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REACTOR/ GENERATOR AND METHCD FI ELD OF THE | NVENTI ON The present invenfi l?f]
relates to gas ionization apparatus and nethods generally and nore 21 0CT 2004
specifically to capacitance coupled gas plasma reactors and net hods.
BACKGROUND OF THE | NVENTI ON Capaci tance coupl ed plasma reactors are usually
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Under | ow pressure and with proper spacing between the el ectrodes, a stable
pl asma can be generated and maintained by first ionizing and then creating

a glow discharge in gas flow eﬂIﬁ@Q‘@}?ﬁ des. Multiple pairs of
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substrate filmdeposition, gas treatnent, ion beam source and for various
chem cal reactions. As the term "capaci tance coupl ed plasma" inplies, the

el ectrodes forma capacit oBACKGROUNDY OF THEENMENTIGN pl ate type. The
nost fundanent al type is sinmply two flat plates of opposite electrical
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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 amranged in a variety of geometric configurations, ilneludjng
configurations having curved surfaces, such as concentric paraliel 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 paraliel 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 paraliel plate electrode designs having
different geometric configurations are taught in U.S. Patent No. 4,735,633, entitled



different geonetric configurations are taught in U S. Patent No. 4,735, 633,
entitled 1 21 OCT 2004 Method and System for Vapor Extraction From Gases,
whi ch issued to the inventor of the present invention and is assi gzécﬂmomm
the assignee of the present invention. The eI ectrode configurations taught
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the ionization of gas nmolecules in the reactor volune to produce sufficient
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electrons within the electric field potential between the elec 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 2
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
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whi ch gl ow di scharge ionization does not occur. Only ions and el ectrons are
accelerated in this gap without further glow ionization discharge, a?g such
space is the known as the "dark space shield." The thickness of the 0L 2004
space shield is al so pressure dependent. Thus, the point at which the gas
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practical appli Tafnican betoperated A pieanaés ystoabowrB00Tarhfor Besx gasn for example
for neon light applications. But the same 1000V 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 bélow 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 pressure range. In most
applications, it is desirable to use a low voltage power supply, cither AC or DC, rather
than a high voltage power supply because of the intrinsicaily 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 serniconductor
processing applications, it is 2 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
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curves 10 determ ne the m ni mum el ectrode spacing and hence the m ni num
size for a reactor for a given power supply rating and operating pressuye
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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 1s 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 elecirodes. For low-pressure operation, the electrode

spacing d must be increased for the reasons previously descnibed. 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 mcrease 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.



reaction efficiency conpared to gas phase reaction in the gas stream
itself. Thus, as taught in the 633 patent, for a pair of parallel plate
el ectrodes, the area of the face of each surface of each el ectrodq l ?CTA‘QN
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addresses this problem by providing a new and unique el ectrode design. A
primary objective of the new electrode design is to substantially increase

the surface area of the elect | il ly increasing the
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o 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 reléting to
electrode design and construction. In the present invention, a pair of altemmating polarity
electrodes are configured with a plurality of “L-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 muitiple 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
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the el ectrodes. It has been thought undesirable to have any surface
portions extending or intruding into the space between the el ectrodes
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enbodyi ng t getrade ass %igg?ﬁﬁ%g?l&gcwt@ﬁmmﬂagﬁ _OP%P%@%’S} act or
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and a gas outlef. The electrode apparatus is preferably confrgured as a
uni tary assmnbdsyedinghe rrantobeln onwaspedt of ftednvendioncafliow of gasimintroduced into
the gas inlet at selected pressure, flow rate, and temperature and traverses the subdivided
flow 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 1 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.




the interior volune of the reactor as a unit. The el ectrode assenbly is
typically  electrically insulated fromthe reactor body. In an open system
the el ectrode assenbly is enclosed within the interior of the rea tﬂ]* I%ﬂ@y
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to the gas Gukaktcirode phinswithhuatoileayed fius comppmsivg 8 prefered aubadmsentmfdicer abl y

in at Ieas';mp P’E’I‘)l al communi cation, is generated and results in a highly
ef ficient & FBE®cheni cal reaction of the gas upon the surfaces of

the el ectrodes, the I PRGOS istdWen $RW ofiabredt ofa &&ﬂ&%t@&&?&ﬁﬁo&&cﬁhf
enpl oying the gas. |n another aspect of the |nvent|on the pl asna

gener at or i afisst cleosedt foymingranc Bt glegirode pair ’getb thﬁrstveox}ﬂ elevtwde of Figuned fom t he

gas, for exarrpl e ne ,, cence. he | nvention
is a pl asma™¥ @F&‘FB%&%&?PE&:}DE‘%@Q Pm‘ﬁ* maq{@ﬁ#f‘ Pis a
graph illustrating Papghedy %‘Hﬂd%w@%of@ﬁbﬁ@%f@ﬁre&éﬁﬂy%feﬁ&ﬁ&ﬁm&bﬁﬂf& 2
is a graphical representation of a 'portion of a pair of conventional

capaci ti vel ymn@bbdﬁm@)Mg apl ‘&7 e @chrMEmtbthetﬁnét elegivode o€ Higure 6 for
conventi onal R f][lc‘)};ple aral | el. .nl.asma_reactors. 6 2 1 O
CT 2004 Fi 'é’i?r”é %ge%\ ‘hé{) aell“lgré’ B%'ﬁansd ﬁ%rlﬁf 151 on of a pair of
capacitively coupl ed P?gﬁ?étqkae&@{veygiaﬁeﬁdvoﬁlﬁﬁwﬁgb éeszmi‘qmre@é&bﬂegmu

configuration according to the present invention. Figure 4 is an end view

of the pai rcagprising the| poescod Figiwogd pad Fpyentasd-3.  Figure 5 is a side
cut away graphi cal repf*‘%?%%tam@ea valio %%(g{sl ﬁx{)fegreﬁfc IH ﬁl %fﬁ)f ode pairs

with interl eaved fins rrprlsmgapre erre
comprising a stacked grid of “L7” electrode pairs as shown in Flgures 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 attachfed 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 teriminal 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

.



present invention. Figure 6 is a plan view of a portion of a presently
preferred enbodinent of a first electrode formng an "L7" el ectrode pair

with the second el ectrode of Figure 7 for wuse in a stacked grid of? ¥ 0CT 2004
el ectrode pairs as illustrated graphically in Figure 5. Figure 7 is a plan

view of ap ' . t r A on

el ectrode f@mhing[ a%@lﬁggﬁ?@c@toﬁga%% ﬁ@ﬁ%ﬂ%@f%ﬁ%ﬂ‘ﬁ&f Fi gure
6 for use igitimngandaietitaigineth Pbw'didchatleqdshada anak Aowass inlthe!Sjace bekhebn
Figure 5. Figure 8 is a _cutaway plan view showng a preferred "LT

el ectrode pif elecedesy Assimgle srdcudation: desastrates thatie ifalelentedy swutaselasgad .
Fi 9 i | ' ' f f. d d nbl
compr i ng 20ecRhte Spa BaolBetlo Bl o 380G £ BN S UE R SERRE SRR o 6.5

Figure 10 ibetweaithetws tléerede’ VAALOThus,eNé fati Bf eledirddefubate HefUPbdiaRNeN the
preferred el ectrode assenbly of Figure 9. Figure 11 is a side elevation

view of a pHérer} ayl dampenmman elsetrede spapingiof Rbaityl cow b wtio i surfacelarg tat e
gas plasm ' t he present invention. DESCRI PTI ON OF THE
VBRERrE R et

SPECI FI C EMSU _ scription of the presently preferred enbodi ments
of the invention w | |Thesisfaberedened pia@splekdught B tBE pRGCart G38 Hatedt saabed

drawi ng. Figure 2 provides a graphical illustration of a conventional

capaci t i vel 9n the kpewisdgp thehppasatirig inta lpwaressulecenyiroameniad stable glsw dischargpe

| ' i al t.i onal  pl tor desi day.
B octrote panesatyabidica aRPRECHLRE N FudR 385 in P S Rod B oliord
el ectrode olumt irsthe 2eudtdieeleditbde satficeteftiohd 8aPbemamifized) LLACHNBS afenl St

and second surfaces, each surface having an area A The facing surfaces of

first and siewdes xlaggaicaetion site forthie pases teregeiuy the swrfase. apdadsoieda
fixed dist ' he pl.at f ral | el
(e 8 ot o5 Bl 251 GRS 56 R  Bl AplSanShed g ' ©

opposi te t el witdn afiof op elébtiorShifxhy s@face\hdre ik AMigh phability) € thedical rehXtiohy pe.
Thus, at any, given tine, the electrodes 22 and 24 _are of 7 21 OCI 2004

opposi te poVilkbesrodyssd. Ignitien antbmaintepensenfshg slowriscprgedepends ondhent
PeLveer g A 8 AP B Ul ) 6P BRI 90
1. The general rule of thumb is that for a paraliel plate electrode, with the product of the
anode-cathode spacing, d (cm), and the operating pressure P (Torr), i.e., Pd Tomr<m, ata
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 voits.
For operating pressures between about 500-1000 mTorr, for example, the

optimum spacing between the parallel plate electrodes would be about 1 cm. Ifthe

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
ctching substrates, such as semiconductors, employs a capacitance coupled electrode and
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the el ectrodes. A sinple calculation denonstrates that the total el ectrode
surface area adjacent the open space between the electrodes is 2A and the
total volunme of space between the two electrodes is Ad. Thus, the F4t0{d 2004
el ectrode surface area to volune is 21d cm1l and, for a commn el ectrode

spacing of about ,1 cm the. ratio of rea;to unit | u I s about
Cho. | The suft SRmeTbs i Pn gt ot 0l D ROFRI oprtciflreadirt ey ot v s
based on taecm\&bsaﬁedtlbaimee%%fmstﬁx A Hi PWsRIELBSTHAIRtaBilNE aeélmy léw
stabl e gl ow di scharge “can be easily maintained. By maxim zing the

el ectrode shreakdovmayadtagpes wellias nofinpliag self-inducedpias whidhecanaeston, el ect r ode

