Laser and Particle Beam@000, 18, 467—475. Printed in the USA.
Copyright © 2000 Cambridge University Press 0263-0206$12.50

Beyond the moving mirror model: Attosecond pulses
from a relativistically moving plasma

L. ROSO! L. PLAJA? K. RZAZEWSKI2 anp D. VON DER LINDE*

1Departamento de Fisica Aplicada, Universidad de Salamanca, E-37008 Salamanca, Spain

2Fakultat fir Physik, Universitat Bielefeld D-33501 Bielefeld, Germany

3Center for Theoretical Physics and College of Science, Polish Academy of Sciences, Aleja Lotnjiktsy 32
02-668 Warsaw, Poland

4Institute fiir Laser- und Plasmaphysik, Universitat Essen D-45117 Essen, Germany

(RECEIVED 21 July 1999 AccepTED 31 October 1999

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 Therefore it seems useful to generate intermediate mod-

els to understand the physical phenomenology arising from
Numerical simulation of the interaction of a very intensethe 3D nature of the problem. It is worth trying to describe
laser beam with a plasma target implies the use of sophistthe underlying physics of a plasma interacting with a very
cated computed codes due to the presence of multiple intemtense laser field in a way, maybe not as realistic, but cer-
acting electric charges. For terawatt laser pulses lasting onlainly not as complicated as are tharticle-in-cellcodes. A
a few femtoseconds, the state of the art in those simulationsiodel developed in this contextis the so-called moving mir-
are the so calleparticle-in-cellcodeg Dawson, 1983; Kruer, ror model, or oscillating mirror modéBulanov,et al.,, 1994;
1988; Birdsall & Langdon, 1991; Gibbon, 1996; Pukhov & Lichters,et al,, 1996; von der Linde & Razewski, 1996.
Meyer-ter-Vehn, 1996 Those codes consider grougslls) Mirror models consider the electron plasma as a mirror that
of electrons moving at once. Of course, the ultimate goals driven by the laser field and by a restoring force, typically
would be to describe each individual electron separately, butarmonic, due to the positive ions.
this is beyond the capabilities of today’s computers and itis Perhaps the most interesting application of these simple
doubtful that this has physical sen&article-in-cellcodes models is the understanding of the basic features of the
with a 1D array of cells are feasible with current computersplasma dynamics that lead to surprising properties of the
2D arrays, under certain approximations, seem feasible bugenerated fields. Particularly relevant seems to be the pos-
time consuming and 3Particle-in-cellsimulations are re-  sibility that phase-locked high order harmonics of the in-
stricted to simple cases. In the fully relativistic case, thatiscoming laser field appear. By Fourier transforming from
when the Liénard Wiechert correction is fundamental, agrequency to time domain it is straightforward to show that
has been shown in a recent paper by Plaja and Conejefhase-locked harmonics combine into a train of short pulses.
Jarqueg(1998 using a 1D model. Extension of fully relativ- The duration of each individual pulse gets smaller as the
istic particle-in-cellcodes to 2 or 3D simulations seems to number of harmonics generated increases. It is widely ac-
be very complicated due to the anisotropy of the generatedepted today that there are several techniques that seem to
field, and in most of the cases the simulations are restrictetle good candidates for the generation of extremely short
to include just retardation in an approximated way. pulses, subfemtosecond, but the studied proposal using a

thin plasma slab and not requiring afiltering of the first com-
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dent motion of each electron of the plasma. The model goescribe the transverse shape and the phase relations. It is a
one step beyond the moving mirror models, in the sense thatasonable approximation to consider then the electric field
is able to give information on overdense as well as underk is linearly polarized along thgaxis, neglecting the other
dense or near critical plasmas, situations where most of thievo componentéwe will always work in the paraxial limjt
lightis transmitted and the idea of having a mirror, with the Then the incoming electric field is given by
total electric field vanishing at its surface, loses its sense.

After this introduction, the paper is organized in two parts.

