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Abstract

By analytical modeling and numerical simulation, we show that surface modes in moderately overdense plasmas may be
excited parametrically by an intense, ultrashort laser pulse. This process has a feedback effect on fast electron generation
and may seed a fast distortion of plasma “moving mirrors.”
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1. INTRODUCTION

The interaction of subpicosecond, high-intensity laser pulses
with solid targets leads to outstanding nonlinear phenomena
such as production of energetic “fast” electrons and gen-
eration of high harmonics~HHG! of the incident pulse
frequencyv. Both these phenomena may be regarded as
“surface effects,” since the laser–plasma coupling occurs
near the “critical” surface wherene5 nc ~wherenc 5 mev20
4pe2 ,, nsolid is the cut-off density for laser propagation!
and over a narrow region with a depth of the order of the skin
length dp , c0v. In turn, the laser–plasma interaction is
extremely sensitive to geometry~Ruhl et al., 1999! and,
eventually, to surface deformations, both preimposed~e.g.,
microstructured targets; see Kulcsaret al., 2000, and refer-
ences therein! or self-generated during the interaction. For
instance, absorption in a one-dimensional~1D! geometry is
limited by strong constraints~Mulseret al., 2001! that may
be removed by the onset of 2D perturbations at the surface.
Simulations suggest a spatial correlation between surface
rippling and fast electron jets~Macchiet al., 2000!. Plasma
surface rippling at high laser intensities also leads to the
spatial spread of high harmonic emission in experiments

~Norreyset al., 1996; Tarasevitchet al., 2000!, that is det-
rimental for applications. Both experimental and simulation
results suggest that the surface perturbations grow on short
time scales, much faster than ion motion, and are therefore
of electronic nature.

In this article, we use particle-in-cell~PIC! simulations
~Macchi et al., 2001! to show that electron surface struc-
tures growing in steplike density profiles can be due to a
parametric three-wave process, namely, the “decay” of a
laser-driven oscillation atv or 2v into two surface modes.
We also outline an analytical model, based on a cold fluid
plasma and nonrelativistic approximation, that shows that
the basic process is understood as the excitation of a pair of
counterpropagating surface waves~Macchiet al., 2002!.

2. NUMERICAL EXPERIMENTS

The 2D dynamics of the surface motions was well resolved
in 2D PIC simulations. In all simulations, we tookl 5
0.25mm, that is,nc51.631022 cm23, normal incidence and
uniform intensity of the laser pulse, immobile ions, and a
steplike initial density profile. Details are given in Macchi
et al. ~2001!. We investigated cases with densitiesne 5
3–5nc and irradiancesai 5 0.85–1.7 whereai 5 0.85
~Il201018 Wmm20cm2!102.

The temporal evolution of the electron densityne~x, y! is
shown in Figure 1a,b forne5 5nc andai 51.7 and Figure 1c
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for ne 5 3nc andai 5 0.85. In all these runs, the laser was
s-polarized. Initially, the surface oscillation is planar, that is,
uniform alongy ~first plot of Fig. 1a! and has a frequency 2v
~Fig. 1b!, wherev 5 2pc0l is the laser frequency. This 1D
motion is driven by the longitudinalj 3B force at 2v. Later,
we observe the growth of surface structures having small
wavelengths~.0.1l! in a first stage and then evolving into
a standing~i.e., not propagating iny! oscillation with wave-
length ls . 0.5l and frequency. v, which is super-
imposed to the oscillation at 2v; see plots~a! and ~b! of
Figure 1 forai 5 1.7 andn00nc 5 5. Figure 1c shows the
“snaking” within one laser cycle at frequencyv of the sur-
face layer forai 5 0.85 andn00nc 5 3; in this case, the
oscillation amplitude and the density compression are lower
and the deformation wavelength is larger~ls . 0.75l!. In
the following we will discuss only the long-wavelength struc-
tures oscillating atv.

