
2 10 CT 2004 HIGHLY EFFICIENT COMPACT CAPACITANCE COUPLED  PLASMA
REACTOR/GENERATOR AND METHOD FIELD OF THE INVENTION The present invention
relates to gas ionization apparatus and methods  generally and more
specifically to capacitance coupled gas plasma reactors and methods.
BACKGROUND OF THE INVENTION Capacitance coupled plasma reactors are usually
constructed with a pair of  parallel plate electrodes facing each other,
spaced apart in parallel, and placed inside a  vacuum chamber. An external
electric field, either DC or AC, is applied to the opposite  electrodes.
Under low pressure and with proper spacing between the electrodes, a stable
plasma can be generated and maintained by first ionizing and then creating
a glow  discharge in gas flowing between the electrodes. Multiple pairs of
alternating polarity  parallel plates can be spaced apart and/or stacked
together to form multiple regions wire  plasma discharge may occur. Such
capacitance coupled plasma reactors have been  widely used in a variety of
industries for applications such as substrate etching, substrate  cleaning,
substrate  film-deposition, gas treatment, ion beam source and for various
chemical reactions. As the term "capacitance coupled plasma" implies, the
electrodes form a  capacitor, typically of the parallel plate type. The
most fundamental type is simply two  flat plates of opposite electrical
polarity and is often referred to as a "planar diode." The  electrodes may
be arranged in a variety of geometric configurations, including
configurations having curved surfaces, such as concentric parallel
cylinders or concentric  spheres with parallel tangents. Typically the
surfaces of the alternate polarity electrodes  will be equally spaced
throughout the structure to maintain the parallel plate relationship.  The
geometric regularity and symmetry between the surfaces of the electrodes in
such  structures are thought to be desirable for the production of a
uniform electric field and  hence a more uniform plasma. Concave or convex
pairs of flat plate electrodes have also  been used to focus or defocus the
intensity of the plasma concentration in specific regions  for special
applications such as focus sputtering, focus etching or to provide a
focused ion  source. A number of prior art capacitively coupled parallel
plate electrode designs having  



different geometric configurations are taught in U.S. Patent No. 4,735,633,
entitled 1 21 OCT 2004 Method and System for Vapor Extraction From Gases,
which issued to the inventor of the  present invention and is assigned to
the assignee of the present invention. The electrode  configurations taught
in the `633 patent provide large surface area to volume ratio for  compact
plasma reactors. Reactors employing electrode configurations as taught in
the  `633 patent have been successfully used in industry to provide greater
than 99% reaction  efficiency. In addition to electrode spacing, another
critical parameter for plasma  generation and maintenance in capacitively
coupled plasma reactors is the operating  pressure. A stable glow discharge
plasma can be more efficiently and easily maintained  at lower pressures.
This is because the production and maintenance of the plasma  depends on
the ionization of gas molecules in the reactor volume to produce sufficient
secondary electrons to participate in the cascade collisional ionization
process to offset  and balance the loss of electrons (and ions) to the
electrode surfaces. The mean free path,  Le., the average distance a
primary electron will travel in the reactor volume before  colliding with a
molecule to create secondary electrons, depends upon the operating
pressure. Generally, the higher the pressure, the smaller the value of the
mean free path.  The value of the mean free path places a limitation on the
distance in which primary  electrons within the electric field potential
between the electrodes can accelerate to  acquire the ionization potential
energy needed to facilitate the ionization process. Thus,  the smaller the
value of the mean free path, the less ionization potential energy an
electron will acquire for a given operating potential before colliding with
a gas molecule,  and the less secondary ionization is likely to occur. For
a given operating pressure, the electrode spacing determines the  number of
mean free path ionization collisions an electron will be involved in before
it  reaches and is lost to the electrode surface. For very short electrode
spacing, no glow  discharge can be generated and maintained. This space is
known as dark space. Once a  plasma is ignited in the reactor volume, it
becomes a conducting sheet itself equivalent to  an electrode. Between the
plasma and the electrodes, there is always a space gap in  



which glow discharge ionization does not occur. Only ions and electrons are
accelerated in this gap without further glow ionization discharge, and such
space is the known as the  "dark space shield." The thickness of the dark
space shield is also pressure dependent. Thus, the point at which the gas
molecules will break down and a stable  glow discharge plasma can be
generated and maintained depends on the relationship of  the applied
external electric field potential, the breakdown voltage, the electrode
spacing 2 2 10 C T 2004 and the operating pressure. Paschen experimentally
found that the breakdown potential  voltage (V) varies with the product of
pressure P (in units of Torr)  and the electrode  spacing d (in units of
cm). The relationships Pashen identified are known as the law of  glow
discharge and are reflected in the "Paschen curves" shown in Figure 1.
Figure 1  shows Paschen curves 10 for several different gases. The
electrode design for a  capacitively coupled, parallel plate plasma reactor
must adhere to the physical  requirements shown by the Paschen curves. The
Paschen curves 10 of Figure 1 show there is a minimum breakdown  voltage
(V) for every gas for the product of Pd at about I Torr-cm, i.e., at about
point 15.  't'hus, in practical terms, if the spacing between parallel
plate electrodes is fixed at about 1_  cm, the lowest external voltage
necessary to apply to the electrodes to initiate ionization  and breakdown
of a gas under vacuum is obtained at a pressure of about 1 Torr. As can  be
seen from the Paschen curves 10, for a given electrode spacing d, as the
pressure P  increases, the minimum external voltage necessary to satisfy
the 1 Torr-cm breakdown  parameter slowly increases. However, as pressure
is reduced, the minimum necessary  voltage sharply increases (in linear
scale of Pd). Thus, for example, given a power supply  that can provide a
maximum voltage of 1000 V, a reactor with fixed electrode spacing of  about
1 cm can be operated at pressures up to about 300 Torr for neon gas, for
example  for neon light applications. But the same I000V power supply will
not be capable of  generating and maintaining a plasma in Neon gas at
pressures below about 0.1 Torr  unless the electrode spacing is increased
several times, such that the breakdown voltage  15 of the Paschen curve 10
occurs at a Pd value below the 1000V maximum supply limit. Thus, in
practical application, the relationships shown in the Paschen  



curves 10 determine the minimum electrode spacing and hence the minimum
size for a  reactor for a given power supply rating and operating pressuue
range. In most  applications, it is desirable to use a low voltage power
supply, either AC or DC, rather  than a high voltage power supply because
of the intrinsically lower cost of lower voltage  supplies. It is also
desirable to use smaller spacing between electrodes so that the reactor
will be smaller and more compact. However, when operating at pressures
below about  0.5 Torr, which may be required in certain applications such
as in many semiconductor  processing applications, it is a must to increase
the electrode spacing to a few centimeters  or more, thus increasing the
reactor size, or alternatively to employ considerably more  expensive high
voltage power supplies. Though additional magnetic field sources could  be
used to confine the plasma in very low pressure operation application, this
solution is 3 2 1 O C T 2004 very costly, further complicates and upsets
the capacitive coupling of the applied and  dissipated plasma energy, and
introduces more side effects. The aforementioned `633 patent teaches to
maximize the efficiency of a  reactor of a given size by maximizing the
surface area of the electrodes within the reactor  volume in a specific way
to increase the reaction efficiency. Although the reactor taught  in the
`633 patent was primarily intended for use in semiconductor fabrication
applications to break down and dispose of noxious exhaust gases, the plasma
processing  described in the patent also provides a very efficient means to
process materials, such as  by sputtering, etching, deposition, surface
treatment, etc. It also provides an efficient  gaseous chemical reaction
means to produce desirable byproducts, for example chemical  synthesis,
polymer formation, chemical dissociation, etc. Advantages of this type of
plasma processing over other chemical methods include substantially reduced
energy  consumption and substantially improved reaction efficiency at
relatively low  temperatures. One plasma reactor of the type taught in the
`633 patent that has been used  commercially is trademarked  DryScrub(r)
and is sold by the assignee of the present  inventi on. As taught in the
`633 patent, the DryScrub(r) reactor takes advantage of a large  electrode
surface area to plasma volume ratio and a long gas now path to maximize
chemical reaction on the electrode surfaces. This maximizes the reaction
rate and  



