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Abstract—The expansion mechanism of a partially ionized plasma
produced by laser interaction with solid target (copper) is studied.
For this purpose we use a hydrodynamical model which includes a
source term combined with Saha’s equation. The obtained self-similar
solution in the limit of quasi-neutrality shows that the expansion, at
the earlier stage, is driven by the combination of thermal pressure and
electrostatic potential. They are of the same magnitude. The initial
ionized fraction and the temperature are the leading parameters of
the expanding profiles.
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[. INTRODUCTION

ASICALLY , plasma expansion results from the com-

bination of two effects. The first one is due to thermal
pressure produced by a localized deposition of high energy
in a small space domain containing a target. This energy
introduces high thermal pressure gradient, which leads to the
expansion. Such a mechanism is common to neutral or ionized
gas, i.e. plasma. Once the plasma starts to expand, lightweight
more mobile particles, i.e. electrons are heated and firstly
expand towards the vacuum. Thereby, the electron motion
creates a charge separation and generates a self-consistent
ambipolar electric field that would accelerate the ions and
retard electrons. The plasma expansion takes place. This is
the second mechanism of the expansion. In fact, acceleration
of ions to supersonic velocities during the expansion is a major
application of plasma expansion. The mechanism is well-
known since the pioneer work of Plyutto and Gurevich et al.
[1]. Nevertheless, plasma expansion into a vacuum is a topic
of interest to space plasmas and laser produced plasmas. The
fundamental point of interest is the continuous acceleration of
ions at the expansion front where a space charge electric field
is set up by the faster electrons.

When the plasma expansion takes place with a characteristic
size of radial inhomogeneity larger than the Debye length,
the quasi-neutrality is preserved and the self-similar solution
exists. There are different self-similar classes of transfor-
mations that reduce the partial differential equations (PDE),
governing the plasma expansion, to ordinary ones (ODE).
The process of reduction to self-similar form fully preserves
the nonlinearity. The self-similar solution provides important
clues to a wider class of solutions of the original PDE[2]. To
achieve the reduction, the two variables of space = and time
t can be combined into a one variable. Such a transformation
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is not permitted at very small ¢, small compared to the
time scale characterizing the phenomenon. In the laser-plasma
interaction, the time corresponds to the laser pulse duration 77,.
Therefore, the self-similar solution is relevant only for ¢ > 7.
The similarity solutions were firstly found for explosion and
implosion problems. Simple scaling arguments illustrate the
invariant nature of the scaled solutions.

The finite plasma expansion is determined by initial condi-
tion and a possible existence of external source of energy. In
the quasi-neutral limit, an analytical self-similar solution exists
for a Gaussian plasma of size much larger than the Debye
length[3]. For a laser-produced plasma with a limited mass,
the expansion has been investigated with two different classes
of the self-similar transformation. The obtained self-similar
solutions correspond to a quasi-isothermally expansion during
the laser irradiation and an adiabatic expansion after turning
of the laser[4]. Kumaret al. used a new self- similar solution
which requires a suitable time-dependent temperature of laser-
generated hot electrons. They obtained a different solution
which, allowed mono-energetic spikes in the ion spectrum.
However, their model assumes that the expansion is driven
by the ion thermal pressure in the presence of an appropriate
tailoring of the plasma electron temperature profile[5].

In laser plasma the expansion is driven by a fraction of the
energy absorbed in the ablated materials. The gas dynamical
model of plume expansion can be applied to study ionized
plumes[6]. The ratio of electrons, ions and atoms at a given
temperature and density is governed by Saha’s equation. The
ionization is found to extend the limit of plasma expansion
with two different behaviors, depending on whether the plasma
is close to or far away from the ablated target[7]. In the
present model, we consider the effect of charge separation,
but limited to the approximation of quasi-neutral plasma. The
physical picture for which the expansion is driven by the
electrostatic potential is the explosion of a spherical plasma
having a uniformly distributed electrons and ions. Popov et al.
have studied the spherical explosion of a plasma produced by
the interaction of ultrashort laser pulse with submicron targets.
It was shown that the quasi-neutral ion energy spectrum can
be used in the approximate evolution, when the electron
temperature is very small (7" < 1)[8]. By using the multi-
fluids model, we showed that the plasma expansion driven by
thermal pressure gradient or by electrostatic potential are of
the same magnitude for a finite partially ionized plasma.

