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Abstracts: Oral Presentations
Modeling Plasma Processing Discharges
M.A. Lieberman, E. Kawamura, D.B. Graves and A.J. Lichtenberg
Dept. EECS, UC Berkeley (lieber@eecs.berkeley.edu)

A one-dimensional hybrid analytical-numerical global model of atmospheric pressure, radiofrequency (rf) driven capacitive discharges has been developed [1]. The feed gas is assumed to be
helium with small admixtures of oxygen or nitrogen. The electrical characteristics are modeled
analytically as a current-driven homogeneous discharge. The electron power balance is solved
analytically to determine a time-varying Maxwellian electron temperature, which oscillates on the
rf timescale. Averaging over the rf period yields effective rate coefficients for gas phase activated
processes. The particle balance relations for all species are then integrated numerically to
determine the equilibrium discharge parameters. The coupling of analytical solutions of the timevarying discharge and electron temperature dynamics, and numerical solutions of the discharge
chemistry, allows for a fast solution of the discharge equilibrium. Variations of discharge
parameters with discharge composition and rf power are determined. Comparisons are made to
more accurate but numerically costly fluid models, with space and time variations, but with the
range of parameters limited by computational time.
Plasma instabilities are observed in low-pressure inductive discharges in the transition
between low density capacitively-driven and high density inductively-driven discharges when
attaching gases are used. A two-dimensional hybrid fluid-analytic simulation is used to determine
the space- and time-varying densities of electrons, positive and negative ions, and neutral species,
and electron and neutral gas temperatures [2]. The simulation includes both the capacitive and
inductive coupling of the source coils to the plasma and the neutral gas dissociation and heating.
The plasma is described using the time-dependent fluid equations, along with an analytical sheath
model. The simulation is applied to an experiment in chlorine feedstock gas, in which gaps in the
electron and positive ion versus power curves were observed, with our numerical results indicating
the existence of an inductive-capacitive transition instability, corresponding approximately to the
observed gaps [3]. The fluid calculation captures various features that are not included in the usual
global instability models. A method is developed to match the numerical results to the global
model formalism, which predicts the existence of the unstable mode, as numerically found. The
time and space variations can be used to improve the global model formalism.
Other work has been concerned with the ion energy distributions for various capacitive
sheath models [4], and with simulations of ion velocities at the sheath-presheath boundary [5].
References
[1] C. Lazzaroni, M.A. Lieberman, P. Chabert, A.J. Lichtenberg, and A. Leblanc, “Global Model of
Atmospheric Pressure Radio-Frequency Discharges,” to appear in Plasma Sources Science and
Technology (2012).
[2] E. Kawamura, D.B. Graves and M.A. Lieberman, Plasma Sources Sci. Technol. 20, 035009 (2011).
[3] E. Kawamura, M.A. Lieberman, A.J. Lichtenberg and D.B. Graves, “Two-Dimensional Simulation of
Inductive-Capacitive Transition Instability in an Electronegative Plasma,” submitted to Plasma Sources
Science and Technology (2012).
[4] Ying Wang, M.A. Lieberman, Alan C.F. Wu and J.P. Verboncoeur, J. Appl. Phys. 110, 033307
(2011).
[5] J.T. Gudmundsson and M.A. Lieberman, Phys. Rev. Lett. 107, 045002 (2011).

9

Plasma-Wall Interaction in Presence of Intense Electron Emission from Walls
I. D. Kaganovich (a), A.V. Khrabrov (a), Y. Raitses (a), M. Campanell (a), E. Tokluoglu (a),
H. Wang (a), D. Sydorenko (b), I. V. Schweigert (c), A. S. Mustafaev (d), J. P. Sheehan (e),
N. Hershkowitz (e), V. I. Demidov (f), M. E. Koepke (f)
(a) Princeton Plasma Physics Laboratory, Princeton University; (b) University of Alberta, Canada;
(c) ITAM RAS, Novosibirsk, Russia; (d) St. Petersburg Mining Technical University, Russia;
(e) University of Wisconsin Madison; (f) West Virginia University

The plasma-surface interaction in presence of strong thermionic or secondary electron
emission has been studied theoretically and experimentally both as a basic phenomenon and in
relation to numerous plasma applications such as, for example, cathodes, emissive probes,
divertor plasma, surface discharges, dusty plasmas, plasma thrusters and plasma processing. The
electron flux to the wall is determined by the electron velocity distribution function (EVDF) and
by the sheath potential, which is set by ambipolar condition consistent with the EVDF and the
wall emitting properties. Nonlinear coupling between EVDF and sheath potential is responsible
for a number of unusual phenomena. For example, we observed that plasma interacting with
sheath in presence of strong electron-induced secondary emission tend to exhibit relaxation
sheath oscillations, when the wall potential periodically changes and electrons with energy
bordering the wall potential are lost to the wall during potential decrease [1]. We have shown
that the criterion for instability is that the secondary electron emission coefficient of electrons
with energy normal to the wall bordering the wall potential becomes larger than unity [2]. We
observed new regime where all plasma electrons leave and are substituted by secondary
electrons. In this regime, there is practically no electric field in plasma and sheath, so that ions
are not drawn to the wall, plasma electrons are not confined and the plasma potential is negative
[3]. Note that this situation is different from recently observed nonmonotonic potential sheath
structure, where the plasma potential is below the wall potential but electrons are still confined
[4]. We also observed disappearance of plasma and sheath potential in case of collisionless
plasma decay [5]. Emitted electrons excite electron plasma waves due to the two-stream
instability, which is, consequently, followed by the parametric instability and excitation of ion
sound waves. Implications of these instabilities on collisionless electron heating are being
studied for RF-DC combined system [6]. Finally, methods to control plasma profiles with an
auxiliary electrode in dc discharges are studied experimentally [7,8] and making use of particlein-cell simulations [9].
References
[1] D. Sydorenko, I. Kaganovich, Y. Raitses, A. Smolyakov, Phys Rev Lett., 103 145004 (2009).
[2] M. D. Campanell, A. Khrabrov and I. Kaganovich, submitted to Phys. Rev. Lett. (2011); Proceedings
of 32nd International Electric Propulsion Conference, paper IEPC-2011- 298.
[3] M. D. Campanell, A. Khrabrov and I. Kaganovich, submitted to Phys. Rev. Lett. (2011); H. Wang, M.
D. Campanell, A. Khrabrov and I. Kaganovich, Proceedings of this meeting (2012).
[4] L. Oksuz and N. Hershkowitz, Phys. Letters A 375, 2162 (2011).
[5] A. V. Khrabrov and I.D. Kaganovich, Conference on Plasma Surface Interactions in Fusion
Devices, Aachen, May 21-25 (2012).
[6] I.D Kaganovich, D. Sydorenko, E. Tokluoglu, E. A. Startsev, A.V. Khrabrov, Proceedings of this
meeting, May 17-18, (2012).
[7] Y. Raitses, I. D. Kaganovich, A. Khrabrov, D. Sydorenko, N.J. Fisch, A. Smolyakov, IEEE Trans. on
Plasma Scie. 39, 995 (2011).
[8] V.I. Demidov, et al, to be submitted (2012).
[9] I. Schweigert, V. I. Demidov, I. D. Kaganovich, ESCAMPIG (2012).
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Disappearance of the Sheath and Diminished Wall Fluxes during Collisionless
Plasma Decay
A.V. Khrabrov and I. D. Kaganovich
Princeton Plasma Physics Laboratory, Princeton University

We have investigated plasma decay in the regime of weak collisions making use of the
particle-in-cell EDIPIC code. The simulation takes into account Coulomb collisions of electrons
with both electrons and ions. An initially isotropic electron velocity distribution (EVDF) of
plasma electrons near the wall becomes anisotropic and non-Maxwellian due to the escape of
electrons with energies above the wall potential. As a result, the wall fluxes and sheath structure
are strongly modified compared to the collisional case [1,2]: the EVDF is strongly depleted in
the direction normal to the wall, and most of the electron energy is in the perpendicular motion,
see Fig.1. Such strongly depleted EVDF was recently measured in Ref.[3]. The sheath potential
becomes negligible compared to the initial electron temperature, because there is no need to
confine electrons with energy greater than the wall potential; such electrons are absent.
Similarly, ions are not accelerated towards the wall. The ratio of heat and particle fluxes is
traditionally characterized by the heat transmission factor. For collisional case, it is 7. This
strong modification of EVDF leads to the fact that the heat transmission factor of the sheath can
reach a low value of about 2, compared to the conventional theoretical value of 7. This is
because for both ions and electrons, the average energy of motion normal to the wall is small
compared to the initial temperature, whereas average energy in the direction parallel to the wall
remains equal to it.

Fig. 1 - Plasma parameters during collisionless decay for initial
,
,
. Shown are the plasma density, plasma potential, the EVDF, and diagonal components of the
, , and ion acoustic time.
pressure tensor. Normaizations are by
References
[1] R. R. Arslanbekov and A. A. Kudryavtsev, Phys. Rev. E 58, 7785 (1998).
[2] Y. Celik et al, Phys. Rev. E 85, 046407 (2012).
[3] Y. Raitses et al, These Proceedings.
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Kinetic Simulation of the Distribution Functions in Rarefied Plasmas
Iain D. Boyd, Cyril Galitzine and Kentaro Hara
University of Michigan (iainboyd@umich.edu, cyrilg@umich.edu, kenhara@umich.edu)

The numerical simulation of plasma in the rarefied regime requires use of kinetic methods
due to the dominance of nonequilibrium processes. We are addressing this challenge using two
different approaches for two different plasma situations.
(1) Manipulation of the electron energy distribution function (EEDF) through collisions of
electrons with atomic excited states. In this case, a rarefied plasma (from either a helicon source or
a hollow cathode) interacts with an opposing flow of electronically excited atoms. The numerical
simulation of this configuration requires analysis of a multiple (but finite) collision environment
including chemical reactions. Our approach is to employ the direct simulation Monte Carlo
(DSMC) method to analyze the collisions, and a fluid model for the electrons. Recent progress has
focused on the numerical difficulties of simulating collisions between chemical species present in
significantly different concentrations, requiring development of a novel particle weighting scheme.
(2) The partially magnetized, rarefied plasma in the discharge channel of a Hall thruster exists in a
non-equilibrium state due to a variety of complex mechanisms including wall reflection, ionization,
and cross-field conductivity. In order to obtain the non-equilibrium plasma parameters more
accurately, we are developing a simulation approach in which the velocity distribution function
(VDF) of each plasma component is calculated deterministically by solving the Boltzmann/Vlasov
kinetic equations rather than using a particle-based kinetic method. We have successfully
developed a 1D hybrid-Vlasov simulation that uses a Vlasov solver for heavy particles and a fluid
model for electrons. A combination of ionization and acceleration yields non-Maxwellian ion and
neutral VDFs in the thruster as shown in Figure 1. Low frequency plasma oscillations, often
referred to as the breathing mode, are captured and show good agreement with experimental data.
A 1D fully-Vlasov simulation that uses a Vlasov solver for all plasma components (electrons and
heavy particles) is currently being developed. Instead of using a fluid description and modeling
electron mobility empirically, electron transport in the axial direction is obtained from the Lorentz
force by accounting for the azimuthal drift. Future work includes extension to higher dimensions
and development of a more computationally efficient simulation.