T e TS RO B B o B AP Sl Bt

gas nol ecul g HortbafiBinddty find a site on the surface and full popul ation
coverage ensures that when an ion or electron hits the surface there is a
high probability a ch@htos Oﬁtbalatgﬂmmlecmdd Spbengldmmcsm@mdufﬁmnmth

t f th l h d t
o ect rode. shiting eadi lralndanap Bema SR wllusiban dourted buﬁtﬁafc
general rul Fclﬂ{onﬁ‘tﬁﬂﬁthﬁthE mﬁkcrfe‘ﬂ“!ctr@dé’ ?ﬁﬁin??ﬂas ﬂieﬁﬁlﬁeﬁl'ﬁfé EREHSs ofthé

product of the anode-cathode spacing , and the operating pressure P
(Torr), i . ethe phanfRovralurog, therebyrequiinganat reagtonispace pod nnmlelelctredmmfam [rea,

br eakdown or tion voltage for nost as occ r at an

el ectrode pHP&llhﬂnﬁgaSlgaﬁJ ggﬁrd\?fﬁc’tcé’“s%ﬂ‘bﬁ@? §ﬁ?‘8§ bet ween
about 500- 10068 hR%aMte obefateeatwbﬁessm Qhe SB4tHIHe f§}>§cﬁﬁ% mﬁghéiﬁtew@&bmﬁe must
parallel plate electrodes would be about 1 cm operating pressure

i s i ncreasethcedsov/ky whiltiplesigewevehdf theaeicty iskdastamied with ﬂmmmthllmght ly to

mai ntai n the ti num,breakdo Iasma nltl nvolt range
T bas ur S Bt ST e ot B e N in el prES el iR postbe
i ncr eased dPaﬁ}ddﬁad Wwill béd &n R idrédsihgl & &mdmwp&&ﬁakdﬂ%fwnm dubvedt her

words, with changes in the required operating pressure, it is necessary to

change the spaci ng d fTedmaalmoat 3il efthe funstenal p ¢lplate plasora reacters @z t o

unity as po |b| s desi.red .to | talnthe- of tion
Vol tage. ac. SRBEpgted on iR PiRENE BribBolF it Blppiiny AR ASHER N Rind S0 . 00
operation t %@letwﬁMtWem&ky hegenanedind mdininoy pldwdisotakge plasgia atal t ages,

wel | in excess of 1000V Thus |ncrea5| ng the el ectrode spaC| ng dis a

typi cal appPEEREE ahaay 1plore fos almes all usgpbleasese Simulagty,if Yrge 268kt i ve
ion etchi ngttfc%p@nu% BE‘&%&?E&&PJ wBlR$HD.5 Torr. The Paschen rc]auonshlps 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



etching substrates, such as sem conductors, enploys a capacitance coupl &d
el ectrode and 8 21 OCT 2004 an operating pressure in the range of 1? t (1}7
mlrorr. In comercial reactors, the electrode spacing dis inthe o &éﬁq P04
5-15 cm This results in maintaining a relatively |ow breakdown voltage as

I duced whi ch |t d bl
Fadi at i on QSHEARTE 1Ofa8s 1 BRAFRG and BB U eRed o BHHoYR AERS P BRER on

and ion bo Qﬁ)t The use of the larger el ectrode spacing d overcones
the difficulties with initiating gas ionization and plasna ignition and
mai nt enance as gover né?dltbiow&@pmsng\pmsswallamgmnm;f@c pmlms reduee ither mamber

el ectrode spaci has. t he sjrabl e effects of cre t he pl asm
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having the sane surface area to operate at |ow pre
spaci ng andap[dmde’o‘dthgﬁ (AC oD Gisve a higheecmachyf colliding with. antdeutrode befofe t he

reactor is d ned with el odes.with |la surface area, it my be
precl uded f Al 2 gPs e PﬁtﬂF%a%@L%@Pmﬁ%@oﬁeﬁﬁ%‘@Wﬁ@ﬁw
roduct wl t he
Paschon our § Lt TS A8 pE BERSARIBRR Cobink Fill HcRLER Pt piPnliny’
react ors ar electlanssi wrlledquiasbighervdltage ﬁouﬂg@enwlmqub@nezﬁmramgal e, If
the electrode s about cmit is relative eas fo generate
and et nt af AeST thEhlr Do OR: toeasiEdsaten & POPGHS #drst
al | useabl em&m&&mh&a&muﬂﬁxg‘mﬁeﬁw&a & actelbriies &efe NEsePhddTUM

operation pressure would be 0.5 Torr. The aschen rel ati onshi ps al so
suggest t hashdrtens theftime tefereihty asdostpa tierdectrod¢d) éheadhiyl rednyciog thgquebahildy and

maintain a asna I beco sl ow rmre diffic eratin essure
e easos T orndat et oD atictas, Coptoauiltos e DReteBae PR Ay

W th risingrduess lﬂi&uﬁ%ﬁ%x@ﬂ&dﬁwn%lﬁ?@fﬁhir&gto RItBRSHIGuABEAL AR he
m ni mum breakdown voltage to initiate The plasnma increases rapidly and it

i s nuch nor ectakéd pidiy.t o generate and nmaintain a pl asma The increase in

physi cal Iy by the. f alt HAGEY LEAKF BiRste St epR e o SOCPIR i RnRE

pat hs of thebgidstidiPdpplich®sns, thepPi¥a raatiori® aﬁédt .ﬂb@ﬁfdﬁdg&ucw he
space between the el'ectrodes are shorter. | ti Ie col I i'si ons _may
therefore od0@mTos. Jeendente opeaterns sechipwpressurs fleptrodespacing m such

reactors must be increased so that a plasma to be gmerated and mamtamed ata
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 2 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 “L7” electrode arrangement overcomes the
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el ectrons prior to the excited particles reaching the el ectrodes. In each
collision an excited particle | oses energy and transitions froma zigﬁ?%m
energy state to a | ower energy state. Thus,- over tinme fewer and f b
particles having a sufficiently high energy state to initiate secondary
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oni 2o & ol PO SRRy H6 reh a e SeArnDC ol WA B6EE of
primary el e%ﬁﬁ%cl?%ﬂg#llgggﬁ%lgblﬂf Efa%&tair&i%td?ﬁ. TRYE theSSHHdRE ¥2 ad $4 he@TS
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the plasma incregses rapi . In n f today’ | gsma t or
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pl asma reackQEd istah&AY HoRFeACR oBREAR BeRbpPoBSSHESs drd paialeh &l ices! $4b AFOr I .
In order to operate at such | ow pressures, the el ectrode spacing in such

reactors nudshb peotiude peeentl ity thh aperaspatabetweenthis papdisbsutases 3tnandad Sasuched
at a reasopnabl.e vol tage.that is,bel ow.about. 10Q0V. .Eve ' age
pl asma geneﬂ??h’r@‘s r gfogfu%gggﬁg’?ﬁo?cqeﬁﬁ#%\%%gfl?Eﬁ’eﬁg‘éﬂé&@a@grﬁé&%%
Fur t her nor e apdrBadhies! e stffaél 330 PHS, thé'L7"SAEBode pRir arbinderer® @eschibed Bafit
hi gher vol tage neans |ower current will be dissipated in the plasm. Since
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inplies al g‘f:’feraﬁf}?{ﬂe%ﬁ!mﬂe?sa&tc'cﬁyaxé WoBeondPlEteR @ fosed. OsiR payEark Provided at

efficiency
one or more diagonal comers such that the electrodes are spaced apart by a distance d’
between the distal end of surface 33b and surface 352 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 paraliel 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 332 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
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the plasma reactor, it would be nore preferable to enploy a | ower voltage,
hi gher current plasma. At the sane tine, it is desirable to retain t1

successful features of prior reactor designs as taught in the “ 638 gﬁﬂe?ﬂ%
such as the parallel plate design, optimm electrode spacing, high surface

area to vollgégaﬂ (i Oati . : LAt oFl 3 and 4
provide a grap {%glheﬂdluggiﬂﬁékmBg‘%‘ﬂtb%%ggﬁ%%%fgn?gfg%%1 Pﬁtﬁ% g‘%rgﬁy
el ectrode ceatangungthomeaning ofithedasthicnearves bFigur! efithrdeegerambadiaiging, of

the preseng i nventi%rll].eﬁ%,,d scribed bel ow, the "LT el ectrode arrangenent
over comes t#HE IMysnisy o 77 gtsatro teadies Agtermimed taat i thelow pressyre sanges ed
above, whil B k1 : I SR 1.gns...as
taught in tﬁe‘&ﬁ%%%lepg?’e%{é&%gﬁﬁ%%%gtﬁ%%ﬁéﬁ%h e%emr#‘g%egdntrﬁ)éf’g%osmﬁ first

paral | el plpdlaiteclectrodaS2 B 3dnu the e chniss mbdeimall atodgh s6 diak grPB4
opposi ng relationship. The el ectrodes 32 and 34

arranged i n conventi onal
are egch ;I@B&F"l\((‘,"’éﬁ@ YRsERE A Rlgsmato b %ﬁ%@ﬂt@dww%m@pgapmggggm y

