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The use of waves applied by a periodic electrode to controllably modify the particle velocity
distribution in a plasma is explored. The applied waves induce a strong wave-particle interaction
analogous to Landau damping. However, as the waves are powered by an external circuit, the
interaction cortinues until a new plasma equilibrium is established. At saturation, the velocity
distribution is enhanced above the phase velocity of the applied wave and suppressedbelow. The
use of this technique to selectively heat the electron high energy tail and to enhancethe electron-
impact ionization rate is demonstrated using particle-in-cell simulation.
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. INTR ODUCTION

It is well appreciatedthat a particle moving nearly syn-
chronous with a wave gains energy if its velocity is just
belowv the wave phase velocity. Conversely just above
the phase velocity, a particle losesenergy This wave-
particle interaction is the underlying mecanism for Lan-
dau damping. Landau damping is extensiwely discussed
in many texts|see for example Nicholson! Useful re-
sults from the theory of Landau damping are given in
this article asnecessary

In an unmagnetized driftless uniform Maxwellian
plasma, Landau damping predicts that Bohm-Gross
waves (Langmuir oscillations) will spontaneously damp
(except at the trivial point k = 0), evenin the absenceof
collisions. The damping goesase€' ¢! and, for waveswith
a positive phasevelocity, is given by:
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I-i@lre, f is the electron velocity distribution function
( 1 f dv = 1), v is the velocity parallel to the wave vec-
tor, ! is the wave frequency k is the wave number and
I'p is the electron plasma frequency A small ionic con-
tribution to the damping was neglectedand this assumes
the wavelength is much larger than the electron Debye
length (, 4). The damping occursbecausethere are more
electrons gaining energy from the wave than losing en-
ergy to it. It should be noted that only slow waves (that
is, waves whose phasevelocity is slower than light) can

directly participate in a wave-particle interaction.
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electron velocity distribution,

If the wave is imposedon the plasmasud that it does
not damp, the wave-particle interaction cortinues until
a new equilibrium is established. Here it is shawn that
such an applied wave may be usedto cortrollably ma-
nipulate the electron velocity distribution function at se-
lective energies. This processis referred to as Landau
heating in this article. As many important reactionsin
low-temperature plasma dischargesare very sensitive to
the distribution function (for example, electron-impact
ionization and excitation)?, such an applied wave may
be usedto electrically modify reaction dynamics.

If the applied wave is resonart with natural plasma
waves, Landau heating is greatly enhanced|Landau res-
onant heating (LRH). For selectiwely heating electrons
in an unmagnetized uniform plasma, the obvious wave
to useis the Bohm-Grosswave. A minimal 1d particle-
in-cell (PIC) simulation is conducted here which demon-
strates LRH of the electron high energy tail in a low-
temperature plasma. The simulation ignores collisional
e®ects. Over two orders of magnitude enhancemen of
the high energy tail about the target heating energy is
obsened in this idealized model.

In bounded non-uniform plasmasas found in real de-
vices, it is showvn here that the most favorable wave
to use for LRH is the electron seriesresonance(ESR)
surface wave. Two 2d PIC-MCC (Particle-In-Cell with
Monte-Carlo Collisions) simulations of a bounded argon
plasma are conducted to demonstrate LRH in a more
realistic model. In the rst simulation, a periodic elec-
trode designedto enhancethe ionization rate with the
ESR surfacewave is usedto sustain a plasmadischarge.
The secondsimulation is conducted using identical ini-
tial plasma conditions, device dimensions, frequencies
and amplitudes but no periodic electrode. Here, the
ionization rate is greatly reduced (so much so that the
plasma quickly extinguishes). Unlike the 1d simula-
tion, these simulations incorporate important collisional
processes|namely, electron-impact ionization and exci-



tation, electron-neutral scattering, ion-neutral scattering
and ion-neutral charge exchange. The crosssectionsfor
theseprocessesvere taken from experimental data so ef-
fects such asthe Ramsauerminimum are included.

PIC-MCC simulation3® is usedasit captures critical
kinetic e®ects. Fluid simulation techniques have dit-
culty modeling kinetic e®ectdike Landau damping. PIC-
MCC simulation allows Landau damping to be modeled
self-consistetly with realistic atomic physics.

Landau heating of electrons in low-temperature un-
magnetized planar plasma devicesis emphasizedin this
article as such plasmasare useful for materials process-
ing purposes. This technique could be easily applied to
a cylindrical geometry for enhancingor suppressingion-
ization or excitation reactions in a °ourescert lighting
discharges (possibly yielding deviceswith improved ex-
ciencies). This technique could also be fruitfully applied
to other speciesand other wavesin a plasma. Sud may
have applications in fusion, wake eld and spaceplasma
devices.