Fig. 1 - Ion (left) and neutral (right) VDFs in a Hall thruster
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Energy Coupling and Energy Transfer in Nanosecond Pulse Discharges
Aaron Montello, David Burnette, Walter R. Lempert, and Igor V. Adamovich
Dept. of Mechanical & Aerospace Engineering, Ohio State University (adamovich.1@osu.edu)

The results summarize recent progress in characterization of energy loading and energy
transfer in volumetric and near-surface nanosecond pulse discharges. Psec CARS is used to
measure time-resolved rotational temperature, Trot, and vibrational level populations of nitrogen,
N2(v=0-4), in plane-to-plane and point-to-point nanosecond pulse discharges in nitrogen and air
at P=0.1-1 atm. In these discharges, energy is coupled to the plasma at high reduced electric
fields (E/N~100-500 Td), in some cases enhanced by a low reduced electric field DC discharge
4 mm

Fig. 1 - Time-resolved N2 rotational and
vibrational temperatures in a point-to-point
nsec pulse discharge in air at P=100 torr.

Fig. 2 - Predicted E/N and electron density
distributions (left) and ICCD images of a surface nsec
pulse discharge [2] (right). Two distinct ionization
wave fronts are apparent.

(E/N~10 Td). The measurements are conducted in nitrogen and air, as well as in N2-O2, N2-H2,
N2-NO, and N2-CO2 mixtures [1]. Operation of nsec pulsed discharge alone results in significant
vibrational excitation, up to Tv(N2)≈700-1400 K / Trot≈380-400 K, controlled mainly by the
discharge energy loading per molecule. Time-resolved measurements in a point-to-point
discharge show considerable N2 vibrational energy loading after the discharge pulse (~200 nsec
long), on the time scale up to ~100 µsec (see Fig. 1). The results suggest significant energy
transfer into vibrational energy mode of the ground electronic state, N2(X,v), during quenching
of excited electronic states of N2 and N atom recombination. Adding the DC “sustainer”
discharge produces substantial additional vibrational loading, Tv(N2)≈2000 K / Trot≈450 K.
Injection of NO, H2, and CO2 downstream of the pulser-sustainer discharge results in rapid
vibrational relaxation accompanied by simultaneous gas heating, to Tv(N2)≈800 K / Trot≈600 K.
A self-similar kinetic model is developed to analyze energy coupling to the plasma in a
surface ionization wave discharge produced by a nanosecond voltage pulse. The model predicts
key discharge parameters such as ionization wave speed and propagation distance, electric field,
electron density, plasma layer thickness, and pulse energy coupled to the plasma, demonstrating
good qualitative agreement with experimental data (see Fig. 2) and 2-D kinetic modeling
calculations. The model allows an analytic solution and lends itself to incorporating into existing
compressible flow codes, for in-depth analysis of the nanosecond discharge plasma energy
loading / relaxation and hydrodynamic response on a long time scale.
References
[1] A. Montello, M. Nishihara, J.W. Rich, I.V. Adamovich, and W.R Lempert, AIAA Paper 2012-0239
[2] N. Benard, N. Zouzou, A. Claverie, J. Sotton, and E. Moreau, J. Appl. Phys. 111, 033303 (2012)
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Plasma-Surface Interactions at Atmospheric Pressure: Physical, Chemical and
Biological Effects
D.B. Graves and Y. Sakiyama
Chemical and Biomolecular Engineering, UC Berkeley (graves@berkeley.edu)

Atmospheric pressure, low temperature plasmas offer many potentially powerful
applications for various chemical and biological phenomena, from infection control and
medicine to environmental applications and even to national security. Many of these possible
applications involve plasma-surface interactions. However, low temperature plasma-surface
interactions under atmospheric pressure conditions are quite different, in general, from
corresponding interactions under the much better understood low-pressure conditions. This is
especially true when the plasma interacts with liquid-containing and/or biological surfaces such
as bacteria, cells or tissue. [1-3] Gas phase, surface and condensed phase (e.g. water) chemistry
is not only complex but is often strongly affected by transport processes and associated time- and
length-scale disparities and gradients.
One example of these challenges is provided by study of indirect dielectric barrier
discharge plasmas in the surface microdischarge (SMD) configuration. SMD plasmas are
confined to a region several mm from the dielectric surface by a grounded metal mesh. A model
of humid air plasma and neutral chemistry has been developed to describe the coupled plasmadiffusion/reaction regions. Model comparisons are compared to gas phase measurements using
FTIR and UV absorption spectroscopy. In some experiments, water was exposed to the chemical
species created by the air plasma, and some of the aqueous chemical species were measured as
well. Strongly non-linear chemical effects, leading to dramatic variations in gas phase
composition, can be observed in some instances. These effects are also modulated by the
presence of water, partly due to gas phase chemistry changes, but also due to differential water
absorption kinetic between key gas phase species.
Important chemical effects in SMD plasmas appear to be caused by highly non-equilibrium
N2 vibrational kinetics in the plasma region. Furthermore, there are hints of significant plasmaUV photon synergies. Pulsed plasmas are known to offer significant advantages in controlling
chemical, physical and biological effects in atmospheric pressure plasmas. These coupled
phenomena highlight the importance of controlling non-equilibrium distribution functions in
plasmas used for surface interactions at atmospheric pressure. Recent efforts to develop realistic
plasma-tissue interactions will also be highlighted.
References
[1] Traylor, M.J., M.J. Pavlovich, S. Karim, P. Hait, Y. Sakiyama, D.S. Clark, and D.B. Graves, J. Phys.
D, 47, 472001, 2012.
[2] N. Babaeva, N. Ning, D. Graves and M. Kushner, “Ion Activation Energy Delivered to Wounds by
Atmospheric Pressure Dielectric Barrier Discharges: Sputtering of Lipid-like Surfaces,” accepted, J. Phys.
D, 2012.
[3] D. Graves “The emerging role of reactive oxygen and nitrogen species in redox biology and
some implications for plasma applications to medicine and biology,” accepted, J. Phys. D, 2012.
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Spatial and Temporal Evolution of High Voltage Pulsed Plasma Discharges as
Measured with Laser-collision Induced Fluorescence
E. V. Barnat and B. R. Weatherford
Sandia National Laboratories (evbarna@sandia.gov)

Radius (10 mm/tick)

Radius (10 mm/tick)

We discuss recent results of our studies centering on the spatial and temporal evolution of
pulsed helium discharges with particular emphasis on the development and implementation of the
two-dimensional laser-collision induced fluorescence (2D-LCIF) diagnostic technique [1]. Two
series of studies, one utilizing short (~ 10 ns) high voltage (> 10 kV) pulses and one using longer
(~ 50 µs), modest voltage pulses (~ 3 kV) are described and discussed.
For the first case, fast ionization waves
1 Torr
(FIW) generated by the short, high voltage
Helium metastable
pulses offer not only a rich and challenging set
of physics associated with plasma generation
and propagation but show promise for a broad
Electron densities
range of applications. One central question
0
associated with the generation of plasma by
40
Axial position (20 mm/tick)
these waves is the location of energy deposition
and the rate of this deposition for a given
20 Torr
discharge geometry and discharge conditions.
Helium metastable
Figure 1 illustrates the change in where energy is
deposited as the helium pressure changes from 1
Electron densities
Torr to 20 Torr. Measurements like the ones
0
presented here will be used to benchmark and
40
Axial position (20 mm/tick)
validate computational simulations performed
Anode (+)
Cathode (‐)
by collaborating institutions.
For the second case, non-linear and nonequilibrium effects are observed to play a central Fig. 1 – Two dimensional images of the helium atoms
role in the evolution of a helium positive column in the metastable 23S state and the electron densities
driven by the longer, modest voltage pulse. as measured with the laser-collision induced
Mechanisms that yield the non-monotonic fluorescence (LCIF) technique.
+ 10 µs
distribution of species observed in Figure 2 are
discussed. Alternative spectroscopic pathways
23P
based on exciting the 23P state of helium are
discussed as means for extending the LCIF
technique to higher pressures where radiation
ne
trapping becomes problematic. Future work will
+ 40 µs
focus on extending the LCIF technique to more
commonly employed gas such as argon.
Radial position

23P

References
[1] E. V. Barnat and K. Frederickson, Plasma
Sourc. Sci. Technol. 19 055015
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ne
‐15 mm
20 mm

70 mm

120 mm

Distance from the cathode

Fig. 2 – Spatial and temporal evolution of a 7 Torr
helium positive column. Non-monotonic distribution
of 23P species are observed while the electron
densities remain radially peaked on axis.
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Plasma Penetration and Ion Energies to Surfaces Having
High Aspect Ratio Cracks
Natalia Yu. Babaeva and Mark J. Kushner
EECS Department, University of Michigan, Ann Arbor (nbabaeva@umich.edu, mjkush@umich.edu)