reaction efficiency compared to gas phase reaction in the gas stream
itself. Thus, as taught in the `633 patent, for a pair of parallel plate
electrodes, the  area of the face of each surface of each electrode is A,
and the total surface area of the  opposing faces of the pair of electrodes
is 2A. The volume enclosed between the faces is  2Ad for a fixed spacing d
between electrodes. For low-pressure operation, the electrode  spacing d
must be increased for the reasons previously described. The plasma volume
also increases with an increase in the electrode spacing d, and therefore
the surface area to  volume ratio decreases inversely proportional to
increased spacing d. Thus, a decrease in  operating pressure will result in
the loss of some or all of the surface reaction advantages  unless the
surface area of the electrodes can somehow be increased. Of course, one way
to increase the surface area of the electrodes is to increase the size of
the reactor and  hence the electrodes. However, for various reasons,
including cost, as well as application  or design constraints, this may not
be desirable or even feasible. Therefore, it is  necessary to find a way to
further increase the surface area of the electrodes within the  reactor
volume without increasing the size of the reactor for low pressure
applications,  among other things. 4 2 1 0 C 1 2004 The present invention
addresses this problem by providing a new and  unique electrode design. A
primary objective of the new electrode design is to  substantially increase
the surface area of the electrodes without substantially increasing  the
volumetric size of the reactor. The new electrode design provides highly
efficient  electrode surface reactions over a significantly broadened range
of operating parameters  in capacitively coupled parallel plate plasma
reactors and methods of the type taught in  the `633 patent without any
significant increase in size of the reactor. As such, the new  electrode
design also greatly increases the range of applications for such reactors
and  methods. SUMMARY OF THE INVENTION The conventional thinking, as
demonstrated in the `633 patent, has been to  configure pairs of parallel
plate electrodes with opposing faces extending laterally and  without any
intrusions into the open volume between the opposing or adjacent surfaces
of  



the electrodes. It has been thought undesirable to have any surface
portions extending or  intruding into the space between the electrodes
because that would reduce the distance  between the electrodes at that
point or those points. There has been a significant fear that  this would
create a short circuit path that would cause arcing between the electrodes.
Thus, it has been thought desirable to design the electrodes so that their
opposing surfaces  should be as flat as possible and as smoothly curved as
possible to avoid this perceived  problem. Moreover, for the reasons
discussed previously with respect to the Paschen  curves, there has been a
fear that reducing the spacing between electrodes could adversely  impact
the generation, maintenance and quality of the glow discharge plasma. This
has  been the conventional wisdom in the design and construction of
electrodes. The present invention contradicts the conventional wisdom
relating to  electrode design and construction. In the present invention, a
pair of alternating polarity  electrodes are configured with a plurality of
"  Lr-shaped" and "7-shaped" fin protrusions to  form a so-called "L7"
electrode structure. The protrusions extend into the open space  between
the adjacent opposing electrodes and are arranged in interleaved fashion.
The  electrodes with their interleaved protrusions form roughly square
'`L7' shaped channels  with one or more spaces or gaps, for example at one
or more diagonal comers. A more  expansive embodiment employs a grid type
design wherein multiple pairs of opposite  polarity electrodes, each having
protrusions, are stacked together such that the protrusions  are
interleaved in the space between the electrodes. The "L7" shape with the
interleaved 5 2 10 c 11004 protrusions maintains the electrode spacing d
between the parallel opposing faces of  electrode pairs, but increases the
electrode surface area within a given volume by four  times or more.
Numerous protrusion/fin geometries are possible including continuously
curved surfaces or "W" shaped surfaces, which can provide even more surface
area per  unit of volume. A plama  reactor/generator apparatus and method
embodying the "L7"  electrode design of the invention includes a reactor
body with an open interior volume.  The reactor body includes a gas inlet
and a gas outlet. The electrode apparatus is  preferably configured as a
unitary assembly that can be inserted into and removed from  



the interior volume of the reactor as a unit. The electrode assembly is
typically  electrically insulated from the reactor body. In an open system,
the electrode assembly is  enclosed within the interior of the reactor body
and defines a plurality of subdivided gas  flow paths between the gas inlet
and gas outlet. In a static or closed system, the electrode  assembly
subdivides or partitions the gas volume into a plurality of cells, which
may be  according to a desired patterns` A power source in electrical
communication with the  electrode assembly generates a voltage potential
between pairs of adjacent opposite  polarity electrodes sufficient to
ignite and maintain a plasma in a selected gas to be  processed in the
reactor. In one aspect of the invention, a flow of gas is introduced into
the gas inlet at selected pressure, flow rate, and temperature and
traverses the subdivided  How paths adjacent the surfaces of the electrodes
to the gas outlet. A plasma having  multiple distinct regions, preferably
in at least partial communication, is generated and  results in a highly
efficient and complete chemical reaction of the gas upon the surfaces  of
the electrodes, the reactor thus carrying out a selected process on or
employing the gas.  In another aspect of the invention, the plasma
generator is a closed system containing a  gas. The plasma is formed in the
gas, for example to generate luminescence. In this  aspect, the invention
is a plasma generator. BRIEF DESCRIPTION OF THE DRAWINGS Figure t is a
graph illustrating Paschen curves for a number of typical gases. Figure 2
is a graphical representation of a 'portion of a pair of conventional
capacitively coupled parallel plate electrodes of the type used in
conventional  capacitively coupled parallel plate plasma reactors. 6 2 1 O
CT 2004  Figure 3 is a graphical representation of a portion of a pair of
capacitively coupled parallel plate electrodes embodying a preferred "L7"
configuration according to  the present invention. Figure 4 is an end view
of the pair of "LT' electrodes shown in Figure 3.  Figure 5 is a side
cutaway graphical representation of a stacked grid of  "L7" electrode pairs
with interleaved fins comprising a preferred embodiment of the  