. . . L : Wo (x—ct)? y? + 72
Section 2 gives an outline of the basic ideas needed on fields, (x,y,z,t) = A exp| — > -
moving charges, radiated fields and relativistic mirrors. (x) T w=(%)
Section 2.1 is used to describe the model for the laser and,
particularly, for the plasma. Restoring force acting on the . y>+2° .
electrons is introduced in this section, together with a dis- x exp)ik\x+ 2R(x) exp(—iwt). @

cussion of its validity in the relativistic domain. Section 2.2
is devoted to the study of the fields generated by the movin

charges, using the well known expressions for the radiate he Guoy phase shift has been neglected, because we con-

Sider plasma slabs with longitudinal widths much smaller

field. Section 2.3 reviews the moving mirror model, with the . . . N
condition of vanishing field at the mirror surface properly than the Rayleigh range. The transverse intensity profile is,
W(X) = wo(x2 + x?)¥2/x,, and the transverse phasenver-

stated in the strongly relativistic regime. Section 3 is de- ; R -
voted to the presentation of the new model based on indegent and divergent part of the beaa given by,R(x) =

) . : 2+ x2)/x.
pendently moving electrons. Section 3.1 studies the plangxolntr?e)/rxesent aer we will compare the well-known plane
wave situation, fully neglecting the transverse structure of P pap b P

the field. This study is comparable to other existing models" 2ve approach, the only possibility for the moment when

(Plaja.et al, 1998, and allows a deep understanding of theWorkmg with partlcle in-cellcodes and strongly rel_at|V|st|c
. . . . ynamics, with results for a transverse distribution of the
physical mechanisms leading to the generation of very shor, . . :
X ) . leld. We will restrict ourselves to the waist of the beam
pulses. Section 3.2 describes the influence of the transverse o ) : . o
. . : . ecause this is the point where the maximum intensity is
structure just at the waist of the focalized beam. Finally,

. . - eached.
Sect|or_1 3':.3 d|scus§es the appllgablllty of.the mpdel out of Onthe other hand, the dynamics of the electron due to this
the waist, introducing a quadratic phase in addition to the

) : . . : incoming field is given by the well known Lorentz force.
transverse intensity profile. The paper ends with a final sec; . o
. . However, we have also to introduce the effect of the positive

tion devoted to conclusions. . o . : .
ions. To do this itis possible to assume that restoring force is
harmonic with a resonant plasma frequengy. Observe

2. FIELDS, CHARGES AND MIRRORS thatt_h_e|r_1tr0duct|_on_0f_such plasmafre_quencylnthe strqngly
relativistic domain is just an approximation. The typical
model of restoring force due to the positive ions is a nonrel-

2.1. Fields acting on the charges ativistic model and thus it has to be corrected in our case.
The oscillation frequency in the relativistic case is not ex-

We consider a Gaussian TEMoo mode, as schematically iractly the plasma frequency due to the difference between the

dicated in Figure 1, in paraxial approximation, trying to de-rest massm, and the relativistic masspy, of the moving
electron;y = 1/A/1-v%c? being the standard relativistic fac-

tor for a motion with velocity (c stands for the speed of

light). It is the authors opinion that working more deeply in
moving the meaning of such a relativ_istic_ harmonic osc_:illato_r is_ just

an academic problem. 1particle-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 forcélinear potentigl than an har-
monic oscillator{quadratic potential

In the model developed in the present paper, relativistic

Fig. 1. Geometry described in the present paper: a Gaussian TEMoo IaseqynamICS of the electron driven by the Lorentz and the re-

pulse interacting with a flat and very thin plasma target. The target reflect$Storing forces will be given by

