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Abstract

A simple model is proposed to study the field generated by a 3D plasma layer. The model neglects electron–electron
interactions in the same way as occurs in the well known moving mirror models. However, the present model considers
the radiation emitted by the moving electrons in a more precise way than in the mirror models, and allows the study of
underdense or near critical plasmas. Results, including the transverse intensity profile of the driving field, are presented
that show the possibility of generating trains of attosecond pulses.

1. INTRODUCTION

Numerical simulation of the interaction of a very intense
laser beam with a plasma target implies the use of sophisti-
cated computed codes due to the presence of multiple inter-
acting electric charges. For terawatt laser pulses lasting only
a few femtoseconds, the state of the art in those simulations
are the so calledparticle-in-cellcodes~Dawson, 1983; Kruer,
1988; Birdsall & Langdon, 1991; Gibbon, 1996; Pukhov &
Meyer-ter-Vehn, 1996!. Those codes consider groups~cells!
of electrons moving at once. Of course, the ultimate goal
would be to describe each individual electron separately, but
this is beyond the capabilities of today’s computers and it is
doubtful that this has physical sense.Particle-in-cellcodes
with a 1D array of cells are feasible with current computers.
2D arrays, under certain approximations, seem feasible but
time consuming and 3Dparticle-in-cellsimulations are re-
stricted to simple cases. In the fully relativistic case, that is,
when the Liénard Wiechert correction is fundamental, as
has been shown in a recent paper by Plaja and Conejero
Jarque~1998! using a 1D model. Extension of fully relativ-
istic particle-in-cellcodes to 2 or 3D simulations seems to
be very complicated due to the anisotropy of the generated
field, and in most of the cases the simulations are restricted
to include just retardation in an approximated way.

Therefore it seems useful to generate intermediate mod-
els to understand the physical phenomenology arising from
the 3D nature of the problem. It is worth trying to describe
the underlying physics of a plasma interacting with a very
intense laser field in a way, maybe not as realistic, but cer-
tainly not as complicated as are theparticle-in-cellcodes. A
model developed in this context is the so-called moving mir-
ror model, or oscillating mirror model~Bulanov,et al., 1994;
Lichters,et al., 1996; von der Linde & Rz ˛a _zewski, 1996!.
Mirror models consider the electron plasma as a mirror that
is driven by the laser field and by a restoring force, typically
harmonic, due to the positive ions.

Perhaps the most interesting application of these simple
models is the understanding of the basic features of the
plasma dynamics that lead to surprising properties of the
generated fields. Particularly relevant seems to be the pos-
sibility that phase-locked high order harmonics of the in-
coming laser field appear. By Fourier transforming from
frequency to time domain it is straightforward to show that
phase-locked harmonics combine into a train of short pulses.
The duration of each individual pulse gets smaller as the
number of harmonics generated increases. It is widely ac-
cepted today that there are several techniques that seem to
be good candidates for the generation of extremely short
pulses, subfemtosecond, but the studied proposal using a
thin plasma slab and not requiring a filtering of the first com-
ponents seems to be very promising~Plaja,et al., 1998!

The aim of this paper is to propose a new approximated
model to describe the driven plasma based on the indepen-
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dent motion of each electron of the plasma. The model goes
one step beyond the moving mirror models, in the sense that
is able to give information on overdense as well as under-
dense or near critical plasmas, situations where most of the
light is transmitted and the idea of having a mirror, with the
total electric field vanishing at its surface, loses its sense.

After this introduction, the paper is organized in two parts.
Section 2 gives an outline of the basic ideas needed on fields,
moving charges, radiated fields and relativistic mirrors.
Section 2.1 is used to describe the model for the laser and,
particularly, for the plasma. Restoring force acting on the
electrons is introduced in this section, together with a dis-
cussion of its validity in the relativistic domain. Section 2.2
is devoted to the study of the fields generated by the moving
charges, using the well known expressions for the radiated
field. Section 2.3 reviews the moving mirror model, with the
condition of vanishing field at the mirror surface properly
stated in the strongly relativistic regime. Section 3 is de-
voted to the presentation of the new model based on inde-
pendently moving electrons. Section 3.1 studies the plane
wave situation, fully neglecting the transverse structure of
the field. This study is comparable to other existing models
~Plaja,et al., 1998!, and allows a deep understanding of the
physical mechanisms leading to the generation of very short
pulses. Section 3.2 describes the influence of the transverse
structure just at the waist of the focalized beam. Finally,
Section 3.3 discusses the applicability of the model out of
the waist, introducing a quadratic phase in addition to the
transverse intensity profile. The paper ends with a final sec-
tion devoted to conclusions.