Il. WAVE-P ARTICLE INTERA CTION
APPLIED WAVE

IN AN

A. Traveling Wave

The interaction of electronsin a plasma with a trav-
eling wave has been extensiwely studied. For illustra-
tive purposes,consideran unmagnetizeduniform charge
neutral plasmain which the electronsare initially drift-
lessMaxwellian distributed. A slow phasevelocity wave
(! =k < c) whosefrequencyis similar to ! , isimposedon
the plasmaby someunspeci ed external circuit.

In this idealizedmodel, the applied wave potential may
be expressedas:

V(z;t) = Vocos(! tj kz) (2)

Over short time scales(relativ e to the Landau bounce
time given belaw), particles just below(above) the wave
phase velocity gain(lose) energy Since there are more
particles below the phase velocity than above, overall,
the electrons gain kinetic energy from the wave. This
processs directly analogousto the linear stageof Landau
damping.

Over medium time scales(comparable to the Landau
bounce time), the e®ectof particle trapping must be
considered. In a frame moving syncronous with the
wave, the wave appears as a stationary periodic poten-
tial. Nearly syndironous electrons are trapped in the
potential wells and oscillate. The Landau bouncetime is
the period for linear oscillations in the potential wells:

s
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Here, e is the magnitude of electron chargeand m, is the
electron mass.
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FIG. 1: Evolution of the Velocity Distribution in a Travel-
ing Wave: These graphs qualitativ ely showv how an initially
Maxwellian velocity distribution function reactsto an applied
wave. The thermal equilibrium state is usually not reached
for the plasmas of interest here.

Howevwer, asthe individual potential wells are not har-
monic oscillators, trapp ed electronswith di®eren initial
positions and velocities have di®erert oscillation frequen-
cies. This causesthe trapp ed electronsto phase-mix. In
the lab frame this leadsto a °attening of the velocity
distribution function about the wave phasevelocity. The
width of the °attened regionis dictated by the amplitude
of the wave eld (which determinesthe velocity range of
trapp ed particles):

r
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Once the velocity distribution function slope is zero



at the wave phasevelocity, the wave-particle interaction
saturates and no net energy transfer occurs betweenthe
applied wave and the plasma. Equivalertly, the Landau
damping rate (1) is zero. This processis analogousto
the non-linear stage of Landau damping.

If suzciently strong collisional mechanismsare presen
to allow the electronsto come to thermal equilibrium
with the traveling wave, equilibrium thermodynamics
predicts the long term ewlution of the electrons. The
electron distribution function is proportional to the
Boltzmann factor in the wave frame. Thus, in the
lab frame, the electrons have a periodic spatially non-
uniform density which travelswith the applied wave. The
electrons also acquire a net drift from the momertum
transferred by the wave "eld:

" #
Me(vi ! =k)2 i 2e\pcos(!tj kz)
2kg Te

Ne(z;v;t) | exp j
)

Here, N, is the electron phase-spacalensity, kg is Boltz-
mann's constart and T, is the nal electrontemperature.

Figure 1 shows qualitativ e graphs of the ewlution of
the distribution function in an applied wave. Figures
la, 1b and 1c correspond to the short, medium and long
time scales.In the partially-ionized low-temperature low-
pressureplasmadischargesthat are the focus here, colli-
sionswith the badkground neutral species(usually at rest
in the lab frame) and the low electron collision frequency
relative to the high electron lossrate to the boundaries
strongly inhibit thermalization of the electronswith the
traveling wave. Thus, the thermal equilibrium state is
usually not reached.

B. Standing Wave
A standing wave is the sum of two oppositely directed
traveling waves.

V(z;t) = Vpsin! tsinkz

1 1
EVO cos(! ti kz)i EVO cos(! t + kz) (6)

Given the sameinitial plasma and wave frequency con-
ditions asabove, over short and medium time scales,the
electron behavior is largely unchanged from the travel-
ing wave discussion. The same processesoccur for the
i 2 traveling wave (v » j ! =k) as for the +2 traveling
wave. The trapping processfor § 2 wave is not signif-
icantly in°uenced by the " 2 traveling wave as the fre-
guency of the ™ 2 wave in a frame moving syndhronous
with the 8 2 wave is well above the electron plasma fre-
guency Consequetly, electronstrapped by the § 2 wave
do not respond strongly to the * 2 wave.