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 f_ield is_ polarized along tha)_(is, gnd the magnetic field lies along the ap = gE(r,t) + q v OB(r,t) — mwd(X — Xo) €. 2)
zaxis, beingx the propagation direction. dt c

plasma

laser beam

waist  g(t)
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At this point it is convenient to introduce the relativistic C

velocity,u = yv. Thus,y = V1+u?%c?, and 2a)

overdense

M9t - OB - wRx—x)e.  (3)
dt m ' ymc ’ P o

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

In coordinates,

2b)
du, g ) critical
at —ymcusz(x,t) wp(X = Xo)

q

du, q '
i mEy(x,t) ymcusz(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 , i : , ,
and interesting dynamics of these models lies in the fact that -C 0 C
the relativistically driven harmonic oscillator presents a nice
nonlinearity due to the change of mass as the velocity in- ¢ 4
creases. It has been recently shaim & 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 tg9 = 0.055 a.u., that cor-
responds to a wavelength in free space800 nm. To reach
the strongly relativistic regime we have considered an elec-
tric field amplitudeEy = 25 a.u., that is, an intensity= 2.2
10'°® W/cm? The effect of the plasma density, through the
restoring force, is studied for three different values. I:ig'Fig. 2. Relativistic velocity corresponding to three different electronic
ure 2a shows the motion for the case of an overdense plasmgajectories driven by a laser field of intenslty: 2.2 10:° W/cm? (electric
n = 10n., n. being the critical density, that is, the density at field amplitudeE = 25 a.u) and frequencys. = 0.055 a.u(that corre-
which the plasma frequency equals the incoming laser fresponds to a wavelength of approximately 800)niihe laser pulse has a
quency. Therefore = 10n, corresponds to a plasma fre- Gaussian time profile with §W|dth equal'to 20 cycl.es. Figure 2_a_ corre-

. . sponds to the overdense regifme=10n.). Figure 2b is just for the critical
quencywp =0.17 a.u= V10w, . Inthis case, restoring force density (n = n¢). Figure 2c corresponds to an underdense plagma
dominates the motion introducing two competing frequen-o.1n,).
cies, plasma and laser, that lead to irregular dynamics not
very adequate _for the generation of sr_lc_)rt pulses_. Figure 29.2. Charges acting on fields
shows the motion for the case of a critical density plasma,
n = ng, that corresponds to a plasma frequenay = Once the dynamics of a single electron is understood, it is
0.055 a.u. Finally, Figure 2c shows the motion for the casaecessary to compute the field generated by those charges.
of an underdense plasma= 0.1n., that corresponds to a The reflected far fieldexactly backwardsis given by,
plasma frequencyp = 0.017 a.u. The two last cases show
remarkably similar and regular dynamics. Observe that the
driving laser has a Gaussian time profile éxp?/72), with
a duration equal to twenty cycles,= 10 X 27/w, . In the
first case, dynamics during turn-on and turn-off are very dif-Ris the distance from the charge to the point where the elec-
ferent while in the two other cases trajectories are reversibldric field is evaluated. Of course, retardation has to be in-

2¢)
underdense

velocity

E/(x,t) = e[ (5)

Cay — vyay + vyay
R(c+ Ux)3 ret’
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cluded. In these expressions the electrons are driven only bgrawn, therefore there are two moments where an intense

the incident field, not by the field generated by the otherfield is scattered backwards. Because these two portions of

electronganother difference with a particle-in-cell cgde  the trajectory correspond to just opposite accelerations, the
This point introduces the main difference with the exist-generated electric fields will have opposite signs. This will

ing moving mirror models. In such models the electric field be the key point to give a physical insight of the generation

vanishes at the mirror surfa¢i@ the mirror rest frameasit  of attosecond pulses. We will come back to these ideas

is going to be reviewed in the next section. Thus reflectionlater on.

happens at all times, but oscillating Doppler effect enhances

it e}t certain time; and reduqes itin othe'r parts of the oscil-, 3 Totally reflecting mirror

lation. Computation of the field generation from the more

accurate expression for the far field introduced at the beginT he standard definition of a totally reflecting mirror is given

ning of the present section indicates that the denominatdhrough the condition of a vanishing electric fielBow =

originates an enhancement of this nonlinear behavior, so tH®). But this condition needs to be used with care. The con-

peaks are more pronounced and there is a flat region with dition is valid in a frame where the electron is at rest, there-

very small emitted field. fore we have to convert the field from the laboratory frame
Atypical schematic trajectory of the relativistically driven to & frame moving at the speed of the mirror.