2. FIELDS, CHARGES AND MIRRORS

2.1. Fields acting on the charges

We consider a Gaussian TEMoo mode, as schematically in-
dicated in Figure 1, in paraxial approximation, trying to de-

scribe the transverse shape and the phase relations. It is a
reasonable approximation to consider then the electric field
E is linearly polarized along they-axis, neglecting the other
two components~we will always work in the paraxial limit!.
Then the incoming electric field is given by

Ey~x, y, z, t ! 5 A
w0

w~x!
expS2

~x 2 ct!2

t2 DexpS2
y2 1 z2

w2~x!
D

3 expFikSx 1
y2 1 z2

2R~x!
DGexp~2ivt !. ~1!

The Guoy phase shift has been neglected, because we con-
sider plasma slabs with longitudinal widths much smaller
than the Rayleigh range. The transverse intensity profile is,
w~x! 5 wo~xo

21 x2!1020xo, and the transverse phase~conver-
gent and divergent part of the beam! is given by,R~x! 5
~xo

2 1 x2!0x.
In the present paper we will compare the well-known plane

wave approach, the only possibility for the moment when
working withparticle-in-cellcodes and strongly relativistic
dynamics, with results for a transverse distribution of the
field. We will restrict ourselves to the waist of the beam
because this is the point where the maximum intensity is
reached.

On the other hand, the dynamics of the electron due to this
incoming field is given by the well known Lorentz force.
However, we have also to introduce the effect of the positive
ions. To do this it is possible to assume that restoring force is
harmonic with a resonant plasma frequencyvP. Observe
that the introduction of such plasma frequency in the strongly
relativistic domain is just an approximation. The typical
model of restoring force due to the positive ions is a nonrel-
ativistic model and thus it has to be corrected in our case.
The oscillation frequency in the relativistic case is not ex-
actly the plasma frequency due to the difference between the
rest mass,m, and the relativistic mass,mg, of the moving
electron,g 5 10!12v20c2 being the standard relativistic fac-
tor for a motion with velocityv ~c stands for the speed of
light!. It is the authors opinion that working more deeply in
the meaning of such a relativistic harmonic oscillator is just
an academic problem. 1Dparticle-in-cellsimulations indi-
cate that a restoring force appears and show that for a certain
range of the electron cloud excursion, the force can be con-
sidered as harmonic. However, for large excursions of the
electrons away from the ions, restoring force begins to look
more like a capacitor force~linear potential! than an har-
monic oscillator~quadratic potential!.

In the model developed in the present paper, relativistic
dynamics of the electron driven by the Lorentz and the re-
storing forces will be given by

dp

dt
5 qE~r , t ! 1

q

c
v ∧ B~r , t ! 2 mvP

2~x 2 x0!ex. ~2!

Fig. 1. Geometry described in the present paper: a Gaussian TEMoo laser
pulse interacting with a flat and very thin plasma target. The target reflects
part of the incoming light if the plasma is underdense or acts as a total
mirror if the plasma is overdense. For simplicity we consider that the elec-
tric field is polarized along they axis, and the magnetic field lies along the
z axis, beingx the propagation direction.
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At this point it is convenient to introduce the relativistic
velocity,u 5 gv. Thus,g 5!11u20c2, and

du

dt
5

q

m
E~r , t ! 1

q

gmc
u ∧ B~r , t ! 2 vP

2~x 2 x0!ex. ~3!

Individual pairs of interacting electrons are not consid-
ered. So the present model is much simpler than aparticle-
in-cell code. Also the influence of the field generated by one
electron on the other electrons is neglected.

In coordinates,

5
dux

dt
5

q

gmc
uy Bz~x, t ! 2 vP

2~x 2 x0!

duy

dt
5

q

m
Ey~x, t ! 2

q

gmc
ux Bz~x, t !

. ~4!