For a standing wave, there is no frame in which the
total wave “eld is time independert. Thus, the ther-
modynamic argumert for the traveling wave case does
not apply for a standing wave. As a result, it is ex-
pected that the wave-particle interaction saturates with

3

a °attened velocity distribution about the positive and
negative phasevelocities assa@iated with the oppositely
directed waves. The width of the °attened regions is
suitably reduced (but there are two sucd regions):

Hyst = (")

Thus, the interaction of electronsin a plasmawith a
standing wave is expectedto result in a non-thermal equi-
librium electron velocity distribution. For positive elec-
tron velocities, the electron velocity distribution function
just below the wave phase velocity is suppressedcom-
pared to the initial Maxwellian while the distribution
function is enhancedjust above the phasevelocity. The
equivalent distortion also occurs for negative velocities.

C. Resonant Waves

If the applied standing wave frequencyand wavelength
is chosen carefully, the applied wave resonarily excites
natural wavesin the plasma. The net impact of this is
that Vj is actually much larger than the "eld applied by
the external circuit.

This is very useful if a standing wave is to be em-
ployed in a practical device as very small applied "elds
may be usedto e®ectvelocity distribution modi cations.
Also, the high e®ectie Vg hasthe impact of reducing the
bouncetime. Shorter bouncetimes are preferable as it
reducesthe size of the plasma device necessaryfor LRH
(if the plasma deviceis too small, the electronsinteract
with walls before they have suzcient time to phase-mix
and °atten the velocity distribution function).

IIl. DEMONSTRA TION OF LAND AU
RESONANT  HEA TING

Figure 2 shows the wave number and frequencyto in-
duce Bohm-Grosswave LRH about 3v; in a uniform un-
magnetizeg plasma. v; is the thermal velocity of the
electrons ( kg Te=m¢). Due to the largek asymptotic
behavior of Bohm-Grosswavesﬁh_esewavesmay only in-
duce LRH for velocities v > v; 3. Since modifying the
energetictail of the velocity distribution is the goal, this
preserts no problem.

A 1d periodic electrostatic PIC simulation of a plasma
with average density no = 0:745£ 10''=cm® was con-
ducted. The initial electron velocity distribution was
Maxwellian with a temperature of T = 2eV. Corre-
spondingly, for a target Landau heating velocity of 3v;
(target energyof E = 9eV), the necessarywavelengthand
frequency are , = 0:588mm and f = 3:00GH z respec-
tively. The amplitude of the applied wave is Vp = 0:2V;
this is much smaller than the mean electron kinetic en-
ergy (» Te=2). The ions are singly-ionized hydrogen.
The initial ion temperature is Tj = 30K .



Landau Resonant Interaction (w/k = 3vt)
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FIG. 2: Determination of the Wave Frequency and Number:
This graph shows how to determine the wave number and fre-
quency to apply to enhancethe electron velocity distribution
function using a Bohm-Gross wave in a uniform plasma.

Electron Vel. Dist.

10°f ' | == |
\ Y \o
10"} | 7 N
y _.\-
) | I\
£10°} /. A\
S /| SN
9 2 / .‘ I I \
< 10| / | [
/. . — Final
wffs ! Initial
ol B — - Maxwellian Fit
o | -— Target Velocity
10 : : : : — :
-3 -2 -1 0 1 2 3
Velocity (m/s) % 10°

FIG. 3: Landau Resonart Heating, Before and After: This
graph shows the initial and "nal electron velocity distribu-
tion functions. As expected from Landau damping theory,
the velocity distribution function is °attened about the wave
phase velocity. Over two orders of magnitude enhancemen
of the high energy tail for electrons is seen.

The simulation is periodic with a length of 1lcm (17
periods of the applied wave). The simulation timestep
is ¢ = 0:2=!', and the meshspacingis ¢ » , 4. The
macro-particle density was 10000patrticles per cell on av-
erage which gives very good resolution of the high en-
ergy tail. The simulation code useslinear interpolation
and weighting for the explicit leap-frog particle advance
(the same algorithms in the code PDP16). The peri-
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FIG. 4: Average Kinetic Energy per Particle: This “gure
shows the average kinetic energy per particle during LRH.
The wave-particle interaction rapidly heats the plasma and
quickly saturates.

odic potential Poissonsolver is described in Hockney and
Eastwood*. A thorough numerical analysis of this type
simulation may be found in either Birdsall and Langdon®
or Hockney and Eastwood*.

