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As a high-intensity laser-pulse reflects on a plasma mirror, high-order harmonics of the incident
frequency can be generated in the reflected beam. We present a numerical study of the phase properties of
these individual harmonics, and demonstrate experimentally that they can be coherently controlled
through the phase of the driving laser field. The harmonic intrinsic phase, resulting from the generation
process, is directly related to the coherent sub-laser-cycle dynamics of plasma electrons, and thus
constitutes a new experimental probe of these dynamics.
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The generation of high-order harmonics of intense fem-
tosecond (fs) laser pulses is one of the promising paths for
the production of energetic, short-wavelength, ultrashort
light pulses [1,2]. The practical characteristics of such an
extreme ultraviolet (XUV) light source, e.g., divergence,
duration, coherence- are largely determined by the phase
properties of the harmonics, which should therefore be
carefully studied in order to understand and optimize these
sources. From a fundamental point of view, laser harmon-
ics generated by driving a system with a strong laser field
constitute a powerful diagnostic to investigate the dynam-
ics of this system, and in this respect too, phase properties
are of prime importance.

For these reasons, phase properties of high-order har-
monics generated from atoms or molecules have been
extensively studied over the past 15 years [1]. In this
case, the relative phases of the harmonics are directly
related to the sub-laser-cycle dynamics of the continuum
electron wave-packet responsible for the generation [3].
These phases are well defined and relatively weak: har-
monics are thus synchronized over a broad frequency
range, and their superposition produces trains of attosec-
ond pulses. Because these dynamics depend on laser in-
tensity, the temporal and spatial intensity envelopes of the
driving laser-pulse lead to variations of the attosecond
pulses properties both in time and space [4]. These varia-
tions result in nontrivial temporal and spatial intrinsic
phases of individual harmonics, which in turn affect the
properties of the harmonic beam.

Reflection of a laser beam on a plasma-mirror (PM) at
high intensities (/1A> = 10'® W cm ™2 wm?, where A is the
laser wavelength and [ the laser intensity) provides another
means for high-order harmonic generation (HHG), and is
predicted to lead to attosecond XUV pulses with shorter
wavelengths and higher energies than those presently gen-
erated in gases [2,5]. This Letter presents the first experi-
mental and theoretical study of the intrinsic spatial and
temporal-phase properties of individual harmonics gener-
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ated from plasma mirrors, for the two HHG mechanisms
identified so far [2,6,7], coherent wake emission (CWE)
[8,9] and the relativistic oscillating mirror process (ROM)
[10,11].

Although they correspond to very different physical
processes, CWE and ROM have a common root, the
Brunel mechanism [12,13], where electrons at the plasma
surface are first accelerated in vacuum by the laser field,
and then pushed back toward the plasma. ROM occurs as
these electrons are pulled out of the plasma. For laser
intensities such that 7A% = 1.37 X 10'"® Wem ™2 um?,
these electrons reach relativistic velocities that lead to a
Doppler upshift of the reflected light wave, resulting in the
production of attosecond pulses predicted to be almost
Fourier-transform limited [5,14]. When Brunel electrons
return to the plasma, some of them can bunch temporally.
As they travel across the density gradient at the plasma
surface, these electrons trigger CWE, by exciting in their
wake high-frequency plasma oscillations which subse-
quently emit light through linear mode conversion, in the
form of slightly chirped attosecond pulses [9]. CWE and
ROM have recently been discriminated experimentally
[6,7], through different intensity dependences, spectral
ranges and spectral widths of the associated harmonics
[6]. The present study extends this work by revealing
extremely different phase properties of the individual har-
monics associated to these two processes.

We start with a numerical study of the phase properties,
and concentrate on the temporal phases ¢,,(¢) of the indi-
vidual harmonics -n being the harmonic order. Nontrivial
phases of the individual harmonics are associated to devia-
tions from perfect periodicity in the train of attosecond
pulses [4]. Such deviations can result from the intensity
envelope I(¢) of the laser pulse. For instance, this time-
dependent intensity can lead to variations of the carrier-
envelope relative phase (CEP) of attosecond pulses in the
train, or to a variable time-spacing between these pulses.
The contribution of the first effect to ¢,,(¢) is independent
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of harmonic order, while the contribution of the second is
proportional to n. A temporal dependence of the target
response can also affect the periodicity of the train, and
lead to additional contributions to the phases of the har-
monics. In the case of PM’s, the density gradient at the
plasma-vacuum interface evolves during the laser pulse
because of ion motion, and this gradient influences both
CWE and ROM [7].