36, which [ : g;!:ﬁlgu for. . ' S\ngg Lvely
coupl ed paralle w%lvg?géepﬁl%égh%[egg?o@%@ us?aghcgng?éevcl r‘ggg{s;’%‘g an %‘Jlﬂare
of opposi texigtid theighys umdee thast ecdditels. Hasdditibn,rBting dhid svet ddnit cdheerafsrea

second surface 5b. In the preferred enbodi nent, the first and second

3b, .€
surfaces ar¥®o r‘l‘B_ﬁeri ?%th?géﬂﬁdm%‘fs fecgre th¢ gespaced t s ey Fhovta digteness i n
both the cogg blebitdrsap W%ﬂi&iéﬁ@g& %@ﬁ&ﬁi’uﬁn faQf £28 ‘3?%@1}:@&@33%5@ 33a

and 35a are space I stance m each ot her and opposI'ng
faces are peocat whén cantiancis iohizetion Geated acdnductng pak ¢ikedBhigtaadn@pithpr e
spaced a fjxed djstance,d om each, ot her and their opposing faces are
paral | el . SRffyerodhe slepradss. tfr@S%PﬁSPPa'PPB%@&Pt bselaiFally piSeurmgarshe {ptc e

between th ¢ éﬁﬁs’“ Siedle i ﬁﬁliﬁggng,_in f
surface 33?%%‘6?06%%%%;% face%ggcgﬁgggé?ﬁ%l di stcal%Ben f sura%(gige 3 o
appr oaches Fdrexampleaz spa88agap $hd's: 0.6 lom Witl tleetredd spadiag dat 2 carcoaltplkanthe
described cgn, f.orm an appr oxi |y sguare .shaped | o o subdi vi
channel i nt 3SH04F iR %Rﬂ?teégPW“&Tgéﬁ%‘¥@r]gﬁ?’§f‘“MW§Pﬂg §°{5‘?g°3§f9"§ 1g&t)eernot
conpl etel y wiheh i @&e&éw&m&&ww&&nﬁ%xﬁi@ag&s&emﬁrﬁﬂr&g%al

corners such that the electrodes are s(gaced apart a distance d between

the distal ®weblgplasmaicanstiltbp genrdatsd pdcmaingdnedand ik¢lysimglude the gofp sur f ace
35b 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 concem 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 discharpe and the opposite electrode. In the “L7”
electrode pair design, the electrodes form a conducting line such that there willbe 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 corners 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.
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and surface 33a. Each of the surfaces 33a, 33b, 35a, and 35b has an area of
approximately A In this manner, the preferred "L7" el ectrode arrangenent
greatly increases the surface area to plasma volune ratio while retr)gl 1004
the sane el ectrode spacing d. For exanple, the total surface area

presented by the four Aﬁw&ﬁﬁﬁaﬁﬁ“ﬁ?ﬁ%q{f%éﬁ%%F‘S{"‘g%f”g{iﬁklthﬁ 4A.
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reactor applications, arcing w cecur ween ectrodes.
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deeper understanding, the inventor of the "L7" el ectrode design has

det er ni ned ¥3ablg spachg bebypen the dasteodes iapesompodalsiopHMUALOPEFAODAL XaHEYsSje | s

likely to fj e, ﬁﬁﬁ ' PRI ity

el ectrodes g%gsa'#%' ::Ilzltcra]{:?t egggsgﬁgglgsgébﬁtﬁ%%%iﬁﬁseﬁ%ﬁ%ﬁ&%ﬁp@that t he
Pd'  pr oducinaiitédanonbfya plasiia bver glirashimangoobHepegaingrcahditions) dFurthermaienaiwilh
the gap at a valuye of _breakdown vogltage higher, t what t ower supply
can provi de?’cmél}%cﬁ?té’éll?ﬁl%rﬁlsgﬁ% aWQMGﬁGM%&Eﬁmﬁs
condi tions. kL L LiQ0, ' ol K- aTely | i bf SRS CRRs 8dclion AR Hed
under thosedgggﬁg’g#%%aggg}]%hg{igg%ﬂbecau%ﬁ@gﬁ%% gpace dfb%?s tg% short a
di stance f clos&l exitfarther taniahlecphangtaage vdf becotdainkd;, whictowilbdlavothe pdasnarto An

are or short circuit can only .occur when continuous.ionjization creates a
conducting SEER 1P sﬂaflj’ﬁt“é‘ﬂ? CB%?rPﬁ“g‘H’é‘HWé’é‘ﬁ W&“’Z‘T tpﬁaéﬁ’éﬁm%hese
condi tions cannot be FRYSAGAIE ¥ePE&RAPhciHE Hitlerdnhf thOW.7PIRRSUNE iBPET at | Ng

regime in which the "L/" electrode is primarily intended to be used. For
exanpl e, a epenmonydp asignificant Falre Pngedplasnacisrigeitedsis he¢ampsa conduetipgc oul d

oo e ¢ S RSB kot AR TR BnlSLRY hoodsresalt WitnRAK"
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 2 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 542 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
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When operating pressure is increased to a relatively high pressure such as
2 Torr, a suitable plasma can still be generated and mai ntai ned azg %hl

likely include the gap regions, however, so long as the gap dista Ol Bks
naintained short enough, no arcing or shorting will occur across the gaps.

Anot her %Wsa&&m 314 9hd B8 ForHPLAI B3 s achbals S AASERMYe

acr oss shor t ances IS not a concérn 1s that the critic
r equi r enent arfotiter pairi figs netabtdthatpheemmg&idea, $2), Hda ashpih) of ticiebsctoties,

di scharge such_that a h| current conduc pat h created hetween the
point of di E‘Shé%’g"ée b9t UEd gﬁc@féy ecwﬁ?scfgeeleﬂwwrfaeqma?? pai r

i 5t 7§ but oo A SEey o af"’; R S R s T

t hem Thus, elesttfdeibas eplumhﬂytoﬁgﬁns”swqmbmhwdst64mt@ﬁm rghvaigledirom ign t he
el ectrodes under expected operating conditions tqQ initi aterﬁﬁf el d

eni ssi on WhePRISHE °§$%Qﬁ@ﬁ§ame%aﬁ¢@°°%ﬁﬁl$qb@ﬁ%tmhﬂhﬁ Sdrexrnding

potenti al a [
conducti on pa'\tﬁh vveen&Kﬂ c?ro es. °n xﬁé h%oﬁ%ﬂtﬁegea Sg‘egﬁ?gﬁ%ﬁgsm
gener ated bef mentt éle:tﬁidecsureadesnéﬁu inbethe bpen siest Betwesn el ddjsbesit éle&trtideﬁi

along the entire _opposing surfaces of the el ectrodes,, insufficient
potential i HtgpREaREYihithesdiacnteactnsiends shpwey f‘j’ﬂ?r’fgﬂ?‘ﬁé’ ﬁ%ﬁsﬁﬁ%ﬂﬁear est

h
compl ot 6. cobMetA i 5 ARIERA Ly EOEHodl SrRRbrodB Ba h 2, ¢ g

occur. Thusiterpatinigng mﬂcahdraﬁmmn&rne Raione, Wﬂomﬁbﬁm ﬂﬁ?eqmiﬁﬁil onal
thinking to the contrary. 12 210 CT 2004 Anot her advant ageous feature of

the "L7" el betieethe &#ﬁﬁﬁ@@k@ﬁrpdwt’t%help%ﬁodemafrmplean|t§m;hewleee§cxﬂwmab| e

spaci ng bet AR f &ct

pairs. The M}?n&# %‘%‘E&\eﬁgu@g%m ng e %ﬁ]s&aﬂﬁggfeh t he t&%gﬁgggé:e I stance
d to the Hesmﬂnaiﬂlrtbethaew npkodielps tcpedmﬂ:drahexﬂauzfcah«eplmha,trbaﬂ&hgﬁm odes,
i.e., surfaces. 33a and 3b5a, or 33b and 35b. In fact {here is even

| arger di st SwlikatyElhstier alaswa apd theedoreimproved deaction 8 %‘F"GHQSPH Egﬁnal
the ot hor . (ares 4ot B BreiBlonrEY Bt 1 TS bk Mealu I R R0 SRS
poi nt w_her eumsprovedtbe Baatioeefistenoy.f ace 35b. Thus, the new design
accommodat e opti mum opbi AN HOREt B AL e LSS BS BB PO de. desi gn
thus provi diioBesHert i sd@iideGr @b pld&hia'v%ldn%‘raﬁﬁdmh 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 “L7" 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
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mai nt enance of a plasma over a broad range of operating conditions.
Furthernore, as will be seen in nore detail below this design feature can
be further extended. For exanple, wth a horn shape electrode des} gQrT 7004
having an open end of smaller cross section then the closed end further

vari abl e Spﬁﬁ&ﬁgn:flmmﬁ@ﬁls e L s athis 1ai1GHn e plasiid @wabh @pprbisiaely O

select its optimal spacing under the operating conditions to initiate the
pl asma easi leybic pastitivarseeing e sedfaetto sdhnm‘am ofpripterdmeiely o4d amrd- " LT desi gn

becones a sonducting Aovel heshrd 2t e Feanb fARERs Sdlp "
¢onduct i ng ‘“c|roes§ SAds, tBBSé&Elged%m'thu undERihd thh%@éleémdastsgedsfcah%een

addi ti onal ron source to sustain the loss of electrons to the
el ectrodes. vatioss shapesedoi kyange) ds eldsqribad breloivs ezoh of 4l ¢lgctraden can bepupd-asma,