The generation of surface structures oscillating atv may
at first be surprising, since there is no longitudinal compo-
nent of the laser force at such a frequency. Our simulation
results suggest that the 1D, electrostatic oscillation~k0 5 0,
v0 5 2v! “decays” into two surface modes~k1,v1! and
~k2,v2!. The “matching conditions” for this process give
k15 2k2 andv15 v25 v. The two overlapping modes thus
form astandingoscillation with frequencyv and wave vec-
tor k5k152k2. Note that this reasoning issimply based on
the existence of transverse surface modeswith some disper-
sion relation.

For high intensities, density “spikes” are generated at the
surface of the plasma. Figure 2a shows a detail of the den-
sity plot of Figure 1a at late times, with the electron fluid
velocity fieldvesuperimposed. Notice the radial structure of
ve inside the spike, which suggests a sort of Coulomb ex-
plosion. Figure 2b shows density contours for a simulation

Fig. 1. a, c: Contours ofne0nc for ai 5 1.7,n0 5 5nc, at various times~see labels! in laser cycle units, forai 5 1.7,no0nc 5 5 ~a! and
ai 5 0.85,no0nc 5 3 ~c!. b: Space-time plot ofne~x, yi , t !0nc at y 5 y1 ~left! andy 5 y2 ~right!, for the case~a!.

Fig. 2. a: Detail of the density plot of Figure 1 att 514 with the electron fluid velocity fieldve superimposed. b: Density contours at
t 5 15 laser cycles forai 5 1.2,ne0nc 5 5, andp-polarization. c: Phase space projections in the~ y, px! and~ y, py! at t 5 8.5 ~left! and
t 5 13.5~right! laser cycles, forai 5 1.7 andne0nc 5 5.
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with ne5 5nc, ai 51.2 andp-polarization. In this case, one
observes a transverse bending of the density spikes by the
electric field lying in the simulation plane.

The onset of 2D surface oscillations has a substantial
impact on fast electron generation. Phase space projections
~Fig. 2c! show that at early times the momentum distribu-
tion is uniform iny, with no accelerated particles inpy and
most energetic electrons havingpx . 2mec. At later times,
stronger forward acceleration occurs near the maxima of the
2D oscillation, showing that most oscillatory energy has
been transferred to the 2D modes; strong transverse accel-
eration inpy also occurs. One consequence of this correla-
tion is that surface oscillations give an “imprint” on the
transverse structure of the fast electron currents, that may
seed the growth of current filamentation instabilities~Cali-
fano et al., 1998! observed in simulations~Lasinskiet al.,
1999; Sentokuet al., 2000!.

3. PARAMETRIC EXCITATION
OF SURFACE WAVES

The driving mechanism of the 2D surface oscillations is a
parametric, three-wave process involving the excitation by
the laser of a pair of electron surface waves~ESWs!. Exam-
ples of similar two-surface wave decay~TSWD! processes
were considered so far in very different regimes and in the
electrostatic limit only~Gradov & Stenflo, 1981; Stenflo,
1996!. We recently showed that TSWD allows the excitation
of fully electromagneticSWs in a planar, steplike density
profile ~while linear mode conversion of the laser wave into
a single ESW requires in general tailored density profiles!
and it can be driven either by the electric or magnetic com-
ponents of the Lorentz force~Macchi et al., 2002!. In the
following, we give a brief sketch of the analytical modeling
and its results, while details are reported in Macchiet al.
~2002!.

In our model, we consider a steplike plasma density pro-
file ni ~x! 5 ni Q~x!, whereQ~x! is the Heaviside step func-

tion. The laser pulse has linear polarization and wavevector
k 5 ~vc!~ [x cosu1 [y sinu!. Translational invariance alongz
is assumed. In the Maxwell–Euler cold plasma equations,
we adopt the following expansion for all fields:

F~x, y, t ! 5 Fi ~x! 1 eF0~x, t 2 y sinu0c!

