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.[001] This application claims priority to United States Provisional Patent Application
Serial No. 61/212,324, filed April 8, 2009. This application is also related to United States
Patent Application Serial No. 12/313,806, filed November 25, 2008, which is incorporated

herein by reference in its entirety.

TECHNICAL FIELD
[002] Embodiments of the present invention are related to apparatus for processing

materials with microwave energy.

. BACKGROUND
[003] Various apparatuses for prbcessing materials with microwavc; or radio frequency
(RF) energy in closed chambers have been develope(i for home, commercial and industrial |
applications. The most well-known example is the ubiquitous microwave oven where, typically,
a single source of microwave energy, a magnetron, delivers microwave energy to a rectilinear
chamber through a waveguide or waveguide horn antenna with fixed polarization (polarization is
a parameter that identifies the orientation of the electric field component the electromagnetic
field in space and time). The operating frequency is usually selected as one of the standard
industrial frequencies. The selected standard frequency is a I‘CSl:llt of a compromise between the
absorption skin depth in the load material, efficiency of the source (usually a magnetron), and

dimensions of both the load and the source including its power supply.



TECHNI CAL FIELD [2] Enbodi ments of the present invention are related to
apparatus for processing materials with mcrowave energy. BACKGROUND [ 3]
Vari ous apparatuses for processing materials with m crowave or radio
frequency (RF)- energy in cl.osed chanbers have been devel oped for hone,
commerci al WOR01011d826T ri al applications. The nost wel | - KRGEWS2e0880344¢€ i s t he
ubi qui t ous m crowave oven where, typically, a single source of m crowave
energy, a magnetron, delivers mcrowave energy to a rectilinear chanber

t hrough a wavegui de or wavegui de horn antenna with fixed. polarization

(pol ari zgpigpon is 'ﬁ"h@ééfﬂ:'i@&ﬁfn thidBhsid SpRdakch (sqBat i1 @it 20k BF nRBovve LS
electric field conponent the el ectromagnetic field in space and ting). The

oper at | ng JLEANRREYhSnaHELdindBLERL 98le ARerBNRhelkh Berkhi RORRdnigigtSt 11
frequenC|§s. The é}ected standard requency Is a result” of a conprom se
bet g . . _ . fEici £ th
e A O e T R S
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The. de | BF A0 dein MU B Kiicall s SRR R FrrR R PeRR T SRB okr onave
energy is

neral | v very non-unifor nd inefficient, The m.crowave energy
density 10 ERRsrT R Bt s pr L aranange By Ko Brisrpmedes
det er m ned. t he .freqyen of the magnetron an he dinensi ans of the
Chanber TESH g DYAPESH I et e BRe ot ier b Bate st or o that
can add both constructively and destructively (the resonant des are known
as Ei gentpas! byipg @ﬁm&f“ea“%‘}elfﬂ%‘ﬁ’sanfiéni‘*ﬁ‘@\{-eﬁéE%%%ﬁ ftFE“tW&gg“’écd%‘é*’c"Fons
under the bounq%r condi tions inposed by the chanber and the_couEIer and
ant enna) Snepy 18 thechamber 1s Yeay pangynifop enbiie GHCTAT EYCANAY gengrally gyhibits hokpothanber
is very non-uniformand the m crowave oven generally exhibits hot spots and
col d spoty Gol spots imyyload:oTe ermedy thivdedicigrsy, BI@AWIVE ONPEMARALLEIRy Bpyve
manuf acturers have introduced "stirring" mechanisnms, which are essentially
met al | i cintrpdused| stigting” maghanismsnwhigh pieessentiatlyanatailic trsenslersythelneasttitons of t he
chanber to redistribute the m crowave energy in the chanber. Another common
appr oachchaggg the peusd i sorditions af tha ghdnahsd toledistributmthetraicrongveenerdyanthsod i n and
out of the hot and cold spots in an attenpt to average out the
non- uni f elramibel. dnoghee commen enpodeck iy te proride Thetasin cofpodpleidorovbatgnavesthi fasfdf i ci ent
because the inpedance of the | oaded chanber (dom nated usually by the water
cont ent wfand et df deechot artdscottl spbtsiibart atempatechveage s themenivpifamitisatvedhe as
nmeasured, for exanple, at the coupler port, is highly, variable unlike the
i npedancepokingttive. ffhe miwawevecpowerarsinafficen( cias ihe ippédanicudithedbadodwer
-transfer efficiency is a match between the inpedance of the source and the
i npedancehaafbet ([deminamd @shatip Aprtierwater Idonvent@f thetiduelsis dippibadahed tidalmastd and
conplexity, reduce reliability, limt mnimmprocessing tinme, and are not
gener al | ye kjagpld) sahdasurtd) foH egr@ple powRIcoupleiypEt! is dighppkibblatihlidehSivpbdaase
heating, drying, sterilization, disinfection, polynerization, and chem cal
synt hesi &f the infgrowad pewéd sotiRe (d tadid ptincipdl of Pand apsferitfficéncy istnmitie sane
limtations as mcrowave ovens, and other limtations as well. Conpared to
home or BAWEERNthd Mpedinct OMRY Souddtand the iMEL ARSI RIEREHdnbed0 1R6RSRA44
i ndustrial chanbers used for heating, drying and chem cal synthesis nust
of ten Op&%&ta?p@bcliwﬁcm dakineg "corﬂﬂ\éﬁfy, & rBlidbhifly 3inAf midil OWekdSssHBHImS 1- 2
kil owatts). Typically, these chanbers are fed by two or nore open-ended

vavegui dggt M4 ndiQERrARLSPRABIE ) Aleh & POwWBAR s ial {a}ﬁ)u@&tgﬂs RRWESE hdag¥eldpyinand
which are rigidly fixed to the Chanber wall. Variations in the |l oad (the

mat er i al oLl dRAMoL HhRMAL R D LhENEN S ANRYe energy), in terms of

vol une, density, distributi"on an Ielectric constant, for exanple, can

di srupt . Fdﬁglmd' str 'C%H%n?gnﬁ ﬁndﬁ&ﬁﬁ&g%bé@gﬂt%r ﬁ?wttﬁkesaﬁlgqi%ﬁ{i?nsrag?IHArB\!VM I'n
poor unitormty and eftficlency. ving nore than one coupler in a

pr ocessi I | Q .1 pprove i 1ty of processing, hut also

Cr eatos Drabiafome: AR & CRERalR e RuLotofineRid LMy nown as
intercoupling or cross-coupling. Additionally, it is very difficult to
control cross-coupling between the antennas, which can detune the m crowave
sources and lead to further losses in uniformty and efficiency.
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[ 006] One approach to overcone these limtations is to enploy a single-node.
chanber, typically of dinensions snmaller than approximately one wavel ength,
to support only one node within the operating band of the sources. As a
result, the maxi num | oad size in single-node chanbers is | ess than a cubic
wavel engt h V@ 201¢/oB26@xanpl e, about 1 liter at 2.45 GHz. PCH/USRAP3044d process
| ar ger | oads, chanmbers with di nensions | arger than approxi mately one

wavel ength are required, but existing approaches do not adequately address
the limtations of source intercoupling and interference nentioned above.

10071Q BiefstrQNNeRbdrO Rk fARMARCHS halaRl ¥hdfcal g#ﬂﬂ%e%i‘s RRIsAE A BpEAR at Rgtyeen
el ectromagnetic fields radiating fromtwo diftTerent sources, which is the

condi ti baltd 4an, 18,1.; [y fid tric
ol d comsarEnr ks B AIABkh AR kUM NS BN Bk PR SRS e

radi ati [ r .cul ], & kating

cl enont Ca P FITREE ot AELERANEHLEY: ot ks P STyt f BEE BAPTIORST 1, o
do not 010/ 11826 ZPCTTUS2010({ 030444,,i nt.erfere,, even if th .
cor r espdl ST S B AR SR S it B 5L R @l Beticn as when
“two radiating el s_are driven.by the same source, .and so the tine

over age PpBear AT mBR Ry e ERa a5 T FURBET o SRRt 1 nges.
[8] As is, known in the art related to closed structures, cross-pqlarization
s usualdFE ORI JRER Rl SRy 1 R B0 s hessorh hodes il OF et
chanmbers so that the_excite de ari zations are perpendi cul.ar at every
poi nt ( $eulting ifypoor ﬁlgnlqﬁ%y?fﬁg‘@%}?%ﬁ%ﬂorﬁf 7 BNEGePYpler PAPTOGESSIng, ot ent
specifies conical and pyramdal walls that are not parallel or_ .

per pendicBambsF hejpt todmaroyt puifraty ghrigeesting bublsotrentes nreblsmpf muwal ipflyness 3-8
as either parallel or perpendicular to the plane containing polar axis and
t he centof HiEsqroupiers §fouFase) knawn at dfercouplye orgeosgrieunliag-sAfditiensdly: i ¥eat ent i s
based on essentially traveling waves propagating as an optical beamin an
open spa#éculi ty copieol grosseqipbngbetgediche asennpy, whichcan detensdbic wivagae of

di mensi ons conparable to approxi mately ten wavel engths, comonly used in
donest i ¢ouers an tpad tor fugherdensési e anifermaty angelficice¢yds exist in a formof a

di screte set of standing waves exhibiting a pattern of maxi ma and m ni ma
det er mi 1e06] by t heOndwppisech weymsomy thesallimitagioppistt@employ T hiegloahadeichanboon of

t hese standi ng waves in general are not nutually perpendicul ar at al

poi nt s dypdcalliief éifmgnsonstsmalenthan approxounetely hat waneiengthy wsgepvertinlyodnemmidei pl e
radi ati ng el enents can excite non-intercoupl ed nodes. SUMVARY [ 0010] An
appar at wathactho pphiratgtbendofehesonods. ndné rosiilt, tlivemaximemtloadrsize e bitglesnode chanber
configured to support a plurality of quasi-orthogonal resonant nodes and at
| east onrkamavreis s hiss e oiibiy waaiggthsorNfgr evantpid, eboudl iy kit BGHadInadrddd @o

el ement, wherein (i) the antenna has predom nantly |inear polarization of
radi at i @foces@irgtracadoychampet atith dahdngidnPlamBethad hpprodifetelyamt aaldlghgth are

required, but existing approaches do not adequately address the limitations of source
intercoupling and interference mentioﬁed above.

[007] Other conventional approaches rely on “cross-polarization” between
electromagnetic fields radiating from two different sources, which is the condition where the
polarization plane, usually defined by the electric field component and direction of radiation
propagation, emitted by one radiating element is perpendicular to that emitted by a second

radiating element at all points within the volume of interest. Cross-polarized fields do not



WO 2010/ 118267PCT/ US2010/ 030444 el enment i s di sposed within the chanber such
that the polarization plane is not parallel and not perpendicular to the

pl ane containing a primary axis of the chanber and a central point of the
radiating element” and (iii) the antenna is coupled to the chanber through
a desi gnat eWO01113%867 of t he chanmber and coupl ed to at |REISS206030460Ur ce of
m crowave or radio frequency energy having an operating frequency and
positioned to | aunch one or nore of the plurality of quasi-orthogonal
resonant nodes to be coupled to a | oad di sposed within the chanber.

[ 0011] I nin@pRreefRAH thB & rresidnfing RARER abSconlpeddf §hcRroRizd & cbhdferfsu@nisenna
assenbl i es wherein each antenna is coupled to the chanber through the

desi t e Of ) A d I
esi gnat g SULTaGfin élehl%gté%%ﬁgﬁ bifd %@@goﬁl'c@ dnd 56 FHRQARY d\@rggé;%?gesi <

antennas IS mnimz one enbodl nent, an antenna

configur&ge;@b%%%ﬁﬂgﬁg gh&'tmggg&ggﬁgg; freedon1conprising at | east one of

(i) rotation a orma Irection'to the primary plane of the

radiat i ngogl ement Gl A% ARAHGeiRkd joGosef &R Ogrogshpeolz{}l%erltri’rc% is Hpfigtion to
& 5

the primary plane o e radirating element relatrve to an axis o ymretry

of the chanb

£ iii) a radial distance fromthe axis,of synmretry of the
chanber - eprTnedingbdphEi e S P TeERE Ak 1 wR SR DU ¢ he
chanber, and (iv) a dist.ance between pl an t.he j at | e nt and
Che. des! b hrhemeniip i Sk ey G’ s RofiqY, 16018 LS thfirhER ¥ iRe
desi gnat surface of .{he chanber includ at | east one substantially
D1 aar s S0 PR PRICiNG O aRbBEP AL Vo P AP HRR BIOSIRAGEY B he
chanber includes at |east one partjallg curved surface. [12] In qne '
enmbodi e Orienigiop ok His&sdiaters isdmeHehis HEP bt atertheionaral kborgemspdiedwde 8 ng of
an ellipsoid, a spheroid, a sphere, '‘a cylinder having (i) a polygonal or an
‘el 1§ pti cBlpnegopieininggolas @ip and o gentielipaus pb thsretisas section and (ii) two

end- caps, each end-cap being at_|east one of flat, conical, pyramdal,
el |i psoi #8P] spherbe analysisgpHer  tlapatent is hasogd o gpseriiadl Ageclingm@ves conbi nati on
t her eof . ' _

propagating as an optical beam in an open space. In the presence of a non-rectilinear, closed

chamber of dimensions comparable to approximately ten wavelengths, commonly used in

domestic and industrial applications, the ficlds exist in a form of a discrete set of standing waves

exhibiting a pattern of maxima and minima determined by the chémber geometry and its

contents. The polarization of these standing waves in general are not mutually perpendicular at

all points and therefore it is not obvious that any arrangement of multiple radiating elements can

excite non-intercoupled modes.