MLt on NN AEMER S GRS O RN B SOt W e Gefhl

conditions. di.quf fe 3r églrlokﬁ %ﬁ@%@ﬁﬂfdﬁ%ﬁ{’g& YurkRes @ubRASuAAcR! “Trhenapasi ¢

"L7" electrode “palr acked el ectrode pair el ectrode assenbly
confi gur at i oW shhpesl, “Wi"gshap‘ed&ndlhbmmpai &Il‘fmmﬁheeﬁmcﬁlmssmmbc 56, and

58 stacked in a vertical conf | gu on. Each el ect ro ha posite
surfaces, t [QBURIONE SWERRES. M IEOT TRFe 3?:@%“%2% léta%’ﬁ?\é% gpect rode

54 has oppo B th fot'shaces
56a and 56?'&@%1? +@E§$gg§&g gggé%h;?ggéﬁstc%ﬁfggﬁ acesﬁg8a and 58% 15E’g

el ectrodes o sidiplkana canmhnichi#din puirpeses.sur f aces are all parallel to each
ot her, thus surfaces 52a, 5 54a,. 54b,, 56a, I
parallel to each ot her “"@e%@er‘@)‘ﬂ’égsgﬁs aé’rcheg@eWes%‘?ﬁr?g?{' ?ﬂdﬁﬁg%weﬁ
one ter i naly,0fu e HUIBGHE I cRimPIC PRURS inbideit Kl OdbilcaGhiond e oflsand

58 are connected to the opposite of power supply 60. As a result
t he polari tyacoérdmgdpaahsulrccb[baﬂem%less@ﬁplambpmzmeﬁwémbcam@t%te and

Thus o ot r QieResEridh RS R AsaaIe Srat sopuBRAl Shbs B Bmpde DT,

el ectrodes W&%&H q@g&@pgesggd atbdpgk. €l ectrodes 56 and 58 form yet
anot her pair i S not e that the o 0si ng si des 54a and 54b, of
the el ectrodes, e.g.,Sisdlarlytethsdabic GEEddesign &ﬁ@ﬁe@tqf?%l% 968"

ohect 1900 SULLa%GeRt R DS %@%%ﬁ?&ﬁﬁa%ﬂ‘fﬂgﬁzéf@gﬁe Pas

plurality ofpauf, RS sudiceR’52b ﬁh@ﬁﬁj%uﬁénﬁiﬁ&pdmw b3ta gapgtistammegl’ e Fof thesaine s
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
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 5. 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 perpendicutarly. Figure 7 is a top
plan view of another preferred fin shape, namely an open ended “hom” shape. The born
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 hom 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 hom fins 64 circumferentially around the entire surfaces of the
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opposite surfaces into the space between adjacent el ectrodes. Thus, the
fins 64 extending fromsurface 52b of electrode 52 and the fins 64
extending fromthe opposite surface 54a of adjacent el ectrode 54 @ac®CT 2004
extend into the open space between the adjacent electrodes into proximty

with the adifgRnf cl8dRides Qggnﬁigﬁ F@g&%% tlg.grsh@wy@{aial%@% 0@2&%&% fh'eci trode

preferred that the fins are | ocat jacent electr

pair in an stelightfimatitagd the hionh elidped fimd 64 raraingadigitited be int@lewved Whén AslnAS t O
distribute thet;c@' asma _bet ween thqe] ‘?dj acent el ectrodes of each el ectrode
pai r whi ch FIFCHOGFS S GleC p2aad, 5, axg stacksradiacentieagh pthar. sAlsogs shawn

in
result in aggei ﬁ#z}i@&‘n? r : i l.] . be, e L.hed
further be?f(}%ﬂ i%t’%@(g) el ps ?%@ﬁ%&??ﬁ%ﬁ@ﬁ%e%ﬁ@%@’lfé ,L?F i]n a
qual i t at i veinythis ekamplephasngenantbgenteef(ofoe tHegas sivedn teH6withroush f 561 GRther
Still further, it __ensures a long and circuitous flow path for the gas

bei ng t r eat BWBAn Figure 8 4% that the diaragierofdbe othapelesteasier4avillhecslightly bess thanency .

{mpr overent i atserate 5218 ferpl gssTREO LAY SRR o s BB BB lS chopost o

paral | el plsticked eleewdbdeoptdr.confi gurati ons and nmultiplies it by stacking
el ectrode pairs in the reactor volume. Assune the distance between
adj acent fins 64 of t¥2ddiinn taimprovaristhe glegtrode wirfage arsado plasing valumeratio he

oo et f sSLEESHRg ARG WA PAS o RGN PR e B By BE T3y
d. Assune sjsificirilytin¢rbaseshic flowgat RAgthiNecyhsishearn Gyaoartihy He M8 widsh

el ectrode is and that the surface area of each fin is also approxi mately
A. Then in tween the elgctiodesiinty muliplepasraweripaths o Asapentioned pswwusly, . |

el ectrode 53?“- e, Shvag . - 1 h '

el ectrodes of eac etpggll c%ﬂﬁ% g., ﬁé‘%?é‘%@é“@%“%?%ﬁ%@ﬁ%“@%‘%%% rbgde
area is 4A. intefposing aiditionat fin eizinepariatheetL P shiysedeihaniiald dEhaigati bhhe

el ectrode S\%%%E%his intained as. d, and therefore, the ratio o

el ectrode s 1 SiSBH B pincEsases e gles ® 58 optoRgteged brithegam cel | or
channel | s ARG il GO1hotol \Fitidol indAGSiog In RS SR Be 6Pt

further extended to provide an even ce area to volunme ratio by
further subddstdmli ng t he approxi mately square shaped "L7" channels into

cubic cells having spacin f approxi mat el by.adding 14 2.1 O C. T 2004
addi tional fin el emmsﬁgﬂ%&ﬁeﬁt"?gfﬂ’?e&ﬁﬁ% &eé‘%‘l“&‘s""’? ?ﬁécﬂcg%ﬁ‘%{w‘ﬁw%ach
appr oxi mat ejfia stacked “L7” 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 “hom™ 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
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cubic partition seeing a surface to volune ratio of approximately 6/d cml.
Al t hough the stacked "L7" el ectrode assenbly of Figure 5 is shown in cross
section, those skilled in the art will understand that the el ectrofidd(F200Hs
can be of various shapes. For exarrpl e, as described bel ow, each of the

e e &M@QEDF% under t ha?ﬁ?ﬁgﬁh&‘@l ool fa et "

Cross section, 1t w fins can be ‘of Vvarious
shapes i nclthatithy mtﬁrlaavgdm mtmﬁg;t&tsm the ispase betwdeaadfaceritidlectrotiesdand 94/

e kAR e S A
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rrad periodic 0

effects can or accordin her desired patterns.
Simlarly teleduoded®Baml 94 (b theleqitghopdnley m.msﬁénmélmpmmmwmes

e.g., electrodes 52 and 54 extend into pro th sin

surfaces ofthe ﬁ@d@)@&pf@&éﬂcmc&t@g@c S@ﬁ‘??@@@“@ﬁﬂgﬁb‘ 3&%\“&83‘? gﬁﬁ}en

separ at ed b%@t%ﬁ?th@'l%{t_%ﬁ Lisdrave584 the same reasons discussed with
asic

respect to ectrode design, if the gap distance d' is
mai nt ai ned smal |  enoutiie eledimdendZ amdPhumcly bb onatle ngninntmeﬁtﬁwb& aeadcaldes i s

not a concern. Referring to Figures 6- ] e req forns of fin

el ements, SmAEHVS %I“%F%‘@ gya t %g?éﬁg?ﬁgméﬁ% ﬂ’g‘é\/ﬁ‘f#? 6is a

pl an Vl eW n]@ t ég? 52 %&a%&%ﬁﬂﬁcﬁ&s@%@%@ﬁb&&%@nﬂ%ﬂuﬁﬁ&imde
el ectrode o

pair, Figure S. The surface of electrode 52 shown in
Fi gure 6 i gmamaamdmfmmdeommm forlowrtaspemmssaction. r ound i n

shape as s i.n Figure ns 64 gre.straight . syrfac extend
out war dl y fﬁ&%ﬁ%ﬂé@%@@ﬂ#&%ﬁh‘f V&I"F’V‘%@l”ff?ﬂﬁ"@ﬁ&m%‘ e 7is a
top plan vwmaq&g{, ftﬁi’ersﬁﬂplfy' n shape, nanely an open ended "horn"

shape. The shaped f| n shovvn In"Figure 7 extends outwardly fromthe
surface 54a of el ect rbmﬂm@@fﬁbwewmmﬁrmmwbb{ gure 8,

