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Analytical description of a plasma diffraction grating induced by two crossed laser beams
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The possibility of inducing a gratinglike electronic distribution at the surface of a plasma irradiated by two
crossed laser beams is analyzeddandp beam polarizations. A simple relativistic model allows us to predict
the fringe location, and to give an analytical expression for the time-averaged charge density. The stability of
the grating structure depending on the beam polarization is also discussed. Finally, we test our conclusions in
the light of the numerical integration of the Lorentz and Poisson equations by means of a one-dimensional
particle-in-cell code[S1063-651X97)02412-4

PACS numbsgs): 52.40.Nk, 52.65.Rr, 52.68h

[. INTRODUCTION will show that they are stable in threepolarization laser con-
figuration, while unstable in the-polarization case. PIC
In the past decade, the availability of very intense sourcesimulations will be presented in support. Finally, we derive
of coherent electromagnetic radiation gave rise to a new fiel@nalytical expressions that approximate the averaged elec-
of study in optics: the interaction of matter with light well tron density for thes-polarization case, and enclose informa-
beyond the perturbative limit. Surprising new aspects rose ition of the fringe parametefgnaximum electron density and
the field of atom-laser interactions, such as above-thresholfinge width), valid widely except in the far ultrarelativistic
ionization or the possibility of generating ultrahigh frequen-regime. According to the above paragraph, we will restrict
cies through harmonic generatif. ourselves to the case in which the plasma density is the criti-
The study of such nonperturbative phenomena beyond th@a' density. Our results, hOWGVGI’, are also valid for the non-
single-atom approximation is a more recent concern, since fiesonant case, since they do not depend on the absolute
involves a more complicated theoretical treatment. A typicaPlasma density as long as enough free charge exists to build
scenario for these multiparticle approaches is the interactiothe grating fringes.
of intense laser beams with solids. In fact, we witnessed
increasing activity in this field in the past few years. Al-
though some work carried on in the description of nonreso-
nant interaction with the bulk of semiconductor materidls Let us consider the situation depicted in Fig. 1, where two
the increase of the intensity of the laser sources leads t@.polarized laser beams,andIl, are aimed at a preformed
situations in which complete ionization at the material sur-pjasma at incidence angles@fand— . The incident beams
face is achieved after a few cycles. Surface plasma dynamicge represented by harmonic plane waves:
becomes, therefore, a major source of nonlinearities, espe-
cially when the density exceeds the critical val@& For this Lo L R
case, experimenid,5] and theonj 6,7] show the presence of E (r,t)=Eqgcogk, - r—wt+ ¢,)e,,
high-order harmonics in the reflected light. Particle-in-cell
(PIC) calculationd 8] are widely used in theoretical descrip- (D)
tions of such phenomena, although simpler moving mirror
models[6,9,10 give a reasonable description. On the other
hand, properties of laser-induced gratings were intensively
studied in the 1980$11]. Bragg diffraction and forward-
stimulated Brillouin scattering on a configuration similar to
the one presented here have been also stldid |
One possible application of field-induced plasma diffrac-
tion gratings is in the interaction of high-intensity fields with
solid surfaces. The intense fields generated by chirped puls
amplification techniques were prevented from reaching the
target surface by the plasma already generated in the
prepulse. In the case of an induced diffraction grating, when ?

Il. FRINGE FORMATION

En(r,t)=Eqcogk; - —ot+ )€,

e

5

the plasma density is close to the critical density, underdens:
grating fringes are alternated spatially with overdense ones
If the grating structure is induced at the prepulse stage, the
underdense regions will allow for deeper field penetration
when the main pulse arrives. FIG. 1. Scheme of the interaction geometry in ghgolarization

In this paper we test the possibility of generating plasméacase. The plasma is approximated by a 1D slab along thieec-
surface-grating structures under high-intensity radiation. Weion.
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whereE, is the field amplitude, the same in both beams, and A picture of the phenomena enclosed in E8) can be
¢, and ¢,, are phase factors. The electric field at the plasmalrawn in the nonrelativistic limit, i.e;y=1. The simple spa-
surface §=0) is described by tial dependence of the ponderomotive force shows that the
R . R R electrons will be drifted to the equilibrium points at
E(x,t)=E,(x,t) + E| (X,t) = 2Eycoq wt)cog kx sina)e,,
2) 2m+1

Xy =—
M 4 sina

A, 9
where we have moved the coordinate origin so that the phase

factors are zero. The magnetic fields associated with the tw@here stability conditions exist. This negative charge accu-
light beams can be obtained from the electric-field functionsnylation forms fringes along the direction, giving rise to a

by the cross product8, =s, X E, andB,, =s,, XE,, , where diffraction grating structure at the plasma surface. Stability is

s, ands,, are the unit vectors along the directionskpfand ~ €nsured not only by the sign of the second spatial derivative

k,, , respectively. The total magnetic field at the plasma surpf _the ponderomotlye force,_ but alsq f“’m the f_act t.hat the
face is given by quiver electron oscillation will be mainly in the direction,

due to the pre-eminence of the electric term in the Lorentz
B,(X,t) = — 2E,cosr coq wt)cogkx sina), force, provided <c.
() o

