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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, ultrashortlaser pulse. This process has a feedback effect on fast electron generation
and may seed a fast distortion of plasma “moving mirrors.”

Keywords: Laser beam effects; Parametric instability; Plasma-beam interactions; Plasma production by laser;
Plasma simulation

1. INTRODUCTION (Norreyset al,, 1996; Tarasevitckt al, 2000, that is det-
rimental for applications. Both experimental and simulation
The interaction of subpicosecond, high-intensity laser pulsesesults suggest that the surface perturbations grow on short
with solid targets leads to outstanding nonlinear phenomentime scales, much faster than ion motion, and are therefore
such as production of energetic “fast” electrons and genef electronic nature.
eration of high harmonic§HHG) of the incident pulse In this article, we use particle-in-cglPIC) simulations
frequencyw. Both these phenomena may be regarded asMacchiet al, 2001 to show that electron surface struc-
“surface effects,” since the laser—plasma coupling occursures growing in steplike density profiles can be due to a
near the “critical” surface whem, = n. (wheren.=m.w?  parametric three-wave process, namely, the “decay” of a
4me? < ngg is the cut-off density for laser propagatjon laser-driven oscillation ab or 2w into two surface modes.
and over a narrow region with a depth of the order of the skinNe also outline an analytical model, based on a cold fluid
lengthd, < c/w. In turn, the laser—plasma interaction is plasma and nonrelativistic approximation, that shows that
extremely sensitive to geometfRuhl et al, 1999 and, the basic process is understood as the excitation of a pair of
eventually, to surface deformations, both preimpaged.,  counterpropagating surface wavédacchiet al., 2002.
microstructured targets; see Kulcsdral., 2000, and refer-
ences thereinor self-generated during the interaction. For
instance, absorption in a one-dimensiofidd) geometry is 2. NUMERICAL EXPERIMENTS
limited by strong constrain@Vulseret al, .200]) that may The 2D dynamics of the surface motions was well resolved
be removed by the onset of 2D perturbations at the surface. . : . . -
. . . ) in 2D PIC simulations. In all simulations, we took =
Simulations suggest a spatial correlation between surfacg . 0> 3 o
L : . .25um, thatisn.=1.6X10°“cm™°, normal incidence and
rippling and fast electron jetdMacchiet al,, 2000. Plasma . . ; . S
. . : . uniform intensity of the laser pulse, immobile ions, and a
surface rippling at high laser intensities also leads to the O . . : ; . .
spatial spread of high harmonic emission in experiments?tGpllke initial den_sny pr.oﬂle. Details are given |.n-Macch|
et al. (2001). We investigated cases with densities =

3-5n. and irradiancess; = 0.85-1.7 wherea; = 0.85
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Fig. 1. a, c: Contours ofe/n. for a; = 1.7,np = 5n¢, at various timessee labelsin laser cycle units, foa; = 1.7,n,/n. = 5 (a) and
a; = 0.85,n,/n. = 3 (c). b: Space-time plot afi(X, y;, t)/n: aty = y; (left) andy = y, (right), for the casda).

for n. = 3n. anda; = 0.85. In all these runs, the laser was

The generation of surface structures oscillating atay

s-polarized. Initially, the surface oscillation is planar, that s, at first be surprising, since there is no longitudinal compo-

uniform alongy (first plot of Fig. 13 and has a frequency.2
(Fig. 1b, wherew = 27rc/A is the laser frequency. This 1D
motion is driven by the longitudinalx B force at 2v. Later,

nent of the laser force at such a frequency. Our simulation
results suggest that the 1D, electrostatic oscillatigr= 0,
wo = 2w) “decays” into two surface mode,, w;) and

we observe the growth of surface structures having smallk,, w,). The “matching conditions” for this process give

wavelengthg=0.1)) in a first stage and then evolving into
a standindi.e., not propagating iy) oscillation with wave-
length A = 0.5A and frequency= w, which is super-
imposed to the oscillation at«? see plots(a) and (b) of
Figure 1 fora; = 1.7 andng/n. = 5. Figure 1c shows the
“snaking” within one laser cycle at frequenayof the sur-
face layer fora; = 0.85 andny/n. = 3; in this case, the

k; = —k, andw, = w, = w. The two overlapping modes thus
form astandingoscillation with frequencw and wave vec-
tork = k; = —k,. Note that this reasoning $mply based on
the existence of transverse surface maoaitls 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-

oscillation amplitude and the density compression are lowesity plot of Figure 1la at late times, with the electron fluid

and the deformation wavelength is lardar, = 0.751). In

velocity fieldve superimposed. Notice the radial structure of

the following we will discuss only the long-wavelength struc- v, inside the spike, which suggests a sort of Coulomb ex-

tures oscillating a.