0 L oSl RIS 0RRR bk PFfkbbart LtcGodde o
improves the quality of the plasma and hence the reaction efficiency of the reactor. The
conceptual breakthrough is that a conventional parzallel 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 “L7" facing plates. This amrangement of the “L 7" shaped plates allows the plasma at
the center of the channel to “see” esscntialljr the entire space to all suufaces 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.
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extending fromthe surface 52b of electrode 52 wll be interleaved or
interdigitated between the sides of the horn fins 64 circunf erentgil lCé 004
around the entire surfaces of the 15 21 O CT 2004 adj acent electro 50 3
and-54. Figure S thus shows via a cutaway plan view how the straight fins

64 and the horn shapegaditintalfipéieidel Baailol g1t bofibat rladlohe melaathen ound

el ectrodes, e.g., electrodes 52 and 54, are stacked adjacent each ot her.
Al so as sh(gmeuamd ﬁdgnmetaal,edtahalqicmt mepéﬁbmmmhoprSMmem tbé t he

openi LSdSSq‘f o? e bt Beopd Rt stgtip! Speabfor (PR B AL SPAe
Figure 8 ig 4ASatIIRIES BE eREtrb A8, Qﬁﬂ&@'tm@l:ﬁé‘xﬂcﬂﬁﬁtéﬁbﬁ%%c&?ﬁihb%ﬁ

| ess than that of ?ectrode 52 to permt gas flow over the edge of the
el ectrode qﬂnisc ey arbhkdgm forst moleculartlestens adé cpagulated ptaradktscaltnd “plasma

I mproving the ¢ ectr de surface area to plasm volune r ertin
a(rjrgl ti opgl ‘tsh "g SCHF@Q Ht@etgﬁ%s%eﬂ%‘(%é‘%tfét%"ewagﬁ qslé‘g‘f ?t%%nﬁt"ﬁe flgns
al so signi Cc%. 's\énb&gﬁr%ﬁ&ﬁ;st fb‘g cﬂnﬂ%‘( rﬁdvﬁﬁ%&n? ﬁgﬂmw {34 by

at wi pat h bet we es 'l

converting t eelectro o multiple

nar r ower patpthaz;ma/khlsﬁ’érappmetd bp caustio vs qurosutte incagire. eBytplammamg thaplabmaeven
further SUbgLVI (;ied Lnta Sﬁ Xi matelé be- shaped cells | nt er posi ng
addi ti onal orihgd OF§eme tﬁég%ﬂ“éﬁﬁﬁﬂ@“ﬁ'onﬂt’é‘t %é‘?’?ﬁ“t"% ®ng of
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encountered b as streamas It flows through the reactor, w thout

i ncreasi ng hnﬁeedfdidjtié’”cdlesmpennrts mhevclyeasxmnmpﬂlahen bndd:gmmﬁthbﬂndgﬁgoﬁ es
9 and 10, [ are t side el evati.on views., of a stack LT, el ectrode
assenbl y omﬁﬁg“t%téa‘i‘ {hg oumberpf paziitions te providemproved 6o %?VFBFHC rent
el evati ons. s:ﬂxfécé:i-&ls'ﬁ@évsg g@ghégmabﬁoﬂgdﬁﬁ@n that the stacked el ect rode
assenbly conprises serie f alternating stacked el ectrodes 92 and 94.
As shown in Figure 5 Neeér&mlﬂsades s@ﬁeﬁnas dasiralle te haversoppmepmmumication of the

termnal of a suit r su ot and el.e L1 O 94 are
connect ed tRaFRIN; {)“ée\{gé’t'ﬁ? ﬁ’fﬁﬁm&ﬁm@% : q%e'éaé'%?fes 92
and 94 are &hm%mttﬁeﬁ%ﬁmé%naﬁamn%%cﬁﬁen@&a@mﬂhﬁkrﬁﬁm@ otfierh a
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the electro
adjacent cells 01' partmons 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 ail
of the fins may be provided with communication holes in their surfaces. The dimeasions
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. In
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outer edges of electrodes 94 fromlayer to | ayer of the stack. Cbviously,
el ectrodes 92 are electrically isolated fromelectrodes 94 via insulating
spacers or the like. Electrodes 92 are fornmed with fins 64 that exf&fd 2004
per pendi cul arly outwardly from each surface of each el ectrode 92 into

h b ' 0 h
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fins 64 thabnsi@rhGoid rﬁ@tl@.@@ﬂdcﬁ%teabebuﬁwvn@d sHiaethy o :ﬁaeﬁaﬁlféﬁtﬁeeleeﬁomch

el ectrode 94 into proximty -with but not into contact with the surfaces of
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outer edg atve tagrmal sirssy gy the E“F%‘r‘ilﬁé“[\’&?‘f ?%%/’é‘?PIBY E"‘?lca%a‘-cg’fﬁer e,

the gas Tl qyend anydwgu@&ectfaeem%luaataﬁmﬁnﬁetsﬁe&wamerﬂee@ved fins in

the space between adjacent second electrodes 92 and 94 to the central
openi ng i n prédossiy persitdd ctonwelsiofal m:dld plam tebeiors designedifor simulariopgratingf t he

t ack, t th th h h,l t.h t ack
Gt 1t he |G ey ap PN GFo, B8 n Hh St of PRTESP S Wi % rrgprineriatie. o
NUMET OUS  SUjoiiht & it § fokE lcfade ak mélw@cdmﬁ&f {@uhe! A7f codcRickOSYR O

those skilled in the art and that have been conventionally used in plasma
react ors i rbetthepgrfostan®he el ectrodes 92 and 94 illustrated in F| gures 9

and 10 are preferabl y .made af | ess eel s ction.

I nsul ating nateri al g‘toﬂfﬁé‘dﬁc@é’ﬁ@‘iﬁ?ﬁ%@%ﬁedxgﬂu{gﬁga%ga sed when the
pover  suppidctiode axasﬁﬂlr&cwremaﬁﬁgfty@ﬁem kATt dedonfiguaabagetel t he
preferred stacked "LT" el ectrode assenbly configuration of the jinvention

i s that theprpsent mwcmmgjfhﬁrem ldpéreeabemwoﬂwgeaneemaeglm%e%ves t he

oncept ual TPERRErY B A QSEEE e CR o AR i iR e R s B0, T

“pair may bamﬂl'm&ﬁéacﬂ&ﬁd&nh%@H&&fp&hé&‘iﬂdldidiﬁdusﬂiglﬁbﬁainhynal&mnpl Wwm is
formed as a "sheet" in the central region of the space beiween t he
el ect rodes dgasHed die Rousmsrnanbs propded ¥ [ air cooling purposes.

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. Extemal
electrodes (not shown) for connecting the terminals of a suitable power supply to the
elecirodes intemnal to the reactor, for example as shown in Figure $, 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 mm in diameter. The chamber is constructed of
aluminum and defines an interior volume of approximately 15,436 cm3. 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 hns an outer
dimension slightly less than 254 mm and is approximately 300 mm tall. The anode disks
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the el ectrodes. The partitioning of the space between the el ectrodes with
fin elements breaks up the parallel plate blind spot. For this puigtﬁg
the fin elements that partition the space between the el ectrodes 200
two opposed pl ates having the sane potential as the anode or cathode

el ectrode, t0bviABARAY RRGr hites %:?d {0 %Qfﬁﬁ%&?ﬁigﬁsgl%ae %idﬁﬂar%%ﬁﬁsg%gﬁ{%g?g?%; ;I]-H

facing plates.” Thi s-arrangenent t he plates a
at the centtiom thé andde diskatopiovide d'mesidenns gaxt flak pyth betwesit ddjmespnades 0 al |

surfaces of the, el.ectrodes even thaough the center _of the channel is where
the plasma icgtgﬁ‘é‘? RS Sidpet hayn s rﬁg‘i%‘?‘%‘?%ﬁe effplly spacgtamuadtiene i ons and
el ectrons g '

%ggﬁv\gfeﬁgglcgﬁf Eibgl o EEF &F‘h Egﬁodgg%ﬁgﬁgg%{ @Qfe% QAin &%III%LJS are

encl osi ng si ormed by the electro artitioning
el enent s- of equadly shamdlatowrrd thecir¢umferente of cuch surfaendfeath asaiztwidnthepatet i on

efficiency i ereby greatly_ inproved., 17 21 0C12004 Additionally, in
ext ended paﬁ%ﬁeé%nﬁgﬁf‘g eaved Betwegn sacdvhom ghaped finand betweegaaeh lagad easly

3l
mai nt ai ned "I’@wash'agédeﬁ@ teyb |
el ectrodes. 'S perm tsgéglﬁg'ngl)f ﬁ?ﬁﬁ?ﬂt %{Agfr:&;ﬁ%c)%{e(%gggl%hl nt er asg%? %Jnk%lecrlla?%e
pl asna in t ldémapioned thdifuramppaaimsgtalyaldeeubic antthegaleattor adibdivisons of tHe v
chem cal interaction qgccurs in the gas. phase, they are likely to form