Due to the geometry of this problem, with a linearly po-
larized laser field, the electron’s motion is restricted to the
xy plane~the electron is initially at rest!. Most of the new
and interesting dynamics of these models lies in the fact that
the relativistically driven harmonic oscillator presents a nice
nonlinearity due to the change of mass as the velocity in-
creases. It has been recently shown~Kim & Lee, 1995; Lee
et al., 1997! that this system is chaotic for certain ranges of
parameters. The scope of the paper is not in this dynamical
behavior but to use this strong nonlinear motion to tailor the
time profile of the reflected field.

Figure 2 shows the velocity for three different trajectories
of the speed that involve very different restoring forces. The
driving laser frequency is equal tovL 5 0.055 a.u., that cor-
responds to a wavelength in free spacel5800 nm. To reach
the strongly relativistic regime we have considered an elec-
tric field amplitudeE0 5 25 a.u., that is, an intensityI 5 2.2
1019 W0cm2. The effect of the plasma density, through the
restoring force, is studied for three different values. Fig-
ure 2a shows the motion for the case of an overdense plasma,
n510nc, nc being the critical density, that is, the density at
which the plasma frequency equals the incoming laser fre-
quency. Thereforen 5 10nc corresponds to a plasma fre-
quencyvP5 0.17 a.u.5!10vL . In this case, restoring force
dominates the motion introducing two competing frequen-
cies, plasma and laser, that lead to irregular dynamics not
very adequate for the generation of short pulses. Figure 2b
shows the motion for the case of a critical density plasma,
n 5 nc, that corresponds to a plasma frequencyvP 5
0.055 a.u. Finally, Figure 2c shows the motion for the case
of an underdense plasma,n 5 0.1nc, that corresponds to a
plasma frequencyvP 5 0.017 a.u. The two last cases show
remarkably similar and regular dynamics. Observe that the
driving laser has a Gaussian time profile exp~2t 20t2!, with
a duration equal to twenty cycles,t 5 103 2p0vL. In the
first case, dynamics during turn-on and turn-off are very dif-
ferent while in the two other cases trajectories are reversible.

2.2. Charges acting on fields

Once the dynamics of a single electron is understood, it is
necessary to compute the field generated by those charges.
The reflected far field~exactly backwards! is given by,

Ey~x, t ! 5 eF cay 2 vx ay 1 vyax

R~c 1 vx!3 D
ret

, ~5!

R is the distance from the charge to the point where the elec-
tric field is evaluated. Of course, retardation has to be in-

Fig. 2. Relativistic velocity corresponding to three different electronic
trajectories driven by a laser field of intensityI 5 2.2 1019 W0cm2 ~electric
field amplitudeE 5 25 a.u.! and frequencyvL 5 0.055 a.u.~that corre-
sponds to a wavelength of approximately 800 nm!. The laser pulse has a
Gaussian time profile with a width equal to 20 cycles. Figure 2a corre-
sponds to the overdense regime~n510nc!. Figure 2b is just for the critical
density ~n 5 nc!. Figure 2c corresponds to an underdense plasma~n 5
0.1nc!.
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cluded. In these expressions the electrons are driven only by
the incident field, not by the field generated by the other
electrons~another difference with a particle-in-cell code!.

This point introduces the main difference with the exist-
ing moving mirror models. In such models the electric field
vanishes at the mirror surface~in the mirror rest frame! as it
is going to be reviewed in the next section. Thus reflection
happens at all times, but oscillating Doppler effect enhances
it at certain times and reduces it in other parts of the oscil-
lation. Computation of the field generation from the more
accurate expression for the far field introduced at the begin-
ning of the present section indicates that the denominator
originates an enhancement of this nonlinear behavior, so the
peaks are more pronounced and there is a flat region with a
very small emitted field.

Atypical schematic trajectory of the relativistically driven
electron with a critical restoring force is shown in Figure 3.
We prefer to show a scheme instead of the draw of a real
trajectory because the motion is not fully regular. Trajecto-
ries are not totally periodic and show a drift and other irreg-
ularities due to the nonlinear behavior induced through the
quadratic denominator inside the relativistic factorg. As in-
dicated in Figure 2a for the velocities, this nonlinearity is
more evident in the overdense case and it is reasonably small
for near critical and for underdense plasmas. This figure of
eight motion in the laboratory frame has little in common
with the well known figure of eight motion of a free electron
~driven by intense laser fields! in the average rest frame.