1 e2 @ f1~x, y, t ! 1 f2~x, y, t !# , ~1!

wheree is a small expansion parameter andf stands for
either the electron density or velocity or for the EM fields in
the~x, y! plane. In this expansion,Fi represents unperturbed
fields of zero order~e.g.,ni !. The termF0 represents the
“pump” field at the frequencyv0 ~yet to be specified!, that is
taken to be of ordere and is written as

F0 5 EF ~v0! ~x!eiv0~t2y sinu0c! 1 c.c. ~2!

The last term is the sum of counterpropagating sur-
face modes, which are assumed to be of ordere2 and are
written as

f6 5 R@ Df6
~v6!~x!eik6 y2iv6 t # . ~3!

Using expansion~1!, the coupling between the pump and the
surface modes is of ordere3. Thus, from the Maxwell–Euler
equations, we obtain, to ordere, the pump fields and, to
ordere2, the dispersion relations for ESWs in a cold plasma:

k6
2 5

v6
2

c2

vp
2 2 v6

2

vp
2 2 2v6

2 . ~4!

The dispersion relation~4! is shown in Figure 3a. All feed-
back effects of the nonlinear coupling on the pump fields are
neglected. The coupling terms that lead to the excitation of
the ESW with frequencyv6 may be represented by the
nonlinear force

Fig. 3. a: Dispersion relation of electron surface waves
~thick lines!, Eq.~4!, and the matching conditions for
TSWD represented by arrows. b–c: The TSWD growth
rateG ~normalized toai

2v! for the 2v r v 1 v pro-
cess as a function ofa 5 ne0nc andu ~b!, Eq.~6!, and
as a function ofa for u 5 0 ~c!. d: The TSWD growth
rateG ~normalized toai v! for the v r v02 1 v02
process at oblique incidence, as a function ofu anda.
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f6
~NL! 5 Df6

~NL!~x!eik6 y2iv6 t

5 2Fme~v7{¹v0 1 v0{¹v7! 1
e

c
~v0 3 B7 1 v 3 B0!G

res
.

~5!

On the r.h.s. of Eq.~5! only “resonant” terms, having the
same phase off6

~NL! , are included. Obviously, these terms
exist if the matching conditionsk05k1 1k2 andv05v1 1
v2 hold. These relationships are shown in Figure 3a. The
“pump” mode may be driven by the laser pulse either by the
electric or the magnetic~v 3 B! force terms, which have
frequenciesv0 5 v andv0 5 2v, respectively. Thus, from
the matching conditions, one obtains that these processes
correspond to a “v r v021 v02” and to a “2v r v 1 v”
decay, respectively, since one may writev6 5 v002 6 dv
where the shiftdv vanishes at normal incidence for symme-
try reasons.

Figure 3b shows the analytically calculated growth rateG
for the “2v r v 1 v” process at oblique laser incidence as
a function ofu andne0nc. In this case,G is proportional to
ai

2v, that is, to the laser intensity. Figure 3c showsG as a
function ofne0nc for u 5 0, that is given approximately by

G . 4vai
2

~a 2 1!302

6a 2 46@~a 2 1!2 1 1# ~a 2 2!102 . ~6!

The leading term in the nonlinear pump force is found to be
~me~v7{¹vx~2v! [x 1 vx~2v! [x{¹v7!!, which is most efficient at
u 5 0. The divergence atne 5 4nc is due to the resonant
excitation of plasmons by the longitudinal force at 2v mak-
ing vx~2v! very large, while that forner 2nc is due to the fact
that ESWs have zero energy in this limit. This also corre-
sponds tok6 r 6`, thus in this limit, one expects a strong
thermal damping of ESWs~neglected in our cold approxi-
mation!, smoothing the resonance out.

Figure 3c givesG for the “v r v02 1 v02” process
driven by ap-polarized laser pulse. The growth rate is now
proportional to the laser field amplitudeai .Again, the TSWD
is driven mostly by the longitudinal electron motion result-
ing in a maximum ofG at some “optimal” angle. However,
the pump force does not vanish foru 5 0, resulting inG Þ 0
even at normal incidence.