SUMMARY

[0010] An apparatus according to one embodiment of the invention includes a chamber
configured to support a plurality of quasi-orthogonal resonant modes and at least one antenna
assembly comprising an antenna having a radiating element, wherein (i) the antenna has

predominantly linear polarization of radiation, defined by a polarization plane, (ii) the radiating



[13] In one enbodinent, the designated surface of the chanber has at |east
one partially curved surface in a shape of a first end-cap and a second
end-cap, each end-cap includes one-half of an oblate spheroid and is °
interconnected with a cylindrical insert along matching edges. [14] In one
enbodi ment woeopd/uBslii ty of antenna assenblies havi ng tROT/OB20mm03e444Nnt ennas

i s disposed upon an inner surface of the first end-cap and spaced at
approxi mately equal angles around an axis of symmetry of the chanber. [15]
I n one enbodi ment, the plane of the radiating elenent is substantially

par al | eljefy@nds {}:@ﬁlﬁ@d‘&nlﬂh%%h?rhbé@ﬁdﬂ (At BRSOl Rbr larﬁeﬁﬁn&gﬁﬁﬁél aﬁé# pgction to

the plane of the radiating e rou a geornetric center t he

radi at %%Qd‘fﬁﬁa?éoﬁﬁ@ﬁﬁé@%&%ﬂnﬁé asl#('rh{;r?%%s%hh% Rfa JI.B& &hd ae&%rg Hjns of @l 1n one

e_rrbodl her "I ncl'udes” a coakxi a ransm ssion
line haVI a%ngl Igngrgtegné: ﬁg)qti' %rﬁenn 1%c0u€lad I%%bglﬁt%} ﬁ%ia%eref %ﬁ%&r‘facg el ement

conpri st ng NST on
conpar ab the radi at enent maxi me di mensi a substantially
Pt s apt e St ws o ok er R° s B Rt T i PR whor e
the reflecting el ene is electrij.call connected to.the o ter conductor of
t he coaxi'até %“r%ﬁ%aHP%EF%ﬁ“TY% POWH%‘P& t%‘at“?fél Paar %Ef’ier?@ ﬂapéww of quasi

electric fl onnect ed.to the i &ngctor o Pe COo XI al transm ssion
line, tABN9E] é‘fSP?Fg‘t BdFRn P HP t% iiPesafl Mthing %?ha B o t he
substantially flat surface of the reflecting el enent_ and spaced fromthe
subst anfQ04tl y f| dp cagembadiment, t’f‘%@’PP’éﬂsé‘%Pﬂ‘i%baé‘I“&#@m agipnag aemblich e

radi ati ng el enent conprisin single substantially planar body or a

mul ti - pARETeHEagh FBHPR ISTOHRe toamaﬁ@fﬂi Brpugh ths gpgnatndisanfacy opfheshismbssdi es
approxi mating one or nore sinply-connected geonetric figures having a

pri mar yargﬂaheeman@rcwéngwgmwemezsmmwgzololosmm or nore conductive
pi ns di sposed between the radiating el ement and the reflecting el enent, the
pi ns el &W?i cal | yinlon¢ ergbadimentieangaisnivetsygsehly isivenfigi¢ddohavegmedharresit and t he
radi ati ng el ement and di sposed in proximty to a perineter of the radiating
el ement degabrsioéirpedompmdmpnisiag anldasporeanfi(R adthtom abbutitheencamblaimesticagg diebl y ar e
controlled. [17] In one enbodinment, the radiating el enent includes two or
nmor e si ppngeyqdame o€ the dadiemgetenicst, {ii)gurege bHinplimgomofdbphamal disutidratoeheand
wherein the radiating el enent has substantially 180 degree rotational

synmmet r primafylpBdne lofithe ma&liinh ethventlatitdie ao @agix o@bynmimarnsdfitieesdhambiri (ii€) a ncl udes a
coni cal section of transmi ssion |ine of substantially constant inpedance
and i ncr=ldd disGnek fore treraxfsiod syrametiygfulic ehachbé)(idyanciziniuthal estakjontaicind éhei cal
section conprising the outer conductor electrically coupled to the

ref | ect axig ofdyaiiisity ofithctchembdt! Md(ive B disanek Behech APpRIhe GO1ME alifing legeht | cal |y
coupled to the radiating el ement through the aperture in the reflecting

el enent and%ﬂ@ﬂ@@aieh@uﬁ&@bﬁﬁl: cB&gder.Oon i s substantially perpendicular to and
concentric wwth the reflecting el enent and a coaxial connector, coupled to

the inpggropnd of 1hiage ARGt SBE ddsPRatcd AHacOHI BE clathbe PRADIREL at Rﬁst%ﬂé enna
assenbly to its corresponding -source of nicrowave or radio frequency

ener gy. sulsth@fiallyp1REseaRodi ment, the outer conductor has an inner diameter
at the output énd that is Iarger than the aperture of the reflectlng

el enent jofhpe ant fig. éﬁﬁ@&fﬂ?&&f tflé"aés%gﬁte& fcé ftHQct?an{%Qan‘c‘@hes% RhES é

insert confornmng to the I nner diareter e outer conductor an

out er dg rf{ o shitgcel nner conduct or, wher e| n the conical section of
transm ssio I ne may be seal ed agal nst positive pressure of a medium

Wi thin :[[(i{)ﬁ} ¢ hanbel n'one L%€Jd1 tQ[He cHalht dhas a sﬁaié)Ie selecit?_ld tq(%]m the r%?ﬁaprcggélg%gaugﬂcsf
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f f th t tely 100
il onaed HOUUECG £ RO sgléefeaffcrﬁlglodsawa?agﬁt A PRpg TPl dfipRRPLSA! 0 LY
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[ 21] In one enbodi nent, the apparatus further i ncl udes the plurality of

ant enna assenbl i es di sposed upon an inner surface of the second end-cap.
[22] In one enbodinent, the plurality of antenna assenblies di sposed upon
the inner surface of the second end-cap is equal in nunber to the plurality
of antenna Wosenna2e’s di sposed upon the inner surface @CTIUSR01HHI0E44 end- cap
spaced at approximately equal angles around the axis of symetry of the
chanber, and rotated by an angle to mnimze intercoupling of antennas.

[23] In one enbodinent, the angle is approxi mately one-half of an angul ar
spaci ng REtNRAA (B8 RNLapd a8 8RS ab Beihf & 1BsHER! dr e, 0F -&n%gﬂflﬁ?a@ssenb' I es

di sposed upon tﬁg I nner %erace ofbtﬂegsecgnd end-%aﬁ? T24 n one

enmbodi ey e £ ur jsnel udes I . d within the
chanbe??pﬂﬁgggfﬁ%%%gﬁﬁggﬁn%gﬁgpﬁgggﬂgbﬂ té?ﬁa(%?%gghﬁgﬁggg%ble of absor bi ng
ener gy he opefat | fr.eque or erating.fr enci es, of the m crowave
or radi (ajlh%gr]equencgn #ﬁeeﬁlgo%g}%ﬁtl’ ﬁl%%éﬁségn@ an lg?c,e omﬁleercgftﬂ?] etrﬁaéb a'I%(ljez?tl%f RS coupled to
t he pIuraqu

of quasi -orthogonal. resonant nodes and i s subsfant.i %%
un £ or i e A T AT SEEOR PAAGORY BuCeRegr ot o P sy |
one enbodi t. t | oad i pproxi mately centered at a m dpl ane of the
chanber .2 r@@]‘)f f%&gﬁ% bpg‘ﬁﬁ’b(gfi“ﬁég‘t“?er%m?c egs‘flﬁb%‘éy%Bg“%FWé%%iﬁgmﬁ?h‘?%e | oad is
| onger than a m nimal operating wavel ength of the m crowave or radio
frequency®fi el d. [27] In one enbodinent, at |east one dimension of the
|l oad is @&nparable to or smaller than the penetration _skin depth of the
| oad mati@4lal at mvcembadiaray 2 ghuralingef aksanaissgrblich BaviRe Ve REDE ™ Or 1 adi o
frequency field. WO 2010/118267PCT/ US2010/ 030444 BRI EF DESCRI PTI ON OF THE
DRAW NGENtqnags)is qigposed wnoa sp msyaiiarof thesfisst gnd<ep andepassyd apepproaximeglyeprad, and
not of limtation, in the figures of the acconpanying draw ngs, in which
r ef er enc@glgapined & axisafgrametry pldhe eagbent s and wherein; [11] FIGS. 1A-1D
illustrate a mcrowave chanber according to one enbodi nent, [12} FIG 2A
is a pld@1¥i ew i | Inenercabpdigean themlanp ahthg sasléating ylemernios slibgntiadly oprallel to a
enbodi ment ; '

tangent plane at the intersection of the normal direction to the plane of the radiating element

through a geometric center of the radiating element and the inner surface of the first end-cap.

[016] In one embodiment, the anténna assembly further includes a coaxial transmission

line having an outer conductor and an inner conductor, a reflecting element comprising a body

having (i) a defined shape with a minimum dimension comparable to the radiating element

maximum dimension, (ii) a substantially flat surface facing the radiating ellement, and (iii) an

aperture, wherein the reflecting element is electrically connected to the outer conductor of the

coaxial transmissibn line, wherein the radiating element is electrically connected to the inner

conductor of the coaxial transmission line, the radiating element being substantially parallel to

the substantially flat surface of the reflecting element and spaced from the substantially flat

surface of the reflecting element by a gap, the fadiating element comprising a single substantially

planar body or a multi-part body comprising a combination of substantially planar bodies

approximating one or more simply-connected geometric figures having a primary plane, and one



l

[13] FIG 2B is a cross-sectional view of the ‘antenna assenbly of FIG 2A;
[14] FIGS. 3A and 3B are graphs illustrating perfornmance of a m crowave
chanber according to several antenna enbodinents; [15] FIG 4Ais a
cross-sectional view of an antenna assenbly coupled to a nagnetron

accordi ng W® ¥ma1e¢hodi nent (previously presented i n UPGI/USZAL0A39444
Application Serial Nunmber 12/313,806); [16] FIG 4B is a plan view
illustrating a radiating elenment of an antenna illustrated in FIG 4A
(previously presented in U S. Patent Application Serial Nunber 12/313, 806);

[17] Fl G mé&A chiddudfivedpihstispsic@Wetdet Helradihthy cfenflfiHqhe WHERiIng Rlefch@theOf
ant enna assenblies accoré‘ng to one enbodinent; [18] FIG 5B is a partial

Cross- sgot L@&ﬁéangi#gggia CH;:el(grafé' BLilRLd tﬂgraqeﬁie@rége@%e&& 20 R raﬁﬁ{i%ilér%%{éﬁﬁ% ng

el enents 1n a ch I ng to anot odi nent ;

H Tust r&%ﬁ%g@%ﬁ@ﬁﬁ% ga(r)a]’p ' e9§¥f11ie?£hi££1§%féhl%ﬁt Cvﬂgjel%tihlpgdaﬁée%ﬁ”t s of FIG 6A

in one e ustrates an coni cal coaxlal transm ssion
line co » i d netron according to one enbodi nent;
WO 2010?@%@%@%@?@%’%%@%&%{‘EP%E% [GS. 8A-8C illustrate several

enmbodi of a,radi at.or,; 41 El G is.a rtial cross-section

T oat rETRG s aHhRRt S imtl e e derh i BeBRFL LB o BlePE B SR nbaed

enbodi nger](;[rﬂetr?'cnggures forming a coplanar surface and wherein the radiating element has substantially

180 degree rotational symmetry.