Related to the generation of fields, Figure 3 gives a clear
idea of possible directions of generation of scattered radia-
tion. It is well known that in the strongly relativistic regime,
light is generated essentially along the direction of motion
of the electron. Therefore the field can not be generated in
the forward direction~forward in the sense of the incoming
intense field! because electrons never move along the pos-
itive x-axis. There are, however, two portions of the trajec-
tory where electrons move backwards along this axis: these
two correspond to the upper and lower parts of the figure of
eight. In one driving laser cycle the whole figure of eight is

drawn, therefore there are two moments where an intense
field is scattered backwards. Because these two portions of
the trajectory correspond to just opposite accelerations, the
generated electric fields will have opposite signs. This will
be the key point to give a physical insight of the generation
of attosecond pulses. We will come back to these ideas
later on.

2.3. Totally reflecting mirror

The standard definition of a totally reflecting mirror is given
through the condition of a vanishing electric field~Etotal 5
0!. But this condition needs to be used with care. The con-
dition is valid in a frame where the electron is at rest, there-
fore we have to convert the field from the laboratory frame
to a frame moving at the speed of the mirror.

If Ey~x, t ! andBz~x, t ! are the electric and magnetic fields,
respectively, in the laboratory frame, then in the mirror frame
the electric field is given by,

Ey
'~x, t ! 5 gSEy~x, t ! 1

v
c Bz~x, t !D5 0. ~6!

Because the electric and magnetic fields have a forward com-
ponent~1! and a backward component~2!, they can be writ-
ten in the form,

Ey~x, t ! 5 1E1~t 2 x0c! 1 E2~t 1 x0c!

Bz~x, t ! 5 2E1~t 2 x0c! 1 E2~t 1 x0c!. ~7!

The condition of vanishing field at the mirror becomes,

E2~t 1 s~t !0c! 5 2
12 v~t !0c

11 v~t !0c
E1~t 2 s~t !0c!. ~8!

A solution of this expression also shows the trains of
attosecond pulses we are looking for, but with a slightly
different time profile of the pedestals~Plaja et al., 1998!
between consecutive peaks. One difference of the moving
mirror results with theparticle-in-cellcomputations is due
to the fact that here the field is reflected backwards at all
times. In a more realistic model the reflected field is gener-
ated only at specific moments of the electron trajectory.

Working with a single frequency field and an overdense
plasma we could consider that the mirror model is essen-
tially correct. However, for attosecond pulses, generation
high order harmonics is implied. It is possible that the plasma
acts as a perfect mirror for the incoming laser but not for the
high harmonics. This is, of course, well accounted for in the
particle-in-cellsimulations.

3. PARTIALLY REFLECTING MIRROR

In this part we try to present a new model based on the mo-
tion of independent electrons. This model is able to describe
the reflected field in cases when the plasma is overdense and

Fig. 3. Schematic representation of a typical figure of eight trajectory of
the relativistic driven harmonic oscillator~close to critical!.
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also when the plasma is underdense. Electrons are driven by
the laser field and by a restoring harmonic force~at the plasma
frequency!, and dynamics can be studied as the laser fre-
quency is tuned from one side to the other of the resonance.

3.1. Plane wave model

Neglecting all transverse effects, one obtains a plane wave
model. This model improves the moving mirror, in the sense
that it is full relativistic~but has the same difficulties in or-
der to account for the beam transverse intensity profile!.

Several typical results for this case are shown in Figure 4.
Figure 4a represents the time profile of the reflected electric

field for a driving laser of intensityI 5 2.2 1019 W0cm2

~corresponding to an electric field amplitudeE 5 25 a.u.!
and frequencyvL 5 0.055 a.u.~that corresponds to a wave-
length of 800 nm!. The laser pulse is a plane wave in space
and is linearly turned on during four cycles and then it is
constant in time. The plasma layer thickness is equal tol020
~i.e., 40 nm!. The plasma frequency is equal to the laser fre-
quency,vP 5 0.055 a.u.~critical density!. Due to the fig-
ure of eight motion of the relativistically driven electrons,
the backward scattered field is no longer sinusoidal but has
a structure with sharp spikes. Therefore a train of attosecond
pulses is obtained. Pulses are not completely regular due to
the non strictly-periodic electronic trajectories, and the de-
lay between two consecutive peaks is not exactly equal to
the laser period.

