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Abstract

Discovery of superconductingmaterialsthatoperateat high temperaturesrevive in-
terestin theuseof rf field for plasmaconfinement[1]. Thispaperdiscussesfeasibil-
ity of a schemewhereresonantrf cavities areattachedto themirror endsof anopen
systemfor plasmaconfinement.
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1. Introduction

In thelate1950s,severalpaperswerepublishedregardingtheuseof rf electromag-
neticfield pressureto confinethermonuclearplasmaby field buildup in a resonant
cavity. Thesepapers,assummarizedby Glasstone[2], concludedthatsuchanap-
proachto fusion power was unpromisingbecauseOhmic energy lossesin cavity
walls with normal conductorswould be hugecomparedto all other energies in-
volved,includingpossiblethermonuclearyield, andbecausetheelectricfield were
impracticablylarge(exceeding����� V/cm).

In the1960s,high-Qsuperconductingcavities weredeveloped[3] thatcouldre-
ducetheOhmicenergy lossesin thecavity walls. In a typical calculationof fusion
energy balance,cavity Qsin excessof ����� wererequiredfor thefusionpower to ex-
ceedOhmiclosses.In fact,Qsexceeding�����
	 have beenachievedin emptycavities
[4,5]. Also duringthe1960s,theelectricfieldsof theorderof ����� V/cm werechar-
acterizedas“aboutwithin thereachof currentrf technology”[6]. A generalsurvey
of to-dateviewpoint on theplasmaconfinementby rf field hasbeenelucidatedby
S.O.Dean[1]. Herewe discussthe useof superconductingrf-cavities to plug the
plasmaendlossesfrom a mirror device. We restrictour considerationto only one
but thekey problemof theapproach,namelythatof dampingof therf oscillations
at theplasmaboundary.

Theprincipalschemeof thedeviceunderconsiderationis shown in Fig.1. To be
morespecific,weassumethat theresonantcavities have cylindrical shape.Making
this choice,we takeinto accountthattheaxial symmetryof plasmabodyis crucial
for reductionof transverseplasmatransport.
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Figure1: Sketchof anopenconfinementsystemwith theresonantrf-cavities attachedto the
mirrorsplugsin orderto reducetheplasmaendlosses.MHD stability maybe provided by

rf-stabilizers(additionalantennasinstalledatcentralcell of thedevice;notshown).

2. Pressure balance

If rf electromagneticradiationinpindingontheplasmaboundaryis largelyreflected,
it exertsthe“pressure” �������� ����� � ������ ����� � (1)

onthereflectingsurface,wheresubscripts� and � denotecomponentsof theelectro-
magneticfield normalandtangentto thesurfacerespectively. As longastheplasma
is consideredto beanidealconductor,

� ��� � and � ��� � at its boundary. Then
theequation(1) reducesto � � � � � ���� ��� (2)

Themagneticcomponentof rf field really exertsa pressurewhile theelectricfield
yields“tensionof the field lines” andactsin the oppositedirection. Thuswe con-
cludethat for betterconfinementthe electricfield mustbe zeroat that part of the
resonantcavity shellthatfacestheplasma.

A confinedplasmaexertsanoutwardpressure�! . Thismustbebalancedby the
radiationpressure" � ��# ���%$ . Theoverall equilibriumrequirestheratio of thesetwo
pressures &' � ��� �! ( � �*) (3)

to belessthanor at leastequalto � . Sincethe transverseequilibriumalsorequires
a similar condition

' � ��� �! #�+ �-, � to be satisfied,the amplitudeof rf field
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��.0/
1�2 � .0/
1 shouldbe of the orderof the ambientmagneticfield

+
. We will

refer theinequality

+ 3 � asthecaseof magneticconfinement,andtheopposite
inequality

+ 4 � asthecaseof rf-confinedplasma.
The idealcaseof completenormalreflection,discussedabove, will bedifficult

to achieve in aresonantcavity thatplugslongitudinallossesin anopenconfinement
system.Indeed,theplasmaboundarywill not besmoothandflat becauseof radial
dependenceof theplasmapressure,it will not besharpastheplasmamaydo some
degreepenetrateinto the cavity. As a result, refractionand field rearrangement
will occur. Furthermore,evanescenttails of the cavity’ s electromagneticfield will
penetrateinto the plasmashell throughthe cavity’ s openingand interactwith the
shellitself insteadof theplasma.Thus,

&'65 � is only a roughupperestimate,while
the realisticvalueof

&'
will be lower, dependingon the systemdesignandplasma

parameters.In particular, onepossibility is the “close wave guideregime”, when
thefield frequency is so low thata correspondingwave cannotpropagatealongthe
waveguideformedby theplasmashell.Wewill briefly discussthispossibilityin the
concludingsection.