The ability of plasma to penetrate deep wounds, turn corners and navigate geometrical
obstructions, is important in plasma-wound healing and sterilization. These processes involve a
combination of reactive fluxes of ROS (reactive oxygen containing species), electric fields in
the context of electroporation, energetic ions and UV light1. Analogously, cleanup of rough
surfaces contaminated with bacteria require plasma penetration into cracks and rough surfaces.
In this paper, we discussed results from a computational investigation of the plasma
filaments sustained in air in a dielectric barrier discharge penetrating into deep (1 mm length)
trenches in the bottom dielectric. The trenches have aspect ratio (AR) of 10 to 333. The model
used in this work, nonPDPSIM, is a plasma
hydrodynamics model in which continuity,
momentum and energy equations are solved
for charged and neutral species with solution
of Poisson’s equation for the electric
potential.
When impinging onto the dielectric, the
plasma filament spreads over the dielectric
and simultaneously penetrates into the trench.
How deep the atmospheric pressure plasma
penetrates into the trench is partly determined
by the Debye length (1-2 µm in these cases).
Plasma easily penetrates into trenches with
widths exceeding that of the Debye length
(AR < 100). No penetration was observed
for AR > 100 having widths commensurate
with the Debye length. There is a successive
decrease in the velocity of the plasma front
velocity with a decrease in the trench width.
Fig. 1 – (Upper frames) Electric field through
While squeezing through the trench, the
trenches of different size (20 to 2200 kV/cm).
filament produces high electric field along
(Bottom frames) IEADs to walls of a 50 µm
the walls of the trench, as shown in Fig. 1,
trench as a function of time.
which in turn accelerate ions into the side and
bottom walls.
For example, ion energy and angular distributions (IEADs) incident onto the side wall of
50 µm trench as a function of time are shown in Fig. 1. The location on the wall where ions are
recorded is indicated by an arrow. Ions are epi-thermal as the filament’s ionization front
approaches with values dominantly <1 eV. The approach of the front results in a flash of high
energetic ions. Formation of a sheath behind the front results in a steady-state IEADs albeit
only for a few nanoseconds while the plasma exists. We showed that for wide trenches ion
energies onto the wall can exceed 150 eV. Walls of narrower trenches receive ions with lower
energies. This might be due to the plasma in narrow trenches being more localized and
producing locally higher but less extended and quickly decreasing fields behind the filament
front.
References
[1] N. Yu. Babaeva and Mark J. Kushner, J. Phys. D 43, 185206 (2010).
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Pattern Formation in Gas Discharges: Nonlinear and Kinetic Effects
Vladimir Kolobov (a,b), Robert Arslanbekov (a) and Gary Zank (b)
(a) CFD Research Corporation (vik@cfdrc.com)
(b) University of Alabama in Huntsville

Spatio-temporal structures (patterns) commonly appear in gas discharges. Examples include
striations in positive column of DC discharges, anode and cathode spots in glow and arc
discharges, filaments in dielectric barrier discharges, and streamers in high-pressure gas
breakdown. Basic mechanisms of pattern formation in gas discharges remain poorly understood.
Contributions of gas-dynamic, thermal, plasma transport and kinetic processes can be difficult to
distinguish in each case. We will show recent examples of numerical simulations of pattern
formation using different software tools. Attempts to understand the underlying physics by theory
and simulations will be discussed.
Negative differential resistance is responsible for the formation of cathode spots with normal
current density in DC glow discharges. More interesting structures appear in DC discharges at gassemiconductor and gas-liquid interfaces. Non-linear surface heating theory explains some types of
steady cathode spots in arc discharges. Anode spots remain less studied and understood.
Charge accumulation on dielectric surfaces is responsible for the pattern formation in DBD.
Fig. 1(a) shows calculated cycle-averaged electron density for a helium DBD at 1000 V, 200 kHz
between dielectrics with relative permittivity of 7.6. With decreasing the amplitude of the voltage
to 750 V, the electron density and pattern density both decrease (Fig. 1(b)). The bottom part of Fig.
1 shows 3D parrents formed after sevaral RF cycles. Ref. [1] illustrates effects of dielectric
material (permittivity and resistivity) and driving voltage (amplitude and frequency) on the pattern
appearance. The results could be useful for better understanding of underlying physics of selforganisation in dissipative systems [2].
Striations are an example of system where
ion transport and electron kinetics are responsible
for sel-organization. Different types of striations
exist in noble gases [3]. Only certain types were
obtained in 2D numerical simulations so far. We
will discuss recent examples of partially
constricted discharges with striations in the
constricted part of the column.
Finally, we will illustrate dynamics of
streamer formation in corona discharges.
Numerical simulations with adaptive mesh
refinement (AMR) demonstrate streamer
appearance with simple fluid model for plasma
transport. The development of adaptive kineticfluid models for streamer simulations will be
Fig. 1 – Electron density in DBD: top - discussed [4].
axisymmetric
simulations.

solution,

bottom

-

3D
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Plasma Production in Conducting Liquids: Physics and Chemistry
Bill Graham, Lucas Schaper and Colin Kelsey
Centre for Plasma Physics, School of Mathematics and Physics,
Queen’s University Belfast, Northern Ireland (b.graham@qub.ac.uk)

Plasmas produced by electrical discharges in liquids have been the subject of many
investigations and the last ten years have seen increased interest in basic studies and applications
[1-7 and references therein]. The liquid’s thermodynamic, fluid-dynamic, and electrical
properties, including phase-changing vapour formation and bubble growth, all add additional
complexity to the situation since the latter are considered to be the precursor to virtually all
electrical breakdown in liquids. In addition the exact nature of the plasmas formed are often
non-reproducible and their properties and structures difficult to measure or observe. From an
applications viewpoint the understanding of the induced plasma chemistry in the vapour layer
and the subsequent effects on the surrounding liquid are still in their nascent stages.
An important subset of this work relates to plasmas formed in conducting liquids. Such
liquids contain free ions in solution, and they can therefore respond to electric and magnetic
fields much more strongly than non-conducting liquids. Therefore, while non-conducting liquids
require very large voltages, in conducting liquids voltages of a few hundred volts are adequate
[2].
Here recent studies of the initial vapour layer and plasma production in saline solution
around a 0.5 mm diameter tungsten electrode during a few ms, ~250 V voltage pulse will be
briefly reviewed. The plasma chemistry developed in the micro-plasmas generated in the vapour
will be discussed along with some ideas on the interactions of these radical and charged species
with the surrounding liquid. Finally some recent results of the effect on biological material in
the vicinity this plasma-produced environment will be shown.
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Numerical Simulations of a Pulsed RF Dusty Plasma
Steven L. Girshick and Pulkit Agarwal
Department of Mechanical Engineering, University of Minnesota (slg@umn.edu)

The use of plasma pulsing opens the possibility of controlling both the formation of
nanoparticles in RF dusty plasmas, and the velocity distribution functions of electrons and ions in
the plasma. We report 1-D numerical simulations of a parallel-plate capacitively-coupled RF
plasma in which nanoparticles nucleate and grow, with the applied RF voltage pulsed at various
frequencies and duty cycles. The numerical model builds on a previously developed model that
self-consistently couples a plasma fluid model and a sectional model for solution of the aerosol
general dynamic equation.[1,2] This model predicts particle charging, coagulation, and transport
by neutral drag, ion drag, diffusion, the electric force and gravity. The main addition in the new
model is that the rates of particle nucleation and surface growth, rather than being treated as free
simulation parameters, are predicted by means of a simple chemistry model for electron-impact
dissociation of silane and formation of small silicon hydrides.
Fig. 1 shows simulation results that focus on the afterglow of a 13.56-MHz plasma with 55 V
applied voltage (amplitude), 17 Pa (127.5 mTorr) pressure, 4-cm electrode gap, and 0.263 m/s gas
velocity through the upper (showerhead) electrode. The figure shows spatial distributions of
particle size distribution and average charge per particle at two times t following the onset of
nucleation. Fig. 1(a) shows the particle cloud at the instant (t = 5 s) when the applied RF voltage is
switched off, while Fig. 1(b) is 100 ms into the afterglow. Simulation results show that the
behavior of the system during the afterglow is a consequence of the different time scales for
particle charging, diffusion of electrons, ions and nanoparticles, neutral drag and charge-dependent
particle coagulation, together with the initial conditions at the time of plasma switch-off. Even
with the applied electric field turned off, the existence of charge carriers in the afterglow affects the
system’s evolution via Poisson’s equation.
(a)

(b)

Fig. 1 – Predicted particle size distributions across 4-cm electrode gap at (a) 5 s, and (b) 5.1 s following
onset of nucleation. Applied RF voltage is turned off at 5 s.
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Plasma Crystallization of Silicon Nanoparticles
Rebecca Anthony,(a) Nicolaas Kramer,(a) Eray Aydil,(b)
and Uwe Kortshagen (a)

(a) Dept. of Mechanical Engineering, University of Minnesota (ranthony@me.umn.edu)
(b) Dept. of Chemical Engineering and Materials Science, University of Minnesota
(aydil@umn.edu)