[018] In one embodiment, the coaxial transmission line includes a conical section of
transmission line of substantially constant impedance and increasing diameter from an input end
to an output end, the conical section comprising the outer conductor electrically coupled to the
reflecting element at the output end and the inner conductor electrically coupled to the radiating
elemént through the aperture in the reflecting element, wherein the conical section is
substantially perpendicular to and concentric with the reflecting element and a coaxial connector,
coupled to the input end of the conical section, configured to connect the antenna assembly to its
corresponding source of microwave or radio frequency energy.

[019] In one embodiment, the outer conductor has an inner diameter at the output end
that is larger than the aperture éf the reflecting element, the antenna assembly further éomprising
a conical dielectric insert conforming to the inner diameter of the outer conductor and the outer
diameter of the inner conductor, wherein the conical section of transmission line may be sealed
against positive pressure of a medium within the chamber.

[020] In one embodiment, a minimum linear dimension of the chamber is comparable to
free-space wavelength at a nominal frequency of operation and a maximum volume of the

chamber supports approximately 100 unloaded modes within an operating bandwidth.



[021]FIG 10 is an axial viewillustrating relative positions of antenna
assenblies in one enbodi nent. DETAI LED DESCRI PTI ON 1022]In the fol |l ow ng
description, for purposes of explanation, numerous specific details are set
forth in order to.provide a thorough understandi ng of the present

i nvention. WO2/I82fe evi dent, however, to one skil | ed ROT/GSk@o/30H44t hat t he
present invention may be practiced wi thout these specific details. In other
i nstances, well-known circuits, structures and techniques are not shown in
detail or are shown in block diagramformin order to avoid unnecessarily

obscuri ngzgn undefsiRRALB&InRht, HRilafpLRSChtReifhdel 8231 RAEEERESS, t hr oughout

this specification to "one enbodi nent” or "an enbodinent™ neans that a

partiCuh@&ﬁ%@%%%éﬁ?aﬁgﬁHﬁﬁFﬁggﬁﬁh&hﬁmﬁﬁ£&ﬁh%ﬁﬁgmgesCribed i n connection

with the e I nc In at |east one ‘enbodi nent of the present
i nventi ggs9;Ther ef o abhodi: . i reciated. t hat two
or 'mor & Wler enced s chboli T RARRIART ARG AL EES SRARGE R G bl

al ternat] enhodi t".in .varipus rtions,of..thi.s .specification are not
P con oarEeeTARALE R onactdh i 8D s B k1 O B PRR Eik B e

ticul t t h teristi b mbi,.ned
G011 abl &R B ANy o B BT et POR BT OSTRHED SR Prelss i P aR, o | e

the invention is scribed ip ter of several. enbodi ments, . those skilled

i n the HEYRERY pS THDEn phbotaedby; fvaBlE IR IZR SYCTRq el HEnRdse

enbodi ne described. The enbodi nrents of the invention can be practiced
with nndmﬁc ati on"aM§ ?&LPE‘F“&E‘W’ B 2pwle Eﬁaﬁp‘i"ﬁ’é“atwne'half of an angular Spa%mg

2010/ 118267PCT/ US2010/ 030444 scope qf the appended clains. The

speci f i 5PYSA 2diaeent dtempsiithigrlurabty of Arfenng gsssmbligsghisratsd uaen the npst usfers e
instead of limting on the invention. [24] As used herein, the terns
"coupledﬁw%ﬂf“@éﬁﬁgﬁﬁb" may refer to direct or indirect connections between
el enments or conponents of the enbodi nents and nay be applied to electrical,
mechani d8#4land el Beanesmigdiacnic the gppasatyy foriber inglyis a Jogd dispesedhwithinthe t he term
"substantially flat" nmeans that a radius of curvature of a surface of the
ref | ect i dhgmbirevvkaieinithy lpad doppsises2 myteriad thabis genableled absothingmergatat thg

wavel ength. [26] The term "skin depth," used herein, is well known in the
art as tdperagh@frequersy asoperawfg frdysensem of thamiiomwelespirmadid fredusndyr fomtdagitiini ¢
irradiation within a material. To achieve better uniformty throughout the
entire ubéchamber, whclemabls loadh s coeplédtoitiorplumakty off uasbbrghagonah exsetanameddshndugh
the load which inplies the load is "thin" as conpared to the skin depth.
Assum ngs sfbetantstiznpifermly hetdiatddéylticadicnatage batadioSregadney fieldd i s irradi ated at
2.45 GHz, the skin depth of the load material about 1.5 cm

[025] In one embodiment, the load is approximately centered at a midplane of the
chamber.
[026] In one embodiment, at least one of dimensions of the load is longer than a

minimal operating wavelength of the microwave or radio frequency field.
[027] In one embodiment, at least one dimension of the load is comparable to or smaller
than the penetration skin depth of the load material at the frequency or frequencies of the

microwave or radio frequency field.



[27] According to one enbodi nent of the invention, an apparatus includes a
chanber configured to support a plurality of quasi-orthogonal resonant
nodes and at | east one antenna assenbly conprising an antenna having a

radi ati ng el ement, wherein (i) the antenna has predom nantly |inear

pol ari zat i WO 2010/118287 at i on defi ned by a pol ari zati on pl Ba®USI0i10/03044he

radi ating elenent is disposed within the chanber such that the polarization
pl ane is not parallel and not perpendicular to the plane containing a
primary axis of the chanber and a central point of the radiating el enent,

and (ii BRIEFMBESORAMION GF ¢aEMELdwiQgEhe chanber through a desi gnat ed
surface of the chanber and coupled to at | east one source of mcrowave or

radio T IAGHENCY erRTAKNINAGARIRRELA! b/\da SEAHAREYAR0 RIBILIANGH (O

| aunch one or nore e plurality o Si - or gonal resonant nodes to

be coup i i t hi. ' . .

20107 11 B30 L3R s RE ok LR SR Hhmerssienre e clemenss ¢
known imeQﬁxng' Exanpl es are provided to illustrate designs for specific
frequencies and’ or frequency bands (e.g., magnetrons operating in the

frequen and fr 2. 4.t0.2.5 GHz. However . enbodi nents of the invention
o ot TAPET ¢ a3E8 S e e S s R R e a e itot ik the ar
t hat i b lized to f di | ength and
Seal ed- T02bener " GIE 20 MapIP Do dhal R B SO B ur t her mor e,

it is contenplated that nmultiple sources operating in different bands may
be inpl & Wﬁgﬂ“in the same chanber. [29] In certain enbodinents, the
chanber has a plurality of antenna assenblies positjoned at an angl e such
that i nf83toupl i fdOned Weeossntdivnalsisvsohithinisnnaasseablyiet §Heddar and spati al
positionin? can be achieved by nounting antennas on a designated surface of
the chat¥df. 11 tHESIRARYhIR i esphs Blugrayng perforpruged p migowayssghamberal | y
flat, angular and spatial positioning can be achieved by directing the

ant ennagce@iingig sensepd entagpambediestis known in t he art, e.g., wel ded
fittings. If the designated surface of the chanber is curved, the curvature
itsel f ¢HAl be endiloyéd isacrasteeipaaliview dian antegnagsgently cpupddditp emagggtron| 30]
Exanpl es of chanber shapes in various enbodi nents of the invention include
an el | i psording ta osp wbalinignt fprepheslepresentsylin ke Patheh\Appljcatiop Skiig dhanbeor  an
elliptical cross section and two end-caps, each end-cap being at |east one
of flat 128bh8@&m] , pyram dal, ellipsoidal, spheroidal, spherical or

pol yhedron shape, and conbi nations thereof. [31] FIGS. 1A-1Cillustrate a
chanber [WGD accorRIGngB isa Waeviewilbdirabnta rediatidpeldnmneof angintenkd Busttafediis a
planar view, FIG 1B is a view through section AA-Aof FIG |A and FIG 1C
IS a Vi eYG.H4N @ugiousigpkdsomteBinB) . 8f PatdnGA palisatidd Seriall Bumbdrugt3nages); a coor di nat e
systemthat can be mapped onto an axis of symetry 104 of the chanber 100
and a mi@l ane 108HGofAtiben stiaivher illhOhtiane chdhitier Gah ab @rraisefdarit@ngXpr ess t he

| ocation of any point P within the chanber or on the WO

2010/ 118x6rmbXNek/abl2@iAR (b3 4dbodifetr | or surfaces of the chanber in terns of
rectangul ar coordi nates P(x,y,z) or spherical coordinates P(r,8,9).

Transf oqemy i ons bEGWeRs 4 igkidl W& QefisHandibramM BBl @spiBiibn k@R in the
art. In one embodinment, chanber 100 includes a cylindrical insert

("cyli ndgfiatihg {Rhen® irf 4 EnbeNfc&aR g 10oARd cAbsRReRd end-cap 103, .
respectively configured to connecg mechanically and electrically with the
edges ofpfofie cylimdeg iiftQtad dnhQUhp@RYIiHORRbADE hRL 43R0 Blehhis bYFRS. chhe

i nner s&r gce of the éhan%er 100 gta?h%)ﬁuncggonsrok tge eng%caps'and t he
cyl i nder. I 01 may be characterized by an internal radius R and a
hei ght hﬁ“%%kﬁﬁé eP%it, the height H may be reduced to zero, in which case

t he over shap f e r W L L 10 1t | pine hapes of
end- capéﬁ%z andelrllg&7 ﬁ&gﬁggsaﬁég%%q %"r?éﬁﬁféé‘%%%%gﬁ&ﬁc ng’gcé&ftﬁe Vgaé/% dﬁ% shape
of a partial obl at e sBperoidﬁgﬁge.atqd by the rotation of a sem-ellipse
around A"$_MPEHEPR G EHOMHFHEI ST s of the semi-ellipse, with an
internal radius R and internal height h, where h is the m nor sem -axis of
the ellipse. In various enbodiments, the ratio h/R of the end-cap may be
selected to be in a range fromapproximately O to approximately 1.0, the
lower Iimt corresponding to a flat plate and the upper limt corresponding
to a sem -spherical end-cap. [32] In”one enbodi nent, the chanber 100 nay
have a m ninmum |l inear dinension that is conparable to the free-space

wavel ength at a nom nal operating frequency of the chanber, and a nmaxi num
vol une configured to support approxi mately 100 unl oaded resonant nodes

wi thin the chanber within an operating range of frequencies. An unl oaded
resonant node is defined as a node that is supported by the chanber when

e o o, "



WO 2010/ 118267PCT/ US2010/ 030444 negligi ble | oss of m crowave or RF energy
and woul d not affect the spectrum of supported nodes. [34] The nmaterials
of the cylinder and the end-cap nay be sel ected from conductive materials
known in the art to provide strength, thermal stability and sufficient
rigidity towpa8iogtszeef or mati on under pressure that nmayRETAISR18030434 ( hi gher
or less) fromthe pressure in the exterior and in the |oad. Such materials
may include, but are not limted to alum num stainless steel. Brass and
al so can be coated with non-conducting naterials, e.g., dielectrics. Wile

not illugpigted, rFiGgyghlsdpiuarrt &ebdf &thotlahnis&Iracidiforechani cal connecti ons
bet ween the cylinder and end-caps nmay be acconplished in many ways, such as

a thread@dlaﬁonnecﬁ@@, is dﬁh&ﬂﬁ%%&&%%ﬁ&én%ng%?hmﬁeﬂ\Liﬁﬁsix QIRQPQHV use

gaskets to provide pressure sealing. Electrital properties of the

connect i ] ohm G- diative |l oss conpared to that in the
| oad an %ngg%%%éﬁggqég?%$§&@ﬁﬁ$gfh§ of the el ectromagnetic environnent
ext er nal the c ... .Chanber s can.be de by. net hods kno in.the art,
such ae. 0P8, ' o anbRE 10 TR RSN AR RSP RioED Rt RN G g
etc. [3§J The .internal dinmensions of chanber 100 may be sel ected, based on
t he desi?gﬁnPPgaﬁgﬁcies of operation of the chanber, to optim ze the nunber
of reso mde d by the chanber. Resonant nobdes, or Ei gennpdes
as thenggtAﬁﬁﬂﬁﬁEgﬁﬁﬁﬁiégrt, are standi ng wave patterns that satisfy the
boundary conditions inposed by the conducting inner surface of the chanber
and all conducting or dielectric bodies, (including coupling elenents such
as ant enl®3¥ wi t hi 1 pbolowinasssgriptian.JomERases afsyRlagaban AUMEIoEhICEiChat t er n
exhibits a spatial variation caused by the interference of incident and

ref | ect edftaispeesey farth Heorderdorproride aftpsoughangergtansing of harteseyt ipvmen-illordl. ar e
that the total tangential electric field at the surface of a "good"

conduct ofe eyiflent, BaweveD fo eneskibled in the antihatthe pPrescat Hiverdion snaydk peasticadrvdthout s WO
2010/ 118267PCT/ US2010/ 030444 approxi mately zero. Materials that are

i nt er medthegespsfiomstails gliodhe mstapessr welbliehot aicyitsa peichirestand trghiigues pesrmoeabi | ity
have their own set of well-known boundary conditions relating to

“cont i nui thoes imdrthidirsecoshpivnin blodsdiagdram fiemeih @oder foavaiddinnegssetiliyob$dquehglan acr oss
di el ectric-netal boundaries such as the air-chanber boundary here.

