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This is work done by K. L. Cartwright on ion acoustic waves and solitons during his
graduate career at University of California-Berkeley not included in his PhD thesis. The
topic of his thesis was on the time-independent and spectral content of crossed-field electron
flow in diodes. The following research is published in the hopes that it will foster further
research on the topic of ion acoustic waves in bounded plasmas.

Part A: Refraction and Reflection of Ion Acoustic Solitons by Space Charge
Sheaths ICOPS 1996, APS/DPP 1996, and Sendia 1997

Experiments have shown that ion acoustic solitons tunnel through the space charge sheath
in front of a grid without time delay. They are absorbed resonantly when the spatial width
of the soliton is close to the characteristic gradient scale length of the sheath. The reflection
and transmission coefficients found in these experiments have compared well with theory
in the long wavelength limit. However, to achieve this comparison, two parameters were
added that were not in the original theory. These parameters allow for the absorption of
soliton energy by the space charge sheath. The goal of our numerical simulations, designed
to reproduce the experimental results, is to uncover the mechanism of this energy loss and
large speed of propagation through the sheath, as observed in the time-distance plots.

Part B: Non-quasi-neutral Theory of Ion-Acoustic Resonances in bounded
Nonuniform Plasmas and Comparison with PIC Simulations ICOPS 98

A theory is developed of ion-acoustic resonances in an inhomogeneous plasma diode
using a fluid plasma description. A 1d non-linear steady state model is first developed,
to which linear perturbations are applied. Poisson’s equation is included self-consistently,
without making the assumption of quasineutrality. The resulting fifth order differential
equation describing this inhomogeneous plasma does not have the singularity that occurs
in the sheath region when quasineutrality is assumed. It is shown that both even and odd
ion-acoustic resonances (standing waves) are confined within the plasma core; this implies
reflection from the sheath. The wave does not reflect at the sheath edge, in fact the reflection
position varies with frequency; the reflection location is approximately at the position where
the group velocity (which is a function of frequency) is equal to the ion drift velocity.

To numerically investigate long time scale, low frequency phenomena, a hybrid electro-
static PIC algorithm is used in which the electrons reach thermodynamic equilibrium with
the ions each time step, using the nonlinear Boltzmann relationship for the electrons with
a PIC ion source term. The 1d non-linear steady state model is compared to the PIC sim-
ulations. Also, the mode structure of the ion-acoustic resonances are compared with the
pure fluid model as well as using the steady state hybrid PIC spatial profiles of ion density
and ion drift velocity along with the electron temperature, as the source for the linear mode
analysis.
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Abstract

Experiments have shown([1],(2] that ion acoustic solitons tunnel through the space charge sheath
in front of a grid without time delay. They are absorbed resonantly when the spatial width of the
wave is close to the characteristic gradient scale length of the sheath. The reflection and transmission
coefficients found in these experiments have compared well with theory in the long wavelength limit[3).
However, to achieve this comparison, two parameters were added that were not in the original theory.
These parameters allow for the absorption of wave energy by the space charge sheath. The goal of our
numerical simulations, designed to reproduce the experimental results, is to uncover the mechanism of
this energy loss and large speed of propagation through the sheath.

1 Photo Ionization—Steady State

713 eV

Electron Temperature (x=0)
Ion Temperature (x=0) 1.28 x 10~% eV
Density (x=0) 1x10M m™3
. Massoflon 295
MassofElectron
Background gas Pressure 5 mTorr
Electron Mean Free Path 23 x107*

He elastic cross section
Ionization rate 2.4 x 10 g1
Energy of photon 4.51 eV
Transparency of grid .90
Plasma Density 1.28 x 10'4 m™—3

Electron Plasma Frequency

Ion Plasma Frequency

Debye Length

Number of Debye Lengths in system
Acoustic Speed

2 Computer Model

1.02 x 10® sec™!
6.79 x 10° sec™!
5x1074m

108

2.36 x 10* m/s

Both boundaries are periodic. To maintain the plasma, ions - electron pairs are generated in the system
at a constant rate uniformly across the system. This model would correspond to a plasma where UV
light is responsible for the ionization. A grid placed at 0.03m which collects 10% of the plasma passing
through. A diagram of the system is shown in Figure 1. The initial condition of this computer experiment
is with the simulation region empty. The simulation was run until it reached steady state. Spatial profiles
of the densities, potentials, and average velocity are shown in Figure 2. The elastic scattering is show in
Figure 3. The electron and ion phase space is shown in Figure 4.

3 Self Excited Waves

A long time (~ 127;) average of the ions density shown in Figure 2 is subtracted from the instantaneous
density to obtain Figure 5. This Figure show self excited waves moving in both directions in the bulk of
the plasma.
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Figure 1: Diagram of 1d Simulation

4 Launching of a Wave

The waves are launched in this equilibrium state shown in Figure 2. To launch a wave, a wave is
instantaneously added to the system by adding particles. Electron—ion pairs are added with modulation
in velocity and in density with the center at 0.01 cm, see Figure 9. The wave is shown without the
background plasma. The width of the modulation is varied to get the desired wave in the simulation.
The density of the plasma is much larger than the wave which is launched. The ion density, velocity and
potential perturbation are shown in Figure 6, 7 and 8.

5 Why do IAW Reflect from the Sheath

In the plasma bulk, ion acoustic waves may propagate. They are sustained by the charge neutrality of
the plasma as a whole. In the sheath, however, an ion acoustic wave is no longer sustained by charge
neutrality. In the sheath, electric potential energy is higher than the electron thermal energy (pressure)
which drives the acoustic wave. In plasma, the ions and electrons oscillate in phase with little self E.
However, the electric field in the sheath drives ions and electrons in opposite directions. Yamada and
Raether [4] show that the direct influence of an electric field in a plasma causes a significant modification
of the dispersion relation which should not be neglected. Yamada and Raether then neglect the electric
field term because it leads to substantial simplification of the dispersion relation. The indirect effect
of the electric field manifests itself in a modification of the unperturbed distribution functions. The
unperturbed distribution functions are assumed to be drifting Maxwellians. Then we plan to calculate
the path of a wave using Eikonal (WKB) theory, using this dispersion relation. The dispersion relation
will need spatial profiles of the average velocity obtained from simulation.

6 Effects of the Width on Reflection and Transmission

The reflection and transmission coefficient, +. and +:, versus the wave width have been measured from
the density perturbation plot. By keeping the wave amplitude constant, we have changed the wave width
by varying the initial width. It is clearly seen from Figure 10 that the transmission rate of the wave
decreases and reflection rate increase as the width of the wave is the order of the sheath width. This is
also seen in the experiment by Nishida et.al. [2], as shown in Figure 11 from the same paper.
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Figure 10: Reflections and transmission coefficient as a function of width of launched wave.
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Figure 11: Reflections and transmission coefficient as a function of width of launched wave (circles) taken
from Nishida et.al. Note at the characteristic scale length (D=.3 cm) the transmission coefficient is a
minimum and reflection coefficient is a maximum.
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