electron with a critical restoring force is shown in Figure 3. If Ey(X,t) andB,(x, t) are the electric and magnetic fields,

We prefer to show a scheme instead of the draw of a redlespectively, inthe laboratory frame, then in the mirror frame

trajectory because the motion is not fully regular. Trajecto-the electric field is given by,

ries are not totally periodic and show a drift and other irreg-

ularities_due to th_e non!ine_ar behavior_ i_nd_uced thrOL_Jgh the E)(x,t) = y(Ey(x,t) L2 Bz(x,t)> -0 ©6)

guadratic denominator inside the relativistic facgoAs in- ¢

dicated in Figure 2a for the velocities, this nonlinearity is

more evident in the overdense case and itis reasonably smaifcause the eIectnclfmd magnetic fields T]ave aforward com-
for near critical and for underdense plasmas. This figure oP°Nent+) and a backward componeint), they can be writ-

eight motion in the laboratory frame has little in common €N in the form,
with the well known figure of eight motion of a free electron
(driven by intense laser fielgén 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. Itis well known that in the strongly relativistic regime, 1y o gition of vanishing field at the mirror becomes,
light is generated essentially along the direction of motion
of the electron. Therefore the field can not be generated in 1-u(t)/c
the forward directiorfforward in the sense of the incoming E (t+s(t)/c) = 1)/
intense field because electrons never move along the pos-
itive x-axis. There are, hOWGVEf, two portions of the trajec- A solution of this expression also shows the trains of
tory where electrons move backwards along this axis: thesgttosecond pulses we are looking for, but with a slightly
two correspond to the upper and lower parts of the figure ofjifferent time profile of the pedestai®lajaet al., 1999
eight. In one driving laser cycle the whole figure of eight is petween 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.
electric Working with a single frequency field and an overdense
Y| field plasma we could consider that the mirror model is essen-
tially correct. However, for attosecond pulses, generation
high order harmonicsisimplied. Itis possible that the plasma
: acts as a perfect mirror for the incoming laser but not for the
magnetic high harmonics. This is, of course, well accounted for in the
field particle-in-cellsimulations.

E,(x,t) = +E*(t —x/c) + E~(t + x/c)

B,(x,t) = —E*(t — x/c) + E~(t + x/c). (7)

E*(t—s(t)/c). ®

ation g

3. PARTIALLY REFLECTING MIRROR

In this part we try to present a new model based on the mo-
Fig. 3. Schematic representation of a typical figure of eight trajectory of tion of mdepepdent electrons. This model is .able to describe
the relativistic driven harmonic oscillatéelose to critical. the reflected field in cases when the plasma is overdense and
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also when the plasma is underdense. Electrons are driven lield for a driving laser of intensity = 2.2 10'° W/cm?

the laser field and by a restoring harmonic fofagthe plasma  (corresponding to an electric field amplituée= 25 a.u)

frequency, and dynamics can be studied as the laser freand frequencw, = 0.055 a.u(that corresponds to a wave-

guency is tuned from one side to the other of the resonancéength of 800 nmy. The laser pulse is a plane wave in space
and is linearly turned on during four cycles and then it is
constantintime. The plasma layer thickness is equal 20

3.1. Plane wave model (i.e., 40 nm. The plasma frequency is equal to the laser fre-

yduency,op = 0.055 a.u/(critical density. Due to the fig-

dire of eight motion of the relativistically driven electrons,

that it is full relativistic(but has the same difficulties in or- € Packward scattered field is no longer sinusoidal but has

der to account for the beam transverse intensity profile astructure W|t_h sharp spikes. Therefore a train of attosecond

Several typical results for this case are shown in Figure 4PUlSes is obtained. Pulses are not completely regular due to

Figure 4arepresents the time profile of the reflected eIectri(Ehe non strictly-periodic elgctromc tra_Jectones, and the de-
lay between two consecutive peaks is not exactly equal to

the laser period.
Figure 4b corresponds to a thinner plasma l&grly A/50,
that is 16 nm, and undercriticalpp = 0.017 a.u(that cor-
responds to a density 10 times smaller than the critical den-
J sity). In this case—with a bit unrealistic parameters—the

Neglecting all transverse effects, one obtains a plane wa
model. This model improves the moving mirror, in the sens

4a)

<

" ﬂ ) knowledge, the shape of the peaks depends on two factors.