Using low-pressure nonthermal plasmas for the synthesis of silicon nanocrystals is wellestablished. [1] However, one aspect of the plasma synthesis technique which is poorly understood
is nanoparticle heating, which is necessary for formation of crystalline particles. Previously, we
demonstrated an increase in silicon nanoparticle crystallinity with increasing power delivered to
the plasma reactor, [2] but the exact physical mechanism underlying the heating of these particles
has thus far only been investigated through computer modeling. [3] In-situ measurement of
nanoparticle temperature during plasma processes is difficult, but the nanoparticles themselves can
serve as “thermometers”, as their crystallinity and surface will change depending on the heating
they experience in the plasma. In the current study, we investigate the crystallization of
nanoparticles using a double-plasma configuration, examining both the nanoparticles and the
plasma to obtain a comprehensive understanding of nanoparticle heating in the plasma.
Amorphous silicon nanoparticles 4-5nm in diameter are
formed in a low-power upstream plasma, then injected directly
into a separate secondary downstream plasma which is
operated with variable power. The experimental setup is
depicted schematically in Figure 1.
The first step is
RF
a
characterization of the nanoparticles, to confirm that
crystallization of the particles occurs for some threshold power
to the secondary plasma. We have performed x-ray diffraction
(XRD), Raman spectroscopy, and transmission electron
microscopy (TEM) measurements and see that amorphous
nanoparticles from the first plasma are crystallized at a
RF
b
secondary plasma power of around 30 W (nominal). The next
step is comprehensive plasma characterization to reveal the
underlying plasma physics leading to nanoparticle
crystallization. We will perform optical emission spectroscopy
(OES) on the plasma under different conditions to obtain
information about the electron temperature Te during
nanoparticle formation and crystallization. Then, to measure
Fig. 1 - Schematic of dualion densities in the plasma, we will employ capactive probe
plasma
system:
primary
measurements at varying plasma powers. After we develop
nanoparticle formation plasma
this panorama of experimental measurements, we will compare
(a) and secondary nanoparticle
the
outcomes to the modeling results presented in Mangolini
crystallization plasma (b)
and Kortshagen (2009) and Gatti and Kortshagen (2008). [3,4]
With these techniques, we hope to build a meaningful picture
of the physical roots of nanoparticle heating in plasmas.
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Charging-Rate Sensitivity of Gyrophase-Drift Vector
in Inhomogeneous Dusty Plasma
M. Koepke (a), J. Walker (a), M. Zimmerman (b), W. Farrell (b), V. Demidov (a,c) , U. Kortshagen (d)
(a) West Virginia University (jjwalkerwvu@gmail.com, mark.koepke@mail.wvu.edu)
(b) NASA-Goddard Space Flight Center (michael.i.zimmerman@nasa.gov,
william.m.farrell@nasa.gov)
(c) Air Force Research Laboratory, WPAFB, OH (valdimir.demidov@mail.wvu.edu)
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The gyro-center drift of a magnetized-orbit dust grain in inhomogeneous plasma depends
sensitively on the charging-rate details when the grain gyrosynchronously deviates from being
fully charged at its in situ equilibrium-charge state. Gyrophase-resonant excursions into
inhomogeneous regions can cause periodic charge-state changes for conditions involving a strong
magnetic field and either inhomogeneous UV illumination or inhomogeneous plasma potential.
Non-instantaneous charging of a dust
grain results in a modification, known
as gyrophase drift [1-4], to the usual
ExB drift, altering the grain’s
diamagnetic drift vector in ways that
may be significant in modeling
planetary and lab dusty plasma. Dustgrain motion is computed by the
explicit Euler method for the Orbit
Motion Limited (OML) charging
model while the grain executes its
gyro-orbit
in
structured
inhomogeneous plasma. Within our
simulations, the effective charging
rate is treated as an adjustable
parameter that is used to highlight
details of a model’s charge-evolution
description. Grain radius, electron
Fig. 1 – Trajectory of a dust grain (left figure) in a transverse density, electron temperature, and
magnetic field (into the page) and its charge as a function of inhomogeneity length scale of the
time (right figure) is plotted for a dust grain that is plasma potential are varied to reveal
illuminated by UV in the x>0 half-plane. Gyrophase drift is a the dependence of the gyrophase drift
result of finite charging rate (solid curves,) and is evident as vector on these parameters. The
the component of the particle’s motion in the negative x- approach is designed to discriminate
direction. If the charging rate is instantaenous (dashed one charging model from another
curves,) Gyrophase drift does not exist.
based on comparisons, model-tomodel and experimental, of the evolution of the gyrophase drift vector predicted in each model.
The goal is to advance models of grain charging in magnetized-orbit and unmagnetized-orbit dusty
plasmas for industrial and astrophysical applications.
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The Unwanted Emergence of Photo-Assisted Etching of Silicon and Possible Ways
to Stop It, Using Advanced Ion and Electron Energy Control
V. M. Donnelly, H.Shin, W. Zhu, S. Sridhar, L. Liu, and D. J. Economou
University of Houston (vmdonnelly@uh.edu, hshin6@uh.edu, wzhu8@uh.edu,
shyamsridhar88@gmail.com, liulei360@gmail.com, economou@uh.edu)

Ion current (mA)

Relative Si Etching rate

Using monenergetic, energy-selected ion bombardment of surfaces, obtained with a
“boundary electrode” synchronously DC-biased during the afterglow of a pulsed, inductivelycoupled plasma, we recently discovered an important phenomenon: photo-assisted etching (PAE)
of p-type Si in chlorine-containing plasmas. Etching rates increased with the square root of ion
energy above the observed threshold of 16 eV, as shown in Fig. 1, in agreement with published
data. Surprisingly, a substantial etching rate was observed, independent of ion energy, when the
energy was below the ion-assisted etching threshold. Experiments ruled out etching by Cl atoms,
assisted by Ar metastables, and mediated by
holes and/or low energy electrons generated
by Auger neutralization of low-energy ions,
1.0
photo-assisted ion assisted
leaving PAE as the likely explanation.
0.9
Experiments were carried out with light and
0.8
ions from the plasma either reaching the
1% Cl2/Ar
0.7
surface or being blocked, showing
0.6
conclusively that the “sub-threshold” etching
0.5
was due to photons, predominately at
0.4
wavelengths <1700 Å. The PAE etching rate
0.3
was equal to the ion-assisted rate at 36 eV,
0.2
1% Br2/Ar
causing
substantial
complications
for
0.1
processes
requiring
low
ion
energies
to
0.0
achieve high selectivity and low damage, such
0 1 2 3 4 5 6 7 8
1/2
as atomic layer etching. Under these
E
Fig. 1 - Relative etching rates of p-type Si as a conditions, photo-assisted etching likely plays
function of the square root of ion energy in an important role in profile evolution of
features etched in Si in Cl-containing
1%Cl2/Ar and 1%Br2/Ar plasmas.
plasmas, causing commonly observed sloped
Downstream Powers (W):
sidewalls and microtrenches. Substituting Br2
500
90
for Cl2 substantially reduces PAE, but only
400
slightly suppresses ion assisted etching (Fig.
80
1).
70
300
VUV light responsible for PAE and other
60
damaging effects in plasma processing could
50
250
be reduced by suppressing the high energy tail
40
180
of the electron energy distribution. We have
30
therefore begun a set of experiments with a
100
20
“tandem” plasma reactor in which a high0
10
density plasma is operated adjacent to the
0
plasma containing the substrate, separated by
0
100
200
300
400
500
a mostly open mesh, allowing ions, lowUpstream Power (W)
energy electrons, photons and metasbables to
Fig. 2 - Ion current to a stage in the downstream
be injected into an underpowered downstream
plasma chamber as a function of upstream and
plasma. Preliminary measurements of ion
downstream plasma powers in Ar.
currents to the substrate (Fig. 2) indicate that
a substantial portion of the downstream plasma is generated by this upstream plasma.
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Electron Energy Distribution Function and Plasma Parameters Across
Magnetic Filters
A. Aanesland (a), J. Bredin (a), P. Chabert (a) and V. Godyak (b)
(a) Laboratoire de Physique des Plasmas, CNRS-Ecole Polytechnique, 91128 Palaiseau Cedex, France,
(ane.aanesland@lpp.polytechnique.fr)
(b) University of Michigan (egodyak@comcast.net)

Commonly, in low-temperature plasmas, the electron temperature is governed by the
ionization balance (electron creation and loss processes) and is a function of the gas kind and the
product pL, where p is the gas pressure and L is the characteristic size of the plasma. The
specific mechanisms of electron heating and the magnitude of the discharge power only have a
minor influence on the electron temperature.
In some applications it is desirable to produce plasmas with reduced electron temperature.
In particular in negative ion sources, the reduction of the electron temperature enhances the
formation of negative ions by increasing dissociative attachment and reducing the destruction of
negative ions by collisions with energetic electrons. In negative ion sources, the electron cooling
is usually achieved
with magnetic filters
(a localized transverse
magnetic field) placed
in front of the ion
extracting aperture.
This technique of
electron cooling has
been used in negative
ion
sources
for
plasma fusion, in the
formation of ion-ion
plasmas for deep
trench etching and in
space
propulsion
thrusters.
In
this
Fig. 1 – The electron energy probability function for various positions
presentation we will
along the x-axis, with the magnetic fields maximum of 245 G at 7.5 cm.
discuss measurements
The inset shows the EEPF without the magnetic field.
of the electron energy
distribution function
across a magnetic filter (see [1] and references therein for more information). We will show that
the eedf is nearly maxwellian such that the distribution is well characterized by a single electron
temperature. The electrons are cooled in the positive gradient of the magnetic field. The electron
temperature upstream the filter is essentially governed by the gas pressure, while the electron
temperature downstream the filter is essentially governed by the magnitude of the magnetic field.
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Effect of Magnetic Field on Electron Kinetics in a Weakly-Collisional Plasma
Y. Raitses (a), V. M. Donnelly (b), P. Baelle (a), I. D. Kaganovich (a), V. Godyak (c),
A. Smolyakov (d), V. I. Demidov (e), and M. E. Koepke (e)
(a) Princeton Plasma Physics Laboratory (yraitses@pppl.gov), (b) University of Houston, (c)
University of Michigan, (d) University of Saskatchewan, (e) West Virginia University