To quantify these different effects, we performed 2D
particle-in-cell (PIC) simulations using the relativistic ki-
netic code CALDER [15]. The reflected electromagnetic
field in vacuum is frequency filtered around a group of
harmonics, to obtain the train of attosecond pulses gener-
ated upon reflection on the plasma. Figures 1(a)—1(c) show,
for different cases, the temporal positions of the attosecond
pulses maxima within each optical cycle, #,(k) = 1, — k,
where 7, is absolute time of a maximum (in units of the
laser optical period 7;7) and k the number of the corre-
sponding laser optical cycle. The time origin is chosen
such that zeros of the laser field occur at ¢, = 0. Hollow
dots correspond to cases where the normalized vector
potential ay = eE,/wom,c at the peak of the pulse is
0.2, and CWE dominates over the entire pulse. Full tri-
angles correspond to ay = 2, and we have selected a spec-
tral range where harmonics are only due to ROM (i.e.,
harmonics beyond the maximum plasma frequency [6]).

To separate the effect of the laser intensity envelope
from that of the time-varying plasma conditions, we first
performed simulations with fixed ions [Fig. 1(a)]. In the
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FIG. 1. Emission times of CWE and ROM attosecond pulses

(superposition of harmonics 4 to 10 for CWE, and 11 to 35 for
ROM), for a plasma of maximum density 110n. (n, critical
density at the laser frequency), driven by a 35-cycle cos?(¢) laser
pulse at 45° incidence. In (a), ions are kept fixed, and the
exponential density gradient scale length is A/100 (A/30) for
CWE (ROM). (b) The chirp parameter of individual CWE
harmonics obtained from PIC simulations in this case. In
(c) ions are allowed to move, and the initial density gradient is
infinitely steep. (d) The fields of two individual CWE attosecond
pulses in the train in this case.

case of CWE, ¢, then varies by about 0.77; over the entire
laser pulse. The time spacing between successive attosec-
ond pulses, t,(k + 1) — 7,(k), increases during the laser
pulse, leading to a negative chirp (i.e., from blue to red)
of the individual harmonics. In addition, we observe that
neither the CEP phase nor the chirp of the attosecond
pulses vary significantly along the train. The variable time
spacing is thus the dominant contribution to the chirp, lead-
ing to a linear variation of the chirp parameter 9% ¢, /91> as
a function of the harmonic order n [Fig. 1(b)] [4]. In the
case of ROM, less attosecond pulses are emitted, because
of a stronger dependence of its efficiency on intensity
compared to CWE [6]. In addition, ¢, hardly varies along
the laser pulse: in strong contrast with CWE, this mecha-
nism leads to an almost perfect periodic time of emission
[16]. Since the CEP of the attosecond pulses is also ob-
served to be constant along the train, individual ROM
harmonics have a negligible temporal chirp.

To study the additional effect of the temporal evolution
of the plasma conditions, we have performed simulations
with mobile ions, with initial ion and electron temperatures
of, respectively, 0.1 and 0.5 keV [Fig. 1(c)]. The emission
time ¢, is now observed to vary in the case of ROM, but this
variation is small -less than 7, /10 over the entire laser
pulse. More striking effects occur for CWE. CWE atto-
second pulses now start to be emitted later in the 35-cycle
long (=90 fs at 800 nm) laser pulse, leading to the sup-
pression of the first part of the emission time curve ¢,(k).
This is because CWE requires a short, but nonvanishing
density gradient, to allow for light emission by plasma
oscillations [9,17]. This density gradient develops during
the laser pulse because of plasma expansion, and reaches a
scale length of about A/70 at the end of the laser pulse. In
the second half of the pulse, ¢, follows a curve similar to
what is obtained with fixed ions. In addition to this effect, a
drift of the attosecond pulses CEP now occurs between the
beginning and the end of the train, with a total amplitude of
= 77 in the present case [Fig. 1(d)].