- vy U First, the relativistic trajectory has to be quasi regular. Sec-
ond, the plasma thickness influences the relative phases of
reflected far field the light scattered back at each plane, and the width of each
peak increases with the thickness. The width of the peaks is

proportional tod/c (d being the thickness of the plasma

layen), as long as it is smaller than half of the optical period.
Just for comparison, a case where the reflected wave looks

L

structure of the attosecond peaks seems more clear. To our

4b)

sinusoidal is included in Figure 4c. It corresponds to an in-
tensity| = 3.5 10"® W/cm? (corresponding to an electric
field amplitudeE = 10 a.u) and a frequency, = 0.055 a.u.
(a wavelength of 800 ninThe plasma layer, of thickness
reflected far field A/10, is underdense, withp = 0.017 a.u(that corresponds
to a density 10 times smaller than the critical densitihe
laser frequency and intensity are chosen so that the electron
4¢) motion becomes slightly relativistic and the radiated field
T begins to show the signature of the trains of short pulses.
- The problem with all these results is that a plane wave
< A model does nottake into account the transverse profile. Elec-
\/ U U U 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.

reflected far field

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 lineary3.2. Transverse profile at the waist

turned on during four cycles and then it is constant in time. Figure 4a cor-

responds to a laser of intenslty: 2.2 10" W/cm? (electric field amplitude Assume that the plasma slab is located just at the waist of the

E = 25 a.u) and frequencyw, = 0.055 a.u.(800 nm wavelength The . .
plasma layer thickness is equalte20(i.e., 40 nm. The plasma frequency laser beam, and assume that the target is much thinner than

is equal to the laser frequenay, = 0.055 a.u(critical density. Figure 40 the wavelength(otherwise attosecond peaks will not ap-
corresponds to the same field but to a thinner plasma laygy /50, that ~ pead. This model takes into account the coherent sum of the
is 16 nm), and undercriticalpp = 0.017 a.u. Figure 4c corresponds to an fields generated by electrons at different positigakec-
intensity | = 3.5 10 W/cm? (electric field amplitudeE = 10 aw and o5 that feel different laser intensitjedssume that the
frequencyw, = 0.055 a.u.(800 nm wavelength and a plasma layer of ¢ tis | ted iust at th ist of the | bean
thicknessA/10 and underdenseyp = 0.017 a.u. The horizontal arrows arget s 0C<’:'1 e . Jus, atthe Wa}ls 0 e laser beta ya
indicate the laser period; = 27/w,. Vertical scale gives the reflected transverse distribution of amplitudes and not of phasewl

electric field in arbitrary units. assume that the target is much thinner than the wavelength.
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The incoming field is a plane wavefrofyzplane, there- 5a)
fore to study the reflected field we can consider a parallel
plane wavefront. To compute the reflected field we need to ;_F’
compute the fieldE,(Xo, Yo, Zo, t), for a very large value of A 7’& A
Xo (far field), and for the transverse coordinaygszy, equal < AWAWAW WA v
to the coordinates of the considered electron. We need to K(
compute emission just along tkeaxis. Then all those fields reflected far field 1

can be simply adde@hs amplitudesto get the output. Thus

the reflected field at each point is added in a way that cor-

responds to focus the far field at> —co. 5b)
Each point of the target is driven by a laser field of am-

plitude proportional to, exp-(y? + z2)mg]. If the trans-

<
verse profile is changing slowlglargew,, compared with A A j\ L A

the wavelengththen the introduction of this transverse struc- v W
ture is like an integral of different concentric rings, eachone . gected far field \{ (
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, 5¢)

we find a reflected field profile showing the same trains of
attosecond pulses.