For typical low temperature plasmas (LTP), where the electron energy distribution function
(EEDF) can be far from Maxwellian, application of the magnetic field can greatly modify the
EEDF. In recent experiments, we performed comprehensive measurements of EEDF for a
weakly-collisional magnetized plasma. The experiments were conducted on the PPPL Low
Temperature Plasma eXperiment (LTPX). The LTPX plasma is produced in a low pressure
(~10-4 Torr, xenon gas) discharge with applied electric and magnetic fields (Fig. 1) [1]. A dc
voltage of 20-100 V is applied between the RF plasma cathode and the anode-chamber. The
magnetic field is varied between 50-500 G. Under such conditions this cross-field discharge can
sustain an efficient ionization of xenon (nemax ~ 1011-1012 cm-3, Te ~ 1-10 eV). For plasma
characterization measurements, the VGPS
Langmuir probe station [2], emissive probes
[3] and a trace-rare-gas optical emission
spectroscopy (TRG-OES) [4] were used.
Both probe and TRG-OES measurements
revealed that the magnetized plasma of the
DC-RF discharge has a non-Maxwellian
EEDF with a depleted high-energy tail (Fig.
2). Probe measurements revealed that spatial
variations of the EEDF are governed by a
Fig. 1 – DC-RF magnetized discharge configuration.
non-local electron heating and anomalous
1.E+10
electron transport across the magnetic field.
At small magnetic field (< 50 G), the
At the axis
electron cross-field current to the anode is
(R=0 cm)
‐3 1.E+09
driven by a radial pressure gradient term and
m
c
not by the electric field in the plasma. With
/2
3
‐
v
the increase of the magnetic field, the
e
R= 5 cm
F,
P
situation is changed. In all cases, the
EE
1.E+08
electron cross-field current remains
anomalously large and cannot be explained
R= 2 cm
by classical collisional mechanism. An
1.E+07
important implication of the above results is
0
5
10
15
20
25
that the anomalous electron transport may
Electron energy, eV
Fig. 2 – Spatial variations of the measured electron degrade the magnetic filter effect, which
energy probabiloity function (EEPF) accross the supposes to separate “hot” and “cold”
groups of plasma electrons. Possible
magnetic field.
mechanisms of anomalous electron transport
will be discussed.
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Dynamic Control of Plasma Properties in the Initial Stage of a Pulsed Discharge
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In this research the possibility of controlling plasma properties by application of pulsed
dc voltages of varying reduced electric fields, E/N, to a gas has been studied. The variation of
E/N leads to changes in the rates of various plasma processes creating an opportunity for
independent variation of electron, Ne, and metastable atom, Nm, densities. In turn, the variation of
these densities under conditions of nonlocality of the electron energy distribution (EED) can
regulate the energetic part of the EED independently of thermal electron density and
temperature. This approach can be applied to the development of various plasma devices,
including novel gas/liquid analytical sensors, new types of lasers and plasma-chemical reactors.
To demonstrate the dynamic controlling the plasma parameters, we have developed a novel
method of optical emission spectroscopy, based on measurements of spectral lines, situated in
close proximity to one another (for example, there are spectral lines at 419.8 and 420.1 nm in
Ar), but having different excitation characteristics. Together with electrical measurements, this
method has been used to measure Nm and Ne build-up.
After application of electric field to a gas, the growth of both, Ne and Nm, has two stages
due to step-wise ionization: an initial slow density increase after application of the electric field
(slow stage) followed by a rapid growth (fast stage). It is expected from modeling that the
behavior of Ne and Nm can be altered by regulation of E/N (Fig. 1). That is because for lower
E/N, the ionization rate of atoms by electrons is smaller than the corresponding excitation rate
while for higher E/N, the situation is reversed. Temporally resolved emission experiments
illustrate this E/N dependence behavior (Fig. 2). For the case of higher E/N in Fig. 2, the Ar 419
nm emission follows closely the electron current and both reproduce Ne behavior. Reduction of
the electric field in experiments leads to the reverse situation (not shown in figures). Thus, Ne
and Nm evolve on different time scales enabling
control of their relative densities with E/N and pulse
duration.

Fig. 1 – Modeled time variation of Nm (red) and Ne (blue)
in the initial stage of discharge. For higher E/N rapid
growth of Ne started earlier than for Nm. The reverse
situation is observed for lower electric fields.
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Fig. 2 - E/N (magenta), Nm (red), current
(black) and light emission at 419.8 nm (blue)
and 420.1 nm (green) Ar lines in 5 Torr
pulsed dc discharge in argon.

Controlling Vibrationally Excited Nitrogen and Overall Plasma Chemistry
with Surface Micro-discharge in Ambient Air
Y. Sakiyama and D. B. Graves
Chemical and Biomolecular Engineering, University of California at Berkeley (ysaki@berkeley.edu)

Atmospheric pressure plasmas generates a wide variety of reactive oxygen and nitrogen
species (RONS) in air near room temperature, including O, O2*, O3, OH, HO2, and NO. Some of
the RONS are also well recognized for playing important roles in various liquid phase applications.
A challenge, however, is to control the plasma chemistry in such a way that these potential
applications can be realized. In this project, we have been focusing on air surface DBD and
investigating possibilities to modulate plasma chemistry by adjusting discharge parameters and
conditions.
We employed surface micro-discharge (SMD) as shown in figure 1.[1,2] A powered
electrode is made of a copper plate of 47 mm diameter and the ground electrode is stainless steel
woven wire mesh. A quartz plate of 1 mm in thickness was used between the powered and ground
electrode. 10 kHz continuous sinusoidal wave was applied to the powered electrode. The
magnitude of applied voltage was adjusted between 1 and 10 kV to change input power. Reactive
chemical species generated by SMD diffuses into a closed reactor. We measured UV absorbance at
254 nm to measure time-development of absolute ozone density. Also, FTIR is used to detect other
nitrogen oxide and nitric acid.
Our measurement shows that power density is one of the key parameters to modulate plasma
chemistry. When the power density is lower than ~0.1 W/cm2, the density of ozone was over 1000
ppm. At higher power than ~ 1.0 W/cm2, ozone density was less than 10 ppm. The mode transition
has been quite well known as the silent discharge (ozone mode) and ozone poisoning (nitrogen
oxide mode). [3] Interestingly, SMD at intermediate power at 0.1-1.0 W/cm2 shows dynamic and
transient behavior from ozone mode to nitrogen oxide mode in 30-60 s after plasma ignition at a
constant power density. Our two-equation model fitted to experimental data indicates that
vibrationally excited nitrogen molecules play a key role in controlling plasma chemistry.
Vibrationally excited nitrogen molecules react with O atom and generate nitric oxide, which
gradually quenches ozone. In addition, our recent FTIR measurement indicates that thin liquid
layer in the confined reactor significantly
changes the plasma chemistry. With a few
millimeters of distilled water at 40 mm away
from the SMD, ozone density still remain high (>
1000 ppm) even at high power over 1.0 W/cm2.
The result of controlling ozone as well as
various nitrogen oxide concentrations is
particularly important for practical applications
because whereas these species are beneficial for
various applications, the emission levels are often
strictly regulated in many facilities.
Fig. 1 - Experimental set-up of SMD
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Plasma-Surface Interactions, Erosion, and Impact on Plasma Distribution
Functions: H2/D2/Ar Plasma Interacting with a-C:H
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Plasma-surface interactions can have a large role in changing characteristic plasma
distribution functions. To improve our fundamental understanding of these effects, we leverage
several plasma characterization techniques (Langmuir probe, ion energy/mass analyzer, optical
emission spectroscopy) with real-time characterization of the eroding plasma-facing surface (insitu ellipsometry). Using these methods, we have determined the qualitative and quantitative effect
of plasma impurities from gaseous and surface derived sources with understanding of how these
conditions evolve over time. High-density inert plasmas (Ar) and low-density reactive plasmas
(H2, D2) respond differently to molecular impurities in the plasma. When H2/D2 or surface/gaseous
derived CHX -related impurities are introduced into Ar plasma, large changes in plasma properties
are observed. We report on changes to the ion energy/mass distributions, electron
temperature/distribution functions, and plasma density for different conditions. CHX effects on H2
and D2 plasmas, and H2/D2 plasma mixtures were also investigated. We also explore the effects of
changing the relative C:H fluxes into the plasma from eroding surfaces using graphitic (high C:H
ratio) and polymeric (lower C:H ratio) films. Along with these studies, we have compared how
changes to chamber geometry (by variable gap distance between plasma generation coil and
hydrocarbon substrate electrode) affect impurity fluxes and changes to plasma properties. A
comparison of plasma properties to the inductively coupled plasma reactor at the U. of Houston
was also completed, to determine how plasma properties and trends observed change when
compared to drastically different geometries and plasma sources.
In steady-state contact with plasmas,
hydrocarbons erode C, H, and CHX impurities
into the plasma reflective of their initial C:H
ratios. Hydrocarbon surfaces facing plasmas
experience changes in properties (surface
density, morphology, and chemistry) and
erosion rates dependent on plasma ion
energies/mass and initial C:H ratios (shown in
FIG. 1). Soft, H- or D-saturated layers form
when graphitic surfaces are exposed to H2 or
D2 plasmas, respectively. Hard, dense graphitic
carbon layers are seen to form on the surface
during high energy ion bombardment from Ar
plasmas [1] and we will present examples of
their important role in surface morphology
evolution and carbon material evolution.
Fig. 1 - C atom yield and modified layer
thickness of graphitic surfaces exposed to H2 and
D2 plasmas at different substrate bias potentials.
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Dynamics of Ionization Wave Splitting and Merging in a Branched Dielectric
Channel
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Ann Arbor, MI, 48109, USA (zxiong@umich.edu, mjkush@umich.edu)
(b) GREMI. CNRS-Polytech’Orléans, 45067 Orléans Cedex 2, France
(eric.robert@univ-orleans.fr, jean-michel.pouvesle@univ-orleans.fr)