If the same simulation of CWE—i.e. with moving
ions—is now performed with a constant laser intensity,
t, is observed to be almost constant, but the same drift of
the CEP still occurs. This leads to two conclusions.
(i) Variations of the CEP are induced by the temporal
dependence of the gradient scale length L. This is consis-
tent with the CWE model, where the field of the emitted
attosecond pulses depends on the temporal evolution of the
plasma oscillations in the density gradient, which is in turn
largely determined by the spatial profile of this gradient
[9]. (ii) Variations of ¢, are mostly due to the temporal
evolution of the laser intensity, as in the case of fixed ions,
but now with an additional temporal drift due to the influ-
ence of the gradient length on this emission time. Compar-
ing these different simulations, we find that, in the experi-
mentally relevant case of moving ions and time-dependent
laser intensity, the variation of the emission time is the
dominant contribution to the intrinsic phase of CWE har-
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monics, exceeding that of the CEP variations by a factor of
more than 10.

We now turn to experiment to test some of these pre-
dictions. We first consider the temporal-phase properties.
A nonvanishing and nontrivial (i.e., not linear) temporal
phase ¢, () of harmonic n leads, in the spectral domain, to
a broadening of the harmonic peak, compared to the case of
an harmonic pulse of same duration with no temporal
phase. If a phase ¢, (¢) is also applied to the driving laser
pulse, it combines with the intrinsic phase ¢/ induced
during the HHG process, and leads to a total phase ¢,,(r) =
@i (t) + ne, (¢). The magnitude of ¢,(), and hence the
spectral width of the harmonics, can thus be modified —
either enhanced, or reduced if ¢ (f) # 0—by using an
adequate temporal phase of the laser pulse [18].

Figure 2(a) shows the result of such a measurement for
CWE harmonics generated on a silica target, using the
UHI10 laser system at Saclay Laser Interaction Center
(SLIC), a 10-TW 60-fs 790-nm titanium:sapphire laser
system, with a temporal contrast of 107!'° obtained with
a double plasma-mirror optical switch [6,19]. The temporal
phase of the driving laser pulse was changed by applying a
chirp, simply moving one of the gratings in the compressor.
The spectral width A w of harmonic 13 was measured using
an imaging flat-field spectrometer, consisting in a toroidal
mirror followed by a flat varied line spacing grating, with a
resolution better than 10 2w, (w, being the laser fre-
quency) in this spectral range. It is plotted as a function
of the dimensionless chirp parameter ¢ of the laser pulse,

related to the pulse duration 7 by 7 = 7 4/1 + &2, where
7L 1S the Fourier-transform-limited (FTL) pulse duration.
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FIG. 2 (color online). (a) Measured spectral width of harmonic
13 generated by CWE (a, = 0.25 for FTL pulses), as a function
of the dimensionless chirp parameter ¢ of the laser pulse. The
images show HHG spectra obtained around harmonic 13 for the
two different chirps indicated on the graph. The spectral width of
harmonic 18 generated by ROM (a, = 2) with a FTL laser pulse
is shown for comparison. (b) Diameter of the CWE harmonic
beam in the far field, generated on a plastic target (orders =~ 13
to 15 filtered using a 100 nm thick Al filter), as a function of the
distance between target surface and best focus (a, = 0.6 at best
focus). The two upper images show the beam patterns for two
different positions.

As predicted by our theoretical study, Aw reaches a mini-
mum when the laser pulse is positively chirped (£ > 0),
i.e., when its phase compensates, at least partially, for the
negative intrinsic phase of the CWE harmonic.

The spectral width of the 18th ROM harmonic [6]
generated on a plastic target by a FTL 60 fs pulse from
UHII0 is also shown on this graph. It is comparable to the
smallest spectral width obtained for CWE harmonics with
a positively chirped laser pulse, although ROM harmonics
are emitted during a shorter fraction of the laser pulse
(Fig. 1). Following our numerical study, this observation
is explained by the fact that the intrinsic phase of ROM
harmonics is smaller than that of CWE.

These temporal effects have an exact analogue in the
spatial domain. In CWE, the spatial dependence of the
laser intensity at the focus results in a time of emission
of the attosecond pulses that varies spatially, and thus in an
intrinsic spatial phase i, (r) of the harmonics. This phase
increases the divergence of the harmonic beam. In analogy
to the experiment of Fig. 2(a), it can be partially compen-
sated by a spatial phase ¢ (r) of the laser beam of opposite
sign, thus leading to a reduced divergence of the harmonic
beam. i (r) can be controlled by moving the target surface
away from the best focus of the beam, to a point where the
beam wave front has a nonvanishing curvature.