present invention. Figure 6 is a plan view of a portion of a presently
preferred embodiment of  a first electrode forming an "L7" electrode pair
with the second electrode of Figure 7 for  use in a stacked grid of "L7"
electrode pairs as illustrated graphically in Figure 5. Figure 7 is a plan
view of a portion of a presently preferred embodiment of  a second
electrode forming an "L7" electrode pair with the first electrode of Figure
6 for  use in a stacked grid of "L7" electrode pairs as illustrated in
Figure 5. Figure 8 is a cutaway plan view showing a preferred "LT'
electrode pair  comprising the electrodes of Figures 6 and 7 overlaid.
Figure 9 is a side elevation view of a preferred electrode assembly
comprising a stacked grid of "L7" electrode pairs as shown in Figures 6-8.
Figure 10 is another side elevation view from a different elevation of the
preferred electrode assembly of Figure 9. Figure 11 is a side elevation
view of a preferred embodiment of a  capacitively coupled parallel plate
gas plasma reactor embodying the present invention. DESCRIPTION OF THE
SPECIFIC EMBODIMENTS A description of the presently preferred embodiments
of the invention will  now be described with reference to the attached
drawing. Figure 2 provides a graphical illustration of a conventional
capacitively  coupled parallel flat plate electrode pair 20 of the type
commonly used in almost all  conventional plasma reactor designs today.
Electrode pair 20 comprises first plate  electrode 22 and second plate
electrode 24. First and second plate electrodes 22 and 24  each has first
and second surfaces, each surface having an area A. The facing surfaces of
first and second electrodes 22 and 24 are separated or spaced apart by a
fixed distance d_  The plate electrodes comprise the plates of a parallel
plate type capacitor with each  electrode electrically coupled to the
opposite terminal of a power supply 26, which may  be either AC or DC type.
Thus, at any given time, the electrodes 22 and 24 are of 7 21 OCT 2004
opposite polarity type, such that a voltage potential (V) is present
between them for  igniting and maintaining a glow discharge plasma in a gas
flowing in the space between  



the electrodes. A simple calculation demonstrates that the total electrode
surface area  adjacent the open space between the electrodes is 2A and the
total volume of space  between the two electrodes is Ad. Thus, the ratio of
electrode surface area to volume is  21d cm-1 and, for a common electrode
spacing of about 1 cm, the ratio of surface area to unit of volume is about
two. The surface reaction principle taught in the prior art `633 patent is
based  on the knowledge that operating in a low pressure environment, a
stable glow discharge  can be easily maintained. By maximizing the
electrode surface area per unit of plasma  volume in the reactor, electrode
surface reactions can be maximized. Large surface area  provides a large
reaction site for the gases to react on the surface. Absorbed and adsorbed
gas molecules can easily find a site on the surface and full population
coverage ensures  that when an ion or electron hits the surface there is a
high probability a chemical reaction  will be produced. Ignition and
maintenance of the glow discharge depends on the  operating pressure and
electrode spacing as demonstrated by the Paschen curves of Figure  1. The
general rule of thumb is that for a parallel plate electrode, with the
product of the  anode-cathode spacing, d (cm), and the operating pressure P
(Torr), i.e., Pd Torr-cm, at a  value of about 1 Torr-cm, the minimum
breakdown or plasma ignition voltage for most  gases will occur at an
electrode potential of about 250-350 volts. For operating pressures between
about 500-1000 mTorr, for example, the  optimum spacing between the
parallel plate electrodes would be about 1 cm. If the  operating pressure
is increased above this range, the spacing d could be narrowed slightly  to
maintain the optimum breakdown or plasma ignition voltage range. However,
if  pressure is reduced below this range, the spacing d would have to be
increased drastically  to maintain the optimum breakdown voltage. In other
words, with changes in the  required operating pressure, it is necessary to
change the spacing d to maintain the  operating Pd product as close to
unity as possible if it is desired to maintain the  breakdown or ignition
voltage as close to the minimum as possible. Otherwise, for low  pressure
operation the power supply must be capable of providing very high voltages,
well in excess of 1000V. Thus, increasing the electrode spacing d is a
typical approach used by the  industry for years. For example, the reactive
ion etching (RIE) method used for plasma  



etching substrates, such as semiconductors, employs a capacitance coupled
electrode and 8 21 OCT 2004 an operating pressure in the range of 10 to 100
mTorr. In commercial reactors, the  electrode spacing d is in the order of
5-15 cm. This results in maintaining a relatively low  breakdown voltage as
well as minimizing self-induced bias which can result in  undesirable
radiation damage to the substrate being etched from high-energy electron
and  ion bombardment. The use of the larger electrode spacing d overcomes
the difficulties with  initiating gas ionization and plasma ignition and
maintenance as governed by the Paschen  relationships. But the larger
electrode spacing has the undesirable effects of increasing  the plasma
volume, thereby requiring more reactor space and more electrode surface
area,  which adds significant expense. In order to construct an electrode
having the same  surface area to operate at low pressure, the electrode
spacing and hence the volume must  increase by multiples. However, if the
reactor is designed with electrodes with larger  surface area, it may be
precluded from practical use in higher pressure ranges because the  Pd
product will be on the increasing end of the high pressure side of the
Paschen curve. Today almost all of the functional parallel plate plasma
reactors are  designed based on the foregoing principles. For example, if
the electrode spacing d is  about 1 cm it is relatively easy to generate
and maintain a glow discharge plasma at a  pressure about 1 Torr for almost
all useable gases. Similarly, if the spacing d were 2 an,  the optimum
operation pressure would be 0.5 Torr. The Paschen relationships also
suggest that for a fixed electrode spacing d, the ability to generate and
maintain a plasma  will become slowly more difficult as operating pressure
increases, and that the minimum  breakdown voltage will increase slowly
with rising pressure. Conversely, as operating  pressure decreases, the
minimum breakdown voltage to initiate the plasma increases  rapidly and it
is much more difficult to generate and maintain a plasma. The increase in
the minimum breakdown voltage as operating pressure increases is explained
physically  by the fact that at higher operating pressures the main free
paths of the gas molecules,  atoms, and ionized ions and electrodes in the
space between the electrodes are shorter.  Multiple collisions may
therefore occur between excited molecules, atoms, ions, and  



electrons prior to the excited particles reaching the electrodes. In each
collision an  excited particle loses energy and transitions from a higher
energy state to a lower energy  state. Thus,- over time fewer and fewer
particles having a sufficiently high energy state to  initiate secondary
ionization will be available and secondary ion and electron generation  can
become localized and more difficult. That condition will then require
higher external 9 21 0 C 1 2004 operating voltage to generate and sustain
the ionization breakdown process to maintain  the plasma. With lower
operating pressure, longer mean free paths reduce the number  of collisions
of excited particles in the space between the electrodes. In that case,
primary  electrons that are accelerated between the electrodes by energy
acquired from the external  applied voltage (AC or DC) have a higher chance
of colliding with an electrode before  colliding with a gas molecule to
ionize a neutral and produce more secondary electrons.  More rapid loss of
primary electrons combined with generation of fewer secondary  electrons
will require higher voltage from the external source to generate a stronger
electric field and higher energy electrons to ensure initiation of the
ionization process and  to maintain the plasma. But higher field voltage
accelerates the electrons faster and  shortens the time before they are
lost to the electrodes, thereby reducing the probability  for secondary
electron production collisions. Consequently, as the operating pressure is
reduced, the minimum breakdown voltage required to initiate and maintain
the plasma  increases rapidly. In many of today's plasma reactor
applications, for example semiconductor  fabrication applications, the
plasma reactor is required to operate at pressure ranges below  100 mTorr.
In order to operate at such low pressures, the electrode spacing in such
reactors must be increased so that a plasma to be generated and maintained
at a  reasonable voltage that is below about 1000V. Even then high voltage
plasma generators  are far more costly than low voltage generators.
Furthermore, in order to dissipate the  same power, P=IV, operation at
higher voltage means lower current will be dissipated in  the plasma. Since
the chemical reactions involved require electron exchange, lower  current
implies a lower chemical reaction rate. Therefore, to improve the
efficiency of  