Atmospheric pressure fast ionization waves (FIWs) generated by nanosecond, high voltage
pulses are able to propagate long distances through thin dielectric tubes, and so deliver UV
fluxes, electrical fields, charged and exited species to remote locations. In this study, the
dyanmics of FIW splitting and merging in a branched dielectric channel was numerically
investigated using nonPDPSIM, a
plasma hydrodynamics model with
radiation transport. The branched
dielectric channel is based on the
experiments in Ref. [1], and consists of a
straight inlet section which intersects at
900 with a circular loop section which in
turn connects to a second straight outlet
section aligned with the inlet section.
The channel is filled with Ne and a trace
amount of Xe at atmospheric pressure
and 300 K. A constant -25 kV voltage
with 25 ns rise time is applied to the
powered electrode located at the channel
inlet (left) to initiate the FIW.
The complete sequence of the FIW
Fig. 1 - The electron impact ionization function (a) at
front propagating through the branched
the FIW front at t= 26, 52, 90, 130, 190, 292 ns and the
channel, represented by the electron
electron density (b) at t=320ns. Experimental images of
impact ionization rate Se, is shown in
atmospheric-pressure neon plasma propagation in a
Figure 1a. After initiation, the FIW first
glass capillary including a circular ring, (c) timepropagates through the inlet channel (26
resolved (15ns exposure) and (b) time-integrated (1.6s
ns), with a speed about vf =7 × 107 cm/s,
exposure), reproduced from [1].
and splits at the inlet-loop junction (52
ns). The two FIWs then propagate in the separate legs of the loop channel (90, 130, 190 ns)
while vf decelerates to 2 × 107 cm/s. When the two FIW fronts meet at the loop-outlet junction,
they nearly come to a halt. However, they finally merge and produce a streamer discharge just
down stream the loop-outlet junction (292 ns). The new FIW accelerates in outlet channel and
reaches a speed of 3 × 107 cm/s. The electron density ne after the FIW merging at t=320 ns is
shown in Fig. 1b. The overall FIW propagation dynamics predicted here is found to be in good
agreement with the experimental time-resolved emission sequence as shown in Fig. 1c. The
electron density distribution in Fig. 1b is also consistent with the time integrated emission image
shown in Fig. 1d, which is characterized by the gradual decay in the plasma luminescence along
the channel and particularly the tapering of the plasma volume near the loop-outlet junction.
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Two-Dimensional Profiles of Electron and Metastable Helium Production in Fast
Ionization Wave Discharges of Positive Polarity
B. R. Weatherford and E. V. Barnat
Sandia National Laboratories (brweath@sandia.gov)

This poster summarizes recent experimental results from our study of positive polarity fast
ionization wave (FIW) discharges in helium. The FIW is launched at moderate pressures (1-20
Torr) by the application of high voltage (> 10 kV) nanosecond pulses. Spatial maps of absolute
electron density are acquired, tens of nanoseconds after the pulse, using two-dimensional lasercollision induced fluorescence (2D-LCIF) [1]; maps of relative He 2³S metastable densities are
acquired with laser-induced fluorescence (LIF). Significant changes in both spatial profiles are
observed as operating conditions such as pressure and pulse repetition rate are varied. Differences
in the distribution of electron and metastable densities can provide insight into the uniformity of
energy deposition in fast ionization waves. The trends in these profiles, along with the wavefront
propagation velocities estimated from plasma-induced emission, are discussed in the context of
physical processes during the propagation of FIW discharges.
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Electric Field and Vibrational Distribution Function Measurements by Picosecond
Four Wave Mixing
Aaron Montello (a), David Burnette (a), Ben Goldberg (a), Walter R. Lempert (a),
Igor V. Adamovich (a) and Sean O’Byrne (b)
(a) Dept. of Mechanical & Aerospace Engineering, Ohio State University (lempert.1@osu.edu)
(b) School of Engineering and Information Technology - University of New South Wales, ADFA
Campbell, ACT, 2600, Australia

Picosecond Coherent Anti-Stokes Raman Scattering (CARS) measurements of
rotational/translational temperature and Vibrational Distribution Function (VDF) are reported in
several high pressure (up to 300 Torr), non-equilibrium nitrogen, air, and air/fuel nanosecond
pulsed discharges including both plane-to-plane and point-to-point geometries. The temporal
evolution of the vibrational distribution function after a single ~100 nanosecond pulse in
nitrogren and air point-to-point discharges at P = 100 Torr suggests significant energy transfer
into the nitrogen vibrational mode for time scales of up to ~100 microseconds after the decay of
the pulsed plasma. Measurements in repetitively pulsed (10 kHz) air plane-to-plane discharges
at pressure up to 300 Torr and initial temperatures up to 500 K indicate significant vibrational
loading (Tvib ~ 1300 K) with small (∆T = ~50 K) rise in rotational/vibrational temperature.
Measurements in fuel/air mixtures show good agreement with predictions of plasma kinetic
modeling codes.
In addition progress is reported on the development of picosecond temporal resolution
electric field measurement based on four wave mixing in molecular hydrogen.
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Magnitude and Direction of Gyrophase Drift
in Dusty Plasmas with Structured Inhomogeneity
J. Walker (a), M. Koepke (a), M. Zimmerman (b), W. Farrell (b), V. Demidov (a,c) , U. Kortshagen (d)
(a) West Virginia University (jjwalkerwvu@gmail.com, mark.koepke@mail.wvu.edu)
(b) NASA-Goddard Space Flight Center (michael.i.zimmerman@nasa.gov,
william.m.farrell@nasa.gov)
(c) Air Force Research Laboratory (valdimir.demidov@mail.wvu.edu)
(d) University of Minnesota (uk@me.umn.edu)

The gyration of a dust grain due to the Lorentz force depends on the grain charge among
other parameters. Gyrophase-resonant excursions into inhomogeneous regions causing periodic
charge-state changes may occur in scientific and industrial dusty-plasma laboratory experiments
involving a strong magnetic field and either inhomogeneous UV illumination or inhomogeneous
plasma potential. Finite charging rate of a dust grain results in a modification to the usual ExB
drift, and is known as gyrophase drift [1,2]. Gyrophase drift ultimately causes dust grains to leave a
region of inhomogeneity and cease
their ExB-drift and gyrophase drift
motion in plasmas with structured
inhomogeneity. In our approach, the
motion of a single dust grain is
computed numerically using an
explicit Euler computational method
for the Orbit Motion Limited (OML)
charging model while the grain
executes its gyro-orbit in an
inhomogeneous plasma. Within our
simulations, the effective charging
rate is treated as an adjustable
parameter, affecting the magnitude of
the gyrophase drift. Grain radius,
plasma density, electron temperature,
and inhomogeneity length scale of the
plasma potential are also varied
Fig. 1 – Trajectory of a dust grain (left figure) in a transverse independently
to
reveal
the
magnetic field (into the page) and its charge as a function of dependence of the gyrophase drift
time (right figure) is plotted for a dust grain that is
velocity magnitude and direction on
illuminated by UV in the x>0 half-plane. Gyrophase drift is a
these parameters. The approach
result of finite charging rate (solid curves,) and is evident as
the component of the particle’s motion in the negative x- should be readily extendable to other
direction. If the charging rate is instantaenous (dashed dust grain charging models by
characterizing their effective charging
curves,) Gyrophase drift does not exist.
rates based on the magnitude of the
gyrophase drift seen in each model. The sensitivity of the gyrophase drift upon the choice of
charging model may prove useful for discriminating the validity of the charging-rate feature in
different charging models.
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Controlling Plasma Potential Profile by Asymmetric Secondary Electron Emission
H. Wang (a), M. Campanell (a), I. Kaganovich (a), A. Khrabrov (a), Y. Raitses (a), D. Sydorenko (b)
(a) Princeton Plasma Physics Laboratory
(b) University of Alberta, Canada

The plasma-wall interaction plays a major role in performance of the Hall thrusters. There
have been sufficient experimental and theoretical evidence that strong secondary electron emission
(SEE) from the channel walls affects thruster operation. SEE enhances the plasma particle and heat
losses to the walls and increases electron conductivity, which, consequently, degrades thruster
performance [1]. The SEE fluxes on the inner and outer walls of Hall thruster might be asymmetric
due to specially designed wall materials, asymmetric wall erosion, mirror or centrifugal forces
[2,3]. Plasma properties in a typical Hall thruster
channel were simulated making use of particle-in-cell
EDIPIC code [4] for asymmetric configuration, where
the right wall SEE yield is based on the boron nitride
ceramics and the left wall SEE yield is half of the right
wall. This configuration is similar to the experimental
set up of Ref. [3]. Due to SEE asymmetry, the plasma
potential profile is also asymmetric. The potential of
the left wall is lower relative to the right wall, as
evidence in Fig.1. The electron dynamics in the Hall
thruster channel with asymmetric SEE yields is more
complex than in symmetric case, where two equal SEE
beams are counter-propagating in the plasma. The left
sheath reflects the SEE beam from the right.
Therefore, the majority of primary flux toward right is
Fig. 1 - Plasma potential profile for
not the beam from the other side, but the reflected
asymmetric SEE, electric field
E=100V/cm and magnetic field B = 100G
beam, see Fig.2. The potential fluctuations caused by
the two-stream instability [5] lead to electron energy
exchange between the beam and the bulk plasma and
provide flux of the “weakly-confined” electrons from
the bulk plasma to the walls. The wall flux
contribution from plasma bulk electrons scattered by
collisions with atoms is small, as shown in Fig.2. The
relations between different components of primary
flux are studied using a flux balance analysis.
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Excitation of Ion Acoustic Waves by Electron Beams
I. D. Kaganovich (a), D. Sydorenko (b), E. Tokluoglu (a), E.A. Startsev (a), A.V. Khrabrov (a)
L. Chen (c), P. Ventzek (c), R. Sundararajan (c)
(a) Princeton Plasma Physics Laboratory, (b) University of Alberta, Canada, (c) Tokyo Electron Ltd.