) .
mol ecul ar cPabisheeendiacentqurdasand sathodes ddiedatal elgCtrodegemwithinghe intepar can
be entrai neq,j ' 1.t D R Durfaddl S
can cause Sgﬂ@i&&%ﬁﬁgﬁgFs%??r&@%a:%kélimﬁ%@%gw ggr‘r?%%prggl,& particularly
if the "pl asaso solatde ib agyreximately he8. causti ¢ or corrosive in nature. By

partitioning the plas "sheet" ipto, individual cells or segments, the
present invention gregt%ﬁ to w&faé%%fpmﬁ@ta%ﬁ!qsma ip ¢ haye Beqngopaugted HERg c al

et on Bl f ARG ESp ol ARSI B HedBRE

design pernits rélafively easy ni put at 1

- the fl ow patbhkerecmididted employingoin jdwanced Boesgy Indusivies dodeh P5@0Rpbwarsipplly, over
the desired surface reacti S. .gas se reaction bal ance. vert hel ess,

it is someti @SQPPE‘BFeeattlﬁomeAgHH’élP%rﬂoE’& F\Fﬂ?llfﬂs_ IPFFgm‘ﬁJ\I‘gsrra in

adj acent CelghsoRimSag TS06W. KQtesRUAMR réactdd s bR cedbilhAhitiatdddrd fa

other reasons, there may be variations in the dinmensiions of adjacent
partitions olasmahealr af pressyres uptats 00Jioht approkimately 4 000 kath pload nmpbdsinneg

ERNEI W RN R ERTE T M e RO

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 virtuaily

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.
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adj acent cells or partitions, an equalizing effect is achieved wherein the
stronger plasmas in adjacent cells or partitions can strengthen a T@zﬁlﬁ?rmm
plasma in an adjacent cell or partition. Such comrunication can be

acconplished partially or totally via the use of the corner gaps as shown

in Figure 4 or the gaps between fins 64 and adj acent surfaces of

el ect&&%@%ﬁﬂﬁ&&i n Figure 5. If additional comrunication is desired,
"sone or all of the fins may be provided with conmunication holes in their
surfaces. The dinmensions of the holes will of course depend on the

licati th ' j f the fi d | ect h I .and th
dosi red operati ng haPATAPEReBRYS o0k M EanS RERHES BFohE SRS a ™ L
el ectrode configuration of the present invention resides in materi al
strength consi dePaRIvVENY ofiodas and sathades Mavinine pluretity:pipnpdmatrathages

substantial heat. And, the greater the surface area of the el ectrodes and

t he higacdd)saimhenadengnd ehifages drrende so tredisaidagede bat aththddel surfades
el ectrodes are subject to considerable thermal deformation stresses.

Convenai:analchRathal LRl Pk ab8cel SELHARSS CRRRIhE} PSS e NadMiHfow path

continuous sheets tend to accunulate [arge thermal stresses and are prone
to st r'§?%lé§,aaslt_ deformati an. Such deformati on changes the el ectrode spacing
and t her "he capacitance, electrical characteristics, and plasm
properties. L 18 2 10 CI 2004 sone severe cases, the structural

def or mati on. canSPESRNAOgSHaAING @ PRGNSl rica romneskiantbsaidi GHROdRRt be

taken into account when selecting the materials for the el ectrodes, etc.
| n corftanasg @ ¢dremidn7électricet carteeddor, @odur e, and particularly the stacked
"L7" electrode assenbly structure, conprise nunerous snaller surfaces and

i nterconnecting angledty sluséacieslly vbhelctvedn slemens ourtebyustsaidfackigopor t
and stability conpared to large flat sheets. Also since the plasm is

parti td pRRYs! dFl<hid BRbLEE 2R BAEIESand MRe@SEali thSupMtAiHarepbifieiRl Stress

on the structure I's reduced. The inproved intrinsic structural strength
o1 vl LISHERHAR, 8 RE ALl Mok Iha 98ty shet rotel than has beer
Space vi Chi t he PRI ARRA BIuS e PRiesEt 330 PUEIGUNTEE0ar ea for a
gi ven conpact volume, and to achieve even better performance. Figure 10 is
a si dsusiaseatRremMidsta sombings ¢lecrge sydpre arerfasiitaling pas geaction 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 apparaius of claim 4 wherein said plurality of facing

surfaces of said anodes and cathodes are disk shaped.
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=F L

el ectrode plasma reactor enbodying the preferred "LT el ectrode
configuration of the present invention. The reactor 110 has a houig&%
enclosing an interior volume (not shown) in which the electrode a _ ];ﬂﬂ‘
as shown in Figures 9 and 10 is nounted as a wunit. The reactor housi ng may
be opened and cl osed using conventional neans. If desired, the housing may
be provided with cooling surfaces for air cooling purposes. A conventional
gas inlet BL5 isThy edctiedelfyparatri ofl aiginal gasersin eadpluraliy pifocelesents A
gas outlet 120 is also provided for the processed gas streamto exit the
react clr: N0 yhg the termnals of a
sui ta%%gerlp?(;(\%@&@hl pﬁ’/&t%élg%gﬁaéﬂe@tfggﬁg?ﬁr%? %?%gﬁﬂféﬁ q’(ﬂ'e reactor, for
exanple as_shown in Figure 5, are fal SO provi deﬂ. Fi gurﬁf 10 and 11.

il lustrate’a gad"pe ‘{ee%qu%?t%c@éfué?r‘@aﬂﬁst ESHRdEEHOT: FRATEREI"Sn, whi ch
has been constructed. As constructed, the reactor has a chanber defining a
substanti al | y cydn adede atructhure hiavingva plurelity T dirstesaciaoeshas an ext er nal

hei ght of approximately 420nm and a di ameter of approximately 290 nm The

interior is apy exhakedttciiiemavihd alfi@iity 8hsbodpd dUifader, dbrfrseand The
chanber is constructed of alum num and defiines an interior volume of

e SroErtpReR o BonBtel &0 bERESARE N i8R ORI ETal D

The spaci bet ween adj acent _anodes and cat hodes i approximately 1 inch
near ﬁ?l{}gg‘) ?ﬁFBtOt%?réch@SF%é%’FbP rﬁﬁﬂ”&%’”@e ?‘@&’?«g'bl?qlq gﬁ?'ly nearer the gas
outlet of the reactor to pronote gas processing efficiency as _gas, fl ows
through the el eccomaromelssirinal cosnerion farraeid plusality,of sufacesl seid anpde

el ectrode assenbly has an outer dinension slightly less than 254 mmand is

appr oandet ebryinds0 elactricd! lconhbetoafodsaid iphkalityDf 2utfac€F o 88l eathopepvi ded
with center holes and the cathode di sks have an outer dinension slightly

less than the gpde o ShSatlyLaRICHEE fif JIBRBHLEOMEDSS 16 hsi@Aidt soefaveen
adj acent anode- cathode pairs. Sixteen horn shaped fin elenents are equally

space r - ' cswg TToTof W) j 104 S, ssed e derand
si xt eéei?lgp ate ‘Is‘ﬁz%té’g’hh eCFement seﬂasraz&ﬁ%augﬁa?%gaprg{:ae%%ar%und t he
circunf.erence of .each surface.of each anode wth t l - shaped fins
bel nebTH IR Ssirau e B ArrrReohBRate AR AP BeB B cach i eg of each
horn shaped fin (see FI G Eg) . .The horn sg?aged fins andgd’pdcat e sk}ﬂged f.i Nns
are spaced and abeRNY BiesHicRlY genpreliveR BlementaapnsRP LR SN FFgnent s
or subdivisions of the flow )

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 1o partition

said meandering flow path.

8. The elecirode apparatus of claim 7 wherein said facing. surfaces of said
anode structure and said cathode structure are substantially disk shaped.

a. The electrode apparatus of claim 8 with a plurality of said first and second

fin elements.
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pat h between adj acent anodes and cat hodes. The total electrode area within
the interior volume of the reactor is thus approximtely 27,700 cgﬂlgalg.dm
the ratio of electrode surface area to volune is approxi rrately 1 M
toinitiate and maintain a plasma-in air have been conducted using the
foregoi ng reactor over a range of operating pressures and voltages. These
tests have been conducted enploying an Advanced Energy Industries Mdel

2500E b 4 h
suppl y 1 1 G e 5 R 8o SURRT Ay Sy R Saip RO itlend 7 pover
500 TovaCC HpBlccRHAEer § SRR GirEATIETFBel LB G ST OuE Rt 19 100

ohms and at pressures down to about 18 miforr at approxinmately 1400V with a.
| oad | ampedastectafe appraid cathebly stQ@remaspectivelf.or egoi ng descri ptions of
the presently preferred enbodinents of the invention are intended to be

exenpl ary i y1 nat yhe diéiiple sfatahisbd St 1@ sidngesitanilirs! and

nodi fications to the preferred enbodinents will be apparent to readers

SEI | eﬁdﬁeér?{‘d“?{‘efﬁéﬁggﬁ%[@&@g"éﬁade wi t hout departing fromthe spirit of
the in

various di scl osed di nensi ons may be changed
and different materials substituted f(? iho e disclosed. Different ‘
geonetric shipes Thaplesdrasia arpargiuss! dam §6ks, the reactor chanber,
the fin elements and the Iike, for exanple "U ™" "V," "W shapes,, 6 or even
cylindircial, sphecih o‘él‘&a!drplulaﬁh(:‘aﬂfr§hﬁb§§m@$ﬁ§§0mwﬁ%’%§§m‘ S' ntion
virtually eI i mnates previous constraints and restrictions on el ectrode

geonetgaBeRitts e @S an et mtérig gpaceetwesn mayd sidse; &rd al t ered. The
scope of the invention is intended to be defined and limted not by the

specific details brhhf%e gu S Srdndifealemerityts ¥edpdsed appartigserc! ai ns. .
20 2 10 CT 2004 AIMED |'S: 1. An el ectrode apparatus for use in a

gas pL reactor, conprising: a plurality of anodes and cat hodes having a
pluralﬁég%5ﬁp5ﬁ8de and cathode surfaces, said anodes and cat hodes arranged