the plasma reactor, it would be more preferable to employ a lower voltage,
higher current plasma. At the same time, it is desirable to retain the
successful features of prior  reactor designs as taught in the `633 patent,
such as the parallel plate design, optimum  electrode spacing, high surface
area to volume ratio, long flow path and compact footprint. Figures 3 and 4
provide a graphical illustration of the basic "L7" parallel  plate
electrode configuration, which comprises a basic preferred embodiment of
the  present invention. As described below, the "LT' electrode arrangement
overcomes the 10 21 O C T 2004  shortcomings of the prior art, described
above, while retaining the successful features of the prior designs as
taught in the `633 patent. The "L7" electrode arrangement comprises a first
parallel plate electrode  32 and a second parallel plate electrode 34
arranged in conventional opposing  relationship. The electrodes 32 and 34
are each electrically connected to an opposite  terminal of a power supply
36, which may be either an AC or DC type suitable for use in  capacitively
coupled parallel plate plasma reactors. Thus, the electrodes 32 and 34 are
of  opposite polarity. Each electrode has a first surface 33a, 35a and a
second surface 33b,  35b. In the preferred embodiment, the first and second
surfaces are formed integrally and  at right angles, although variations in
both the construction and angle relationship are  foreseeable. Surfaces 33a
and 35a are spaced a fixed distance d from each other and their  opposing
faces are parallel to each other. Similarly, surfaces 33b and 35b are
spaced a  fixed distance d from each other and their opposing faces are
parallel. Surfaces 33b and  35b protrude or extend into the open space
between the parallel surfaces 33a and 35a such  that the distal end of
surface 33b approaches surface 35a and the distal end of surface 35b
approaches the surface 33a. Thus, the "L7" electrode pair arrangement
described can  form an approximately square shaped long or subdivide a
channel into individual cells.  Preferably, the channels or cells are not
completely enclosed. Small gaps are provided at  one or more diagonal
corners such that the electrodes are spaced apart by a distance d'  between
the distal end of surface 33b and surface 35a and the distal end of surface
35b  



and surface 33a. Each of the surfaces 33a, 33b, 35a, and 35b has an area of
approximately A. In this manner, the preferred "L7" electrode arrangement
greatly increases  the surface area to plasma volume ratio while retaining
the same electrode spacing d. For  example, the total surface area
presented by the four surfaces to the square shaped channel or cell is 4A.
The total volume remains Ad as in the conventional parallel plate
electrode arrangement of Figure 2. Thus, the surface area to volume ratio
of the "L7"  electrode pair arrangement is approximately 4/d cm-1 or twice
the ratio of conventional  parallel plate electrode pair arrangements. The
"L7" electrode pair arrangement contradicts conventional thinking
regarding parallel plate electrode pair design. Conventional thought is
against bringing  protrusions or extensions such as surfaces 33b and 35a
into the space between the parallel  surfaces 33a and 35a, and certainly
not into close proximity with those surfaces. The  conventional thought has
been that with the high volt potentials employed in many 11 2 1 O C T 2004
reactor applications, arcing will occur between the adjacent electrodes.
However, by  reexamining the meaning of the Paschen curves of Figure 1 with
deeper understanding,  the inventor of the "L7" electrode design has
determined that in the low pressure ranges  at which the "L7" electrode is
likely to find use, the space gap d' between the opposite  polarity
electrodes 32 and 34 at the corners can be made small enough so that the
Pd'  product will only permit a plasma to be generated and maintained in
the gap at a value of  breakdown voltage higher than what the power supply
can provide. Thus, no plasma will  exist in the gaps under those
conditions. In addition, arcing and short circuit concerns are  avoided
under those operating conditions because the gap space d' is too short a
distance  for electrons to accelerate sufficiently to cause ionization. An
are or short circuit can only  occur when continuous ionization creates a
conducting path (like a lightening path)  between the electrodes. These
conditions cannot be physically present under the low  pressure operating
regime in which the "L7" electrode is primarily intended to be used.  For
example, a space gap of d' = 0.5 cm with electrode spacing d = 2 cm could
allow the  electrode to operate at pressure below 0.1 Torr with power
supply voltage below 1000 V.  



When operating pressure is increased to a relatively high pressure such as
2 Torr, a  suitable plasma can still be generated and maintained and will
likely include the gap  regions, however, so long as the gap distance d' is
maintained short enough, no arcing or  shorting will occur across the gaps.
Another reason why the inventor has determined that arcing and shorting
across short gap distances d' is not a concern is that the critical
requirement for arcing is  the presence of a point concentration of
discharge such that a high current conducting  path is created between the
point of discharge and the opposite electrode. In the "L7"  electrode pair
design, the electrodes form a conducting line such that there will be a
distributed discharge along the entire line (instead of a point) between
them. Thus,  sufficient voltage is not built up at any given point on the
electrodes under expected  operating conditions to initiate a field
emission wherein the electrons would have  sufficiently high voltage
potential above the breakdown voltage potential to ionize the  entire
conduction path between the electrodes. In other words, because the plasma
generated between the electrodes in the "L7" design is well distributed
along the entire  opposing surfaces of the electrodes, insufficient
potential is generated at any given point,  including the points nearest
the comers where the electrodes are in closest proximity, so  that a
complete conduction path between the electrodes can be ionized and arcing
occur.  Thus, arcing and shorting are not a concern despite conventional
thinking to the contrary. 12 210 CT 2004 Another advantageous feature of
the "L7" electrode arrangement is that it  intrinsically provides variable
spacing between the preferred perpendicular surfaces of the  electrode
pairs. The range of effective spacing extends from the gap space distance
d' to  the distance d between opposite parallel surfaces of the electrodes,
i.e., surfaces 33a and  35a, or 33b and 35b. In fact there is an even
larger distance of separation between the  electrodes along the diagonal
from the closed end corner of each electrode to the closed  end corner of
the other, i.e., from the point where surface 33a meets surface 33b to the
point where surface 35a meets surface 35b. Thus, the new design
intrinsically provides  variable spacing between the electrodes to
accommodate optimum operation at various  pressures. The electrode design
thus provides easy and efficient initiation and  