B. P polarization

By(X,t) =2Egsina sin(wt)sin(kx sina). ) ) i
A calculation of the same fashion as above may be carried

out for the case in which the light beams gr@olarized. In

this case we have the following expressions by the electro-
For now on we will consider a heavy ion plasma and,magnetic field components

therefore, concentrate on the electron dynamics. The electro-

A. Ponderomotive force

magnetic force on the electrons is described by the Lorentz B,=2Eqcoswt cogkx sina),
equation .
d E,=2E cosx coswt cogkx sina), (10
F=q| E+ XB|, (4 Ey= —2Esina sinwt sin(kx sina).
'ymOC

) . Ponderomotive force may be calculated in the same way
wherep is the particle’s momentummy the rest mass, and 55 pefore, giving as a result the same situation as for the

2\ 12 s-polarization case. Electrons would, therefore, tend to accu-
y=|1+ pTz) (5) mulatg at the same,, coor_dinates, where the ponderpmotive
myC potential has a stable minimum. This, however, will not be

) L the case, since the component of the electric field will
A first-order approximation for the electron momentum atjnq,ce a quiver perturbation along this axis which will be

positionx may be calculated neglecting the magnetic-fieldjarger than ponderomotive force, provided we are not in the
contribution, ultrarelativistic regime.
29k,

w

t
pz(x,t)ij E,(x,t")dt' = sinwt cogkx sina), lll. FRINGE DESCRIPTION
0

(6) It is possible to obtain an analytical approximation for the
averaged electron density shown in Figs. 3 and 4. To do this,
and py(x,t)=py(x,t)=0. If we insert Eq.(6) into Eq. (4),  we first have to compute the time average term of the pon-
we have a second-order approximation for the electromagderomotive force given in E48). Using Eqs(5) and(6), the
netic force, valid provided we are not in the ultrarelativistic cycle time average can be integrated to give

regime @ =c). _ _
The electron dynamics described by E@.and(4) leads <Slnzwt> sirfot
V1+K(x)sirfot

to a complex electron motion. The electron will quiver M)
mostly in thez direction, with a small drift along thg axis Y
due to the ponderomotive force. If we compute the cycle- 1D
averaged force, the quiver term averages to zero, and tnﬁhere K (X) =[ (20 Eo/ @Myc) coskx sina) and

motion is governed by the ponderomotive term F(a,b;c;z)=,F(a,b;c;2z) is the hypergeometric function.

>=%F[%,%;2;—K(X)],

The ponderomotive force is, therefore,
- | 4Pz > ap; -
(Fy= By)ey—{ ——=By)e. (7) 5
YMgC ymgC - O°sina_, . - -
(F)=———Egsin(2kxsina)F[3,3;2;—K(x)]e,.

Regarding Eqs(3) and(6), they component of the pondero- MoCew

motive force averages to zero; therefore, (12
2ot Let us now study a neighbor region of the plasma surface
sifwt\ . ili i i
ESsina sin(2kx sina)< > y ®) around the stability poink,, of width 2x. Let Q(x) be the

e : . .
v(X,1) time-averaged amount of charge enclosed in such region.

2

(F)=

mOCw
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FIG. 2. Time evolution of the electron density as calculated from the PIC codes jpmiarization(a) and p polarization(b). The
interaction time is plotted along the horizontal axis and a space region of twice the wavelength of the projected wave number on the
coordinate is plotted along the vertical axis. The beam intensity'fs W/cn?, wavelength 0.8m, and the angle of incidenee= /3 rad.

The plasma density is initially equal to the critical density=1.76x 10?* cm™3. To enhance fringe visibility, the electron density above
critical is plotted on a scale of grey tones, while densities below critical are plotted in white. The formation of fringes-jpothgzation
set up becomes apparent before the four-cycle turn-on is completed. No grating structure is presempioldhieation case.

