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By use of a hydrocode it is shown that the interaction of high-intensity light with an ex-
panding plasma surface produces a positive plasma cloud followed by a negative plasma
cloud. This result, which is opposite to that without the laser light, is the result of the non-

linear (ponderomotive) force.

PACS numbers: 52.35.Mw, 52.50.Jm

A well-known insufficiency of the earlier macro-
scopic two-fluid theory of plasmas! was the impossi-
bility to reproduce directly Langmuir (electrostatic)
waves and their coupling with electromagnetic
waves because the theory needed the approximation
of electric quasineutrality. Though phenomena of
electric fields in plasmas were concluded in the sur-
face of laser-produced plasmas,? or in cosmic plas-
mas,’ the step towards a consequent macroscopic
theory describing these phenomena was not possi-
ble before the approximation of quasineutrality
could be overcome by a genuine two-fluid descrip-
tion with unrestricted electric fields.* The numeri-
cal models, however, needed time steps much
shorter than the plasma oscillation period,® and fi-
nally resulted in detailed electric field mechanisms,
such as plasma rotation in tokamaks, as a basic ef-
fect (and not as a higher order anomaly),* and in
the first quantitative theory of the decrease of ther-
mal conduction in pellet fusion.®

We report here on the evaluation of the theory to
explain the observation of the measured double
layers in laser-produced plasmas with an inversion
of the polarity’ for which we found a direct connec-
tion with the generation of cavitons due to non-
linear force action. Detailed experiments showed
the surprising result that the first part of a laser-
produced expanding plasma is positively charged
followed by a negative plasma cloud within a tem-
poral resolution of 1 nsec. This is an ‘‘inverted
double layer’’ because any freely expanding plasma
has first a negative and then a positive charge.??
The experiment in Ref. 7 was calibrated in situ and
therefore any regular double layer can precede the
inverted double layer, only within a shorter time
than the experimental resolution (1 nsec). The ap-
pearance of a strong inverted electric double layer
in a laser-produced plasma can be analyzed from
the following evaluation of a hydrodynamic compu-
tation of laser-plasma interaction where special at-
tention has been given to the generation of electric
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fields and double layers in the interior of inhomo-
geneous plasma.

Macroscopic hydrodynamic computations could
not cover these electrostatic mechanisms, as they
were developed as one-fluid codes (WAZER, LAS-
NEX, MEDUSA, etc.) and the two-fluid theory! was
essentially based on electric quasineutrality of the
plasma; the theory of the nonlinear forces in laser-
produced plasmas required an extension to oscillat-
ing space charges and the addition of nonlinear
terms.®

The fact that the nonlinear forces from the laser
act on the plasma electrons and the ions follow elec-
trostatically was the motivation for the development
of a genuine two-fluid code for electrons and ions
coupled by the Poisson equation. We derived from
this code the generation, coupling, and collisional
damping of electrostatic plasma oscillations by ther-
mal (pressure) or electromagnetic (nonlinear force)
driving of the plasma dynamics.’ The generation of
very high electric fields (more than 10® V/cm) for
10'6-W/cm? neodymium-glass laser irradiation was
derived. Also without laser fields the electric fields
were simply generated by gradients of the electron
density and/or the temperature.

We use this code to study the sign of the space-
charge densities for comparison with the measure-
ment of the inverted double layers.” The code’
uses one-dimensional hydrodynamics of the elec-
trons and ion fluid with coupling by electric fields,
viscosity, and thermalization according to the
equipartition time. The laser fields are calculated
from the Maxwellian equations with internal reflec-
tion using the spatial and time dependence of the
optical constants including the nonlinear intensity
dependence of the collision frequency. As the code
was covering the electrostatic oscillations and had to
follow time steps below a few femtoseconds, we
could only follow the plasma dynamics to a few pi-
coseconds where the inverted double layers ap-
peared to be similar to the experiments in the
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nanosecond time scale.