The field generated by each individual electronjs
given by

) o o reflected far field
cay — vyay + vy ay

E;,(X,t) =e R(C+U)i()3 ]ret

©)

Fig. 5. Time profile of the reflected electric field for the case of a Gaussian

. . . . ransverse intensity profile ekp(y? + z2)/(10 1)?] (waist equal to 20
R belng the distance to the wavefront, that is, the dIStanC(vgvavelengthSand without relative phaséplasma target just at the waist of

along thex-axis(y andzbeing constant Summation for all  the jaser beam These drawings correspond to an intensity 2.2 13

charges in the target gives, W/cm? (electric field amplitud& = 25 a.u) and a frequency, = 0.055a.u.
(wavelengthh = 800nm). The field amplitude increases with a turn on of
Caiy —vial +vial six cycles and it is then constant. The plasma layer thicknes#5isThe
E/(x,t) = > R(Tyvi)sy]ret’ (10 three drawings correspond to three different values of the plasma density.
I X

Figure 5a corresponds to an underdense plasma).1 n; (plasma fre-
) S ] ) ) quencywp = 0.017 a.u). Figure 5b corresponds to a plasma with just the
the index indicates the different point charges in the target.critical densityn = n, (plasma frequencywe = 0.055 a.u= w, equal to

In other words, this is equivalent to consider only fields inlaser frequency Finally, Figure 5c corresponds to a overdense plasma
thex direction and consider charges that—being at the sam@=10nc (plasma frequencye = 0.17 a.ul. The horizontal arrows indicate
point—feel different laser intensities, and then adding a”:_he Ia_lser p_erlodT= '27T/w|_. The vertical scale gives the reflected electric
. ield in arbitrary units.

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 ofaveraged by the plasma thickness and by the space intensity
the parameters, also showing the robustness of the presemtofile). Figure 5b corresponds to a plasma with just the
model. Figure 5 illustrates the dependence with the plasmeritical densityn = n; (plasma frequencyp = 0.055 a.u=
density. It corresponds to the case of a Gaussian transverag equal to laser frequengyFinally, Figure 5¢ corresponds
intensity profile expp—(y? + z2)/(101)?] (waist equal to 20  to a overdense plasnra= 10 n. (plasma frequencyp =
wavelengthsand without relative phaséplasmatargetjust 0.17 a.u).. All cases evidence the need of thinner plasma
at the waist of the laser beanThese drawings correspond layers, as presented in Figure 6. Figure 6a corresponds ex-
to an intensityl = 2.2 10" W/cm? (electric field amplitude  actly to the same parameters as Figurémasma with just
E = 25 a.u) and a frequencw, = 0.055 a.u(wavelength the critical densityn = n.) but with a plasma layer equal to
A =800 nm. The field amplitude increases with a turn on of A/20. Figure 6b to a layer of only/50. The influence of the
6 cycles and it is then constant. The plasma layer thicknesthickness of the plasma layers seems fundamental for the
is A/5 is a bit too big to obtain nice attosecond peaks, but igeneration of trains of short pulses.
is very convenient to check the effects of the plasma density. Since the appearance of the trains of attosecond peaks
The three drawings correspond to three different values ofequires a very high intensity, it is necessary to focus the
the plasma density. Figure 5a corresponds to an underdenbeam over a very small spot. As a general conclusion we
plasman = 0.1 n; (plasma frequency, = 0.017 a.u. In have observed that the beam profile can be taken into ac-
this figure only one or two nice peaks appdtre rest is count and the attos profile still remains on.
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tensity drops and those outer rings come to be less impor-
6a) o ; .

tant. This difference of weights causes that the averaging

T 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-
N JL J L tain cases. However, due to the dependence of the results of

< T : :