II. MODELING

In a vacuum, for a laser-induced plasma, during the time
when the distance of the plasma front from the target is com-
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parable to the laser spot dimension, the plasma propagation is
one-dimensional[9]. The fluid one-dimensional approximation
can be used to investigate the expansion of a plasma of ions,
electrons and neutral atoms. At the beginning of the expansion,
the plasma contains ions, electrons and neutral atoms of
densities n;, n. and n,, respectively. During the expansion,
the plasma is subject to ionization recombination processes.
There are different processes that lead to ionization of neutral
atoms. However, one of the processes is found dominant.
When energies are of the order of ionization potential of the
atom, which is several electrons volts, the dominant ionization
process in a partially ionized plasma is by electron impact. For
a plasma with electron (ion) concentration much smaller than
its equilibrium value, the recombination is unimportant[10].
Therefore, ion fluid equations must contain a source term
which considers the density variation due to ionization by
electron impact.

ot ox

where m; and v;, stand for the ion mass and velocity, re-
spectively. Ionization by electron impact is proportional to the
ionization rate[10]:

= QeNelp (1)
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Where &, is the average cross section , T, =

(8kpT,./mm.)'/2 is the mean thermal speed of the electron
and U;, T, kp being the ionization potential, the electron
temperature and the Boltzmann constant, respectively.

For an expansion driven by the thermal pressure gradient
and the electrostatic ambipolar potential, ion momentum equa-
tion is given by,

81)7; 6v¢ _ 8¢> 8p1
mone [+ gy = el G 0
The pressure for an isothermal situation is p; = n;T;.

The ion temperature is assumed to be equal to the electron
temperature 7' (1T; = T. = T). Such approximation is used
whatever the ions are cold or warm because the ion tempera-
ture is usually not known. In the time scale corresponding to
the ion expansion, the inertialess electrons follow Boltzmann
distribution,

oot "
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The densities of neutral atoms, electrons and ions are related
by Saha’s equation

Neni _ 22U, <27rn”;;2kBT) exp (_ U; ) _K(T) (5)

Ny, U, kT

where h is the Planck’s constant, U, and U, are the electronic
partition functions. Saha’s equation is used when only one
ionization level is important.

To investigate the expansion of a finite size plasma we
follow the same transformation as Ref.[5], i.e,

(I)(&) = e¢/T7 Vie) = Rf(£)7 § = I/R (6)
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Fig. 1. (Color online) Plots of dN; /d¢ (solid lines) and N;d¢/d¢ (dashed
lines) versus the self-similar variable £. With n;, = 0.1n,, Red lines (I" =
0.15) and black lines (I" = 0.2 eV).

where R(t) stands for a time-dependent characteristic system
size which have an initial value Ry = R(0) and expands
preserving quasi-neutral plasma(n; = n.).

ni = mo L N() ™

The density is normalize by the initial total density of
neutral atoms and ions ng = n;y + npo. The function f(&)
is obtained from continuity equation,

C F
f(f):€+m+gj\7i3(f) (8

where C' is a constant obtained using the boundary condition
at origin. Constants in the last right-hand side of Eq.(8) are
F = (en3R?)/4K,(T) and d = RR. In the limit of a totally
ionized plasma, i.e, & — 0, The function f has the same
expression as the one corresponding to Ref.[5].

From Egs.(1) to (8), one obtains

= {C(‘“r 1)+ Ni§+bNi%}
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where @ = R?, b = T./m; = ¢2, RR = R?/a =
T,/ (mib) = 1

III. DiscussioN

Numerical investigation is conducted for a plasma of charged
ions produced during pulsed laser ablation of solid targets
(copper). lons formation occurred, during the early phase
of plasma expansion, through ionization by the impact of
fast electrons or by multi-photon interactions. For energies
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Fig. 2. (Color online) The same as Fig.1 but with 7" = 0.15 eV, Red lines
(nio = 0.1n,) and black lines (n;, = 0.5n,).

in the range 7.72 < E < 20(eV’), which correspond to
the first ionization, the cross section by electron-impact is
~ 2 x 1071%em?[11]. The main aim of the study is to
understand which mechanism that conducts the expansion of
a partially ionized gas. The set of differential equations (9-
11) is solved for three different situations. Firstly, we suppose
that the expansion is conducted by the pressure term, as it
is the case for neutral gases or partially ionized plasma[12].
The second situation concerns the expansion driven by the
electrostatic potential. Such a scenario is more common in
Coulomb explosion. The latter occurs when a cluster irradiated
by a high-intensity laser, becomes very rapidly and highly
ionized, free electrons are instantly swept and leave the ionic
core which is then torn apart by repulsive Coulomb forces[13].
From Eq.(3), the thermal pressure and electrostatic terms are
proportional to dN;/d¢ and N;d®/dE, respectively. Solving
the set of Egs. (9- 11), allowed us to plot this two terms as a
function of the self-similar variable (Fig.1). For an initial total
density ng ~ 10'®cm™3[14], the thermal pressure and the
electrostatic potential contribution to the momentum equation
are of the same magnitude, particularly close to the plasma
source region. For a partially ionized plasma, it cannot be
correct to assume that the expansion is governed only by one
of these effects. Among all initial parameters, the temperature
and the initial ionized fraction are the most important ones
leading to change the profile during the expansion. It is
important to note that the temperature should be of the order
of ~ 0.2 eV, otherwise the plasma is totally ionized. Lower
temperature reduces the domain of the self-similar variable
for which a self-similar solution exists ( red lines of Fig.1).
When the temperature increases, the discrepancy between the

