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1. Introduction

The interaction of high-intense EM radiation with a plasma has received significant attention
over thelast decades. Thisprocess has been investigated in agreat number of publications. Most
of the latest papers devoted to theoretical consideration of numerous phenomena accompaning
the interaction, present the results of the computer simulation. Interaction of short powerful
laser pulseswith the plasma surface causes alot of interesting nonlinear effects (rise of different
modes of surface waves and instabilities, appearance of quasi-stationary vortex structures,
generation of high harmonicsin aboundary layer of an overdense plasmaetc.). All these effects
strongly depend on adistribution of the plasma density near the surface. Therefore, for aclear
understanding of cited phenomenait is necessary to have simple analytical models of the edge
plasma dynamics. At the same time, this models should take into account the main physical
processes accompaning the interaction of radiation with plasmas.

Here, we present an exact analytical solution of 1D problem of underdense collisionless
plasma expansion into a vacuum under the action of EM radiation. The proposed solution is
obtained in the fluid theory approximation (ion temperature equals to zero) assuming quasi-
neutrality. The flow of the cold ions is described by the continuity and momentum equations.
We consider two limiting cases of expansion for hot electrons. isothermal and adiabatic. The
gpatia distribution of the EM field is described by the EM wave equation without absorbtion.
We neglect the influence of decay instabilities.

2. Plasma expansion

Consider an initially homogeneous plasma with the density p, that occupies the half-space
z < 0. At the moment ¢t = 0 the radiation is switched on and plasma starts expanding. The
momentum and continuity equations are
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where w and w, = /e2p/mMe, are the radiation and plasma frequency, respectively (we
consider the underdense plasma, so that w > w,(po)); ¢s = \/7p/p iSthe sound speed, v isthe
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adiabatic index (for isothermal electrons ¢, equalsion acoustic speed and v = 1); m and M are
the electron and ion mass, respectively. The last term in the right-hand side of the momentum
eguation corresponds to a high-frequent pressure of the radiation. Electric field of the EM
wave F obeysthe stationary wave equation (astheratio of the electromagnetic time-scaleto the
gasdynamic oneis of order of ¢, /c)

PE W
O eeE =0 )

where c isthe velocity of light, e = 1 — wg/wQ is the plasma permittivity.

Let usassumea priori that the density isamonotonical function of z. Consequently, p can
not exceed p,, so that the expanding plasma remains underdense. Therefore, since the spatial
scale of the plasmainhomogeneity L, = p/|dp/dz| is much greater than the wavelength c/w,
we may use WK B-method to solve the wave equation (2) in the expanding plasma[1]

E = 2}4 exp {zk:o/\/_dz} exp{ ik:o/\/gdz} (3)
whereky, = w/c. Inavacuum (at = — oo) aspatia distribution of the electric field isdetermined
by combination of the incident and the reflected waves

E(z) = Eyexp{i(wt + koz)} + Ry exp{i(wt — koz)}

where E, and R, are amplitudes of the incedent and reflected waves, respectively. Using
the continuity conditions for £ and 0E /0= on the plasma-vacuum boundary we obtain, that
Ry ~ Ey/koL, (since Im /¢ = 0). Neglecting the terms O(1/kL,) we have finally from the
formula (3)

E2
Bff ~ =2 = ————— (4)

E2
\/E 1= w?/w?
We see that |E| isasingle-valued function of density p. Asthe expansion is either isothermal
or adiabatic we may also assume that the velocity v is a single-valued function of density. So
that the solution of the presented problem should be similiar to the general Riemann solution of
a 1D travelling waves problem [2]. The equations (1) and formula (4) yield

dv dp dv 2 _ dp

— L4, 4 1—0%2p)3/2) 22—

dpat+co<vdp+p+.z4( p) )82 : 5
5

dp dv dp

ot + st <pd,0 * ) 0z 0

where dimensionless parameters are introduced

A=

1€0E 0— wp(po)
8 pOCSO ’ w

1010



1998 ICPP & 25th EPS CCFPP ----- The Expansion of the Underdense Plasmainto aVacuum under...

In equations (5) the density p is normalized to py, the velocity v and sound speed ¢, are
normalized to ¢,y = c4(po). Taking into account the relation ¢ = p?~! we obtain from the
eguations (5)

2
p <Z—U> = p T L AL - @),
! (6)

2 = cq <v+p§—2>t+f(p)

where f(p) is an arbitrary function of p. It is worth to note that the equations (6) are the
general solution of 1D problem of the underdense plasma flow in a presence of EM radiation.
This solution is valid when v is a single-valued function of p and when the geometric optics
approximation (WK B-method) may be used. In the limit A — 0, equations (6) correspond to
the general Riemann solution.

For the considered problem of plasmaexpansion into avacuum f(p) = 0, so that we have
the case of a similarity flow depending on the variable =/t [2]. According to the first equation
(5), the effective sound speed is represented by

¢ =Je + Ap(1— Q2p) =32 > ¢,

From (6) we obtain the co-ordinate of the rarefaction wave front (p = 1) moving into the plasma

= |, =1+ AL - 02)-32 (7)

p=1
The co-ordinate of the plasmaboundary (p = 0) is

1
= /x_(g_”ﬂ \/1 + Az27(1 — Q2x)~3/2dx
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Figure 1. Density p vs £ = x/cgot in the isothermal rarefaction wave for the underdense plasma. The

dashed line represents the self-similar solution in absence of radiation.
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Both values are greater than those for the case of free plasma expansion [3,4]. An
inhomogeneous plasma layer between the plasma boundary and the wave front is the region of
ararefaction wave. The figure 1 shows the dependence of the plasma density in the rarefaction
wave on the variable ¢ = z/c4ot. Thisdistribution corresponds to the isothermal casey = 1 for
Q = 0.4 (curvel) and 2 = 0.9 (curve 2); for both curves A = 1. The dashed line represents
the self-similar solution of the plasma expansion in absence of radiation [5].

Finally, we should make a short remark regarding the obtained solution. The above results
can be immediately generalized for the case of any gas where we may neglect the absorbtion of
the EM wave and assume ¢ > 0 (for agiven w). Indeed, the polarisability of thegases — 1 may
be regarded as proportional to its density [6]

e—1l=xp

where y is afunction of w depending on an optical properties of the gas. This function may
be both positive and negative (for aplasmay = —?). Then the force of the high-frequency
pressure is given by [6]

1 O|E|?
Fir = jeale ~ 1

Therefore, replacing 22 by —y in equations (6) we obtain the general solution of the presented
problem for the gas.

3. Conclusions

For the underdense plasma, the high-frequency pressure of EM wave causes strong acceleration
of the plasma expansion making the profile of plasmadensity more smooth in comparison to the
case of expansion without radiation. Inaplasmade/dp < 0, so that the high-frequency pressure
increases towards the unperturbed region. This results in rapid acceleration of the rarefaction
wavefrontwithQ, z/t|,—; oc Q2/(1-02)3/*for A > 1 (seeformula(7) and curve2inFigurel).
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