Figure 4b corresponds to a thinner plasma layer~onlyl050,
that is 16 nm!, and undercritical,vP 5 0.017 a.u.~that cor-
responds to a density 10 times smaller than the critical den-
sity!. In this case—with a bit unrealistic parameters—the
structure of the attosecond peaks seems more clear. To our
knowledge, the shape of the peaks depends on two factors.
First, the relativistic trajectory has to be quasi regular. Sec-
ond, the plasma thickness influences the relative phases of
the light scattered back at each plane, and the width of each
peak increases with the thickness. The width of the peaks is
proportional tod0c ~d being the thickness of the plasma
layer!, as long as it is smaller than half of the optical period.

Just for comparison, a case where the reflected wave looks
sinusoidal is included in Figure 4c. It corresponds to an in-
tensity I 5 3.5 1018 W0cm2 ~corresponding to an electric
field amplitudeE510 a.u.! and a frequencyvL 5 0.055 a.u.
~a wavelength of 800 nm!. The plasma layer, of thickness
l010, is underdense, withvP 5 0.017 a.u.~that corresponds
to a density 10 times smaller than the critical density!. The
laser frequency and intensity are chosen so that the electron
motion becomes slightly relativistic and the radiated field
begins to show the signature of the trains of short pulses.

The problem with all these results is that a plane wave
model does not take into account the transverse profile. Elec-
trons at different parts of the target will experience fields
with different amplitude~and phase—if out of the waist!.
Therefore we would like to know the influence of a trans-
verse profile.

3.2. Transverse profile at the waist

Assume that the plasma slab is located just at the waist of the
laser beam, and assume that the target is much thinner than
the wavelength~otherwise attosecond peaks will not ap-
pear!. This model takes into account the coherent sum of the
fields generated by electrons at different positions~elec-
trons that feel different laser intensities!. Assume that the
target is located just at the waist of the laser beam~only a
transverse distribution of amplitudes and not of phases!, and
assume that the target is much thinner than the wavelength.

Fig. 4. Time profile of the reflected electric field for different parameters
but always in the plane wave model, that is, with a constant transverse
intensity profile. The laser pulse is a plane wave in space and is linearly
turned on during four cycles and then it is constant in time. Figure 4a cor-
responds to a laser of intensityI 52.2 1019 W0cm2 ~electric field amplitude
E 5 25 a.u.! and frequencyvL 5 0.055 a.u.~800 nm wavelength!. The
plasma layer thickness is equal tol020~i.e., 40 nm!. The plasma frequency
is equal to the laser frequency,vP 5 0.055 a.u.~critical density!. Figure 4b
corresponds to the same field but to a thinner plasma layer~only l050, that
is 16 nm!, and undercritical,vP 5 0.017 a.u. Figure 4c corresponds to an
intensity I 5 3.5 1018 W0cm2 ~electric field amplitudeE 5 10 a.u.! and
frequencyvL 5 0.055 a.u.~800 nm wavelength!, and a plasma layer of
thicknessl010 and underdense,vP 5 0.017 a.u. The horizontal arrows
indicate the laser period,T 5 2p0vL. Vertical scale gives the reflected
electric field in arbitrary units.

Attosecond pulses from a moving plasma 471

https://doi.org/10.1017/S0263034600183168 Published online by Cambridge University Press

https://doi.org/10.1017/S0263034600183168


The incoming field is a plane wavefront~ yz-plane!, there-
fore to study the reflected field we can consider a parallel
plane wavefront. To compute the reflected field we need to
compute the fieldEy~x0, y0, z0, t !, for a very large value of
x0 ~far field!, and for the transverse coordinatesy0, z0, equal
to the coordinates of the considered electron. We need to
compute emission just along thex-axis. Then all those fields
can be simply added~as amplitudes! to get the output. Thus
the reflected field at each point is added in a way that cor-
responds to focus the far field atx r 2`.