effect of the thermal pressure and the electrostatic potential
can be visible for a wider domain (black lines of Fig.1).
Increasing the initial ionized fraction turns out to enhance
both effects (Fig.2). The plasma expansion is the results of the
combination of the thermal pressure which increases with the
density and the electrostatic potential. The latter results from
the local separation between ions and electrons, limited to the
Debye sphere to preserve quasi-neutrality of the plasma. In
Figure (3), the density profile during the expansion is plotted
when the expansion is driven by the thermal pressure or the
electrostatic potential (red lines) and the combination of the
two effects (black lines). The profiles are slightly different
from the known plasma expansion profile. Commonly, there
is a rarefaction wave propagating in the opposite direction
of the expanding front for which the density decreases with
a convex profile. For a partially ionized plasma, close to
the source the density increases due to ionization process,
the profile start with concave shape[15]. The combination of
the two effects enlarge the expansion limit which is more
important for higher temperature. One of the problems related
to the self-similar solution is boundary conditions. As the
self-similar transformation preserves the shape, the choice
of the initial density is not important, all curves are plotted
with normalized density. The choice of the initial velocity is
different because it is inherent to the fluid energy. Usually we
choose v(§,) = 0, the expansion is supposed to start from
an unperturbed plasma. As the velocity is not known, this
is just an approximation. For a fully ionized plasma of ions
and electrons in thermal equilibrium, the velocity is given by
v =¢+ Cy, Cs = y/7yTe/m;. The positive sign is chosen
when a rarefactive wave propagating into the unperturbed
plasma. For & = 0 the front initially moves with Cy, and
the velocity increases linearly until the end of the expansion.
For the isothermal case, the electric field is space independent
and is different from zero when x — 0. When the expansion
starts with an unperturbed plasma (n(&,) = n,), ions at the
discontinuity are accelerated to infinity by the infinite electric
field as soon as ¢ > 0 the ion velocity increases linearly in
x for a given ¢ (c.f. Ref.[16]). Clearly when N ~ 0 (end of
the expansion), the velocity looses its physical meaning. In the
present work, the velocity profile is almost linear, the deviation
can be seen only far away from the plasma source. Changing
the boundary conditions didn’t have significant effect on the
velocity profile but affect the final self-similar front velocity.

The variation of the ionization fraction (n = n;/(n;+n,,)) is
very sensitive to the temperature (Fig.4). Depending on terms
present in momentum equation that drive the expansion, The
limit of  — 1 has been reached differently, it is attained
faster when only one effect is present. Once the laser is
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Fig. 3. (Color online) Normalized ion density versus £. Red lines corresponds
to the expansion governed by the thermal pressure or the electrostatic potential
and black lines both two effects taking into account. dashed lines with 7" =
0.15 eV and solid lines with 7" = 0.2 eV. The ion initial density is n;, =
0.1n,.

Fig. 4. (Color online) The variation of the ionization fraction during the
self-similar expansion driven by the electrostatic force or thermal pressure
(red lines) and the combination of the two effects (black lines) for T =
0.15 eV(— ——) and T = 0.16 eV (—).

turned off, the main ionization process is attributed to impact
between energetic electrons and neutral atoms. With higher
temperature the saturation is faster. But the combination of the
two effect leads to make the variation of the ionization fraction
slower. An ideal gas with higher pressure means that density or
temperature is higher. Clearly, increasing the density turns out
to increase the collision between electrons and neutral atoms
to reach the ionization saturation. On the other hand higher
temperature corresponds to more important kinetic energy and
therefore, increases collisional probability.

IV. CONCLUSION

We have shown that the self-similar expansion of a finite
size plasma is driven by the electrostatic potential and the ther-

mal pressure. One of this effect cannot be neglected in favor
of the other, particularly close to the plasma source region.

The ionization effect, considered through Saha’s equation, is
found to affect the density profile which behaves differently
from a fully ionized plasma. The ionization of the residual
neutral atoms occurs at lower temperatures and reaches the
saturation limit faster as the initial ionized fraction increases.
Higher energy deposited by the laser pulse during the plasma
formation enhances the self-similar domain for which the
quasi-neutral expansion occurs.
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