so that sai d anode and cat hode surfaces. face ca ch o aced
apart from Bhch BOMRECHQPERFSSEDY fABUTRIE} # §§5H %ﬁ/m8£%%g{o{‘g¢mggé§g§p

an anaode structure and a cathode structure each having a plurality of
surfaces, wherein the anode and cathode surfaces are interieaved with adjacent
surfaces facing each other and being spaced apart to define 2 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 pldrality of
surfaces of said cathode structure; and

a plurality of electncally 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.
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sai d anodes having a common el ectrical connector and said cathodes having
a common el ectrical connector; and a plurality of electrically conduch'

fn el enents connected to said facing surfaces of said anodes and chl bﬁ@@‘
and interposed in the space therebetween thereby substantially
partitioning said neandering flow path. 2. The el ectrode apparatus of claim
1 wherein' said plurality of facing surfaces provide a conbi ned el ectrode

surface areg factd LB Aas g o eILiRV RS whiReinGid purafity 1A ditmentat h,

and wherein said.plurality enents are arranged t ave

plurality of facing, spaced apart surfaces,. thereby i Si L

el ect NGYE Diuraldy Ogéﬁ%gg»ﬁp %@%’iﬁPﬁaae%dBa?ﬁéqﬁBg%? B%fvgefaerﬂ %\%ﬁ]gélg?n sai d
plurality of fin elenents are interleaved. 4. The el ectrode apparatus of

cl ai ms@rfabes ef sakhaénbge andlsaid cathoden el enents are shaped approxi mately as
a"uU, "V' or "W. 5. The electrode apparatus of claim4 wherein said

plurality ofs f acimgelctttoligcascphbly dt diamotiewhengnagid pileslitarof fidielémshisped.
21 2 1 OCT 2004 6. The el ectrode apparatus of claim1l wherein said

pluraljty.of. fin,elements extend outwardly fromsaid plurality of facing
surfa@é%Y%?ﬂﬁﬂV%%‘gl e. 7. An electrode apparatus for use in a gas plasm

reactor, conprising: an anode structure ving .a plurglit 4 .
sur f aces; érgat hUe eRcigee ASSSRRRIY 1) €2V {?Wh@??)n(ﬁ &3 ostggsfesﬁf ?%'9@2‘?’3'3‘% d
first and second surfaces facing each other and bei ng spaced apart from
and suffinateinanty arshapedippoxiaatelpehaer 8o 4sot OV or m a neandering 1l ow
path for a gas; a common electrical connector for said plurality of

surfaces of{mai diieseitrodetass cBlimct8 whereinaaic phuality af facing
plurality of surfaces of said cathode; a first electrically conductive fin

el em%ﬁ%ﬁ%%‘?%@ﬁ@ﬂ?‘?ﬁ%@‘& gﬁép&yrface and extending into the space

bet ween sal . e and a sai d second surface, said. first

ol cct i cal 13P-contigElerioperp SeERER o SBnEE, Bpehhitithe Bl BfSed siem<
of facing surfaces of said anode and said cathode have an opening to facititate gas flow
between adjacent surfaces.

19. The electrode assembly of claim 18 wherein at least some of said plurality
of facing surfaces of said anode structure and .séid cathode structure have a diameter
that is smaller than the diameter of an adjacent surface to facilitate gas flow between
adjacent surfaées.

20. The electrode assembly of claim 13 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;
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surface and extending into the space between said second surface and a said
first surface, said second electrically conductive fin elenent having a
fourth surface, said third and fourth surfaces facing each other anqrheyng
spaced apart so as to partition said neandering flow path. 8. The

el ectrode apparatus of claim7 wherein said facing, surf aces of said

anode structure and said cathode structure are substantially di sk shaped.

9. The el ectrode_ apparatus of claim8 w th . ' ' ok d
second fin el er?éhgé.&r??eﬂ%&ﬁb%@ﬁﬁ%%?d'ngafea{ 'géﬁa}irdégéilg%%ﬁgtg ﬁicsrﬁwg?atghai m
9 wherein said plurality of first and second fin el engnt%ég{gt?di sper sed

ci r cumiidy said igais| ipled codnipid giag ullst rapic eleckess aiseshly 208REERSRS uct ure and
said cathode structure respectively. 11. The el ectrode apparatus of claim
10 wheiterpbsaiifl Piiowalfidas Bénf ddié Gaaitlet kesaidddsi outiet csethebeciragle

interl eaved. 12. The el ectrode apparatus of- claim 11l wherein: each of said

pl ur al, £ fin el ements conprises a nulti-sided geonetric shape
W th Qﬁg%%’éﬁﬁh&fr’m{”ﬁ'ﬁy ‘space between said sides; and each of said plurality

of second fin elenents is pnterposed in sajd open ..i I . An
el ectrode assenmbly fof pﬂé’él'ﬁyrpefafr@é@sﬁ”gsﬁh?gggﬁg}"f‘g(r:goﬁ%ﬁgy?\jg:%a%acr?%gnode
structure and a cathode structure each having a plurality of ur f aces,
wher eignotrershortbodaducaesdwhersip seissadipeenting %a%&alﬁ/qdﬁ %lﬂf%ﬁ?é‘?fcce
surfaces facing each other and being spaced apart to define a neandering
fl ow palkch dibér aRd @6 spaceaapert febracachaahectondefvicoa nieandedicly fw pathyfor 2
plurality of surfaces of said anode structure, and a common el ectri cal
connepragr for each of said plurality of surfaces of said cathode
structure; and a plurality of electrically conductive fin elenents
connected to facing surfaces qf i i ( ia4 er posed
in the space between %%Hjc?'}ofs Isﬂbav?r&]g]p §(I.:rgé8"b ﬁqeér/% ém?lébétégﬁ?? glﬂléyéai‘d

partitioning said neanderi ng flow gat h. .
) cathodes having a common électrical connection; and

‘a plurality of electrically conductive fin eléments connected to
facing surfaces of said anodes and cathodes and interposed in the space therebetween
thereby substantially partitioning said méandering flow path; and

an electrical connector for connecting a sourée of electrical power to said

electrode assembly.

22.  The gas plasma reactor of claim 21 wherein said plurality of facing anode
and cathode suﬁabes provide a combined electrode surface area that facilitates gas
reactic.m over the course of said flow path, and wherein said fin elements are arranged
to have a plurality of facing, spaced apart surfaces, thereby increasing said electrode
surface area to further facilitate said gas reaction.

23. "fhe gas plasma reactor of claim 22 wherein said fin elements connected

to said cathode are interleaved with said fin elements connected 1o said anode.
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23 2 1 OCT 7004 14, The el ectrode assenbly of claim 13 wherein said
plurality of fin elenments have a plurality of facing, spaced apart
surfaces, in said space between said facing surfaces of said anod@ &Y 2004 -
sai d cathode. 15- The el ectrode assenbly of claim 14 wherein said plurality
of fin elements are interleaved. 16. The el ectrode assenbly of claim15
wherein at | east sonme of said plurality of fin elenents are shaped

appr oxi mat e}y asTfe’ 's’pi%yma%"aWor ol BlairhlEs fheedinadecassom i ebidoplaiatlityl 6
(0]

wherein said plurality facing surfaces are approxi mately di sk shaped.

18. The.el ectrode assenbly of cl.aim,17 Leid)- at «shgast sone of said
pl uralq?tfg‘egfnef Eiaﬁﬁ SE@PFé@QQr%'még?]& ag\r%;gé‘agdgga\h@ cat hode have an
opening to facilitate gas flow between adjacent. surfaces, 1%, ' The
el ectrode a&senbll iedfasarlasmarganies cbrlainil4 whereigsnld plurdly PIieePgl ity  of
faibing surfaces of said anode.structure and sai-d cathode structure have

a di aneiricestdialaid anedes ket ddidnatHodedizaesubstaitiatin déak steapad snd vdwegeino
facilitate gas fl ow between adjacent surfaces. 20- The el ectrode assenbly

of cl aijp é{%é}t&‘)"f‘ﬁ?gme?%ieﬁngg %ﬁ%ﬂe&%r Qélalhiné‘il'?dt%r%ﬂb&anﬂéﬁ}eﬂﬁirﬂjﬂd&r dly from

said plurality of surfaces of said anode structure and said cathode

structure respect]vel t an angle.  21. a |.as o) L Sk a
react or chaftber hbf’i Sr@aﬁ'ﬁ'ai ’ﬁ?gtrofé’ﬁ Cé@%wgﬁge'ﬁfgﬁ%ég&gﬁ&aéf ﬁﬁﬁd%h@%é
gas outlet; 24 2 1 OCT 2004 an el ectrode assenbly positioned jn said

i nt er iggooes| ang saig plormitnPEagthedes Wies lRrserengadn erivald faging SHIFCEde outl et
said el ectrode assenbly adapted to be interposed in a flow of gas from
sai d dasiliiaté efast o dietivgers anuidjatent sabdearectatbdde sasiserbl y conprising a
~plurality of anodes and cathodes having a plurality of adjacent _

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 reaclor 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 compris'ing:

- a chamber defining an interior volume;

an anode structure and a cathode structure positioned in said interior volume and
adapted 1o 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 1o define a volume for said gas;

a common electrical connection for said piurality of anode surfaces,and a

common electrical connection for said plurality of cathode surfaces; and
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anode and cat hode surfaces, wherein said adjacent anode and cat hode
surfaces face each other and are spaced apart fromeach other to define a
meandering flow path for a gas; said anodes having a conmon electgifgh 2004
connection and said cathodes having a common el ectrical connection h @
plurality of electrically conductive fin elenments connected to facing
surfaces of said anodes and cat hodes and interposed in the space

t her eb6t ween t her eby, subst anti al | artitjoni sai d ki ng: pat h;
and . an el 8 ll”ia(ljlg){ gﬂ:@ﬁﬁ’é'&?@f C@'?ﬁjX@B’ﬁn@%?‘eﬂbﬂgg%m)%gggﬁggﬁ%&ﬂc?gla%gﬁwpomer
to said electrode assenbly. 22. The gas plasma reactor of claim21 wherein
sai d plamrg stfacds bbsiidgnadedandaraihedehars istarpasesd inpsaid uReconbi ned

el ectrode surface area that facilitates gas reaction over the course of

sai d f{ruepatdberpddnshaneiibssanthifi phrelieesidsycigear ranged to have a
plurality of facing, spaced apart surfaces, thefeby increasing said

SR TS P E SR IR R e s e

gas pl asma erern sail el ements connected to
said cathode are interleaved with said_fin el emsnas co nl%ztied ﬁ@ %B'gd
anode. €'egents gro gorenged tefiave APiiraldingf 126 . GPasEd ARg e reF HoAt | east
sone of said plurality of fin elenents are shaped approximately as ' a "U',
"\ orintwasiag tha elecradesiugiena areadn dre vlupicabetwvesenfaid éawngﬁu(ﬂyaﬁﬁﬁp lity
of facing surfaces of said anodes and said cathodes are substantially disk
shapeds #gthndirr 2hd saiadAnb@act or chanber defines an interior volune that is
substantially cylindrical. 26. The gas plasnma reactor of claim?25 wherein

at least ong,of silethll baiia! derilrat MR LRAmPRTIWARIIn Rl plurbiitydi fipat hodes

has an opening in a g surface to facilitate gas ow bet ween an

dj nqd d hod f .27, Th I : |l ai m 26
s of Reaa sermaRtagp e ahprarainte e i Se® BRmL SRR Riedh, o

cat hodes has a dianeter that is smaller than the dianeter of the other to
f aci | | ¢@Anredied 1o said sibaden adj acent anode and cathode surfaces. 28_ The
gas plasma reactor of claim21 wherein said plurality of fin elenents

32. A method of constructing a plasma reactor/generator comprising:

providing 2 housing defining an interior volﬁme;

providing an anode structulre and a cathode étructure 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 @ 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 saia cathode structure, said fin elements extending
into the volume between said facing surfaces, thereby substantially partitioning said

volume into a plurality of cells; and .
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extend outwardly fromsaid plurality of anodes and said plurality of

cat hodes respectively at an angle. 29. A gas plasna generator conpri sing:
a chanber defining an interior volume; .an anode structure and a caTZI"ﬂoBﬂgmU’c
structure positioned in said interior volume and adapted to be interposed
in a volunme of gas, said anode structure and cathode structure each having
a plurality of anode and cat hode surfaces respectively, said anode and

cat hode surfaces being interleaved.with ad%r%ﬁ%ﬁérirﬁ%@e?&@%d‘;ﬁﬁé}ﬂ tgach ot her

and bei ng spaced® &9 9 850 FIFERSICRINGPRIRE” gas: ommon el ectri cal
connection for said plurality of anode surfaces, and a. common el ectrical
connechaoipulate treacibrpctarstics pf efpleambBodeastivoets; and 26 210 C T 2004 a
plurality of electrically conductive fin elenments connected to said

adj acent  fci nOTRUmEAES oPElaHRiZP @Redss neadpoiatingdies charattensirspesed in
said volune. therebetween to thereby substantially partition said volune.

30. Th as.plas e g | .al i } malihsaad fin

el eneﬁ’?%g'ﬁ?ér?a?lpg‘%é%gt%oﬁg@%g%m%nﬂﬁr%%%élﬁéﬁ ﬁ?gggéiid apart surfaces,
thereby increasing the electrode surface area in the volunme between said

f aci nyChiPeaces of said anode and sai d cathode. 31. The gas plasma
generator of claim30 wherein said plurality of fin elenents connected to
sai d anode 34s i e nedved ohvciEims3a \dhgraimaTIl&!mipU'@tmﬁiﬂﬁe§h@ﬁﬁ4ﬁ§5t'%ﬁr’}ﬁ'bct ed to
said cathode. 32. A nmethod of constructing a plasnma reactor/generator

conpr i%hdHa in BERWHIRE copHSéNmaRilsimgireniocosafisaid plaisunein paidwiolime an
anode structure and a cathode structure In said housing, said anode

structure Sahsieﬁ?emg@sfﬁgw AL RRAR IndAplRGNg tRE ¢hatddterisficasiade and

cat hode surfaces r espectiive erel n adj acent anode and cat hode surfaces
face each other and are spaced apart to def] vl 1) éﬁﬁglﬁ%%en for a
gas; Pe¥maimgay %‘anC%T’EE??? EE{?“ %ﬂ&'&ﬂ?eow %%@ystgig aRE) e surfaces, and
a conm}m el ectrical connection for said cathode surfaces;

volume.

36. The method of claim 32 wherein manipulate the characteristics of a
plasma in szid volume comprises manipulating said plesma to ‘produce a selected

geometric pattern.

37. A method of generating a plasma in a plasma reactor/generator

constructed according to claim 28, comprising:

introducing a gas into said interior volume defined by said housiﬁg;

providing electrical energy to said anode structure and said cathode
structure via their respective common electrical connections to generate a ptasma in
said volume between said facing surfaces of said anode structure and said cathode

structure; and

manipulating said plasma by arranging and dimensioning said electricaily

conductive fins to selectively partition said volume.
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providing a plurality of electrically conductive fin elenents on said
facing surfaces of said anode structure and said cathode structure, said
fin elements extending into the volume between said facing surfaced, 00T 2004
t hereby substantially partitioning said volune into a plurality of cells;
and. 27 2 1 OCT 2004 arrangi ng and di mensi oni ng sal selected pattern to

id cells io forma manipulate the characteristics of a plasnma in said

vol ume. 33..,Jhe gethod,of ol ai.m ei . ' ti - iest i CS
of a plasiibin SErdrebRld BuMoT TR AR R e R e
in said volunme The net hod of cl aim 33 wherein manipul ating the

char acqt@tarstipdgagputete the fhape ot g RefWde conpri ses nani pul ating the focus
of said plasma in said volune. 3 5. The nethod of claim33 wherein

mani pul at i ng9t he Thbanettiverdfstiaios3 piwrerpinasaie pantitsxiscresfinensssast oses

mani pul ating the intensity of said plasma in said volunme 36. The niethod

Comri’ﬁsﬁ%@é\kgﬁ%?ﬁ%‘é@m %B%I@élﬂézﬁa to, produce a selected geonetric

pattem of generating a plasma in a plasm reactorlgenerator

em ° 57 | crier at R reactor| generato
ner o vofdme GEFMEEoRPR ALYERTE S Gartitrs d R AR 60 D 2O

sai d anode structure and sai'd cathode structure via their respective
comorinanigedatedhie ivlenndy of 68l plasGeénerate a plasma in said vol ume between
said facing surfaces of said anode structure and said cathode structure;
and mani pul @1 ngThairdetbodssfecibiyn AF varegeing an gaditinnssarerarnaad and
electrically conductive fins to selectively partition said volune. 28 2 1
O C T dRfdhsBhed temmididstecdaig lppam3 o phriudken seledtghgtomietitspaitemar r anged

in a selected
42.  An electrode apparatus for use in a gas plasma reactor, coOmpnsing:
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 deﬁné 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 whérein 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 apan_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




pattern to mani pul ate the shape of said plasma. 39. The nethod of claim 37
wherein said partitions are dinensioned to manipulate the focus of said
plasma. 40. The method of claim 37 wherein said partitions are di npngi(preH
to manipulate the intensity of said plasnma. 41. The nmethod of clarm 37
wherein said partitions are arranged and dinensioned to manipul ate said

pl asma to produce a sel ected geonetric pattern. 42. An el ectrode apparatus

for use in as.plasma reactor, .co .S nqg..: hedsstricai d
anodeaaﬁd?as?gicgf’@ R Lals ﬁ'évﬁﬂgsugqgcggn@%r?ﬁ%ggi y cur%gleg C?S?fﬂgce, wher ei n
sai d anode and cat hode surfaces are spaced apart fromand face each ot her
t o deftbneectioreandering flow path for a reaction gas therebetween; an

el ectrical connector for said anode and an el ectrical connector for said
cathode; and a plurality of electrically conductive fin elenents connected
to said continuously curved facing surfaces and interposed in the space

t herebetween thereby substantially partitioning said neandering flow path.
43. The el ectrode assenbly of claim 42 wherein said anode and sai d cat hode
each has a plurality of continuously curved surfaces, wherein said anode
and cathode surfaces are interleaved wth adjacent surfaces facing each

ot her and spaced apart to forma neandering flow.path therebetween for a
reaction gas, and wherein each of said plurality of continuously curved
anode surfaces has a common el ectrical connection, 29 2 10 CT 2004 and each
of said continuously curved surfaces of said cathode has a common

el ectrical connection. 30
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