The analytical modeling suggests that the driving mech-
anism of the 2D oscillations observed in the simulations is
due to a 2v r v0 1 v process, and predicts spatial and
temporal scales which reasonably agree with the simula-
tions in regimes where our approximations are valid~i.e.,
for nonrelativistic intensitiesai , 1!. For higher intensities,
the observed wavelengths of the surface modes are smaller
than predicted by the simple cold fluid TSWD model, sug-

gesting that kinetic and relativistic effects play an important
part.

ACKNOWLEDGMENT

This work was sponsored by the INFM through the supercom-
puting initiative and the PAIS project “GENTE.”

REFERENCES

Califano, F., Prandi, R., Pegoraro, F. & Bulanov, S.V.
~1998!. Nonlinear filamentation instability driven by an inho-
mogeneous current in a collisionless plasma.Phys. Rev. E58,
7837–7845.

Gradov, O.M. & Stenflo, L. ~1981!. On the parametric trans-
parency of a magnetized plasma slab.Phys. Lett. A83, 257–258.

Kulcsár, G., AlMawlawi, D., Budnik, F.W., Herman, P.R.,
Moskovits, M., Zhao, L. & Marjoribanks, R.S. ~2000!.
Intense picosecond X-ray pulses from laser plasmas by use of
nanostructured “velvet” targets.Phys. Rev. Lett.84, 5149–5152.

Lasinski, B.F., Langdon, A.B., Hatchett, S.P., Key, M.H. &
Tabak, M. ~1999!. Particle-in-cell simulations of ultra intense
laser pulses propagating through overdense plasma for fast-
ignitor and radiography applications.Phys. Plasmas6,
2041–2047.

Macchi, A., Cornolti, F. & Pegoraro, F. ~2002!. Two-surface
wave decay.Phys. Plasmas9, 1704–1711.

Macchi, A., Cornolti, F., Pegoraro, F., Lisseikina, T.V., Ruhl,
H. & Vshivkov, V.A. ~2001!. Surface oscillations in overdense
plasmas irradiated by ultrashort laser pulses.Phys. Rev. Lett.
87, 205004.

Macchi, A., Cornolti, F. & Ruhl, H. ~2000!. Laser absorption
and fast electron transport in deformed targets.Laser Part.
Beams18, 375–379.

Mulser, P., Ruhl, H. & Steinmetz, J. ~2001!. Routes to irrevers-
ibility in collective laser-matter interaction.Laser Part. Beams
19, 23–28.

Norreys, P.A., Zepf, M., Moustaizis, S., Fews, A.P., Zhang, J.,
Lee, P., Bakarezos, M., Danson, C.N., Dyson, A., Gibbon,
P., Loukakos, P., Neely, D., Walsh, F.N., Wark, J.S. &
Dangor, A.E. ~1996!. Efficient extreme UV harmonics gener-
ated from picosecond laser pulse interactions with solid targets.
Phys. Rev. Lett.76, 1832–1835.

Ruhl, H., Macchi, A., Mulser, P., Cornolti, F. & Hain, S.
~1999!. Collective dynamics and enhancement of absorption in
deformed targets.Phys. Rev. Lett.82, 2095–2098.

Sentoku, Y., Mima, K., Kojima, S. & Ruhl, H. ~2000!. Mag-
netic instability by the relativistic laser pulses in overdense
plasmas.Phys. Plasmas7, 689–695.

Stenflo, L. ~1996!. Theory of nonlinear plasma surface waves.
Phys. ScriptaT63, 59–62.

Tarasevitch, A., Orisch, A., von der Linde, D., Balcou, Ph.,
Rey, G., Chambaret, J.-P., Teubner, U., Klpfel, D. &
Theobald, W. ~2000!. Generation of high-order spatially co-
herent harmonics from solid targets by femtosecond laser pulses.
Phys. Rev. A62, 023816.

340 A. Macchi et al.

https://doi.org/10.1017/S0263034602202256 Published online by Cambridge University Press

https://doi.org/10.1017/S0263034602202256