Each point of the target is driven by a laser field of am-
plitude proportional to, exp@2~ y2 1 z2!0w0

2# . If the trans-
verse profile is changing slowly~largew0, compared with
the wavelength! then the introduction of this transverse struc-
ture is like an integral of different concentric rings, each one
comparable to the case studied in Section 3.1.

When adding~coherently! the contributions of all those
points, adding electrons that feel different laser intensities,
we find a reflected field profile showing the same trains of
attosecond pulses.

The field generated by each individual electron,i , is
given by

Ey
i ~x, t ! 5 e

cay
i 2 vxi ay

i 1 vyi ax
i

R~c 1 vxi !3 #ret ~9!

R being the distance to the wavefront, that is, the distance
along thex-axis~ y andzbeing constant!. Summation for all
charges in the target gives,

Ey~x, t ! 5 (
i

cay
i 2 vxi ay

i 1 vyi ax
i

R~c 1 vxi !3 #ret , ~10!

the indexi indicates the different point charges in the target.
In other words, this is equivalent to consider only fields in
thex direction and consider charges that—being at the same
point—feel different laser intensities, and then adding all
the fields.

Results for this case with a beam waist equal to 10 wave-
lengths is shown in Figures 5 and 6 for different choices of
the parameters, also showing the robustness of the present
model. Figure 5 illustrates the dependence with the plasma
density. It corresponds to the case of a Gaussian transverse
intensity profile exp@2~ y2 1 z2!0~10l!2# ~waist equal to 20
wavelengths! and without relative phases~plasma target just
at the waist of the laser beam!. These drawings correspond
to an intensityI 5 2.2 1019 W0cm2 ~electric field amplitude
E 5 25 a.u.! and a frequencyvL 5 0.055 a.u.~wavelength
l5800 nm!. The field amplitude increases with a turn on of
6 cycles and it is then constant. The plasma layer thickness
is l05 is a bit too big to obtain nice attosecond peaks, but it
is very convenient to check the effects of the plasma density.
The three drawings correspond to three different values of
the plasma density. Figure 5a corresponds to an underdense
plasman 5 0.1 nc ~plasma frequencyvP 5 0.017 a.u.!. In
this figure only one or two nice peaks appear~the rest is

averaged by the plasma thickness and by the space intensity
profile!. Figure 5b corresponds to a plasma with just the
critical densityn5 nc ~plasma frequencyvP 5 0.055 a.u.5
vL equal to laser frequency!. Finally, Figure 5c corresponds
to a overdense plasman 5 10 nc ~plasma frequencyvP 5
0.17 a.u.!. All cases evidence the need of thinner plasma
layers, as presented in Figure 6. Figure 6a corresponds ex-
actly to the same parameters as Figure 5b~plasma with just
the critical densityn 5 nc! but with a plasma layer equal to
l020. Figure 6b to a layer of onlyl050. The influence of the
thickness of the plasma layers seems fundamental for the
generation of trains of short pulses.

Since the appearance of the trains of attosecond peaks
requires a very high intensity, it is necessary to focus the
beam over a very small spot. As a general conclusion we
have observed that the beam profile can be taken into ac-
count and the attos profile still remains on.

Fig. 5. Time profile of the reflected electric field for the case of a Gaussian
transverse intensity profile exp@2~ y2 1 z2!0~10 l!2# ~waist equal to 20
wavelengths! and without relative phases~plasma target just at the waist of
the laser beam!. These drawings correspond to an intensityI 5 2.2 1019

W0cm2 ~electric field amplitudeE525 a.u.! and a frequencyvL50.055 a.u.
~wavelengthl 5 800nm!. The field amplitude increases with a turn on of
six cycles and it is then constant. The plasma layer thickness isl05. The
three drawings correspond to three different values of the plasma density.
Figure 5a corresponds to an underdense plasman 5 0.1 nc ~plasma fre-
quencyvP 5 0.017 a.u.!. Figure 5b corresponds to a plasma with just the
critical densityn 5 nc ~plasma frequencyvP 5 0.055 a.u.5 vL equal to
laser frequency!. Finally, Figure 5c corresponds to a overdense plasma
n510nc ~plasma frequencyvP50.17 a.u.!. The horizontal arrows indicate
the laser period,T5 2p0vL. The vertical scale gives the reflected electric
field in arbitrary units.
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3.3. Description of a realistic beam focus profile

With the present model it is also possible to consider that the
target is located before of after the beam waist. In this case
it is necessary to introduce a dephasing~quadratic! from point
to point, and the rest of the model is still valid. For the par-
axial beam introduced at the beginning of the paper, this
quadratic dephasing is given by exp@ik~ y2 1 z2!02R~x!# .
Notice that it can be equivalently obtained with a spherical
optical component in paraxial approximation. Of course, the
transverse intensity profile, exp@2~ y2 1 z2!0w2~x!# must
also be taken into account.