The interaction of electron beams with plasmas is of importance particularly for hybrid
DC/RF coupled plasma sources used in plasma processing. An electron beam is formed by
emission from one surface,
is accelerated through a dc
bias electric field and enters
the bulk plasma. Emitted
electrons excite electron
plasma waves through the
two-stream instability. This
is followed by excitation of
ion sound waves [1].
Implications
of
these
instabilities on collisionless
electron
heating
are
presented for a hybrid RFDC plasma source. Figures
1 and 2 show typical results
Fig. 1 - Development of parametric instability. Top: Electron bulk
from the particle-in-cell
(red) and beam (green) phase plane; Middle: Ion phase plane (blue)
code
EDIPIC
[2,3].
and electric field (red); Bottom: Densities of electrons (red), ions
Electron
beam
emitted
from
(blue); potential (green) are shown. Crosses mark positions of probes
the
right
electrode
and
where time dependencies shown in Figure 2 are obtained.
accelerated to 800eV by the
DC sheath excites intense
plasma waves. Due to high
localized plasmon pressure,
ion acoustic waves are
excited as evident in Fig.1.
Eventually
coupling
between electron plasma
waves and ion acoustic
waves deteriorates HF
oscillations, which leads to
bursting behavior shown in
Fig.2.
Fig.2 - Electric field as a function of time, recorded at multiple
locations (marked by crosses in Figure 1). Periodic burst of plasma
waves correspond to the modulation instability.
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Kinetic Theory of the Sheath near Electron Emitting Surfaces
J. P. Sheehan (a), I. D. Kaganovich (b), N. Hershkowitz (a), Y. Raitses (b)
(a) University of Wisconsin – Madison
(b) Princeton Plasma Physics Laboratory

It has long been known that electron emission from a surface significantly affects the
sheath surrounding that surface [1-6]. Typical fluid theory of a planar sheath with emitted
electrons assumes that the plasma electrons follow the Boltzmann relation and the emitted
electrons are emitted with zero energy and predicts a potential drop of 1.03 Te across the sheath
when the surface is allowed to float [1]. By removing the assumption that all plasma electrons
entering the sheath are reflected back into the bulk plasma (i.e. the Boltzmann relation) and
considering those electrons lost to the wall, the predicted sheath potential is reduced to 0.91 Te.
Analysis of this type has been published by various authors [3-5], but this poster presents a more
accurate theory has been developed. We performed an analytical study of sheath and presheath
structure making use of a kinetic description of the emitted and plasma electron densities in the
self-consistent electric field. It is shown that kinetic theory predicts that the sheath potential
depends on the ratio of temperatures of plasma and emitted electrons (Θe). For Θe = 5 (for
example, for 0.2 eV emitted electron temperature and 1.0 eV plasma electron temperature),
theory predicts a sheath potential of half that predicted by fluid theory (see Fig. 1). The effects of
a bi-Maxwellian EEDF and partial reflection of the emitted electrons were considered. It was
found that the presence of hotter electron species can significantly affect the sheath potential
even if their concentration is low. Additionally, it is noted that the electron velocity distribution
function in the sheath is unstable to the two-stream instability.

Fig. 1 - The sheath potential normalized to electron temperature (Φw)
as a function of plasma to emitted electron temperature ratio (Θe).
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Disappearance of Debye Sheaths Due to Secondary Electron Emission
M. D. Campanell, A. V. Khrabrov and I. D. Kaganovich
Princeton Plasma Physics Laboratory – Contact: mcampane@Princeton.edu

We present simulations and basic theory showing a fundamentally new mechanism of
current balance at surfaces with strong secondary electron emission (SEE). There is no familiar
sheath structure present and no confinement of plasma electrons. This leads to extreme losses.
At high temperatures in various applications, the hot plasma electrons impacting the wall
may produce more than one secondary on average. In this situation, a classical Debye sheath
cannot maintain the zero current condition. Conventional SEE theories [1] usually assume a "space
charge limited" (SCL) sheath forms, see Fig. 1. Ions are still drawn to the wall according to the
Bohm criterion, as in a classical sheath; the only difference is the potential profile Φ(x) has a dip
near the wall that reflects some secondaries back to the wall so that Γe,net = Γi is maintained.

Fig. 1 – Qualitative differences
between the potential profile,
relative to the wall, of a
classical sheath (a), SCL
sheath (b) and the new inverse
sheath (c). Note that plasma
electrons are still confined by
the SCL sheath, but not by the
inverse sheath.

Fig. 2 – (a) simulation model. (b-e) Plots comparing Sim. A in the
classical sheath regime to Sim. B in the inverse sheath regime.
(b) Φ(x) in both runs. (c) Φ(x) near the left wall. Charge densities
near the left wall in Sim. A (d) and Sim. B (e). Note, Φ(x) is noisy
in Sim. B due to two-stream fluctuations, but the key observation
is that Φ(x) always decreases from the wall outward by ~1V, see
(c), to suppress the SEE and maintain zero current.

But if the average SEE yield of hot electrons hitting the walls exceeds unity, there is no need
for the assumption that ions are drawn to the wall in the first place. The zero current condition can
be maintained by an “inverse sheath” [2]; A positive surface charge is shielded from the plasma by
a negative space charge near the interface, see Fig. 2. The wall potential is above the plasma
potential, so the ion flux is negligible and plasma electrons are unconfined, leading to extreme
particle/energy fluxes. The small potential drop Φ-1 at the interface forms a barrier to emitted
secondaries; it pulls sufficiently many secondaries back to the wall to maintain zero current.
The simulated system is a xenon E×B discharge bounded by walls made of boron-nitride
ceramics. The parameters were set to model Hall thrusters under realistic conditions. The transition
from the classical sheath regime to the new inverse sheath regime (Fig. 2) occurs when the E×B
drift energy crosses a critical value so that electrons hitting the walls induce average SEE yield > 1.
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Numerical and Experimental Investigations of Dusty Plasmas
P. Agarwal (a), R. Anthony (a,b), E. Aydil (b), U. R. Kortshagen (a) and S. L. Girshick (a)
(a) Dept. of Mechanical Engineering, Univ. of Minnesota (agar0115@umn.edu)
(b) Dept. of Chemical Engineering and Materials Science, Univ. of Minnesota (ranthony@me.umn.edu)

Plasmas in which particles nucleate and grow are encountered in semiconductor processing
and nanoparticle manufacturing. The presence of dust particles significantly affects the plasma
properties and vice versa. Such plasmas involve several interacting phenomena, including
nucleation, particle surface growth, coagulation, charging and transport. A numerical model was
developed of a low-pressure (around 100 mTorr), capacitively-coupled radio-frequency (13.56
MHz) plasma in which nanoparticles nucleate and grow.[1,2] The model is transient and onedimensional and self-consistently accounts for nucleation, growth, coagulation, charging, particle
transport, and the effects of dust particles on plasma properties. One of the outcomes of this model
is the particle size distribution function, which can be used together with Mie theory to predict the
intensity of laser light scattering from particles. We here present simulations of the spatiotemporal
evolution of light scattering from particles in an RF argon-silane plasma, as well as of optical
emission intensity based on a collisional-radiative model.[3]
Experiments to validate the numerical model were conducted in collaboration with the
GREMI Laboratory at the University of Orléans, France. Measurements were made of particle
light scattering and plasma emission intensity, and results were compared with numerical
simulations for the same conditions. Fig. 1 shows a comparison of predicted and measured particle
light scattering. Reasonable qualitative agreement was found, with some discrepancies. The
double-peaked structure in the scattering profile that develops at later times, seen in both
experiment and simulations, is shown by the simulations to be due to Mie scattering resonances.

Fig. 2 – Spatial profiles of laser light scattering at different times following initiation of plasma,
from (a) numerical simulations, and (b) experiments at GREMI, University of Orléans, France.

An experimental facility is presently under development at the University of Minnesota to
allow more in-depth comparisons of model and experiments. This facility will enable us to
measure laser light scattering intensity, optical emission, electron density and electron energy
distributions, and will also allow us to sample dust particles for ex-situ characterization.
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Apparent Surface Tension in Complex (Dusty) Plasmas
Mierk Schwabe (a,b) and David Graves (a)

(a) Department of Chemical and Biomolecular Engineering, UC Berkeley (schwabe@mpe.mpg.de)
(b) Max Planck Institute for Extraterrestrial Physics, Garching, Germany

Complex (dusty) plasmas consist of micrometer-sized particles embedded in a plasma. The
microparticles acquire high negative charges and interact with each other. As the sign of the charge
is the same for all microparticles, their interaction is usually purely repulsive. Nevertheless, in
experiments in a capacitively coupled plasma chamber, an apparent surface tension appeared that
compressed the boundary of the microparticle cloud and led to the formation of roughly spherical
microparticle ensembles. [1] We plan to model this phenomenon using MD simulations [2] taking
into account the effect of the plasma.
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Plasma-Surface Interactions Impact on Plasma Distribution Functions: H2/D2/Ar
Plasma/a-C:H
N. Fox-Lyon (a), D.B. Graves (b), S. Y. Moon (c), D.J. Economou (c), V.M. Donnelly (c), and G.S.
Oehrlein (a)
(a) University of Maryland, College Park (oehrlein@umd.edu)
(b) University of California, Berkeley
(c) University of Houston
Plasma distribution functions can depend strongly on plasma facing materials that release
impurities into plasmas. Diagnostics for the evolution of plasma and surface properties in
plasmas interacting with hydrocarbon surfaces were explored. By combining plasma
characterization (Langmuir probe, ion energy/mass analysis, and optical emission spectroscopy)
with real-time surface characterization (in-situ ellipsometry) we can quantify the effects of
surface-derived atomic/molecular impurities have on plasma properties. We explored the erosion
of graphitic (high C:H) and polymeric (low C:H) films in inert (Ar) and reactive (H2/D2)
plasmas. We find that small amounts of molecular CHX and H2 impurities in high density Ar
plasmas cause significant changes to electron temperature, ion energy distributions, and plasma
density. CHX impurities in low density H2/D2 plasmas also cause changes to plasma properties.
In this work we seek to quantify and predict how surfaces with different C:H composition
uniquely evolve and affect plasma properties.
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Nanoparticle-Plasma Interactions in Dusty Argon-Hydrogen Plasmas
M. Mamunuru and U. Kortshagen
Department of Mechanical Engineering, University of Minnesota (kortshagen@umn.edu)