plosion. Figure 2b shows density contours for a simulation
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Fig. 2. a: Detail of the density plot of Figure 1 &t 14 with the electron fluid velocity field. superimposed. b: Density contours at
t =15 laser cycles foa; = 1.2,ne/nc = 5, andp-polarization. c: Phase space projections in(thgy) and(y, py) att = 8.5(left) and

t =13.5(right) laser cycles, forp; = 1.7 andne/n. = 5.
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with ne = 5n¢, a; = 1.2 andp-polarization. In this case, one tion. The laser pulse has linear polarization and wavevector

observes a transverse bending of the density spikes by tHe= (w.) (X cosf + ¥ sin#). Translational invariance alorzg

electric field lying in the simulation plane. is assumed. In the Maxwell-Euler cold plasma equations,
The onset of 2D surface oscillations has a substantialve adopt the following expansion for all fields:

impact on fast electron generation. Phase space projections

(Fig. 20 show that at early times the momentum distribu- F(x,y,t) = F(x) + eFo(x,t — ysing/c)
tion is uniform iny, with no accelerated particles py and
most energetic electrons havipg= 2m.c. At later times, +e?[fi(xy, )+ (xy ], (1)

stronger forward acceleration occurs near the maxima of the

2D oscillation, showing that most oscillatory energy haswheree is a small expansion parameter ahdtands for
been transferred to the 2D modes; strong transverse accedither the electron density or velocity or for the EM fields in
eration inp, also occurs. One consequence of this correlathe(x, y) plane. In this expansiof; represents unperturbed
tion is that surface oscillations give an “imprint” on the fields of zero orderle.g.,n;). The termF, represents the
transverse structure of the fast electron currents, that majpump” field at the frequency, (yet to be specified that is

seed the growth of current filamentation instabiliti€ali-  taken to be of orde¢ and is written as
fanoet al., 1998 observed in simulationd_asinskiet al,,
1999; Sentoket al., 2000. Fo = F(@0)(x)gl@ot-ysin®/o) 4 ¢ ¢, 2
3. PARAMETRIC EXCITATION The last term is the sum of counterpropagating sur-
OF SURFACE WAVES face modes, which are assumed to be of okdeand are
written as

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 wayESWsg. Exam-
ples of 5|m|lar two-surfape Wave'decéﬂ]SW[.)) processes Using expansiofil), the coupling between the pump and the
were considered so far in very different regimes and in the )
L ) surface modes is of ordef. Thus, from the Maxwell-Euler
electrostatic limit only(Gradov & Stenflo, 1981; Stenflo, . . .
...’ _equations, we obtain, to order the pump fields and, to
1996. We recently showed that TSWD allows the excitation 2 : : . : .
. . . .. ordere~, the dispersion relations for ESWs in a cold plasma:
of fully electromagneticSWs in a planar, steplike density

profile (while linear mode conversion of the laser wave into

fo = R FL (x)elkeyioat], ®

. . . . . . 2_ 2
a single ESW requires in general tailored density profiles K2 — wi @~ WL 4
and it can be driven either by the electric or magnetic com- T w20t

ponents of the Lorentz forceMacchiet al, 2002. In the

following, we give a brief sketch of the analytical modeling The dispersion relatiot¥) is shown in Figure 3a. All feed-

and its results, while details are reported in Macehal.  back effects of the nonlinear coupling on the pump fields are

(2002. neglected. The coupling terms that lead to the excitation of
In our model, we consider a steplike plasma density prothe ESW with frequencyn. may be represented by the

file n;(x) = n, ®(x), where®(x) is the Heaviside step func- nonlinear force

(a) (wor ko)

Fig. 3. a: Dispersion relation of electron surface waves
(thick lineg, Eqg.(4), and the matching conditions for
0 20 40 60 80 TSWD represented by arrows. b—c: The TSWD growth
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FOND = FONU () @ik y-ioat gesting that kinetic and relativistic effects play an important
part.
e
B _[me(vi'wf’ Vo TE) + L (Vo X B v X B°)LS' ACKNOWLEDGMENT

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