Figure 3 shows the electron velocity distribution be-
fore and after the LRH saturates. Flattened regions
about the phasevelocities of the applied standing wave
are seen. The widths of the two regionsare much larger
than the applied wave amplitude alone would suggest.
As expected, the applied "eld excites a large standing
Bohm-Grosswave. At the high energy edgeof the °at-
tened regions, the density of high energy tail electrons
is enhancedby over two orders of magnitude. The bulk
electrons are actually mildly colder after the LRH sat-
urates than the initial and the Maxwellian "t velocity
distributions.

Figure 4 shaws the averagekinetic energy per particle
versustime. LRH rapidly heatsthe plasmaand saturates
in a couple of hundred wave cycles. The rapid initial
rise corresponds to the linear stage of Landau damping.
Oncethe velocity distribution function is °attened at the
wave phase velocity, the wave-particle interaction satu-
rates and the kinetic energy growth levels o®. It should
be noted that if collisional and boundary interaction pro-
cessesvere included in the simulation, this graph would
have di®erert characteristics as superthermal particles
would be lost quickly to the boundariesand/or losetheir
energy by collisions. Here, kinetic energy gained from
the standing wave is not dissipated as the trapped syn-
chronous electronsoscillate incoherertly in the potential
wells. The ions do not participate strongly in this inter-
action given their high mass.
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FIG. 5: Planar Device with a Periodic Electrode: This "gure
shows a planar device utilizing a periodic electrode at the
top. The two voltage sourcesare driven 180° out-of-phase.
One period of the corresponding 2d3v PIC-MCC simulation
is shown below. A snapshot of the applied electric "eld in
vacuum is also qualitativ ely shown. The “eld is well suited to
exciting the ESR surface wave.

IV.  ENHANCEMENT OF ELECTR ON-IMP ACT
IONIZA TION THR OUGH STANDING SURF ACE
WAVES EXCITED BY A PERIODIC
ELECTR ODE

Figure 5 shows a qualitative sdhematic of a planar
plasma device with a periodic electrode and one period
of the corresponding 2d3v PIC-MCC simulation. This is
not the only structure useful for LRH but it doesallow
for a direct comparisonto a discharge without a peri-
odic electrode. This is done by changing the phaseshift
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FIG. 6: Landau Resonart Heating for Enhanced lonization:
These graphs show the interaction of the periodic electrode
with the ESR surface wave’ useto pull electrons above the
ionization threshhold. These gures are not to scale. In par-
ticular, the periodic electrode resonancefrequency! ; greatly
exceeds! , such that the two possible interaction points are
e®ectiely degenerateand occur at k » 2¥&, .

between the sourcesdriving the two teethed electrode
segmets. Sinceonly a few periods of the deviceare sim-
ulated, an electrostatic simulation is appropriate. How-
ever, if the entire deviceis modeled, the slow wave struc-
ture nature of the periodic electrode needsto be taken
into accourt asdoesthe electromagneticlong wavelength
behavior of surfacewaves’

The ESR surface wave is favorable for LRH as it is
the dominant high frequencynatural mode in a bounded
plasmaand it has elds which are concerrated near the
bounding walls. Thus this wave interacts strongly with
properly designed periodic bounding electrodes. The
mode cuto® is @rg_ely insensitive to the plasmatemper-
ature; vgr » V¢ 3=2 is the mode group velocity.” Thus
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FIG. 7: Comparison of the Cumulativ e lonization Rates: The periodic electrode simulation shows much more ionization than
the regular electrode simulation (note the range of the scalestoo). The ionization rates shown are accumulated over an ion
sound speedtransit time. Since the regular electrode plasma is rapidly decaying due to insutcient ionization, the cumulativ e

ionization rate is skewed from the instantaneous ionization rate.

this mode is preferable to use over Tonks-Dattner sur-
face wave modes (whose cuto® frequenciesare very tem-
perature sensitive) or Bohm-Gross body modes (whose
“elds are concerirated in the plasma bulk). Sustaining
a plasmawith an ESR surface wave is analogousto the
ESR dischargesinvestigated by Bowers et al.®

Figure 6 shaws graphically how to designthe periodic
electrode to modify the distribution function sud that
electron-impact ionization is enhanced. A 2d3v PIC-
MCC simulation of an initially decaying di®usive pro le
argon plasma was conducted to demonstrate this. The
initial peak plasmadensity was2£ 10°=cm?® with an ap-
proximately sinusoidal pro Te betweenthe two bounding
planes separatedby 3cm. The initial electron tempera-
ture was 2eV and the initial ion / neutral temperature
was 30K . The neutral pressurewasa low 3mT orr. For
asinusoidal pro Te, the ESR surfacewave hasa frequency
of » | ,=4.” Accordingly, the applied frequency was cho-
sento be 319V Hz. The electrode period was chosen

such that particles below the ionization energyin argon
(B » 15:7I§eV) are pushed above it. The target phase
velocity is 2B, =me = 2:35£ 10°m=s. From f, = v,
the electrode period is , » 0:75cm. Since the applied
“elds deca into the bulk plasmaand sincethe electrode
also suppliesthe power necessaryto sustain the plasma,
a larger applied "eld is usedthan the 1d simulation; the
periodic electrode was driven with 10V (still very small
comparedto other typesof discharges).