[ 037] Thewdetspadidarfthsagiipiians, al ong with the di mensions of the chanber
100 can be nodel ed using comrercially avail able simulation prograns to
identify nost or all of the resonant npdes of the chamber 100 and their
sensi ti vi%3l to fr &glvesness. thropghoybihis specifiggtionpoere ¢rRadBt firnhsi ons and an
arrangenent of internal conducting or dielectric bodies that support

nul ti pl esTkodipshtmeAsd that hparticiar Seagie-PIreewe oy chastrsisiic @s¢ribed By cogieetipn
coupling to the load and to determ ne the |ocations of mcrowave radiators
( ant enna%ith theembedimeet ignghvded inahlgest epupmiodingent plethe pieppe mvemiont Herdierst

| ocation for a load that is intended to absorb the energy. Qfactor is a

t er m of iistemphasized erdshouldderahpreeipied that twows mozg refendnces tp Esrosmahodimantieor For

pur poses of the present applications, strong coupling inplies a loss rate
such t hatone pamberdieienthenidnaltitrhative embedimentd inovarignsezoirtaoms pfidis speeficatisn aam
frequency range of the source(s) A properly located and oriented antenna
oper at i ngpt atcessafilyatjueaningamihahaneembddiment tFuethtrardwildtpartohilat feeturmede can
excite the node. 10381The approach disclosed herein is based on a

const r ai siedturslot ¢lreaderiss medyiba gothbigedrs. suifdtde hept bemorpabedineetsbf thewer and
upper limts on the chanbers di nensions and volunme. The m ni num chanber

di mensi ocingengibe. Mhudg@ion,tvehile Wipiavdntiohllstdestpiled dpataiolf sverabérhigydirhdid) those

singl e-node. That is, the mninmumdinension is constrained to above a

wavel engdkliliedon tha it vall paebgrizevhstehdiatdnBibmisindt Britedth MR EMHRBimehR&lestaikedTUM
dimension is limted by two requirenments: preventing far-field Fraunhofer

di f f r act TiRren@oliRtdng of eehventiGicak e WrhcB&dMth i@lification and alteration within the

10



WO 2010/ 118267PCT/ US2010/ 030444 diffraction) and limting the nunber of
nodes that can be supported by the chanber with antennas. [39] The
diffraction limt is determ ned by the maxi num Fresnel number Nf =2D2/LX.,
where D=D RAD i s the maxi num di nension of the radiating elenent, L is the
di stance t &aMe/ggpésite cavity wall fromthe radiati ngCeUS2RGQ30HHMONG it S
normal, and X i's the wavel ength of the el ectromagnetic radiation. Optical
propagation with Fraunhofer diffraction occurs at Nf<l, which defines the
far-field zone. Experinments and sinulations perforned by the inventors have

found t bajpe bPe FpHRIMISRART TRUGLAL QRN FhPHE Ql%%ga%&%ﬁk BheYddReghd | Ci ent
performance when the Nf is within the range 0.15-1.5. [40] On the other

hand, V"Flﬁﬁtr&th?irﬁ%@%fﬁﬂ{tin hgﬂn%im'etnh&{? t he source passband(s) is too |arge,

then a large fraction o em can couple easily to the antenna(s), but not

¢ " _ ¢ ; o eas { tions t. i
parass 024 0! Qs Y O ol el APLLRRD) mbPlefrad ARIEoRRRcOEETIELS
a cl osed

as whistling.aqgall.er des. In _general., the nunber of des.in

oty FRSHiShosin TRRE orsBrBRRal Sl PotitRS g el BERUS I Mons (see,
e.g., R urant and D. G| bert, Methods of Mthematical Physics, Vol. 1,
(Gostecﬁﬁ%laﬁltr?ecfﬁ%'g?l)apd fg?ﬁ“ltfomagg‘ﬁwwlfca‘?qb:. [42] where V is the cavity
vol une, AN i s the nunber of eigennodes_pgr spectrumw dth Aw, co=2/cf
is the J%fan freéa@w&ereah&leée% Sﬁ?ﬁéanélﬁ'&f&ﬂome? Sdﬁftt a r%&lﬁ@?%ﬁ%ﬁ fd

si mul ati ons pgrfor dgrl% the inventors have found that the nunper of

unl oaded"588 thEFe. cting ARt {3t {epd 24Res fpngergnanthe B%Fdﬁtmigs?"ai"ff‘lﬁ’i‘%”éd to about
one hundred to provide for operation of the magnetron. For exanple, for a
75 cm dil®&®bt er spHerteEniskinglepthy’ usediiersipyibwell krownip dischsitrsdhe@uisWESIC s about

70 within the typical 2.4-2.5 Giz passband. This electrically |large cavity
of the penetration depth of electromagnetic irradiation within a material. To achieve better

uniformity throughout the entire volume of a load, the radiation must be able to penectrate
through the load which implies the load is "thin" as compared to the skin depth. Assuming, for
example, that the load material is water and is irradiated at 2.45 GHz, the skin depth of the load

material about 1.5 cm.

[027] | According to one embodiment of the invention, an apparatus includes a chamber
configured to support a plurality of quasi»—oﬂho gonal resonant modes and at least one antenna
assembly comprising an antenna having a radiating element, wherein (i) the antenna has
predominantly linear polarization of radiation defined by a polarization plane, (ii) the radiating
element is disposed within the chamber such that the polarization plane is not parallel and not
perpendicular to the plane containing a primary axis of the chamber and a central point of the
radiating element, and (iii) the antenna is coupled to the chamber through a designated surface of
the chamber and coupled to at least one source of microwave or radio frequency energy having
an operating frequency and positioned to launch 6ne or more of the plurality of quasi-orthogonal

resonant modes to be coupled to a load disposed within the chamber.

11



WO 2010/ 118267PCT/ US2010/ 030444 (in terns of wavel engths) with a | oad and
antennae requires special efforts in matching and tuning to put it into a
st abl e node of operation because of too many (nore than a few) higher-Q
nodes having reduced intensity in the vicinity of the |load conpared to

ot her, | owewoQoxwueks? [43] In sone enbodi nents of the ROTASem0/030aeNnt | ON,
reduced coupling between i ndependent sources and its correspondi ng power
couplers is achieved by using i ndependent m crowave or RF sources for each
antenna. These sources nmay operate at slightly different frequencies in one

frequency@and or ghi&UFidiGh¥ard Jrfl@féﬁgltg% L FSQHRA GYthP 3R dﬁxanllz & a?éﬁ%h@d two

m crowave sources designed for nom nal peration near 2. the center

el RS R G A
respecti I\AQﬂ@’ﬁeﬁl&ﬁg%?ed?%E%Ctg ?rs' (ﬂgvtﬁ&% %‘Pfgr%%ocﬁrrﬁgnt$ HEHY 1n\gt¥tloglr I rB)(Sg%-E

from t enperat erence frequen

[44] In not tal e t cou ng of.t

nodes t olPTﬁed Fodgawlﬂfnbeaap Rﬁf'tategr%?ﬂ ?‘108?1 q(r‘r'{ngirm i c?rt cé'ﬁfpldl%ﬁénsﬂgéj éﬁ TRs 2 pI e
ant ennas, i.n the ¢ sed o ect of t resent invention is a
mul t i mod® RSy A é e lﬁ?gqﬁ ﬁ%&gt"o‘ﬁ‘g r886rf‘tb“gn$ﬁqfl$nﬁf°é 0 éﬂ“&ﬁ?ﬁs and an
internal .| oad. This configuration rOV|de ffective cou of t

ant ennas{TAUFHFieh E“’Iﬂlfé‘aorﬁn 1 CQHtGE‘BB Ahat F“é‘ﬁﬂ’gﬁ PHECLRRE 8HES P"o"dﬁ?}e’i‘%’a& tain
orientations of the polarization of each antenna radi ation, but also the
Iocatlodn@f‘Pﬁ@‘?ﬁ?@ﬁﬂh@fﬁﬂ?%dpg@ﬁéct to spatial extrenes of the pol ari zed
3D standi ng wave pattern The generalized conbination of up to all six

degr ees WR%hechaniltertematadimcptsshe shagtticobasia plugplily sErntgnam assamblissal )
provides |ow |l evel s of cross-coupl | and interference and better

ef fi ci eneapitioned aian prglasuch thet inkgreoughn g%@rwe ajtepngs isyainirgized. tJvahangytey av i onal
desi gns. [45] It will be understood that the shape of the radiating

el enent wanalpesisgminestanibe athieyed hp mogytmgriaicnnasahn a designagadisaifeceaithedi nent s,

each antenna assenbly is configured to have WO

2010/ 118¢hempaT /{182 dasignaBa 4urfacaretthe nhametier Begbstamsaltyf fldt rapgdamandtspatial | ncl ude at
| east one of (i) rotation about a nornmal direction to the primary plane of
t he r adi pasitieginglcamteachieyé¢d by darectamptheanténnandiringatduptingdfy méthodsdmomh indibeect i on
to the primary plane of the radiating elenent relative to an axis of

symet r yargk.gt, weldet dinings., If (hee idesignated adlifak oflihs thandter fsrcomed, ke axvasuroftsedfy mret ry
of the chanber, (iii) an azimuthal rotation around the axis of symretry of
t he chandarbe capbbyéd to)ackicdt tht dsstred Lgulsepssitonplgane of t he radi ating el enent
and the designated surface of the chanber. [46] FIGS. 2A and 2B illustrate
an ant enf8d0jassenblExamples dfithaer Qiaps®ine afivizegibadinicats of the i cpticsi@itide an
invention. FIG 2A is a plane view of the radiating surface of antenna 200
and FI G el@B3olds a SphRfods 2-spiRed, ia@fidddey ha gt d Wobkbohal SE 61t ¢1BfticE droRfsedtioband? A.
Ant.enna assenbly 200 includes a conductive reflecting el enent 201 having a

defined shae-cipst fuch efd-BipBeMg@t RRAShOSF fldfdbnicd, pyR&hidAINEARpRIdaE Gptrtoid, a
maxi nrum di mensi on of the radiating el enent described bel ow. I'n one

embodi rre@then@ﬁoﬂﬂolyn%arbﬁl&lﬁgeIaﬂdE&r@ﬁnat%hs fertoRB, the reflecting el ement
conprises a substantially flat surface of dianeter DREFL and thickness

tREFL, hggypg a sLmsan&n@lduyst&aeravcuhﬁ{serqwa&ufdﬁlgag%n@émwdﬁﬂe%ﬁ 6f thd A,
substantially concentric with the axis of symetry 203 of the transm ssion

l'i ne. [Mmﬁﬂtﬁmm ”gﬁmrwleapﬁh@'mols'a@fé“uﬂ% @s&ﬁ {(ACA ba 2iaad Fitg

el ement 204, having a xi mum di mensi on DRAD a ness t RAD

subst ant léks v18@{h%d§g js_e iBn bblg of ﬁg ?§t5 'Fﬂ?.l I%ﬁ?ﬂ?t%ea%%jo@{ﬁée%g%&ﬁ %at Lt he

reflecting el ement y a gap trate in one

embodli ”E%;%Peh O aﬁ‘&@kf%xﬁ%@’i‘@ﬂ%ﬁ@wg% %%t 1dk}§9 ﬂ)‘éerftl%pcﬂlnﬂgerd' 5CS,

each of 1 us |us nen5|on DRAD i

appr oxi st rat t her
enbodi ”ﬁi nx}lggfaéltqen RfeEn%rﬁSt%ﬂcaﬁﬁ han\yém ‘T mt Sle{) fﬁ&ﬁ‘b that is

| ess than DREFL. In other enbodi nents, radiating elenent 204 may take the
shape of a pair of sinply-connected geonetric figures (i.e., where any
two-points on the WO 2010/118267PCT/ US2010/ 030444 perinmeter of the
geonetric figure can be connected mﬁtq a straight line that does not cross
the perineter), having a copl anar surf'a ce, where the radiating el enent 204
has substantially 180 degree rotational symretry around an axis of symetry
collinear wwth the axis of symetry 203 of the transm ssion line. FIGS.
8A-8C illustrate exanples of such radiating elenments for the case of a

pent agon, a hexagon and an octagon, respectively, where the di nensi on RD SC
is replaced with the di nension RN%JCR In one enbodlnent t he vertlces of