maintenance of a plasma over a broad range of operating conditions.
Furthermore, as will  be seen in more detail below, this design feature can
be further extended. For example,  with a horn shape electrode design
having an open end of smaller cross section then the  closed end further
variable spacing range can be obtained, which will allow the plasma to
select its optimal spacing under the operating conditions to initiate the
plasma easily. The variable electrode spacing inherent in the "LT' design
and its  extensions is a significant feature. Once a plasma is ignited, it
becomes a conducting  sheet, itself acting as an electrode with many
conducting electrons present within it.  Thus, the plasma itself is an
additional electron source to sustain the loss of electrons to  the
electrodes. Thus, an easily ignited plasma is an easily maintained plasma,
meaning  that the "L7" electrode design will permit easy and efficient
initiation and maintenance of  plasmas over a broad range of operating
conditions. Figure 5 illustrates graphically the extension of the basic
"L7" electrode  pair design to a stacked electrode pair electrode assembly
configuration. Thus, Figure 5  illustrates four electrodes 52, 54, 56, and
58 stacked in a vertical configuration. Each  electrode has two opposite
surfaces, thus electrode 52 has opposite surfaces 52a and 52b,  electrode
54 has opposite surfaces 54a and 54b, electrode 56 has opposite surfaces
56a  and 56b, and electrode 58 has opposite surfaces 58a and 58b. The
electrodes are stacked  such that their surfaces are all parallel to each
other, thus surfaces 52a, 52b, 54a, 54b, 56a,  56b, 58a, and 58b are all
parallel to each other. Electrodes 52 and 56 are connected in  common to
one terminal of a suitable AC or DC power supply 60 and electrodes 54 and
58 are connected to the opposite terminal of power supply 60. As a result
the polarity of  adjacent electrodes in the stacked assembly alternate and
each adjacent pair of stacked  electrodes forms an opposite polarity pair.
Thus electrodes 52 and 54 form one opposite 13 2 1 OCT 2004 polarity pair,
electrodes 54 and 56 form another pair and electrodes 56 and 58 form yet
another pair. It is notable that the opposing sides, e.g., 54a and 54b, of
the electrodes,  e.g., 54, are both used, which greatly increases the
electrode surface area for chemical  reactions to occur in the reactor.
Consistent with the basic "L7" design philosophy, each  electrode has a
plurality of "fins" or protrusions 64 extending at right angles from its  



opposite surfaces into the space between adjacent electrodes. Thus, the
fins 64 extending  from surface 52b of electrode 52 and the fins 64
extending from the opposite surface 54a  of adjacent electrode 54 each
extend into the open space between the adjacent electrodes  into proximity
with the adjacent electrode. As shown, for a variety of reasons it is
preferred that the fins are located on adjacent electrodes of an electrode
pair in an  alternating or interleaved arrangement. For one, this helps to
distribute the plasma  between the adjacent electrodes of each electrode
pair which in turn helps ensure that no  point ionization sources will
result in arcing or shorting between the electrodes. As will  be explained
further below, it also helps to compartmentalize the plasma, resulting in a
qualitatively better plasma and therefore improved reaction efficiency.
Still further, it  ensures a long and circuitous flow path for the gas
being treated in the reactor, which also  improves the reaction efficiency.
This extension of the basic "LT' electrode design maintains the
improvement in surface area to plasma volume ratio with respect to prior
parallel plate  electrode configurations and multiplies it by stacking
electrode pairs in the reactor  volume. Assume the distance between
adjacent fins 64 of the same electrode, e.g.,  electrode 52 is d, and the
distance between opposing surfaces of adjacent electrodes in  each pair,
e.g., surface 52b of electrode 52 and surface 54a of electrode 54, is also
d.  Assume also that the surface area between the adjacent fins on each
electrode is A and  that the surface area of each fin is also approximately
A. Then in each "cell" bounded by  adjacent fins of an electrode, e.g.,
electrode 52, and the opposing parallel surfaces of the  adjacent
electrodes of each pair, e.g., surfaces 52b and 54a, the total electrode
area is 4A.  As in conventional parallel plate electrode designs, the
electrode spacing is maintained as  d, and therefore, the ratio of
electrode surface area to plasma volume seen by the plasma  in each cell or
channel is approximately 4/d cm-1. The "LT' design philosophy can be
further extended to provide an even  higher surface area to volume ratio by
further subdividing the approximately square  shaped "L7" channels into
cubic cells having spacing of approximately d by adding 14 2 1 O C T 2004
additional fin elements as partitions. This results in the plasma in each
approximately 



cubic partition seeing a surface to volume ratio of approximately 6/d cm-I.
Although the stacked "L7" electrode assembly of Figure 5 is shown in  cross
section, those skilled in the art will understand that the electrodes 52-58
can be of  various shapes. For example, as described below, each of the
electrodes can be mound.  Similarly, although the fins 64 are shown in
cross section, it will be understood that the  fins can be of various
shapes including straight surfaces, curved surfaces, "U"' shaped,  "V"
shaped, "W" shaped and horn shaped. Still further, the electrodes need not
be  continuous surfaces, but may include one or more openings to facilitate
gas flow. Similarly, the has 64 need not be continuous surfaces, but may
have openings for gas  flow and plasma communication purposes. Further, the
dimensions and geometric shapes of the cells can be varied to  modulate the
plasma. For example, plasma intensity can be modulated among the cells
according to a desired pattern. Areas of plasma focus and defocus can be
generated.  Plasma grids and pixels can also be generated. Such modulation
effects can be made  periodic or according to other desired patterns.
Similarly to the basic "LT' design, the fins 64 of adjacent electrodes,
e.g.,  electrodes 52 and 54 extend into proximity with the opposing
surfaces of the electrode  pair, e.g., surfaces 52b and 54a, but remain
separated by a gap distance d'. For the same  reasons discussed with
respect to the basic "L7" electrode design, if the gap distance d' is
maintained small enough, then arcing and shorting between the electrodes is
not a concern. Referring to Figures 6-8, examples of preferred forms of fin
elements,  electrodes and electrode assemblies are shown. Figure 6 is a
plan view of a portion of  one electrode of an opposite polarity electrode
pair, e.g.. electrode 52 of Figure S. The  surface of electrode 52 shown in
Figure 6 is surface 52b for example. Preferably  electrode 52 is round in
shape as shown in Figure 8. Fins 64 are straight surfaces that  extend
outwardly from the surface 52b substantially perpendicularly. Figure 7 is a
top  plan view of another preferred fin shape, namely an open ended "horn"
shape. The horn  shaped fin shown in Figure 7 extends outwardly from the
surface 54a of electrode 54 in  Figure 5 for example. As shown in Figure 8,
a plurality of such horn shaped fins 64 are  located on the surface 54a of
electrode 54 for example so that the straight fins 64  



extending from the surface 52b of electrode 52 will be interleaved or
interdigitated  between the sides of the horn fins 64 circumferentially
around the entire surfaces of the 15 21 O CT 2004 adjacent electrodes 52
and-54. Figure S thus shows via a cutaway plan view how the  straight fins
64 and the horn shaped fins 64 are interdigitated or interleaved when round
electrodes, e.g., electrodes 52 and 54, are stacked adjacent each other.
Also as shown in  Figure 8, the preferred form of at least one of the
electrodes of each pair, i.e., electrode 52  in this example, has a central
opening 80 for the gas stream to flow through. Still further  shown in
Figure 8 is that the diameter of the other electrode 54 will be slightly
less than  that of electrode 52 to permit gas flow over the edge of the
electrode and into the next  stacked electrode pair. Ia addition to
improving the electrode surface area to plasma volume ratio  by inserting
additional fin surface area into the space between the electrodes, the fins
also  significantly increase the flow path length of the gas stream by
converting the flat wide  path between the electrodes into multiple
narrower paths. As mentioned previously, if  desired the path can be even
further subdivided into approximately cube-shaped cells by  interposing
additional fin elements in the "L7" shaped channels. The partitioning of
the  wider path significantly increases the electrode surface area
encountered by the gas  stream as it flows through the reactor, without
increasing the volume or size of the  reactor. This can be seen in Figures
9 and 10, which are two side elevation views  of a stacked "LT' electrode
assembly of the type illustrated partially in Figures 5-8, from  different
elevations. In Figures 9 and 10, it is seen that the stacked electrode
assembly  comprises a series of alternating stacked electrodes 92 and 94.
As shown in Figure 5,  electrodes 92 are connected in common to one
terminal of a suitable power supply (not  shown) and electrodes 94 are
connected to the opposite terminal so that adjacent stacked  electrodes 92
and 94 are of opposite polarity. Each electrode 92 is disk shaped with a
central opening 96 to permit gas to flow from layer to layer of the stack.
Each electrode  94 is also disk shaped, but without a central opening.
Preferably the diameter of the  electrodes 94 is slightly less than that of
the electrodes 92 to permit gas flow over the  