The model uses a fully ionized hydrogen plasma
of electron T, and ion 7; temperatures of 1 keV,
zero velocity v, and v; for electrons and ions, equal
electron and ion densities n,= n; with a parabolic
distribution along the depth x for a layer of 25-um
thickness and a maximum near the cutoff density of
102! ¢cm™3, all at time =0 as initial conditions.
For the first 0.5 psec, no laser is acting and the ex-
pansion of the plasma leads to fast oscillating fields
and electron motion damped by collisions and
results in electric fields and net velocity profiles
similar to those described before.’> At r=0.5 psec
the laser of 1.06-um wavelength is switched on with
a constant intensity of 10'® W/cm? incident from
the left-hand side (from —x). Figure 1 shows the
ion-density profiles at the following times. At 0.6
psec, the profile became a little bit asymmetric
compared with the fully symmetric parabolic profile
up to 0.5 psec. The laser electric field E—calculated
exactly with all internal reflection—produced a dis-
tribution of the energy density E£%/8m as shown in
Fig. 2. At 0.6 psec the nonlinear force (9/9x)(E?
+ H?)/87 with the laser magnetic field H including
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FIG. 1. Ion density n; of the initially 25-um-thick, ini-
tially symmetric, parabolic profile of an initially resting
fully ionized hydrogen plasma of 1-keV initial tempera-
tures, after a neodymium-glass laser intensity of 10!
W/cm? is incident from 0.5 psec from the left-hand side.
The later-developed density minimum near a depth x =7
wum is the caviton.

now its fully time-dependent interaction caused a
faster motion of the ions to —x near 5 wm than
there was up to 0.5 psec (|v,] < 10* cm/sec), Fig.
3. Due to the positive ion velocity for x > 5 um,
the ion density increases there, causing a higher
dielectric swelling of E%/8w near S um. The densi-
ty develops then a minimum after 0.9 psec (cavi-
ton) which is strongest at 1.1 psec and is becoming
weaker. The reason is that the caviton has built up
a high ion (plasma) density near x=0 um above
cutoff through which nearly no light can penetrate
(see the low field at 1.1 psec in Fig. 2) which is a
self-quenching of the laser-plasma interaction.®
The ions have reached velocities beyond 107 cm/sec
near the caviton at this time. The strong negative
gradient of the density at and around 1 um when
the caviton has been generated after 1 psec results
in a pressure driving the ions toward + x with a
high positive velocity.

This caviton generation is very similar to that
known from single-fluid models.® We are able,
however, to follow up the electrostatic fields and
the resulting difference of the ion and electron den-
sities which generate the space charges: Figure 4
shows these density differences n,—n,. At the
right-hand end of the profile, near 25 um, where
no light is present, the plasma behaves normally.
The more outside the plasma, the more it is nega-
tive according to the smeared Debye sheath due to
the faster expanding electrons (where the compli-
cated oscillations and damping process*> had been
shown before within the remaining faster net elec-
tron velocity and remaining electric field). At the
other side of laser interaction, at x near 0 um, the

3.5x10"

E2/8m (ergs/cm3)

LASER FIELD ENERGY DENSITY

PLASMA DEPTH (pm)

FIG. 2. Density of the electric field energy of the laser
(without the electrostatic fields generated within the plas-
ma) for the conditions as in Fig. 1.
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FIG. 3. Ion velocity profiles for the conditions of Figs.
1 and 2.

complicated caviton process has produced a strong
positively charged plasma cloud, sometimes even
with oscillations, followed by a long negative plas-
ma for x > 6 um going to zero near 15 um and
from then on showing normal behavior as expected
from a plasma without laser interaction.

As we had to use an Eulerian code in order to fix
the spatial grid for the electric field calculation, we
cannot follow up the processes for negative x
(below the boundary conditions) with the given
model. While it was necessary to use an Eulerian
code, we had to overcome the then appearing prob-
lems of numerical diffusion from boundaries.
Second-order extrapolation is applied at the boun-
daries. If extrapolation at the boundaries is per-
formed only at the N + % grid point in the auxiliary
step and at the 1 grid point at the main step (as one
is tempted to do at a first glance following the two-
step Lax-Wendroff method), indeed a spurious
wave is formed after a few time steps. This was
overcome by numerically experimenting when com-
puting the conservative variable at the N + —;— and at
the % grid points® where results by Chu and Sereny
and by Roache?® were discussed.

Thus, we have shown hydrodynamically how the
usual negative charge of a freely expanding plasma
surface is generated while the laser interaction and
caviton generation at high laser intensities with a
predominance of the nonlinear forces produced first
a positive plasma cloud followed by a negative plas-
ma cloud in agreement with the measurements.’
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FIG. 4. The genuine Eulerian two-fluid code permits
the evaluation of the unrestricted differences of the ion
and electron densities n;— n, for the cases of Figs. 1 to 3.
At the left-hand laser-irradiated side appears the genera-
tion of high positive charge densities, followed on grow-
ing depth x by a negative charge density to zero differ-
ence. At the high-x end without laser light, the negative
charge density of a freely expanding plasma surface ap-
pears.
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