. _,J__.,;__,_‘._ o



[ 48] Antenna assenbly 200 may al so include one or nore conductive pins,
such as pins 206-209, disposed between the radiating el enent 201 and the
reflecting element 204. Any single pin may be used and any conbi nation of
pins may be used in alternative enbodi nents for 2-pin, 3-pin and 4-pin
conbi nat i oN&Q 20THHBW NS 206- 209 nmay be approxi mat el y ceBRCEUSW1GIBI4He
perineter of the radiating elenment 204, at a distance Rp fromthe axis 203,
offset at an angle 13 fromthe major axis 216 of the radiating el ement 204.
Sel ection of the nunmber and | ocation of pins may be determned enpirically

as a fURLR Qubloed STRRB AN (HAIBAREIORr cTHBinKRL HOS Hor Bberidst_and pi n

di aneter dp may be selected enpirically or through si'mil ation using

comer ci.al k¥ @Yp-bah! graﬁé?BﬁrYX?B%hﬁ%ﬁué%ﬁﬁ&rtk@%gorﬂﬁlgﬁ‘é;;ysé%qgs_ &9%@-}%0&#& the

pol ari zati on and 1 hpedance of the antenna asse Ant enna
bl v 200 po ) ol tranem ssi e . N
conduct & JirteLBlinRal PRAHEELR BORKE o b AIAThER (RIS BT R 8, g™

el enent 204 ..and an inner c uctar,. 211 electrically and mechanically
connect S0 130R 8 a3 x5 07 dfiedio B o R SR PristuBEPeBREDIR 1Y | nner
conductor. 211 may have a stepped diameter. as jllustrated i.n El.G. 2B, to
Control erEAEh R o RRSRR MG T o bt S SRR T HE B &
transm ssi.on Line include a conical sectio f substanti al const ant
edansaranal hgnibke) Ma s TRrp O iR srasemard it A n SR B8R, om
an input end 212 to an output end 213, . r he. coni cal ction includes
The. out &F CRBIRIIEELEY @1@5@%@@6}%@ %fé at%ﬁ’@ﬁ?ﬁf o ?w, the BT 5% and ¢ he

i nner conductor 211 coupled to the radiating elenment 204, and where the
coni cal Telesd teﬁelpsmgﬁlb@tcafﬂtbswv‘b%*e%&#en’?%#ﬂ? Wilbbrredussd i jodnedi t h t he
reflecting el ement 201. The coaxial transm ssion |line may also include a

st r ai gh#happs fzadgarsdd?iend 183 dindyapoi0? and d ey each haeg the ggnerl shapeehespondi ng
coaxi al connector on_ a maveg-uide coupl er/tuner configured to couple the
ant enna Pasiskapiats sphoroidgenpraigd Sy theqatatio] of semirelipee asornd @i semhmajof peseBiit er
conductor 210 of the conical section has an inner dianeter dm at the output
end 213 mingitaxisof hesemeellipsgawith sreinginpheads R Andinternad heiphidy, where hopthef t he
reflecting el ement 201, where the antenna assenbly 200 further includes a
coni cal minasisewi-#iigofithedlipse2 Imvarions embridimgents thehvatid IwRenf thti cadeeemapbe t he out er
conductor 210 and the outer dianeter of the inner conductor 203. , The

di el ect s¢lectédtede in 2bdgetiom bppredalatety Gip, appoxinetayplOethe beventjmitonpr essed by
the reflecting el ement and the conical section against positive pressure in
t he chawberspondifglth aFlaGlaté¢ Andithd ugigrilinliustregbediop® exbodpivenil cod-cgn ant enna
assenbly coupled to a source of energy, such as a magnetron. In FIG 4A

t he out ¢032¢onductiarond t@dbafimentcihaxhaalbet 10NBAY St @ Mihiua oeANdESESsi@ that
reflecting el ement 403 and the wavegui de 402. As shown in FIG 4a, the

| ongest igiorpasbRno te ficb8pdcathiaaélerigh &tlagidRiial 6p4ati)rdders Bl the thdnitaf ahihe

di anmeter of the reflecting el ement 403. The radiating el enent has two pins

408 def lamdkgni @oldmR cbnfip@tsdre Buppbe apgblifaiclynmoainRABEH redddntaiided WRhihadi at i ng
el enent 404. The magnetron 401 is coupled to a wavegui de 402 using the

coupl i Nehedh@MB&twitkin 4 6heRREE BinpOSf HQRencile AhWRioAgkdItIONER hiodd I HeAR&) 4r OVvi ded
to adjust the electrical distance between the end-walls of the wavegui de

402. A qouRIki Mgt iSLSpERd YA dramBLiSftleh it 1s Yo tRRANSEL R in Re tHAGbEAI ati ng
el enent 403 by the I nner” WO 2010/ 118267PCT/ US2010/ 030444 conduct or 409 of

t he Coa>f63'3;] CONNEELAT be AhISRREU Blat ﬁgeﬁﬁ%}%apﬁ{ﬁm@%utlttﬁ? baAGEr ﬁgfgg:&?t or 409

and the outer conductor 412 may be filled with a gas, |1quid, d or

particu lré'ﬂlc?w . \?alngﬁst sru%)\ﬁar{g% ﬁlraicgdrdancé %11 pf&i&lar;aﬁg{iéaﬂgﬁ% g:%_)?g)gg@rlﬁ?‘glgenbl y 70_0

i ncludi ng a source of mcrowave energy, a nm ron to a
wavegui C l.ed. | i I { f ro 01. The
maveguigg”é%%migﬂggﬁ w%@f%ﬁﬂﬁgg%%yﬁﬁ?gﬁﬁkggﬁgcgovi%gggﬁgﬁgkyﬁﬁﬁé magnet r on
701 to the input inpedance of the antenna assenbly 200 with tuni ng plungers
704 and 705 to adjust the electrical distance between the end-walls of the
wavegui de 702 and a a coaxial coupling elenment 706.. The wavegui de may al so
i nclude a coaxial connector 707 to mate it with the coaxial transm ssion
line (outer conductor 210 and inner conductor 211) of the antenna assenbly
200. When connected to an antenna ass ly, the waveguide is tuned to
produce a matched networks. The tuning procedures and matchi ng networks are
wel | -known in the art and art not described here in any greater detail.



[53] FIGS. SA and 5B illustrate, respectively, axial and parti al
cross-sectional views of a chanber according to one enbodinent. FIG SA
illustrates three antenna assenblies 200 di sposed upon the inner surface
110 of end-cap 102, where the geonetric centers of the three antenna
assenbl i es WPE010aEswed at radi al di stances RANT1, RANTZ2CING280880344f r om t he
axis of symmetry 104, and spaced at approxi mately equal angles y around the
axis of symretry 104. The rotational orientation of each antenna assenbly
may be defined by a respective angle a (al, a2 and a3), the angle forned by
aline fi i 3 ' LABNSIA0 badd wth a
radi al %egggtﬁgi %rﬁ%ﬁq@ﬁl&@gﬁﬂﬂ@mﬁ? ?gctﬁ%%bﬁﬁu(%fﬁhm%eomt ric
center of,gach antenna. WO 2010/118267PCT/ US2010/ 030444 [54] FIG 5B
illustrates a side view of the antenna configuration of FIG 5A where the
ant enna enblie - h | oad 107 .are shown. The
ant enna @gﬁenbl i eghéglgtegzgggftgl%@ﬂﬁ‘r%%ruaéﬁq%ehegggﬁﬁ@(% ge ?L%efzeg;ﬁ Otnhceolnr&cruégpecti ve
conical transm ssion.lines to.external sources. of mgrowave or RE.energy
(ot ohokFRaTkRSIRE el aledt K SRl BBH BB Cing i BAE R o Bhro i ce
with or tended wth constant di ter, sections .of coaxial line. In other
erbodi et QPR aE eIl Mgt iR e oy SR i PR P Sisdp Rt ¢
constant di.apgeter, sections of cpaxial line. [585] A respective tilt angle 8
(01" 85 aaft 8ot St BRIy BALHS AHt P RS T ity ToE: Senien Stho o
formed by the axis of symetry 203 of each antenna assenbly with a |line
par al | elgﬁaﬁf *t“ﬁééaﬁ?‘hbeoqoa%?ﬁﬁ@tnf’vc nscte W%@%&%é?ﬁcwc?-eg%é%{“?tve di st ance
ds (dsl,. ds2 %n,d d % is defined for each antenna_assenbly 200 as the
di st ancellp{BH tlﬁé’ﬂf) sAPRFeciatedithat plsgrasmesharisal somnestions hetyegithe SHindssadnbl y 200
to a tangent plane at the inner surface 110 of the end-cap 102, where the
axi s of @grept gy bargcypplishedin oy Migas, syrbeas 8 dreaded panneeiivara dampedice 110 of
the end-cap 102, is normal to the tangent plane, and where the radiating
sur f acescopnetigy ar the likg, ped maypuseigaskesdppiovide erossuryealingy | Ferarical prgpgrties of
Accordi ngly, each antenna assenbly 200 has nechani cal degrees of freedom
conpr i sithgceme¢tivaprovatesmat] ohinje and ragidtiye lash oempardddo that imgthe wd arskdlon 203 to
the primary plane 215 of the radiating elenent, (ii) an angle of
i ncl i natprovid@sadity trHernsot el clagirpmegrictnenvironient gktcrnal tp tid chamb@ ] Shambdrhe
radi ating elenent relative to an axis of symmetry 104 of the chanber, (iii)
a radi al cadibs trede by RaiNeds knowntimthe axtj siclods, Sy eraiply, pidsfophinghforgihg piessure (iii)
an azimuthal rotation a around the axis of synmretry 104 of the chanber, and
(iv) a dnsldagcecldingloet.ween a pl ane of the radiating el enent 215 and the
i nner surface 110 of the end-cap 102. WD 2010/118267PCT/ US2010/ 030444
10571Tunf0ds] t he affpainairne dwspiohseEThadhdd00may bofeldchd, besp@rthe Usirpdr anet er s
RANT, a, 8 and ds for each antenna assenbly to maxim ze the efficiency and
uni f or m fryquedci@ R bgaratibalof Hercharhiert tb @ptihad thkQrimbert dTirdsoki dne mobasbsortt By
mechani cal design features required to inplenent

the chamber. Resonant modes, or Eigenmodes as they are known in the art, are standing wave

patterns that satisfy the boundary conditions imposed by the conducting inner surface of the
chamber and all conducting or dielectric bodies, (including coupling elements such as antennas
within the chamber). A standing wave field intensity pattern exhibits a spatial variation caused
by the interference of incident and reflected waves in the chamber.