Figure 2(b) shows the root-mean square radius of a CWE
harmonic beam 37 cm away from the target, as a function
of the distance between the target surface and the laser best
focus. The minimum divergence of the harmonic beam is
obtained when the best focus of the laser beam is placed
beyond the target surface: in this situation, the phase
advance of the laser field at the edges of the beam com-
pensates for the delayed emission time of the attosecond
pulses due to the lower laser intensity (Fig. 1). All these
result strongly support the numerical findings presented
above, and demonstrate the coherent control of XUV
beams emitted by overdense plasmas.

We now analyze the physics of HHG from PM’s to
interpret these results. Because it is based on a Doppler
effect, ROM is expected to generate short-wavelength light
most efficiently when outgoing Brunel electrons reach
their maximum velocity along the direction of the reflected
beam. In contrast, CWE is triggered when Brunel electrons
travel across the overdense part of the plasma. These
different stages of the Brunel mechanism correspond to
well-defined areas of the x — p, phase-space density
(where x is the spatial coordinate along the target normal)
of the plasma electrons at specific times [see white dashed
boxes in Figs. 3(a) and 3(b)]. We have therefore used the
ID% relativistic kinetic EUTERPE code [20], in the boosted
frame [21], to select the macroparticles passing through
these areas at these times. The trajectories along x of the
filtered macroparticles corresponding to Brunel electrons
involved in ROM and CWE are, respectively, shown in
Figs. 3(c) and 3(e), for two laser intensities in each case.
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FIG. 3 (color online). (a)—(b) x — p, phase-space densities of
plasma electrons at two different times, corresponding, respec-
tively, to (a) the frequency upshift of the reflected light by
relativistic outgoing Brunel electrons, and (b) to the penetration
of Brunel electrons in the density gradient. In the lower graphs,
electrons occupying the areas in the white dashed boxes have
been selected. (c) Trajectories and (d) velocity v (along specular
direction) of Brunel electrons responsible for ROM harmonics
(fixed ions with imposed gradient of L = A/30). (e) Trajectories
of Brunel electrons triggering plasma oscillations (same con-
ditions with L = A/60). In each case, two sets of trajectories are
shown, corresponding to two laser intensities. The upper panels
show the amplitude of the magnetic field B of the corresponding
attosecond pulses.

As far as ROM is concerned, outgoing Brunel electrons
always reach their maximum velocity at the same instant of
the laser optical cycle [Fig. 3(d)], whatever the laser inten-
sity. This is why the emission time of ROM attosecond
pulses does not vary with intensity [upper panel in
Figs. 3(c) and 3(d)]. In contrast, in CWE, the instant where
Brunel electrons reach the dense part of the plasma de-
pends on the laser intensity [Fig. 3(e)]. The time where
plasma oscillations are triggered therefore also depends on
intensity, and so does the emission time of the CWE atto-
second pulse they emit [upper panel in Fig. 3(e)].

In [6,9], we suggested that the variable delay in the
emission time of CWE attosecond pulses could be accu-
mulated once Brunel electrons propagate in the overdense
part of the plasma, with a velocity that depends on laser
intensity [22]. In Fig. 3(e), this effect only accounts for
about 40% of the final delay. The other contribution to the
delay comes from the fact that the turning point x, of
Brunel electrons [Fig. 3(e)] goes further toward vacuum
as intensity goes down. Because of this larger excursion,
Brunel electrons return later to the dense part of the plasma
for decreasing intensities. PIC simulations show that the
relative contribution of these two effects depends on the
gradient scale length L, the effect of the varying excursion
becoming dominant for L < A/60.

From this study, it clearly appears that high-order har-
monics from PMs provide a unique wealth of information
on the dynamics of the laser-plasma interaction, partly
encoded in their phase properties. These phase properties,
and hence the characteristics of the associated XUV light
beam, can be coherently controlled through the phase of
the driving laser field. As far as applications are concerned,
this work shows that ROM in the moderately relativistic
interaction regime present several advantages over CWE:
in addition to a greater spectral extension, the associated
harmonics should have a smaller divergence and a better
transverse coherence, due to their negligible intrinsic
phase.
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