The electrostatic field at the edge of the regigptx can be 1 9 _,. _ .
calculated through Gauss' theorem to Bg=47Q. For a  p(X)=5— EgsiPa cog 2kxsina)F[3,3;2;—K(x)]
stable situation to occur, the electrostatic force must be com- 0

pensated for by the ponderomotive, therefgie(x,,+X) 3 q [ qE \? 5.
+(F)(Xm+x)=0. Therefore the enclosed charge will be + 87 MoC2| MyCew Egsina
q sina X sir?(2kx sina)F[ £,3;3;—K(x)]+ po (14)

Easin(kxsina)F[3,3;2;—K(x)].
(13

Q(x)=

4rmyCw

. . IV. PIC SIMULATIONS
The electron charge density may be found as the spatial de-

rivative of the enclosed charg@(x) plus the unperturbed To test the preceding ideas, we performed particle-in-cell
charge densitypy. The final expression reads calculations(1D3V PIQ) [8], one dimensiona{1D) in real
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FIG. 3. Time-averaged electron density as a function of the FIG. 4. Time-averaged electron density as a function of the
spatial coordinate. The solid line shows the result of the PIC simuspatial coordinate. The solid line shows the result of the PIC simu-
lations while circles show the analytical prediction. All parametersiations while circles show the analytical prediction. All parameters
are the same as in Fig. 2, except for the field intensi#}:2.5  are the same as in Fig. 2, except for the angle of incidetae:

X 10", (b) 5X 10", (c) 10'%, (d) 2x10'* and(e) 4x 10'® Wicn?.  85.7°, (b) 60°(c) 45° (d) 30°, and(e) 4.5°.

space and three dimensional in velocity space, for different

incident angles, field intensities, and polarizations. Electrorion in thez coordinate ifv <c. Also, the quiver along thg
charges are represented by quasiparticles in a onexis will be small, since it will be driven only by magnetic
dimensional space along the coordinate, and in three- force terms. In addition, for particles detached from the sur-
dimensional velocity space. In thlsepolarization regime, the face, the drift motion along the coordinate will be reduced,
electron density will be approximately invariant to a transla-if not suppressed, by the restoring force coming from the
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Coulomb interaction between the detached charges and ttsion, Eq.[14] (circles. The analytical expression for the av-
depleted surface. The 1D approach is, therefore, justified. lerage charge density shows a good agreement with the PIC
the p-polarization case, the andy terms of the electric field simulation results for intensities below<2L0'® W/cn?. As
will promote strong quiver in the/ direction. The plasma the electric-field amplitude increases, the fringes become
restoring force may not be strong enough to avoid surfacenore pronounced and their width shrinksigs. 3a)—3(d)].
ionization. In this case, the 1D approximation is, certainly,For very intense fields, however, the amount of charge stored
less convincing. This regime, however, was shown to be unin the fringes diminishe§Fig. 3e)]. This can be explained
stable in Sec. Ill, and, therefore, of less interest to our purby the increase of the quiver oscillation amplitude induced
poses. by the magnetic terms, when we approach the ultrarelativis-
Our PIC code solves the Poisson equation in the recipratic regime. For this regime, the analytical expression overes-
cal space, and the Lorentz equation for each particle. Sincémates the numerical results.
our plasma slab is assumed to have thickness 0, the field In Fig. 4 we plot the averaged charge density as the angle
acting on the charges is well approximated by the incidentf incidence diminishes. The maximum electron density de-
field, i.e., neglecting the effect of propagation through thecreases as the angle decreases and we approach the normal
plasma medium. This, together with the fact that we are noincidence. The fringe width increases approximately at a rate
interested in the study of the reflected and transmitted field irl/sinc.
this paper, makes unnecessary the integration of the other
three Maxwell equations.
The electromagnetic fields are described by plane-wave V. CONCLUSIONS
expressions, with time-dependent envelope consisting of four We have discussed the possibility of inducing a grating
turn-on cycles followed by 12 of constant amplitulg The  structure in the surface of a plasma, through the interaction
turn-on term sii(wt/T,,) induces our system adiabatically with two high-intensity crossed laser beams. A simple weak
into a gquasistationary regime. relativistic model can be drawn for the time-average dynam-
Figure 2a) shows the negative charge density along aics that shows a stable situation when the beams a@ar-
region of width 2m/k, in the x direction, as a function of ized. Also with this model we can give an approximate ana-
time. The s-polarized laser pulses have a turn-on of fourlytical expression for the time-averaged charge density,
cycles followed by 12 cycles of constant amplitude, and areshowing the fringe modulations. The results from our model
aimed at incident anglesx{ of /3 and— /3 respectively. are compared with the direct integration of the Lorentz and
The plasma is assumed to be preformed before the puldeoisson equations by means of a one-dimensional particle-
interaction, and has a density equal to the critical (1.78n-cell code. This shows that the derived expression for the
X107 cm™2). The electric-field amplitude is 5.28 a.in-  charge density is a reasonable description as long as we do
tensity of 188 W/cn?), and the frequency is 0.057 a.l\ ( not enter into the ultrarelativistic regime.
=0.8 um). Fringes are formed after a few cycles, and retain
their relevant characteristic over _the whole cal_culgtion. Fig- ACKNOWLEDGMENTS
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