| [036] Well-known boundary conditions are that the total tangential electric field at the

surface of a “good” conductor such as, for example, aluminum, stainless steel and brass is
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t hese degrees of freedomw || be understood by those of skill in the art
and are not described in detail here. 10581FIG 6 is a exenplary
representation of the antenna configuration illustrated in FIG 5A after
tuning to maxim ze efficiency and power transfer within a chanber designed
for operat Wn20Meil82e 2.4 GHz to 2.5 GHz band with a noBRCHES200§e08 I Ng
frequency of 2.45 GHZ.. As seen in FIG 6, radiating elenents are disposed
at angl es 70 degrees, 68 degrees and 85 degrees, respectively, and the

di stances between the geonetrical center of each radiating elenent and the

axi s of aﬁ[}fmta{%& JeRe MBS ha @ €intdtmdi ST bethePedodad Hook Lorkdueidts and h_i%h
ile no FIG 6 t

respectively. t 1llustrated in , the corresponding ti

angl es gr:r]ddllo%;egﬂ&bﬁff’y Ve él‘ge}uj ovg'zgsg{ gﬁr(]&déﬂzﬁg%% b%&%ﬁ@o%ﬁ%ﬁs reﬁlﬂg% fohe

corresp I stances are all” approximatefy 3 cm

10591F] il lustr r.nati odi rein..in.addition to a
t he firsIu%?%ﬁégg¥£%%§%gﬁ#3ﬁﬁ%ggggéﬁéﬁ?ﬁ%ggﬂégg@%aﬁggg%hgﬁgqﬁﬁ%er surface
of the ;ir%t}g%dwg%qh%gglw%m§rcog%12éogp of antenna assenblies, equal in
nunber P8 RRSAIFLE i BLEAMOST RUHBE B upon t he i nner surface of the second

end- cap . In cgrtain enbodiments, the secand group .is, spaced at .equal
angl es )Viggfound t Se:?ﬂuggfg? CW’W%O’W%& &H‘@ngﬂ}i e Cfﬁ'ggerﬁﬂ? 4P ot at ed
t hrough an angl.e 7/2 relativ o.the first group. FIG 10 ill ystrates an
i al v EPIEH thite sty svsane simfien APl RomtumararaloRlRl ocat i ons of
the three antennas _di sposed on t first end-cap are_superjnposed on the
| ocat i oRSOR™ PAESS%h ﬂ@éggﬂ‘eeéH.ﬁ%@ﬁﬁ@b%@amﬁwﬁ?@ug&ow &%Ll-sggﬁmfmo] Whi | e
exenpl ary enbqdi nents of the present inventjon have been described in
det ai | £oambsF dimsasions and pp araseBaH 26 mianal sarrlucting ordirdecting hodtes H13t $upPRidbt so
limted and contenplates WD 2010/118267PCT[ US2010/030444 the use of 1, 2,
4, 5, 6mutinipresonaniraeisabavieg signticaatpredpgsdyQ-fgtor Hee eaunr!ie bsilepd apd fonci pl es
descri bed herein. 10611TABLES I-111, below, summarize configurations and
exper i mépeEning te lacatons of miaywivalradiates dansennas Noiba) the ehamber thattreuplaient i on,
where di nensions are indicated for a specific application and nornalized in
ter ms ofheapppdasiandithe bastlasadergiona lopd 82} 1snntIpsl Esabisorbithe energyu Qefretat s aof
uniformty of energy density conformwth

term of art that refers to the energy loss rate of a resonant mode. For purposes of the present

applications, strong coupling implics a loss rate such that the mode bandwidth is cqual to or

greater than the maximum frequency range of the source(s) A properly located and oriented

antenna operating at a frequency anywhere within the bandwidth of the mode can excite the

mode.

[038] The approach disclosed herein is based on a constrained multimode operating

regime. The regime imposes both lower and upper limits on the chambers dimensions and

volume. The minimum chamber dimensions are chosen to support multimode operation rather

than single-mode. That is, the minimum dimension is constrained to above a wavelength to have

a multi-node pattern in any dimension. The maximum dimension is limited by two

requirements: preventing far-field Fraunhofer diffraction effects (otherwise known as optical
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| EC 60705, "Household M crowave Ovens: Method for Measuring Performance,”
where a standard | oad conprising one liter of water in a flat cylindrical
distribution with individually measured water cells is profiled for

t enperature changes due to energy absorption. 10631TABLE | sunmmari zes an
exenpl ary cEO20§at861 on and results for a chanber as i |Hargise@ved44n FIG 5,
with 3 two-pin antenna assenblies simlar to that shown in FIGS. 2A and 2B,
with a one liter water | oad placed into a Pyrex vessel with a 1.5 cmwater
| evel. Al three antenna radiating elenents are inclined in the polar
directi Od‘iffﬂxtic%g-aﬁd(limgl A€ nE Y OF MBAER P cdnbelsliPortt @by felcRIhdee wiR the
chanber axis 104. The angles al, az, co describe the angular rotation of
each antgpna,assenmbly about their respective axis 203 fromthe original

ori entation when the maxi mum di nension of the radiating element lies in the

| ane ¢ inin e .chanmber. axi s,.104 d,axis.203. The nutual le 7
Bet vveenOQ% ennag itﬂs}e (cii'g E}Cﬁb%fuélgl %eéenafnreggy dgdaxirpup ﬁéesﬁe?élb?}%’%f%éﬁelsb‘of f FI G
1D. 64], TABLE I'I. summari zes. an exeppl ary configuration and results for a
charrb[er %‘%@f?ﬁfﬁw%ﬁ@dﬂawﬁnw megsion o1 g radiaipg pleg bl {1 R0 Bin ant enna

assenblies. A [65] TABLE I1l summarizes an exenplary configuration and

resul t s FrEPsig cavibinwlfrem theirpdiatingeleaeni ¢lomm is nognalgagidirgs theABElength f they 3

four-pin antenna assenblies. TABLE | PARAMETER 2-PIN Cl111 -A L
clectromagnetic radiation. Optical propagation with Fraunhofer diffraction occurs at Ne<1, which
defines the far-field zone. Experiments and simulations performed by the inventors have found
that the antenna configurations disclosed herein provide efficient performance when the N is
within the range 0.15-1.5.
[040] On the other hand, when the number of modes within the source passband(s) is
too large, then a large fraction of them can couple easily to the antenna(sj, but not necessarily to
the load, resulting in significant reflections that generate parasitic, high-Q modes. One type of
such parasitic, high-Q modes are known as whistling gallery modes. In general, the number of

modes in a closed cavity is proportional to the modal spectral density given as follows (see, e.g.,

R. Courant and D. Gilbert, Methods of Mathematical Physics, Vol. 1, (Gosteckhizdat, 1933)):

AN Ve’
"&{Ug'i B ?..5"-23
[041] o 2T
[042] where V is the cavity volume, and AN is the number of eigenmodes per spectrum

width Aw, w=2nf s the radian frequency, and c is the speed of light. Experiments and
simulations performed by the inventors have found that the number of unloaded modes (i.e.,
modes in the absence of a load) is limited to about one hundred to provide for operation of the
magnetron. For example, for a 75 cm diameter spherical cavity, the number of unloaded

eigenmodes is about 70 within the typical 2.4-2.5 GHz passband. This electrically large cavity
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(in terms of wavelengths) with a load and antennae requires special efforts in matching and
tuning to put it into a stable mode of operation because of too many (more than a few) higher-Q
modes having reduced intensity in the vicinity of the load compared to other, lower-Q modes.
[043] In some embodiments of the present invention, reduced coupling between
independent sources and its corresponding power couplers is achieved by using independent
microwave or RF sources for each antenna. These sources may operate at slightly different
frequencies in one frequency band or in entifely different frequency bands. For examplé, two
microwave sources designed for nominal operation near 2.45 GHz, the center of the
industrial/commercial microwave oven band (1 GHz equals one billion cycles per second), but
actually operating at 2.40 GHz and 2.50 GHz respectively, due to manufacturing tolerances and
frequency drift (e.g., from temperature effects), will have a difference frequency of 100 MHz.
[044] In practice, it is not possible to obtain perfect coupling of the modes to the load in
a multimode chamber and decoupling between multiple antennas in the closed chamber. One
aspect of the present invention is a multimode, non-rectilincar chamber coupled to multiple
antennas and an internal load. This configuration provides effective coupling of the antennas
with the load and reduced intercoupling due not only to certain orientations of the polarization of
each antenna radiation, but also the location of the antennas with respect to spatial extremes of
the polarized 3D standing wave pattern The generalized combination of up to all six degrees of
mechanical freedom (3D rotational, and 3D translational) provides low levels of cross-coupling
and interference and better efficiency and uniformity of energy delivery to the load than
conventional designs.

[045] It will be understood that the shape of the radiating clement can be symmetrical or

non-symmetrical. In certain embodiments, each antenna assembly is configured to have
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mechanical degrees of freedom which include at least one of (i) rotation about a normal direction
to the primary plane of the radiating element, (ii) an angle of inclination of the normal direction
to the primary plane of the radiating element relative to an axis of symmetry of the chamber, (iii)
a radial distance from the axis of symmetry of the chamber, (iii) an azimuthal rotation around the
axis of symmetry of the chamber, and (iv) a distance between a plane of the radiating element
and the designated surface of the chamber.

[046] FIGS. 2A and 2B illustrate an antenna assembly 200 in one or more embodiments
of the present invention. FIG. 2A is a plane view of the radiating surface of antenna 200 and
FIG. 2B is a cross-sectional view through section C-C of FIG. 2A. Antenna assembly 200
includes a conductive reflecting elemerrt 201 having a defined shape with a minimum dimension
that is less than or equal to a maximum dimension of the radiating element described below. In
one embodirrient, as illustrated in FIGS. 2! And 2B, the reflecting element comprises a
substantially flat surface of diameter Dggry, and thickness trggr, having a substantially circular
aperture 202 of diameter d 4, substantially concentric with the axis of syrnmeiry 203 of the
transmission line.

[047] Antenna assembly 200 also includes a conductive radiating element 204, having a
maximum dimension Dgap and thickness trap substantially parallel to the reﬂ_ecii_ng element 201
and spaced from the reflecting element 201 by a gap G. As illustrated in FIG. 2A, in one
embodiment, the radiating element 204 approximates two overlapping discs, each of radius
Rpisc, with fillets 205 of radius Rr. Major dimension Dgrap is approximately equal to Dgrggy, in
the illustrated.embodiment. In other embodiments, radiating element 204 may have a major
dimension Dgrayp that is less than Drgrr. In other embodiments, radiating element 204 may take

the shape of a pair of simply-connected geometric figures (i.¢., where any two-points on the
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perimeter of the geometric figure can be connected with a straight line that does not cross the
perimeter), having a coplanar surface, where the radiating element 204 has substantially 180
degree rotational symmetry around an axis of symmetry collinear with the axis of symmetry 203
of the transmission line. FIGS. 8A-8C illustrate examples of such radiating elements for the case
of a pentagon, a hexagon and an octagon, respectively, where the dimension Rpsc is replaced
with the dimension Rmajor. In one embodiment, the vertices of the simple geometric shapes
are rounded. In other embodiments, the vertices may be point vertices.

[048] Antenna assembly 200 may also include one or more conductive pins, such as
pins 206-209, disposed between the radiating element 201 and the reflecting element 204. Any
single pin may be used and any combination of pins may be used in alternative embodiments for
2-pin, 3-pin and 4-pin combinations. The pins 206-209 may be approximately centered on the
perimeter of the radiating element 204, at a distance Rp from the axis 203, offsct at an angle B
from the major axi$ 216 of the radiating element 204. Selection of the number and location of
pins may be determined empirically as a function of the shape of chamber 100. The values of
Rp, P and pin diameter dp may be selected empirically or through simulation using commercially
available software as described above, to control the polarization and impedance of the antenna
assembly 200.

[049] Antenna assembly 200 may also include a coaxial transmission line having an
outer conductor 210 electrically and mechanically connected to the reflecting element 201 and an
inner conductor 211 electrically and mechanically connected to the radiatiﬁg element 204
through the aperture 202, The inner conductor 211 may have a stepped diameter, as illustrated in
FIG. 2B, to control impedance as is known in the art. In one embodiment, the coaxial

transmission ling may include a conical section of substantially constant impedance and
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increasing in diameter from an input end 212 to an output end 213, where the conical section
includes the outer conductor 210, coupled to the reflecting element 201, and the inner conductor
211 coupled to the radiating element 204, and where the conica.l section is substantially
perpendicular to and concentric with the reflecting element 201. The coaxial transmission line
may also include a straight threaded coaxial section 217 intended to mate with a corresponding
“coaxial connector on a waveguide coupler/tuner configured to couple the ahtenna assembly 200
with a source.

[050] In one embodiment, the outer conductor 210 of the conical section has an inner
diameter do; at the output end 213 that is greater than the diameter d4 of the aperture 202 of the
reflecting element 201, where the antenna assembly 200 further includes a conical dielectric
insert 214 conforming to the inner diameter of the outer conductor 210 and the outer diameter of
the inner conductor 203. , The diclectric insert 214 can be sealed by, for example, being
compressed by the reflecting element and the conical section against positive pressure in the
chamber.