I - X 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

6b) fields reflected at each point have to be added up—without
T ‘ additional phases—if working close to the geometrical im-
> : .
age of a convenient optical system. Therefore the result of
< A v Section 6 is of general applicability.

reflected far field

reflected far field

4. CONCLUSIONS

Fig. 6. Time profile of the reflected electric field for the case of a GaussianA model _CO_nSIStent of mdepen_dent fUI_Iy relat|y|st|c moving
transverse intensity profile efp(y2 + z2)/(10 A)2] (waist equal to 20 charges is introduced to describe the interaction of a plasma
wavelengthsand without relative phaséplasma target just at the waist of  With a very intense laser pulse. The influence of the positive
the laser beajn These drawings correspond to an incident laser intensityjons is considered through a restoring fotb@armonic os-
I =2.210° W/cm? (electric field amplitudeE = 25 a.u) and a frequency  cjjjator). Results of the model go one step further than the
w = 0.055 a.u(wavelengthh = 800nm). The field amplitude increases . . . .
with a turn on of six cycles and it is then constant. The figures correspon()Ne” known mOV|ng mirror models, are relatlv,e'y Slmple,
to a plasma with just the critical density= n, (plasma frequency, =  @nd agree with the phenomenology observed in more elab-
0.055 a.u= w_equal to laser frequengyThese results show the influence Orated simulations, as thparticle-in-cellcodes.
of the plasma layer thickness. Figure 6a corresponds to a plasma layer Previous published models to describe this experimen-
equal toA/20. Figure 6b to a layer of only/50. The horizontal arrows 4}y feasible situation only considered plane wave beam pro-
|nd|cqte Fhe Igser p_enoff,=_27-r/w|_.The vertical scale gives the reflected files. The proposed model is able to give an insight on the
electric field in arbitrary units. .

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
With the present model it is also possible to consider that thehort pulses are expected to be found in the reflected light,
target is located before of after the beam waist. In this caseven when working with a small focal spot and a transverse
itis necessary to introduce a dephagigadrati¢from point  intensity profile. The parameters of intensity and frequency
to point, and the rest of the model is still valid. For the par-seem feasible with today’s lasers, and many other relativis-
axial beam introduced at the beginning of the paper, thisic effects have been already found in experiments. Probably
quadratic dephasing is given by dxp(y? + z?)/2R(x)].  the main problem, from the experimental point of view, to
Notice that it can be equivalently obtained with a sphericalcheck the results proposed in this paper is the impossibility
optical componentin paraxial approximation. Of course, theo detect such subfemtosecond time profile.
transverse intensity profile, ekp(y? + z2)/w?(x)] must
also be taken into account.

In this case, we can consider that the target surface i§CKNOWLEDGMENTS
divided in concentric circleéwith center in the beam axis ) . -
and that each circle generates attosecond peaks with a givgﬁlrtlal support fromthe Tralnl_ng_and Mobility of Researchers Pro-
phase. The summation of all those attosecond peaks, in prir?—ram of the European Commissiewontract no CT96-0800and

. - . . . ...from the Spanish Direccion General de Investigacion Cientifica y
ciple should be something like the summation with a shift

) by th h f1h iaht of h is th Técnica(under contract PB95 0955and from the Consejeria de
(given by that phaself the weight of each one is the same, Educacioén y Cultura of the Junta de Castillay LéBondo Social

then the result averages to zero. However, the weight of thg yropeq, (under grant SA59) is acknowledged. K.R. thanks
phase at thg, z point depends on the area of this ri(@s a  the Humboldt Foundation for its generous support. L.P. wishes to
surface differentigl The larger is the radius the bigger is the thank support from the Spanish Ministerio de Educaciény Cultura
contribution of this ring. As we pass the waist then the in-(under grant EX98-35084508

3.3. Description of a realistic beam focus profile
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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 crosécentered at the waisteach hori-
zontal arm length is equal tb/100, each vertical arm
length is equal to\. Therefore, the initial thickness of
the plasma layer is equal #y50.
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