In this case, we can consider that the target surface is
divided in concentric circles~with center in the beam axis!
and that each circle generates attosecond peaks with a given
phase. The summation of all those attosecond peaks, in prin-
ciple should be something like the summation with a shift
~given by that phase!. If the weight of each one is the same,
then the result averages to zero. However, the weight of the
phase at they, z point depends on the area of this ring~as a
surface differential!. The larger is the radius the bigger is the
contribution of this ring. As we pass the waist then the in-

tensity drops and those outer rings come to be less impor-
tant. This difference of weights causes that the averaging
does not to fall to zero, instead it has a nice structure of
broad peaks with a few very narrow ones that remain in cer-
tain cases. However, due to the dependence of the results of
the rest of the parameters it does not seem convenient to
include drawings on this.

In any case, if we are interested in collecting much of the
light reflected at this partial mirror, we need to work at the
geometrical image. In this case the phase difference intro-
duced by the quadratic dephasing has to be compensated by
an optical element. This means that we are in fact in a situ-
ation similar to Section 3.2. Even being out of the waist, the
fields reflected at each point have to be added up—without
additional phases—if working close to the geometrical im-
age of a convenient optical system. Therefore the result of
Section 6 is of general applicability.

4. CONCLUSIONS

A model consistent of independent fully relativistic moving
charges is introduced to describe the interaction of a plasma
with a very intense laser pulse. The influence of the positive
ions is considered through a restoring force~harmonic os-
cillator!. Results of the model go one step further than the
well known moving mirror models, are relatively simple,
and agree with the phenomenology observed in more elab-
orated simulations, as theparticle-in-cellcodes.

Previous published models to describe this experimen-
tally feasible situation only considered plane wave beam pro-
files. The proposed model is able to give an insight on the
effect of a transverse profile of the beam. The results of the
model can not be considered qualitatively because electron–
electron repulsion has been neglected.

The model gives additional indications that trains of very
short pulses are expected to be found in the reflected light,
even when working with a small focal spot and a transverse
intensity profile. The parameters of intensity and frequency
seem feasible with today’s lasers, and many other relativis-
tic effects have been already found in experiments. Probably
the main problem, from the experimental point of view, to
check the results proposed in this paper is the impossibility
to detect such subfemtosecond time profile.
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Fig. 6. Time profile of the reflected electric field for the case of a Gaussian
transverse intensity profile exp@2~ y2 1 z2!0~10 l!2# ~waist equal to 20
wavelengths! and without relative phases~plasma target just at the waist of
the laser beam!. These drawings correspond to an incident laser intensity
I 5 2.2 1019 W0cm2 ~electric field amplitudeE5 25 a.u.! and a frequency
vL 5 0.055 a.u.~wavelengthl 5 800nm!. The field amplitude increases
with a turn on of six cycles and it is then constant. The figures correspond
to a plasma with just the critical densityn 5 nc ~plasma frequencyvP 5
0.055 a.u.5 vL equal to laser frequency!. These results show the influence
of the plasma layer thickness. Figure 6a corresponds to a plasma layer
equal tol020. Figure 6b to a layer of onlyl050. The horizontal arrows
indicate the laser period,T5 2p0vL. The vertical scale gives the reflected
electric field in arbitrary units.
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Fig. 7. Transverse profile of the plasma layer. Corre-
sponds to the same parameters as the last drawing in
Figure 4. To analyze the motion of the plasma layer the
horizontal scale is enlarged 100 times. The scale is given
by the central cross~centered at the waist!: each hori-
zontal arm length is equal tol0100, each vertical arm
length is equal tol. Therefore, the initial thickness of
the plasma layer is equal tol050.
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