[051] FIGS 4A and 4B illustrate one embodiment of an antenna assembly coupled to a
source of energy, such as a magnetron. In FIG. 4A, the outer conductor 412 of a coaxial
transmission line connects a reflecting element 403 and the waveguide 402. As shown in FIG.
4a, the longest dimension of the radiating element 404 may be smaller than the diameter of the
reflecting element 403. The radiating element has two pins 408 defining the gap G between the
reﬂecting_element 403 and the radiating element 404. The magnetron 401 is coupled to a
waveguide 402 using the coupling element of the magnetron 405. The tuning plungers 410 are
provided to adjust the electrical distance between the end-walls of the waveguide 402. A

coupling element 406 is electrically connected to the radiating element 403 by the inner
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conductor 409 of the coaxial connector. A coaxial space 413 between the inner conductor 409
and the outer conductor 412 may be filled with a gas, liquid, solid or particulate dielectric
material.

[052] FIG. 7 illustrates an assembly 700 including a source of microwave energy, a
magnetron 701, coupled to a waveguide 702 coupled to coupling clement 703 of the magnetron
701. T_he waveguide 702 is configured to match the source impedance of the magnetron 701 to
the input impedance of the antenna assembly 200 with tuning plungers 704 and 705 to adjust the
electrical distance between the end-walls of the waveguide 702 and a a coaxial coupling element
706.. The waveguide may also include a coaxial connector 707 to mate it with the coaxial |
transmission line (outer conductor 210 and inner conductor 211) of the antenna assembly 200.
When connected to an antenna assembly, the waveguide is tuned to produce a matched networks.
The tuning procedures and matching networks are well-known in the art and art not described
here in any greater detail.

[053] FIGS. 5A and 5B illustrate, respectively, axial and partial cross-sectional views of
a chamber according to one embodiment. FIG. 5A illustrates three antenna assemblies 200
disposed upbn the inner surface 110 of end-cap 102, where the geometric centers of the three
antenna assemblies are located at radial distances Rant1, RaxT2 and Ranys from the axis of
symmetry 104, and spaced at approximately equal angles y around the axis of symmetry 104.
The rotational orientation of each antenna assembly may be defined by a respective angle a (al,
a2 and a3), the angle formed by a line subtending the maximum dimension of each radiating
element with a radial line extending from the axis of symmetry 104 through the geometric center

of each antenna.
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[054] FIG. 5B illustrates a side view of the antenna configuration of FIG. 5A, where the
antenna assemblies 200, the chamber 100, and a load 107 are shown. The antenna assemblies.
are coupled through the end-cap 102 by their respective conical transmission lines to external
sources of microwave or RF energy (not shown). In other embodiments, the conical sections
may be replaced with or extended with constant diameter sections of coaxial line. In other
embodiments, the conical sections may be replaced with or extended with constant diameter
sections of coaxial line.

[055] | A respective tilt angle 8 (61, 62 and 83) is defined for each antenna assembly 200
as the angle formed-by the axis of symmetry 203 of each antenna assembly with a line parallel to
the axis of symmetry 104 of the chamber. A respective distance ds (ds1, ds2 and ds) is defined
for each antenna assembly 200 as the distance from the planar radiating surface 215 of each |
antenna assembly 200 to a tangeﬂt plane at the inner surface 110 of the end-cap 102, where the
axis of symmetry 203 of cach antenna intersects the inner surface 110 of the end-cap 102, is
normal to the tangent plane, and where the radiating surfaces 215 are parallel to the respective
tangent plane.

[056] Accordingly, each antenna assembly 200 has mechanical degrees of freedom
comprising at least one of (i) rotation about the normal direction 203 to the primary plane 215 of
the radiating element, (i1) an angle of inclination & of the normal direction to the primary plane
215 of the radiating element relative to an axis of symmetry 104 of the chamber, (iii) a radial
distance Ra~t from the axis of symmetry 104 of the chamber, (iii) an azimuthal rotation «
around the axis of symmetry 104 of the chamber, and (iv) a distance ds between a plane of the

radiating element 215 and the inner surface 110 of the end-cap 102.
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[057] Tuning the apparatus comprises adjustment of the respective parameters Rant, 0,
6 and ds for each antenna assembly to maximize the efficiency and uniformity of energy delivery
to the load 107 within the chamber.  The mechanical design features required to implement
these degrees of freedom will be unders_tood by those of skill in the art and are not described in
detail here.

[058] FIG.6isa exémplary representation of the antenna configuration illustrated in
FIG. 5A after funing to maximize efficiency and power transfer within a chamber designed for
operation in the 2.4 GHz to 2.5 GHz band with a nominal operating frequency of 2.45 GHZ.. As
seen in FIG. 6, radiating elements are disposed at angles 70 degrees, 68 degrees and 85 degrees,
respecti\./ely, and the distances between the geometrical centér of each radiating element and the
axis of symmetry the chamber are 14.2 cm, 14.6 cm and 14.2 cm, respecﬁvely. While not
illustrated in FIG. 6, the corresponding tilt angles 31, 82 and 83 are all approximately 22.5
degrees, and the corresponding distances ds1, ds2 and ds3 are all approximately 3 cm.

[059] FIG. 9 illustrates an alternative embodiment wherein, in addition to a the first
group of the antenna assemblies disposed upon the inner surface of the first end-cap 102, a
second group of anteﬁna assemblies, equal in number to the first group, is disposed upon the
inner surface of the second end-cap 103. In certain embodiments, the second group is spaced at
equal angles y around the axis of symmetry 104 of the chamber 100, but is rotated through an
angle y/2 relative to the first group. FIG. 10 illustrates an axial view of an exemplary 6-antenna
configuration wherein the locations of the three antennas disposed on the first end-cap are
superimposed on the locations of the three antennas disposed on the second end-cap.

[060] While exerhplary embodiments of the present invention have been described in

detail for groups of three antennas per end-cap, the invention is not so limited and contemplates
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the use of 1, 2, 4, 5, 6 or more antennas per end-cap applying the general design principles
described herein.

[061] TABLES I-1I1, below, summarize configurations and experimental results for
several different embodiments of the invention, where dimensions are indicated for a specific
application and normalized in terms of approximate wavelength.

[062] In TABLES I-11I, measurements of uniformity of energy density conform with
TEC 60705, “Household Microwave Ovens: Method for Measuring Performance,” where a
standard load comprising one liter of water in a flat cylindrical distribution with individually
measured water cells is profiled for témperature changes due to energy absorption.

[063] TABLE I summarizes an exemplary configuration and results for a chamber as
illustrated in FIG. §, §vith 3 two-pin antenna assemblies similar to that shown in FIGS. 2A and
2B, with a one liter water load placed into a Pyrex vessel with a 1.5 cm water level. All three
antenna radiating elements are inclined in the polar direction by 22.5° (angular coordinate ¢ in
FIG. 1D) relative to the chamber axis 104. The angles o, 02, a3 describe the angular rotation of
cach antenna assembly about their respective axis 203 from the original orientation when the
maximum dimension of the radiating element lies in the plane containing the chamber axis 104
and axis 203. The mutual angle y between antennas is defined as the difference in the 0
coordinates of FIG. 1D.

[064] TABLE II summarizes an exemplary configuration and results for a chamber as
illustrated in FIG. 5, as for TABLE I, with 3 three-pin antenna assemblies.

[065] TABLE III summarizes an exemplary configuration and results for a chamber as

illustrated in FIG. 5, as for TABLE I, with 3 four-pin antenna assemblies.
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TABLE |11

PARAMETER 4-PIN cm'4 a, 0.5 .04 dA 3.2 0.26 DRAD

WO 2010/118267

TABLE 1
PARAMETER 2-PIN
cm ~\
L 454 372
H 9.65 0.79
h 11 0.9
R 22 1.8
dp 0.5 04
da 32 0726
Drap 12.52 1.03
Drerr 14 1.15
“Rpisk 3.45 T 0283
Rp 4.74 0.39
B 27°
¥ 120°
Raxt 13.5 [ 1.1
31 262°
0 175°
(5] 133°
ds 3.03
rAD 0.4 03
IREFL 0.3 02
G 0.7 057
- Peak Total 97%
efficiency
Total 84%,
efficiency
averaged in
the 2.4-2.5
GHz band
Uniformity 93-95%
measured with
standard
- procedure
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TABLE IT
PARAMETER 3PIN
cm ~\
dp 0.5 04
da 3.2 0.26
Drap 14.7 1.2
Drerr 14 1.14
Rpisk 3.92 32
Rp 4.92 | 0.4
B 33.2°
traD 04 03
tREFL 0.3 02
G 1.06. 086
TABLE III
PARAMETER 4-PIN
: cm ~\
dp 0.5 .04
da 3.2 026
Drapb 14 114
DrerL 14 114
Rpisk 38 32
R, 49 04
B 33
trRaD 0.4 I 03
tREFL 0.3 02
G 1.2 10
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FIGS. 3A and 3B are graphs illustrating the efficiency-of a m crowave
chanber according to the sinulation of two exenplary enbodi nents. FIG 3A
is the sinulation result for a spheroidal -cylindrical chanmber with H=17.7
cm L=39. 6WM0IRH8BT. 9 cm and h=R/ 2, |oaded with a 1 | PCEUSWA0/AI44dr tO a
depth of 1.5 cmin a Pyrex cylindrical vessel with a netal stirrer. The
vessel is covered by a Teflon lid. The chanber is energized with three
2-pin antennas. Antenna positions: Rant=11.7 cm 81= 62= 63=17.5,

ds1=ds2fg%p=2. 51 mBk. ﬁ@gn@jﬁgx%%rapﬁgﬁl%%mé'H%?%ﬁéenc%m?a HRAGPEE chehgdit s are.

In FIG 3B, all the paraneters are the sane, except that the H=22.8 cn1

L=44.7
4Bordi ngtZ]t evév‘x‘nhl‘i tw‘é%?ﬂﬂ@-?w&ﬁ?d el F ?’tﬂ Olgglgby t‘ﬁfo'nt?gsq

respect to s eC| (e e nts e un ose s Ied in

the art tsgﬁmgaqr @mcgﬂﬂ%ﬂ GRS & Gabb gs, E%l@ e BOGHAAML

depart|ng on1t e spiri cope 0 nvéntion as

fol | ow "Wth% lallter of water to a depth of 1.5 cm in a Pyrex cylindrical vessel with a metal stirrer. The

vessel is covered by a Teflon lid. The chamber is energized with three 2-pin antennas. Antenna
positions: Rant=11.7 cm, 3;= 8,= 6:=17.5°, ds1=ds2=ds3=2.51 'cm, and a;=158°, 0,=160°,
03=175°. The chamber heights are. In FIG. 3B, all the parameters arc the same, except that the

H=228 cm, =447 cm. -

[067] While the invention has been shown and described with respect to specific
embodiments, it will be understood by those skilled in the art that various changes and
modifications may be made without departing from the spirit and scope of the invention as

defined in the following claims.
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WO 2010/ 118267PCT/ US2010/ 030444 What we claimis: 1. An apparatus,
conprising: a chamber configured to support a plurality of quasi-orthogonal
resonant nodes; and at | east one antenna assenbly conprising an antenna
having a radiating el enent, wherein (i) the antenna has predom nantly

| i near pol awpD2810{18816Df radi ati on defined by a pol ari zatR@Upo180444 (i1) the
radi ating el enment is disposed within the chanber such that the polarization
pl ane is not parallel and not perpendicular to the plane containing a
primary axis of the chanber and a central point of the radiating el enent,
and (i1iywhkihe agkgena is coupled to the chanber through a designated
surface of the chanber and coupled to at | east one source of mcrowave or

radi o frequengy &k [E@H'- .an operating frequency and positioned to
| aunch one or no o‘%y‘t: SP%'ral.ity of quasi-orthogonal resonant nodes to

be coupl e, 08 SRASEL, Nk IE oA She ha TS, ARRRLAL R O ol a1

1, wherein the apparat conprrses enna assenblies

wher ei n each a@\{}% r(l)rqaaritsnngougl Eld to t.he chartrber t hr ough. ﬁhe desi q@lat ed
surface of tHKe eRaRDEIIEAASTREY SOHPIHIETLHIHIT Py et RE AW ST o

- mnimzegd, 3. The aratus of clains .1l or wher ei.n an antenna assenbly is
confi gur @dt he FUHDG ggsﬁperﬁ%gﬁp?glp' ligesg p gfégzaélfm P E‘E‘glgg?ﬂ ‘ge %t Pl‘ﬁargt‘m?‘bég'fe’ one of
(i) rotation ahout normal. direction to the imary pJane of the radiating
S brent - A0 e GBS dsmeraai oe SR bR abaetiop Alab g G
primary plane of the radi ating el enment relative tg an axis of symetry of
“the chanb&sllel gndinoy pependignler todheplanseconteining & pranaiy ps of the ghamber 3ndsrceptid
chanber, (ii gﬁean .azimuthal rotation around the WO

2010/ 11828 P wrshy g ctygisay and (iii) the antenna is coupled to the chamber through a

designated surface of the chamber and coupled to at least one source of microwave or radio
frequency energy having an operating frequency and positioned to launch one or more of the
plurality of quasi-orthogonal resonant modes to be coupled to a load disposed within the

chamber.