3. Choice of frequency

In thecaseof unmagnetizedplasma,

+ � � , anelectromagneticwave impingingon
theplasmaboundaryis reflectedif rf radiationfrequency 7 is lessthantheelectron
plasmafrequency 798*: sothat theoperationalrangeof frequenciesis restrictedonly
from above, 7 , 7;8*: . In a plasma,immersedinto a magneticfield, the rangeof
frequenciesis limited alsofrom below, moreover, it shrinksto zeroin low density
plasma.

Considerfor examplewavespropagatingalongthe magneticfield lines of < .
Eigenwavesarecircular. Electricvectorof theright-handwave (R) rotatesin elec-
trondirectionwhile thatof theleft-handwave(L) co-revolveswith ions.Thesquare
of therefractive index = �>@?BA � � � 7 �8*: # 77�CED : � 7 �8GF # 77�HID F (4)

is positivefor propagatingwaveswhile it is negativefor evanescentoscillations.All
notationshereareof commonusewith theonly pointto noticethatthecyclotronfre-
quenciesD : ? F � JLKMJ +N#�O : ? FQP areassumedto bepositivebothfor ionsandelectrons.
Simplealgebrarevealsthat

= �> , � if thefrequency 7 comesinto therangeD F , 7 ,SR 7 �8*: � D �: #*T � D : D F #�U � D : #�U � D F #�UWV 7 > (5)
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while

= �A , � if D : , 7 , R 7 �8*: � D �: #*T � D : #�UXV 7 A � (6)

Thefrequency bands(5) and(6) partiallyoverlapprovidedthat7 8*:ZY\[ U D : � (7)

If theabove conditionis satisfied,any rf radiationwith thefrequency in therangeD : , 7 , 7 > (8)

is reflectedfrom theplasmaboundary. Thedependenceof

= �>@?BA on 7 for thecase7 8*:]Y [ U D : is shown in Fig. 2b. Fig. 2aillustratestheoppositecase7 8*: , [ U D :
whereanelectromagneticwave doesnot penetrateinto theplasmaif andonly if it
is circularlypolarizedandits frequency falls in eitherof thetwo bands(5), (6). We
will seein thenext Sectionthatoscillationsin aresonantcavity cannothavecircular
polarizationin the whole volumeof the cavity which limits plasmaparametersto
theinequality(7). In practicalunits,thelatterleadsto� :ZY U@^ ��� �_� + �a`cbedgf!h #*ikj �ml � (9)

Hence,the ambientmagneticfield shouldbe assmall as

U � ikj at the mirrors to
bepluggedfor theplasmawith “typical” thermonucleardensity �9: � �����on bed f!h .
Noticethatthecondition(7) canbecastinto theform' Y T  O :eP � � (10)

Hence,for  in the thermonuclearrangeof temperatures�����]p U ��� i�qsr it canbe
satisfiedif

'�t � .
4. RF field in cylindrical cavity

Considera cylindrical cavity with radius u andwidth v asshown on the Fig. 3.
We assumethatthecoordinatew is directedalongtheaxisof thecavity andthatthe
planarwalls areplacedat w � � and w � v . Maxwell equationsin thecylindrical
systemof co-ordinatestaketheform:� �PZx ��yxMz � �{ x �Z|x!} � x �]~x wS� �PZx � yxMz � �{ x � |x�} � x � ~x w�� (11a)� �P x � ~xMz � x � yx w � x � |x { � �P x � ~xMz � x � yx w � x � |x { � (11b)� �P x � |x�z � �{ x { ��~x { � �{ x � yx�} � �P x ��|x�z � �{ x { � ~x { � �{ x �Zyx!} � (11c)
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Figure 2: Dependenceof ����� ���_�_�e�s�9� on � for the left-hand(L) and right-hand(R)
circularwavespropagatingparallelto theambientmagneticfield:

( � )—�k�e�Z��� �*��� , rf field penetratesinto theplasmaat any frequency � ;
( � )— �@�e����� ����� , rf field is reflectedfrom plasmaboundaryif the frequency � falls into
therange���a��������� where�����S� � ��e�9� � � � �e� � ���
��� ���Z¡¢�0�
��� � ��� ��� . Regions

wherethewavesareevanescentareshaded.
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Figure 3: Resonantcavity. £
is the radiusof the cavity, ¤ is
its width, � and � are the ra-
dius of waveguidesfor plasma

andpumpoutrespectively.