outer edges of electrodes 94 from layer to layer of the stack. Obviously,
electrodes 92 are  electrically isolated from electrodes 94 via insulating
spacers or the like. Electrodes 92  are formed with fins 64 that extend
perpendicularly outwardly from each surface of each  electrode 92 into
proximity with but not into contact with adjacent electrodes 94 on either
side of each electrode 92. Similarly, each electrode 94 has `horn" shaped
fins 64 that  extend perpendicularly outwardly from each surface of each
electrode 94 into proximity  with but not into contact with the surfaces of
adjacent electrodes 92 on either side of each 16 21 0 CT 2004 electrode 94.
Further, the straight and horn shaped fins 64 are preferably staggered so
that they interleave or interdigitate in the space between adjacent
electrodes 92 and 94.  With this configuration, the gas stream that enters
the central opening 96 of first electrode  92 must follow a plurality of
smaller paths that meander between the interleaved fins in  the space
between first electrode 92 and first electrode 94, before flowing over the
outer  edges of first electrode 94 to the next layer of the stack- There,
the gas flows in multiple  meandering paths between the interleaved fins in
the space between adjacent second  electrodes 92 and 94 to the central
opening in the second electrode 92 and from there to  the next layer of the
stack, repeating the same meandering path through each layer of the  stack
until the last layer is traversed. The electrodes 92 and 94 may be made of
numerous suitable electrically  conductive materials that are known to
those skilled in the art and that have been  conventionally used in plasma
reactors in the past. The electrodes 92 and 94 illustrated in  Figures 9
and 10 are preferably made of stainless steel for low cost construction.
Insulating material sandwiching a conductive core can also be used when the
power  supply is a radio frequency type supply A further advantage of the
preferred stacked "LT" electrode assembly  configuration of the invention
is that the partitioning of the space between the electrodes  improves the
quality of the plasma and hence the reaction efficiency of the reactor. The
conceptual breakthrough is that a conventional parallel plate electrode
pair may be  viewed as two long parallel lines. Typically, the plasma is
formed as a "sheet" in the  central region of the space between the
electrodes and has significant "blind spots" near  



the electrodes. The partitioning of the space between the electrodes with
fin elements  breaks up the parallel plate blind spot. For this purpose,
the fin elements that partition the  space between the electrodes could be
two opposed plates having the same potential as  the anode or cathode
electrode, two L-shaped and two  7-shaped plates facing each other  as "LT'
facing plates. This arrangement of the "L7" shaped plates allows the plasma
at  the center of the channel to "see" essentially the entire space to all
surfaces of the  electrodes even though the center of the channel is where
the plasma is being generated  and maintained. This is because the ions and
electrons generated at the center of the  channel radiate out to all
enclosing sidewalks formed by the electrodes and partitioning  fin
elements-of each "cell" or partition to cause chemical reaction. Reaction
efficiency is  thereby greatly improved. 17 21 0C12004 Additionally, in
extended parallel plate electrode reactors, the plasma is  generated and
maintained as a lateral sheet between the opposing surfaces of the
electrodes. This permits significant lateral chemical interaction in the
plasma in the space  between and parallel to the electrodes. Since this
chemical interaction occurs in the gas  phase, they are likely to form
molecular clusters and coagulated particles called "plasma  dust" that can
be entrained in the gas stream and exit the reactor with the stream.. This
can cause serious problems, for example with downstream pumps, particularly
if the  "plasma dust" happens to be caustic or corrosive in nature. By
partitioning the plasma  "sheet" into individual cells or segments, the
present invention greatly improves the  control over the lateral chemical
interaction that results in formation of plasma dust.  Indeed, the "LT'
design permits relatively easy manipulation by designers of the length of
the flow path and the number of partitions to provide improved control over
the desired  surface reaction vs. gas phase reaction balance. Nevertheless,
it is sometimes desirable to have some communication of the  plasma in
adjacent cells or segments. For example, due to  man13fi" tolerances or
other reasons, there may be variations in the dimensions of adjacent
partitions or other  factors that would result in a weaker plasma being
formed in one cell or partition than in  adjacent cells or partitions. By
permitting some communication between the plasma in  



adjacent cells or partitions, an equalizing effect is achieved wherein the
stronger plasmas  in adjacent cells or partitions can strengthen a weaker
plasma in an adjacent cell or  partition. Such communication can be
accomplished partially or totally via the use of the  corner gaps as shown
in Figure 4 or the gaps between fins 64 and adjacent surfaces of
electrodes 52-58 shown in Figure 5. If additional communication is desired,
some or all  of the fins may be provided with communication holes in their
surfaces. The dimensions  of the holes will of course depend on the
application, the dimensions of the fins and  electrodes themselves, and the
desired operating parameters. Yet another advantage of the preferred "L7"
electrode configuration of the  present invention resides in material
strength considerations. Formation and maintenance  of a plasma generates
substantial heat. And, the greater the surface area of the electrodes  and
the higher the operating voltage, the more heat is generated. Thus, the
electrodes are  subject to considerable thermal deformation stresses.
Conventional parallel plate electrodes comprising relatively large
continuous sheets tend to accumulate large thermal  stresses and are prone
to structural deformation. Such deformation changes the electrode  spacing
and thereby the capacitance, electrical characteristics, and plasma
properties. L 18 2 10 CT 2004 some severe cases, the structural
deformation. can result in short circuiting. Such  considerations must be
taken into account when selecting the materials for the electrodes,  etc.
In contrast, the "L7" electrode structure, and particularly the stacked
"L7" electrode  assembly structure, comprise numerous smaller surfaces and
interconnecting angled  surfaces, which provide improved structural support
and stability compared to large flat  sheets. Also since the plasma is
partitioned into smaller components, the overall  cumulative thermal stress
on the structure is reduced. The improved intrinsic structural  strength
allows the electrodes to be built with thinner sheet metal than has been
previously possible in conventional parallel plate reactors designed for
similar operating  parameters and conditions. That in turn results in more
space within the reactor interior  volume to put in more surface area for a
given compact volume, and to achieve even  better performance. Figure 10 is
a side elevation of a capacitively coupled parallel plate  