2. The apparatus of claim 1, wherein the apparatus comprises a plurality of antenna
assemblies wherein each antenna is coupled to the chamber through the designated surface of the

chamber and wherein intercoupling between antennas is minimized.

3. The apparaths of claims 1 or 2, wherein an antenna assembly is configured to have
mechanical degrees of freedom comprising at least one of (i) rotation about a normal direction to
the primary plane of the radiating element, (ii) an angle of inclination of the normal direction to
the primary plane of the radiating element relative to an axis of symmetry of the chamber, (iii) a

radial distance from the axis of symmetry of the chamber, (iii) an azimuthal rotation around the
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axis of symetry of the chanber, and (iv) a distance between a plane of the
radi ati ng el enent and the designated surface of the chanber. 4. The
apparatus of claim11l, wherein the designated surface of the chanber
conprises at |east one substantially planar surface. 5. The apparatus of
claiml1, wXWii1g3ee desi gnated surface of the chanber PELRPROIEBE44t | east
one partially curved surface. 6. The apparatus of claim3, wherein the
chanber has a shape selected fromthe group consisting of an ellipsoid, a
spheroid, a sphere, a cylinder having (i) a polygonal or an elliptical

Cross sggl by Ok thk chiiRoENEd ¢GPS disBR& beRNMn G PRinD BF 1Y rdfiating @R ene Of
flat, conical, pyframdal, ellipsoidal, spheroidal, spherical or polyhedron

shape, ARGh&IGHIRIDERE of RELRR ber. 7- The apparatus of claim1 or claim 3,
wherein the deS|gﬁatéd surface of the chamber conprises at |east one
partial jy c | . j opd

n cap,” cacht g BE8ukih, 318BRR Bdtaich Lo ERFF ARAEAARERRT, |
intercoggﬁ%tggbgg&y a ﬁ%%ﬁﬂra&?al i nsert along matching edges. 8. The
appar at Us or 6fa|nf¥?pconpr|5|hg a plurality of antenna assenblies having
two or nore antennas di sposed upon an inner surface of the first end-cap

and spaced at approxi mately equal angles around an axis of symetry of the

chanber WO 2010/ 118267PCT/ US2010/.030444 9. _The parat us of .claim 8,
wher ei 3t he BRRPABISOhEI A b TG MR e S AP ORBFSF Rl 1o a
tangent pl ane at. }he intersection of a normal direction to the plane of " the
radiatiH@ﬁépﬁﬁﬁﬂﬁ3FWfﬁﬂdWﬁ§egeonetric center of the radiating el enent and
the inner surface of the first end-cap. 10. The apparatus of any one of
claimse 1 to 9, wherein the at | east one antenna assenbly further conprises:
a coaxial transm ssion_ |ine having an outer conductor and an inner

conduct 8r;  The appgratuspf deipn hgrhercaniba ehagdaphas gishepeaclseed ramvhagiows ) a
defined shape with a m ni nrum di nensi on conparable to the radiating el ement
maxi nunfeisiserseion cllipsiyl, aspherpish aprbices # gylinderhaxing (e golyaenaher anredlintisdi at i ng
element, and (iii) an aperture, wherein the reflecting elenent is

el ect ri e@by sgcteanrand Cewro cnd-t4ns, woh end-caphdine roleasy pna ¢fdlag saxirall pyrangidalni ssi on
i ne; wherein the radiating elenment is electrically connected to the
i nner coltidseedabrspladroiti#lespberical el pot yhadronistepe.and kicombinetimm thearddfat i ng el enent
substantially parallel to the substantially flat surface of the reflecting
el enent and spaced fromthe substantially flat surface of the reflecting

el enent by a gap, the radiating el enment conprising a single substantially
pl anar Body ire apparatut bpcaitn badyaimByphesintie desponbd nafacoof tbé clauthet anti al |y
pl anar bodi es approxi mati ng one or nore sinply-connected geonetric figures
havi ng aomprisematyicasl ane@artiahglcurved surface in a shape of a first end-cap and a second end-cap,

each end-cap comprises one-half of an oblate spheroid and is interconnected with a cylindrical

insert along matching edges.
8. The apparatus of claim 7, comprising a plurality of antenna assemblies having two or

more antennas disposed upon an inner surface of the first end-cap and spaced at approximately

equal angles around an axis of symmetry of the chamber.
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one or nore conductive pins disposed between the radiating el enent and the
reflecting el enment, the one or nore conductive pins electrically bridging
the gap between the reflecting elenment and the radiating el emrent and

di sposed in proximty to a perinmeter of the radiating el enent, wherein

i npedance aw@2p91a82p7zati.on of the antenna assenbly are REGAIS2Q00H44 WO
2010/ 118267PCT/ US2010/ 030444 11. The apparatus of claim 10, wherein the
radi ati ng el enent conprises two or nore sinply-connected geonetric figures
form ng a coplanar surface and wherein the radiating el ement has

subst antg al | yrhd @fhaSRg fRlimBak hé?élﬁltheﬁﬂdfﬁ@'%? [h¥ radiatihg clERRnAPRMsARGEyOT claim
10, wherein the coaxial transmission |ine conpriseés: a conrcal

section ;S%fralﬁft%rﬁ eg%a'p%e Ll RE ;iR rseRHBSS ohatnldtreaﬁ,ﬂ% ﬁx@%ldngﬁﬁ‘ﬂ@%ﬁnﬁ

d
i ncreasing di amet froman input end to an outpu e COﬂIC&? section
conpri si I I I
ol rerpr‘rent eg%n% tf'ﬁll‘ e&rﬂ&ﬂy gé'r oﬁeh%lq‘%({lléélﬁlg gLn llllg tl%qutte(? sﬁnjfa%e PFthe %?stt IFe d to
t he radlgﬁlng eIenent through the aperture in the reerctlng eIenent
wherein e conical section is substantially perpendicular to and
concentric wth the reflecting el enent; and a coaxi al connector,
coupl ed to the input end of the conical section, configured to connect t he

P B Se o R AR, LR U L o Rl SR,

conduct o Fas an_.inner dianmeter at the output end that is larger than the
aperture CTCARPHEEF] ecting el ement, the antenna assembly further conprising
a coni cal d|eIectr|c i nsert confornln to the inner, diameter of the outer

conduct or and ©OHEHISEERSHHECEYING A PHe GoRfstoraphiBpgcondisiei n t he
coni cal section of transm ssion Iine may be seal ed against positive
pressure of & REGHLEFIRPEHICAMpRYnEhRafydRVving fina defised shapavith asnipimugt ai m 1,
wherein a mninmumlinear dimension of the chanber is conparable to
f r ee- spadiBepERnejortpgtahlcde thy rafinting glenfepianurdmen dimensioar Gbiasnbsmdally feixi mum WO
2010/ 118267PCT/ US2010/ 030444 vol une of the chanber supports approxinately
100 unl onefeer freinethe wididing clementpenddiiiag abeatvdsaiwdictsin the Bflecting elgpsariat us of -
claim8, further conprising the plurality of antenna assenblies di sposed
upon an ¢lentraqally geringeted ofthe drersendmatdr efidie ceppial transmission line;
wherein the radiating element is ¢lectrically connected to the inner conductor of the
coaxial transmission line, the radiating element substantially parallel to the substantially flat
surface of the reflecting element and spaced from the substantially flat surface of the reflecting
element by a gap, the radiating element comprising a single substantially planar body or a multi-
part body comprising a combination of substantially planar bodies approximating on¢ or more
simply-connected geometric figures having a primary plane; and
one or more conductive pins disposed between the radiating element and the reflecting
element, the one or more conductive pins electrically bridging the gap between the reflecting

element and the radiating element and disposed in proximity to a perimeter of the radiating

element, wherein impedance and polarization of the antenna assembly are controlled.
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16. The apparatus of claim 15, wherein the plurality of antenna assenblies
di sposed upon the inner surface of the second end-cap is equal in nunmber to
the plurality of antenna assenblies di sposed upon the inner surface of the
first end-cap, spaced at approxi mately equal angles around the axis of
symmet ry oWaWel/gBs%fiber, and rotated by an angle to m RCEUSW1¢/G3084 coupl i ng
of antennas. 17. The apparatus of claim 16, wherein the angle is

approxi mately one-half of an angul ar spaci ng bet ween adj acent antennas in
the plurality of antenna assenblies di sposed upon the inner surface of the

second end- cp app§1§t'us INGaiRPRAGALAS 1R ra@dn LPOEMSH: c&{lﬁx‘l@mﬂo ok fmork MEdpYRT

conpri sing:. | oad dlsposed w thin the chanber, wherein the ['oad

COMPr i S &S Aci e%'fﬂeﬁ‘lc gg'ﬂ?és frshi ngza‘)@oglla%?rosfuré‘&sa%%@&lﬁﬂ@ dﬂg‘ﬁa“?% eltfiEnGRET at i Ng

frequency or operatin eque m crowave or equency field

W t hin e t is coupled to the plurality of
Elfrh‘gltaﬁp aqm%() ’d@% atro atlonaé Qg'n ?f

quasi - ogon is substantially uniformy irradiated
by the nlcromave or radio frequency field. WD 2010/118267PCT/US2010/ 030444
19. The apparatus of claim 18, mherein the load is approximately centered
at a nlgzl of the ¢ a { h hhe apE rat us. oﬁ claim18, wherein at

| east on& of |t PRHETSAEIEM hy T:rS% § L8 16%?“‘%’?:1% B H"™™E operati ng
wavel engt h of the m crowave or .r o freque 21, The appar at us of
18, b P S Cora A naRes G S SR o ettt S a1 ¢ ¢ o
or smaller than the penefration skln depth of a | oad naterlal at the

m cr Owaggm(gpr Qe a9 1q;$1égﬂjietﬁ &y optpf ¢d, the conical section comprising the outer conductor

electr1cally coupled to the reflecting element at the output end and the inner conductor
electrically coupled to the radiating element through the aperture in the reflecting element,
wherein the conical section is substantially perpendicular to and concentric with the reflecting
element; and

a coaxial connector, coapled to the input end of the conical seation, configured to connect

the antenna assembly to its corresponding source of microwave or radio frequency energy.

13. The apparatus of claim 10, wherein the outer conductor has an inner diameter at the
output end that is larger than the aperture of the reflecting element, the antenna. assembly further
comprising a conical dielectric insert conforming to the inner diameter of the outer conductor
and the outer diameter of the inner conductor, wherein the conical section of transmission line

may be sealed against positive pressure of a medium within the chamber.

14.  The apparatus of claim 1, wherein a minimum linear dimension of the chamber is

comparable to free-space wavelength at a nominal frequency of operation and a maximum
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volume of the chamber supports approximately 100 unloaded modes within an operating

bandwidth.

15.  The apparatus of claim 8, further comprising the plurality of antenna assemblies disposed

upon an inner surface of the second end-cap.

16.  The apparatus of claim 15, wherein the plurality of antenna assemblies disposed upon the
inner surface of the second end-cap is equal in number to the plurality of antenna assemblies
disposed upon the inner surface of the first end-cap, spaced at approximately equal at_lgles around
the axis of symmetry of the chamber, and rotated by an angle to minimize intercoupling of

antennas.

17.  The apparatus of claim 16, wherein the angle is approximately one-half of an angular
spacing between adjacent antennas in the plurality of antenna assemblies disposed upon the inner

surface of the second end-cap.

18.  The apparatus of any one of claims 1-17, further comprising:

| a load disposed withiﬁ the chamber, wherein the load comprises a material that is capable
of absorbing energy at the operating frequency or operating frequencies of microwave or radio
frequency field within the chamber, wherein the load is coupled to the plurality of quasi-
orthogonal resonant modes and is substantially uniformly irradiated by the microwave or radio

frequency field.
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19.  The apparatus of claim 18, wherein the load is approximately centered at a midplane of

the chamber.

20. The apparatus of claim 18, wherein at least one of dimensions of the load is longer than a

minimal operating wavelength of the microwave or radio frequency field.
-21.  The apparatus of claim 18, wherein at least one of dimensions of the load is comparable

to or smaller than the penetration skin depth of a load material at the microwave or radio

frequency field.
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