We studied the role of hydrogen in altering the plasma-nanoparticle interactions in a low
pressure dusty argon-hydrogen plasmas. Most dusty plasmas in which particles form through
chemical nucleation, are multi-component plasmas containing hydrogen [1]. As hydrogen’s
ionization potential is close to that of argon, both species may be ionized. Being a light element,
the presence of hydrogen in the discharge has the potential to significantly modify the plasma
and plasma-nanoparticle interactions.
We developed a global model for dusty argon-hydrogen plasma. For given absorbed
power, nanoparticle density, pressure, and chamber size, we solved the power balance, plasma
species balance, and particle current balance equations. We further included a system of rate
equations for the most important argon-hydrogen plasma chemical reactions and obtained
electron energy distribution functions (EEDF) using ZDPlasKin [2].
Varying the H 2 : Ar ratio from one to ten percent, we find Ar + , ArH + , and H 3+ to be the
dominant ions whose relative densities are a function of gas composition. For increasing
hydrogen fraction, the light hydrogen ions’ shorter lifetime in the chamber reduces the plasma
density. The high flux of light hydrogen ions also lowers the average nanoparticle charge.
Electron collisions with hydrogen and with the nanoparticles affect the EEDF shape. In general,
increasing nanoparticle density causes an increase in ion density and electron average energy,
resulting from the growing reduced electric field and declining average nanoparticle charge.
Overall, we find that the presence of hydrogen in the discharge significantly alters the plasma
properties and the fundamental plasma-nanoparticle interactions.
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Efficient Simulation of Trace Species in Rarefied Plasmas
Cyril Galitzine and Iain D. Boyd
University of Michigan, Dept. of Aerospace Engineering (cyrilg@umich.edu, iainboyd@umich.edu)

The simulation of the EEDF (electron energy distribution function) in a complex plasma
flow where heavy particles (atoms and ions) are in the rarefied regime requires the accurate
simulation of their VDF (velocity distribution function). The kinetics of heavy particles are
governed by the Boltzmann equation, which is most often simulated in the context of complex
chemically reacting flows with the Direct Simulation Monte Carlo (DSMC) method. It is
however well known that the rate of convergence of the statistics collected in a DSMC
simulation is proportional to the number of computational particles used. Because that number
for a given species in a particular cell Ni is proportional to the number density of that species ni,
(ni = Wp × Ni), species with low number densities tend to be represented by very few particles on
average. This in turn makes it problematic to obtain accurate statistics for trace species, i.e.
species with low number densities compared to others, without performing a large number of
sampling steps thereby incurring a large computational cost. The behavior of the EEDF in a
plasma can however greatly be affected by certain species present in trace amounts such as
metastables. In particular, the introduction of low concentrations of such excited states in a
plasma can potentially be used to artificially alter the shape the EEDF. This in turn makes it
crucial to formulate a computational methodology that allows the efficient simulation of trace
species within the realm of DSMC. A common solution to this issue is the use of relative weights
Wrel,i <1 for trace species which has the effect of increasing the number of simulator
ni
particles: N i =
. However, most complex rarefied plasmas of practical interest are
W rel,i × W p
characterized by large number density gradients due to diffusion and/or chemical reactions. A
certain species might well be a trace species in portions of the flow field but dominant in others.
Hence, the relative weights of the different species in a simulation should ideally vary in space
according to their relative concentrations which are however themselves a product of the
simulation. Building on such an idea, an adaptive procedure has been devised to dynamically
adapt, as the flow converges to steady state, in each cell of the simulation, the time step, the cell
weight and the relative weights of all species. The time step is chosen so as to satisfy the well
known DSMC requirements [1] while the weights are chosen so as to ensure that all species are
represented in all cells of the domain by at least Nmin
simulator particles on average. The value of Nmin can be set
arbitrarily depending on the level of accuracy or
computational expense desired.
The procedure is incorporated into an existing PIC/DSMC
code [2] and is general enough to be relatively easily
transferrable to any PIC/DSMC code. The study is focused
on the simulation of a flow consisting of two counter-flowing
plasma jets with multiple species (shown on Fig. 1). The
adaptive procedure allowed the calculation of the relative
weights fields shown on the right. The upper part of the plot
represents the relative weight of a neutral species emitted by
Fig.1: Species relative weights as
the leftmost (x=0) jet while the lower plot shows that of a
obtained with the adaptive
neutral species emitted by the jet at x = 0.25m.
d
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Hybrid Simulation of a DC-Enhanced Radio Frequency Capacitive Discharge in
Hydrogen
P. Diomede (a), S. Longo (b), D. J. Economou (a), V. M. Donnelly (a) and M. Capitelli (b)
(a) University of Houston (pdiomede@uh.edu, economou@uh.edu, vmdonnelly@uh.edu)
(b) University of Bari and CNR-IMIP, Bari Section, Italy

A one-dimensional fluid/PIC-MCC (hybrid) model was employed to study a parallel-plate
capacitively-coupled radio frequency discharge in hydrogen, under the application of a DC bias
voltage. Improvements were made to a previously developed model in order to better describe
higher energy electrons and secondary electron emission by ion impact on the walls. When a
negative DC voltage was applied to one of the electrodes of a continuous wave (cw) plasma, a
“beam” of secondary electrons was formed that struck the substrate counter-electrode at nearly
normal incidence. The energy distribution of the electrons striking the substrate extended all the
way to VRF+|VDC|, the sum of the peak RF voltage and the absolute value of the applied DC bias.
Such electrons may be used to tune the EEDF (and in turn the plasma density), and possibly
alleviate charging problems in high aspect ratio features. When a positive DC bias voltage was
applied synchronously during a specified time window in the afterglow of a pulsed plasma, the ion
energy distributions (IEDs) of positive ions acquired an extra peak at an energy equivalent to the
applied DC voltage. The exception was the IED of H2+ which was the same under cw or pulsed
plasma conditions, since the H2+ ion was quickly eliminated in the early afterglow by converting to
H3+. The calculated IEDs of H3+ and H2+ ions in a cw plasma without DC bias were found to be in
good agreement with published experimental data.
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Coupled Plasmas
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University of Michigan, 1301 Beal Ave., Ann Arbor, MI 48109-2122 USA
(a) Dept. of Nuclear Engineering and Radiological Sciences (ssongs@umich.edu)
(b) Dept. of Electrical Engr. and Computer Science (mjkush@umich.edu)

In the fabrication of microelectronics devices, the performance and quality of the devices are
ultimately determined by the energy distribution of charged particles and radicals in the plasma.
There has been success in separately controlling the energy distribution of electrons and ions using
dual frequency in capacitively coupled plasmas (CCPs). In one configuration, the high frequency
(HF) power is applied to the upper electrode and low frequency (LF) power is applied to the lower
electrode serving as the substrate which is serially connected to a blocking capacitor generating
self dc bias. LF power is largely responsible for the energy distribution of ions onto the substrate,
fI(ε) and HF power is largely responsible for the bulk electron energy distribution, f(ε).[1] In this
paper we report on a computational investigation of controlling f(ε) and fI(ε) in dual frequency
CCPs sustained in Ar and Ar/CF4/O2 mixtures.
Although separate control of f(ε) and fI(ε)
can be obtained by choice of frequency, the
dynamic range is limited due to the need to
balance electron sources and loss in real time
during continuous wave (cw) operation, and
coupling between frequencies.[2] By using pulse
power, the electron sources and losses do not need
to instantaneously balance – they need to balance
only over the longer pulse period. This provides
additional leverage to control f(ε) by allowing
them to extend to larger energy during the poweron cycle, as shown in Fig. 1. On the other hand,
the fI(ε) can be manipulated by the amount of the
self dc bias generated on the substrate, whose time
variation depends on the size of the blocking
capacitor during pulsed operation. To investigate
this coupling we applied HF power in a pulsed
format with different pulse repetition frequency
(PRF), duty cycle (DC) and blocking capacitors.
Fig. 1 – f(ε) at different times in the pulse
period near the powered electrode in We found that the high energy electrons are
Ar/CF4/O2 . (1) Before the pulse power. (2) generated more effectively with smaller PRF and
At the beginning of the pulse. (3) In the DC in order to compensate for the electron losses
during the long inter pulse period. Also, the ion
middle of the pulse. (4) In the afterglow.
energy distribution tends to extend to the larger
energy with smaller blocking capacitance by allowing the dc bias to oscillate to higher (more
negative) values. These higher energy electrons and ions produce dissociation patterns that can
differ from those obtained with quasi-cw excitation.
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2D Hybrid Fluid-Analytical Simulations of the E to H Instability in an
Electronegative Discharge
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The E to H instability in inductively driven electronegative plasmas has been previously
observed experimentally [1] and explored theoretically [2]. A two-dimensional hybrid fluidanalytic code [3] is used to determine the space- and time-varying densities of electrons, positive
and negative ions, and neutral species, and electron and neutral gas temperatures. The simulation
includes both the capacitive and inductive coupling of the source coils to the plasma and the
neutral gas dissociation and heating. The plasma is described using the time-dependent fluid
equations, along with an analytical sheath model. The simulation is applied to an experiment in
Cl2, in which gaps in the electron and positive ion versus power curves were observed, with our
numerical results indicating the existence of an inductive-capacitive transition instability,
corresponding approximately to the observed gaps. The fluid calculation captures various features
that are not included in previous global instability models. A method is developed to match the
numerical results to the global model formalism, which predicts the existence of the unstable
mode, as numerically found. The time and space variations can be used to improve the global
model formalism.
References
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Development of a Fully-Kinetic Vlasov Simulation for Partially Magnetized
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Partially magnetized plasma in the discharge channel of Hall thrusters is known to be in a
non-equilibrium state due to its complex physical mechanisms including wall reflection, ionization,
and cross-field conductivity. In order to obtain the non-equilibrium plasma parameters more
accurately, the velocity distribution function (VDF) of each plasma component should be
calculated deterministically solving the Boltzmann/Vlasov kinetic equations rather than using a
particle-based kinetic method [1]. We have successfully developed a 1D hybrid simulation that
uses a Vlasov solver for heavy particles and a fluid model for electrons. Low frequency plasma
oscillation, often referred to as the breathing mode, is captured and shows good agreement with
experimental data. A 1D fully-kinetic simulation that uses a Vlasov solver for both electrons and
heavy particles is currently being developed. Instead of using a fluid model and modeling electron
mobility empirically, cross-field electron transport is obtained from the Lorentz force by
accounting for the azimuthal drift [2]. Future work includes extension to higher dimensions and
development of a more computationally efficient simulation.
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