electrode plasma reactor embodying the preferred "LT' electrode
configuration of the  present invention. The reactor 110 has a housing
enclosing an interior volume (not  shown) in which the electrode assembly
as shown in Figures 9 and 10 is mounted as a  unit. The reactor housing may
be opened and closed using conventional means. If  desired, the housing may
be provided with cooling surfaces for air cooling purposes. A  conventional
gas inlet 115 is provided for receiving a gas stream to be processed.. A
gas  outlet 120 is also provided for the processed gas stream to exit the
reactor. External  electrodes (not shown) for connecting the terminals of a
suitable power supply to the  electrodes internal to the reactor, for
example as shown in Figure 5, are also provided. Figures 10 and 11
illustrate a gas plasma reactor according to the present  invention, which
has been constructed. As constructed, the reactor has a chamber  defining a
substantially cylindrical interior volume. The reactor has an external
height of  approximately 420mm  and a diameter of approximately 290 mm. The
interior is  approximately 305mm  in height and 254 nun in diameter. The
chamber is constructed of  aluminum and defines an interior volume of
approximately 15,436 c m3. An electrode  assembly, as shown in Fig. 10,
made of 316L stainless steel comprises 6 disk shaped  anode-cathode pairs.
The spacing between adjacent anodes and cathodes is  approximately 1 inch
near the gas inlet of the reactor and is decreased slightly nearer the  gas
outlet of the reactor to promote gas processing efficiency as gas flows
through the  electrode assembly between the inlet and the outlet. The
electrode assembly has an outer  dimension slightly less than 254 mm and is
approximately 300 mm tall. The anode disks 19 2 10 CT 2004 are provided
with center holes and the cathode disks have an outer dimension slightly
less  than the anode disks to provide a meandering gas flow path between
adjacent anode- cathode pairs. Sixteen horn shaped fin elements are equally
spaced around the  circumference of each surface of each cathode and
sixteen plate shaped fin elements are  equally spaced around the
circumference of each surface of each anode with the plate  shaped fins
being interleaved between each horn shaped fin and between each leg of each
horn shaped fin (see FIG. 8). The horn shaped fins and plate shaped fins
are spaced and  dimensioned to define approximately one cubic inch segments
or subdivisions of the flow  



path between adjacent anodes and cathodes. The total electrode area within
the interior  volume of the reactor is thus approximately 27,700 cm2 and
the ratio of electrode surface  area to volume is approximately 1.8. Tests
to initiate and maintain a plasma in air have been conducted using  the
foregoing reactor over a range of operating pressures and voltages. These
tests have  been conducted employing an Advanced Energy Industries Model
2500E power supply,  modified to operate at 100Khz . As modified, the power
supply is load rated at approximately 1500W. As tested, the reactor has
successfully initiated and maintained a  plasma in air at pressures up to
500 Torr at approximately 1000V with a load impedance  of approximately 100
ohms and at pressures down to about 18 mTorr at approximately  1400V with a
load impedance of approximately 1000 ohms. The foregoing descriptions of
the presently preferred embodiments of the  invention are intended to be
exemplary in nature rather than limiting. Various changes  and
modifications to the preferred embodiments will be apparent to readers
skilled in the  art and may be made without departing from the spirit of
the invention. For example,  various disclosed dimensions may be changed
and different materials substituted for  those disclosed. Different
geometric shapes may be selected for the electrodes, the  reactor chamber,
the fin elements and the like, for example "U," "V," "W" shapes, or  even
cylindircial, spherical or conical shapes. thus, the present invention
virtually  eliminates previous constraints and restrictions on electrode
geometries and designs.  Operating parameters may also be altered. The
scope of the invention is intended to be  defined and limited not by the
specific details of the preferred embodiments, but by the  appended claims.
20 2 10 CT 2004 WHAT. IS CLAIMED IS: 1. An electrode apparatus for use in a
gas plasma reactor, comprising: a plurality of anodes and cathodes having a
plurality of anode and cathode  surfaces, said anodes and cathodes arranged
so that said anode and cathode surfaces  face each other and are spaced
apart from each other to define a meandering flow path  for a gas; 



said anodes having a common electrical connector and said cathodes  having
a common electrical connector; and a plurality of electrically conductive
fn elements connected to said facing  surfaces of said anodes and cathodes
and interposed in the space therebetween  thereby substantially
partitioning said meandering flow path. 2. The electrode apparatus of claim
1 wherein' said plurality of facing  surfaces provide a combined electrode
surface area facilitating gas reaction over the  course of said flow path,
and wherein said.plurality of fin elements are arranged to have  a
plurality of facing, spaced apart surfaces, thereby increasing said
electrode surface  area 3. The electrode apparatus of claim 2 wherein said
plurality of fin elements  are interleaved. 4. The electrode apparatus of
claim 3 wherein said plurality of fin elements  are shaped approximately as
a "U", "V" or "W". 5. The electrode apparatus of claim 4 wherein said
plurality of facing  surfaces of said anodes and cathodes are disk shaped.
21 2 1 O CT 2004 6. The electrode apparatus of claim 1 wherein said
plurality of fin elements  extend outwardly from said plurality of facing
surfaces at an angle. 7. An electrode apparatus for use in a gas plasma
reactor, comprising:  an anode structure having a plurality of first
surfaces; a cathode structure having a plurality of second surfaces, said
first and  second surfaces facing each other and being spaced apart from
and substantially  parallel to each other so as to form a meandering flow
path for a gas; a common electrical connector for said plurality of
surfaces of said anode  and a common electrical connector for said
plurality of surfaces of said cathode; a first electrically conductive fin
element connected to a said first surface  and extending into the space
between said first surface and a said second surface,  said. first
electrically conductive fin element having a third surface; and a second
electrically conductive fin element connected to a said second  



surface and extending into the space between said second surface and a said
first  surface, said second electrically conductive fin element having a
fourth surface, said  third and fourth surfaces facing each other and being
spaced apart so as to partition  said meandering flow path. 8. The
electrode apparatus of claim 7 wherein said facing, surf aces of said
anode structure and said cathode structure are substantially disk shaped.
9. The electrode apparatus of claim 8 with a plurality of said first and
second  fin elements. 22 21 OCT 2004 10. The electrode apparatus. of claim
9 wherein said plurality of first and  second fin elements are dispersed
circumferentially around said facing surfaces of said  anode structure and
said cathode structure respectively. 11. The electrode apparatus of claim
10 wherein said plurality of first and  second fin elements are
interleaved. 12. The electrode apparatus of- claim 11 wherein: each of said
plurality of first fin elements comprises a multi-sided  geometric shape
with an open interior space between said sides; and each of said plurality
of second fin elements is interposed in said open  interior space. 13. An
electrode assembly for use in a gas plasma reactor, comprising:  an anode
structure and a cathode structure each having a plurality of  surfaces,
wherein the anode and cathode surfaces are interleaved with adjacent
surfaces facing each other and being spaced apart to define a meandering
flow path for  a gas; a common electrical connector for each of said
plurality of surfaces of said  anode structure, and a common electrical
connector for each of said plurality of  surfaces of said cathode
structure; and a plurality of electrically conductive fin elements
connected to facing  surfaces of said plurality of surfaces and interposed
in the space between said facing  surfaces thereby substantially
partitioning said meandering flow path. 



