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The influence of light pressure on plane and spherical plasma flows is treated. Numerical
calculations show that smooth laser pulses lead to formation of an overdense plateau if thermal
transport is non-negligible there, and that an originally supersonic flow becomes subsonic in this
region. The results are consistent with analytical considerations. Density humps, as reported
in the literature, are found in conjunction with spiking pulses or prepulses only.

In laser plasma interaction the radiation pressure
appears as a force additional to the hydrodynamic
pressure and leads to a variety of modified density
and flow velocity profiles. They can be divided into
two classes: transient structures which are induced
by very short pulses or at the very beginning of a
fast rising pulse and quasi-steady-state density
profiles produced by longer, smooth pulses. Tran-
sient structures have been theoretically investigated
by many authors. In Refs. [1—3] their soliton
character is treated, in Refs. [4] and [5] the
resonance properties of density modifications are
stressed. They all have in common that no essential
flow of the plasma has been taken into account. On
the other hand it is well known that the flow of the
plasma plays a decisive role [6—11]. In laser
plasmas produced from dense targets for instance
the flow is subsonic near the target and becomes
supersonic with decreasing density.

A realistic treatment of density structures has to
be based on hydrodynamics (at least) and the light
wave equation. This was first done in Ref. [8] for
a plane subsonic plasma flow behind the critical
point. If the flow is supersonic and divergent there,
moderate laser intensities may lead to the formation
of plateaus just at the critical density [9]. For
higher intensities it has been suggested [10] that
a stationary shock wave forms behind the critical
point and the flow changes from supersonic to
subsonic. The existence of such density humps
under certain conditions has been shown numerical-
ly in Refs. [7] and [11].
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In this letter we show that concise — and at the
same time exact — formulae for the variations of
density and Mach number in steady adiabatic and
isothermal flows can be deduced if all quantities are
evaluated at any local maximum of the electric
field amplitude. — We then solve the correct
initial-value problem of plasma production from a
solid target under the action of light pressure. We
find the phenomenon of overdense plateau forma-
tion not yet reported in literature.

A) Analytical considerations. Let us consider a
slightly divergent stationary plasma flow so that
it can be approximated as plane over a few local
light wavelengths. Owing to the interaction of the
light pressure with the plasma the flow is divided
into two regions: the overdense region 1, in which
the light wave becomes evanescent, and the under-
dense region 2, in which the flow becomes definitive-
ly supersonic as the distance from the absorbing
region increases. The width of the transition zone
at the critical density p, is smaller than 4/2 and
decreases with increasing laser intensity. The force
density exerted by the radiation pressure is defined
as the time averaged Lorentz force over one
oscillation period, i.e.
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where E is given by E= E (x, t) e-i®t and » is the
collision frequency (this definition of » coincides
with that given in Ref.[12]. The subscript ¢
indicates that in taking the gradient this com-
ponent has to be treated as a constant. Because of
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0= 0 the stationary momentum equation
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reads (0v2+ p)==x. For normal incidence of

Oz
radiation x can be integrated from z; < x¢ to 22 >,
by means of the steady-state wave equation
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If we take x; sufficiently far in the evanescent
region (£;2~~0) and 23 at the maximum of EE*, the
momentum balance assumes the simple form
01012 + p1= 02022 + P2 + B oc | Efax, (2)
since owing to »2/w2 <1 [E' can be replaced by
]E[’. Assuming now a polytropic equation of state,
po~7= const (this is compatible since x is a function
of position only), introducing the Mach number
M=v|s, s2=vplo, and eliminating ¢ in the
momentum equation, we obtain
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for /o € 1. From this relation it is immediately
deduced that in region 1 the flow has to be subsonic
with respect to x. (M <C1), and that transition to
supersonic flow (M > 1) occurs in a maximum of
EE*, at the latest in the highest maximum, which
is usually that nearest z.. Integration of Eq. (3)
from «; to x; yields the Mach number as a function
of the maximum light pressure pr,=foc|E | =
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i.e. light pressure leads to a density step at the
critical density. Of particular interest is the case of
an isothermal plasma (y — 1), for which expressions
(4) and (5) yield the following relations:
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B) Numerical treatment. Laser-produced plasmas
are divergent. The simplest way to study such flows
is to assume spherical symmetry. We consider a
sphere of radius r9 and density 9o on the surface of
which laser radiation of a given intensity ¢o
impinges normally. For simplicity, we assume that
the fraction of incident light which creates and
heats the plasma is absorbed at the critical density.
We assume further that the plasma is in the charge
state Z = 1, and that only the electrons are heated.
Heat conduction is included in a classical form with
the heat flux density ¢: ¢g= — (7’5207 0r, with
the upper limit ¢ < qmax = fne (kB T)3/2/mel/2, where
f is a number not larger than unity. We introduce
the normalized density R: o =p. R; the governing
equations are then (ideal gas, p = pkgT |m;)
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where y is given by [13] y=rE. The equations
have to be solved numerically. Doing this for wave-
lengths of the order of 1 um involves the consider-
able difficulty that 4 is very different from the
hydrodynamic scale lengths. However, we solved
the problem by introducing a larger, fictitious
wavelength. As can be seen from Egs. (7)—(10),
for equal @/oc and g/oc (i.e. %p/0c) (nearly) the same
results are obtained as long as 4 is taken such that
the light-pressure-induced structures have a much
smaller scale length than the hydrodynamics and
can therefore easily be identified.
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Fig. 1. Formation of an overdense subsonic plateau in a spherical rarefaction wave from a pellet under the action of
radiation pressure. o density, 7' temperature, M Mach number, E electric field amplitude. Flux limiting factor f < 0.15.
Dashed curves in the last picture without radiation pressure under otherwise identical conditions.
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Fig. 2. Plateau formation under the action of light pressure in a rarefaction wave which has already developed before

radiation pressure begins to act at the time ¢t = 0.093 ns. f < 0.15.
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In Fig. 1 the numerical result of the radial plasma
flow from a pellet under the action of light pressure
from the outset is reported. The following values
were chosen: pellet radius 79 =200 pm, g9 =150,
/=40 pm, intensity = 1.2 x 1013 W/em2, heat flux
limit f < 0.15. (This corresponds to 1.7 x 1016 W/cm?2
for Nd and 1.7 x 1014 W/em? for COs.) The time
dependence of ¢ was assumed to be ¢ =
@o(1 —e-t7), T=10"11s. This figure clearly shows
the influence of light pressure: it acts in such a way
that an overdense plasma plateau forms and the
flow remains subsonic in this region. At the critical
point a step builds up and transition to supersonic
flow occurs in a fraction of a wavelength. When the
radiation pressure is disregarded under otherwise
identical conditions, the plasma flow clearly becomes
supersonic with our parameters in the overdense
region (see dashed curves for 0.103 ns in Figure 1).
Although higher Mach numbers appear on the right
of the critical point when radiation pressure is
included, the asymptotic kinetic energy of the
plasma is the same in the two cases [14]. The
momentum due to ablation and light pressure is
balanced by the strong shock on the left running
into the undisturbed material. The length of the
overdense plateau depends on thermal conduction
with no heat or other energy propagation to the
left of . the plateau length reduces to zero and the
step remains attached to the rarefaction wave at
the RHS of the shock. Experimental evidence
of the existence of plateau like structures is given
in Refs. [15] and [16].
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