption mechanisms and their dependence on the polar-
ization of the incident light. As has been reported in [36] the
absorption of ultrashort laser pulses in overdense plasma is
considerably lower in case of s-polarized light. The forma-
tion of preplasma and thus the resulting scale length depends
on how much energy is absorbed in the time before the ar-
rival of the peak of the pulse. It is reasonable to assume that
the amount of absorption decreases as the part of s-polarized
component in the incident pulse becomes more dominant.
This in turn leads to smaller scale-length values. For rea-
sons discussed by Dromey et al. [37], the consequence of
that is the reduction of the harmonic emission due to the
CWE mechanism.

In case of ellipticity variation the discrepancy to the sim-
ple scaling law shown in Fig. 7 can be attributed to more
complex electron dynamics at the vacuum–plasma interface.
The field component parallel to the target surface is influ-
encing the trajectories of the extracted electrons. With in-
creasing ellipticity of the incident electric field the electrons
emanating from the target surface at different times will feel
different parallel field components resulting in trajectories
tilted under different angles to the target surface. Electrons
reentering the plasma will therefore arrive under various an-
gles which effectively reduces the bunching of these elec-
trons and consequently diminishes plasma wave and with
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this also harmonic production. Also in this case the absorp-
tion and therefore preplasma generation is different for p-
and circularly polarized light, which is further affecting har-
monic generation. The observation that for circular polar-
ization there is still a 20% harmonics conversion is entirely
different from the behavior of gas harmonics. The reason is
that for circularly polarized laser light there still exists an
electric field component in the plane of incidence, which re-
mains the source of Brunel electrons for the CWE mecha-
nism.

5 Conclusions

In summary, high-harmonic emission from solid targets was
studied for the first time using a 3-cycle laser pulse in the
multi-TW power scale. New aspects associated with the
few-cycle emission have become apparent. We have identi-
fied the mechanism responsible for the substructures on the
individual harmonics as due predominantly to the sub-cycle
dynamics of the electrons responsible for harmonic genera-
tion.

The dependence of harmonic conversion on the polariza-
tion of the incoming laser beam—in the first approxima-
tion—corresponds to the expectations for the CWE mech-
anism. The high conversion to harmonics for a p-polarized
beam drops very fast either by changing the direction of the
linearly polarized radiation or by varying the ellipticity. This
behavior might be advantageous for a possible approach to
the generation of single attosecond pulses using the polar-
ization gating technique. It appears that ellipticity variation
is not an appropriate method because the conversion does
not vanish even for purely circularly polarized radiation.
On the other hand the fast decrease and high contrast when
changing the polarization from p to s might open new pos-
sibilities for which an s–p–s polarization gating has to be
developed.

Although the results obtained with our LWS laser sys-
tem represent a decisive step forward, to reach the ulti-
mate goal of isolated attosecond pulse generation with re-
producible characteristics, further advances in laser tech-
nology like multi TW-scale laser systems delivering even
shorter pulses with CEP stabilization and excellent charac-
teristics are necessary. Provided that such high-performance
laser systems become available, the effort should concen-
trate in reproducibly generating harmonics via the ROM
mechanism, which appears to deliver a harmonic spectrum
with superior characteristics, (e.g. higher photon energy, in-
creased efficiency, smaller divergence, better phase locking
properties) compared to that from the CWE mechanism.
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