23 2 1 OCT 7004 14, The electrode assembly of claim 13 wherein said
plurality of fin elements  have a plurality of facing, spaced apart
surfaces, in said space between said facing  surfaces of said anode and
said cathode. 15- The electrode assembly of claim 14 wherein said plurality
of fin elements  are interleaved. 16. The electrode assembly of claim 15
wherein at least some of said plurality  of fin elements are shaped
approximately as a "U", "V' or"W"  17. The electrode assembly of claim 16
wherein said plurality of facing  surfaces are approximately disk shaped.
18. The electrode assembly of claim 17 wherein at least some of said
plurality  of facing surfaces of said anode and said cathode have an
opening to facilitate gas flow  between adjacent surfaces. 19, 'The
electrode assembly of claim 18 wherein at least some of said plurality  of
faibing  surfaces of said anode.structure  and said cathode structure have
a diameter  that is smaller than the diameter of an adjacent surface to
facilitate gas flow between  adjacent surfaces. 20- The electrode assembly
of claim 1'3 wherein said plurality of fin elements  extend outwardly from
said plurality of surfaces of said anode structure and said  cathode
structure respectively at an angle. 21. A gas plasma reactor comprising a
reactor chamber defining an interior volume and having a gas inlet and a
gas outlet; 24 2 1 OCT 2004 an electrode assembly positioned in said
interior volume in communication  with said gas inlet and said gas outlet,
said electrode assembly adapted to be  interposed in a flow of gas from
said gas inlet to said gas outlet, said electrode  assembly comprising a
plurality of anodes and cathodes having a plurality of adjacent  



anode and cathode surfaces, wherein said adjacent anode and cathode
surfaces face  each other and are spaced apart from each other to define a
meandering flow path for a  gas; said anodes having a common electrical
connection and said  cathodes having a common electrical connection; and a
plurality of electrically conductive fin elements connected to  facing
surfaces of said anodes and cathodes and interposed in the space
thereb6tween thereby substantially partitioning said meandering flow path;
and . an electrical connector for connecting a source of electrical power
to said  electrode assembly. 22. The gas plasma reactor of claim 21 wherein
said plurality of facing anode  and cathode surfaces provide a combined
electrode surface area that facilitates gas  reaction over the course of
said flow path, and wherein said fin elements are arranged  to have a
plurality of facing, spaced apart surfaces, thefeby increasing said
electrode  surface area to further facilitate said gas reaction. 23. The
gas plasma reactor of claim 2 ~ wherein said fin elements connected  to
said cathode are interleaved with said fin elements connected to said
anode. 25 2 10 2004 24. The gas plasma reactor of claim 23 wherein at least
some of said plurality  of fin elements are shaped approximately as a "U",
"V" or "W". 25. The gas plasma reactor of claim 24 wherein said plurality
of facing  surfaces of said anodes and said cathodes are substantially disk
shaped and wherein  said reactor chamber defines an interior volume that is
substantially cylindrical. 26. The gas plasma reactor of claim 25 wherein
at least one of said plurality of  anodes and said plurality of cathodes
has an opening in a said facing surface to  facilitate gas flow between an
adjacent anode and cathode surface. 27. The gas plasma reactor of claim 26
wherein at least one of said plurality of  anodes and said plurality of
cathodes has a diameter that is smaller than the diameter  of the other to
facilitate gas flow between adjacent anode and cathode surfaces. 28_ The
gas plasma reactor of claim 21 wherein said plurality of fin elements  



extend outwardly from said plurality of anodes and said plurality of
cathodes  respectively at an angle. 29. A gas plasma generator comprising:
a chamber defining an interior volume; .an anode structure and a cathode
structure positioned in said interior volume and  adapted to be interposed
in a volume of gas, said anode structure and cathode  structure each having
a plurality of anode and cathode surfaces respectively, said  anode and
cathode surfaces being interleaved with adjacent surfaces facing each other
and being spaced apart to define a volume for said gas; a common electrical
connection for said plurality of anode surfaces, and a.  common electrical
connection for said plurality of cathode surfaces; and 26 210 C T 2004 a
plurality of electrically conductive fin elements connected to said
adjacent  facing surfaces of said anodes and cathodes, and interposed in
said volume.  therebetween to thereby substantially partition said volume.
30. The gas plasma generator of claim 29 wherein said plurality of fin
elements are arranged to have a plurality of facing, spaced apart surfaces,
thereby  increasing the electrode surface area in the volume between said
facing surfaces of  said anode and said cathode. 31. The gas plasma
generator of claim 30 wherein said plurality of fin  elements connected to
said anode is interleaved with said plurality of fin elements  connected to
said cathode. 32. A method of constructing a plasma reactor/generator
comprising:  providing a housing defining an interior volume, providing an
anode structure and a cathode structure in said housing, said  anode
structure and said cathode structure each having a plurality of anode and
cathode surfaces respectively, wherein adjacent anode and cathode surfaces
face each  other and are spaced apart to define a volume therebetween for a
gas; providing a common electrical connection for said anode surfaces, and
a  common electrical connection for said cathode surfaces; 



providing a plurality of electrically conductive fin elements on said
facing  surfaces of said anode structure and said cathode structure, said
fin elements extending  into the volume between said facing surfaces,
thereby substantially partitioning said  volume into a plurality of cells;
and. 27 2 1 OCT 2004 arranging and dimensioning sal selected pattern to  I
id cells io  form a manipulate the characteristics of a plasma in said
volume. 33. The method of claim 32 wherein manipulating the characteristics
of a  plasma in said volume comprises manipulating the shape of said plasma
in said  volume The method of claim 33 wherein manipulating the
characteristics of a plasma in said volume comprises manipulating the focus
of said plasma in said volume.  3 5. The method of claim 33 wherein
manipulating the characteristics of a plasma in said volume comprises
manipulating the intensity of said plasma in said  volume 36. The niethod
comprises m8nipulating  said plasma to,produce a selected  geometric
pattem.  37. A method of generating a plasma in a plasma  reactorIgenerator
constructed according to claim 29, comprising: introducing a gas into said
interior volume defined by said housing,  providing electrical energy to
said anode structure and said cathode  structure via their respective
common electrical connections to generate a plasma in  said volume between
said facing surfaces of said anode structure and said cathode  structure;
and manipulating said plasma by arranging and dimensioning said
electrically  conductive fins to selectively partition said volume. 28 2 1
O C T 2004 38. The method of claim 37 wherein said partitions are arranged
in a selected  



pattern to manipulate the shape of said plasma. 39. The method of claim 37
wherein said partitions are dimensioned to  manipulate the focus of said
plasma. 40. The method of claim 37 wherein said partitions are dimensioned
to  manipulate the intensity of said plasma. 41. The method of claim 37
wherein said partitions are arranged and  dimensioned to manipulate said
plasma to produce a selected geometric pattern.  42. An electrode apparatus
for use in a gas plasma reactor, comprising: an anode and a cathode, said
anode and said cathode each having a  continuously curved surface, wherein
said anode and cathode surfaces are spaced  apart from and face each other
to define a meandering flow path for a reaction gas  therebetween; an
electrical connector for said anode and an electrical connector for said
cathode; and a plurality of electrically conductive fin elements connected
to said  continuously curved facing surfaces and interposed in the space
therebetween thereby  substantially partitioning said meandering flow path.
43. The electrode assembly of claim 42 wherein said anode and said cathode
each has a plurality of continuously curved surfaces, wherein said anode
and cathode  surfaces are interleaved with adjacent surfaces facing each
other and spaced apart to  form a meandering flow path therebetween for a
reaction gas, and wherein each of said  plurality of continuously curved
anode surfaces has a common electrical connection, 29 2 10 CT 2004 and each
of said continuously curved surfaces of said cathode has a common
electrical connection. 30 