A secondsimulation for comparisonpurposeswas also
conducted using the sameinitial plasma, device dimen-
sions, wave frequenciesand wave amplitudes. Howevwer,
the two teethed electrode plates were operated in-phase.
Thus, this dischargeis the sameas a planar capacitively
coupled discharge operated near the ESR frequency

The code usedfor this simulation is the samecode de-
scribed in Bowers (but includes Monte-Carlo collisions).®
Bi-linear interpolation and weighting is usedfor the ex-
plicit leap-frog particle advance. The “elds are solved



using a 5-point nite di®erencingof Poisson'sequation.
Thesealgorithms are similar to the code PDP2.10:11

Figure 7 shows the cumulativ e ionization rate within
one electrode period by location for the two simulations
accunulated over an ion sound speed transit time. As
is seen,essetially no ionization takes place in the sim-
ulation without the periodic electrode. Not surprisingly
then, the plasmain that simulation rapidly decays; over
half the plasmais lost in an ion sound speedtransit time
and the electron temperature drops to » 1:3eV as the
electronsthermalize with the ions and neutrals. The ion-
ization rate in the simulation with the periodic electrode
is suxcient to maintain the plasmathough; after a short
period of deca, the periodic electrode comesinto reso-
nancewith the ESR surfacewave (analogousto the \lo ck-
on" proces§). The averagekinetic energy per electron
more than doubles; an e®ectie electron temperature of
» 4:1eV is obsened. The velocity distribution is not
Maxwellian but doesnot show as clear a plateau as the
collisionlessld simulation. This is becausédonization col-
lisions depletethe tail while LRH populatesthe tail. Also
velocity componerts transverseto the wave do not un-
dergo LRH and must be consideredin a full analysis of
the ionization enhancemen

V. SUMMAR Y

In this article, the use of waves applied by a periodic
electrode to modify the particle velocity distribution in a
plasmawas explored. The applied wavesinduce a strong
wave-particle interaction analogousto Landau damping.
Howewer, as the waves are powered by an external cir-
cuit, this Landau heating continuesuntil saturation. At
saturation, the particle velocity distribution is enhanced
above the wave phasevelocity and suppressedbelow.

Landau resonan heating (LRH) was emphasized. In
LRH, the applied wave is designedto excite natural slow
phasevelocity modesin a plasma. The necessanyfrequen-

cies and wavelengthsto excite a Bohm-Grosswave in a
uniform plasmaand an electron seriesresonancesurface
wave in a non-uniform bounded plasma were calculated
approximately. Further work remains to fully optimize
the interactions and electrode structure. Suc an opti-
mization should take into accourt the changein plasma
density and velocity distribution due to the applied wave
“eld instead of computing the electrode parametersfrom
an assumedinitial Maxwellian plasma. Another intrigu-
ing optimization is to use a multi-frequency drive to a
exert very precisecortrol over the electron velocity dis-
tribution.

LRH of the high energytail for the electronswas suc-
cessfully demonstrated with a 1d PIC simulation un-
magnetized high-density low-temperature plasma. A 2d
PIC-MCC simulation successfullydemonstrated the use
of a periodic electrode to greatly enhancethe rate of
electron-impact ionization collisions in low-temperature
low-pressureunmagnetized plasmas.

It should be noted that to scaleLRH to even higher
density low-temperature plasmasthan usedhererequires
impractically small electrode periods. For example, to
enhance ionization in argon using the same electrode
structure usedin this article requires a electrode period
on the order of tenths of millimeters for plasmadensities
of 10*?=cm® and temperatures of a few eV. Howewer, it
may be possibleto usehigher order spatial harmonics of
a periodic electrode to induce LRH. Alternativ ely, Lan-
dau heating at thesehigh densitiesand low temperatures
can still be pursued if lower RF frequencies(with corre-
spondingly larger electrode periods) are used. Such an
interaction is non-resonan and requires a larger applied
“eld.
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