We first consideranemptycavity with all thewalls madeof a superconducting
material.Then

� y � �]~ � � | � � at w � � and w � v , while

�]~ � ��| � �Zy � �
at { � u . All oscillationsthatcanbeexcitedin suchacavity areseparatedinto two
types. Oscillationsof theelectrictypehasno magneticrf field alongthe axis w of
thecavity, � | � � . Oscillationsof themagnetictypearecharacterizedby

��| � � .
As it is clearfrom discussionof thepreviousSection,theelectricoscillationsareof
lessinterestasthey producenon-zeroelectricfieldat thecavity’ splanarwallswhich
areexposedby plasma.Putting

�Z| � � into (11), it is easyto reveal that � | obeys
theequation ¥ � | � 7 �P � � | � � � (12)

All othercomponentsof theelectromagneticfield canbeexpressedin termsof � | .
Generalsolutionof theequation(12),whichsatisfiesall of theabovecitedboundary
conditions,dependson few constant:theamplitude� 	 of � | , theazimuthalangle¦¨§

andthephaseshift © § :�Zy � � 	9ª«Z¬¨§¯® «!{*°�±
²´³ ® O } � ¦ § ° beµ ± ª w beµ ± ® 7 z � © § ° �� ~ � � 	 O ª« � {%¬ § ® «!{*° bsµ ± ® O } � ¦¨§ ° beµ ± ª w bsµ ± ® 7 z � © § ° �� | � � 	 ¬ § ® «!{*°�±
²´³ ® O } � ¦ § °�±
²´³ ª w beµ ± ® 7 z � © § ° �� y � � 	 O 7« � P { ¬ § ® «�{*° beµ ± ® O } � ¦%§ °�±
²´³ ª w ±
²´³ ® 7 z � © § ° ���~ � � � 	 7« P ¬ §¯® «!{*°�±
²´³ ® O } � ¦ § °M±
²´³ ª w ±
²¶³ ® 7 z � © § °� | � � �
(13)
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Here ª � �!· # v with
· � � � U � ����� beinginteger,7 � � P � ® « � � ª � ° � (14)« is to befoundfrom theequation¬9¸§ ® « u ° � � � (15)¬ § is theBesselfunction,and ¬ ¸§ is its derivative.

Thesolution(13)describeslinearlypolarizedmode.Combinationof two modes
(13) with different � 	 , ¦ § and/or © § produces,in general,a modewith elliptic
polarization.A specialchoiceof

¦ §
and © § for given � 	 in thecombinationcan

yield anoscillationcircularlypolarizednearthecavity axis:� y � � 	 ª«Z¬%§ ® «�{*° beµ ± ® ª w °M±
²´³ ® O } H�7 z ° �� ~ � � 	 O ª« � {%¬ § ® «!{¹° beµ ± ® ª w ° bsµ ± ® O } H�7 z ° �� | � � 	 ¬ § ® «!{*°M±º²´³ ® ª w °M±
²¶³ ® O } H»7 z ° �� y � H � 	 O 7« � P { ¬ § ® «!{*°�±
²´³ ® ª w °M±
²´³ ® O } H�7 z ° �� ~ � H � 	 7« P ¬%§ ® «�{*°M±
²¶³ ® ª w ° beµ ± ® O } H�7 z °��| � � �
(16)

Theuppersignsin (16) correspondsto theR modewhich gyratesin electrondirec-
tion; thelowersingscorrespondto theL moderevolving togetherwith ions. At the
cylinderwall themodes(16)arelinearlypolarized,neartheaxisthey areof circular
polarization,andthey have elliptic polarizationbetweenthe axis andthe cylinder
wall. To avoid possiblemisunderstanding,we emphasizethat sayingaboutpolar-
izationof rf field we imply theshapeof thecurve which is drawn by theendof the
vector ¼ at a fixedpoint

® { � } � w ° . Snapshotof rf electricfield lines for the mode
with theazimuthalnumber

O � � is shown onFig. 4. Fig. 5 showstheelectricfield
linesmapfor the

O � U
mode.Bestchoicefor thepurposeof plasmapluggingis

providedby themodewith azimuthalnumber

O � � asthepressureexertedby the
O � � modeon theplanarwalls w � � and w � v reachesits maximalvalueat the
cavity’ saxis.Also it is clearthatthelowestradialmodeprovidesbetterhomogene-
ity of rf pressureat theplanarwall. Thelowestroot of theequation(15) for

O � �
is « u � � � � T � . Pressureof higherradialmodeshaszeronodesthatmayplay role
of holesthroughwhich plasmawould escapefrom thedevice. Figs.6 and7 show
isobarsof rf field pressureat theplanarwalls for the

O � � and

O � U
modes.
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Figure 4: Map of the electric field lines
for the ½ �¿¾ modein theresonantcav-
ity. Themaprotatesin duecourseof time
if themodeis circularat thecavity’saxis.

Figure5: The samemapasin Fig. 4 but
for the ½���� mode.

As we have seenin the previous Section,rf field doesnot penetrateinto the
plasmaprovidedtheinequality(9) holdsandthefrequency 7 falls into therange(8).
Hence,to confineplasmawith thedensityof � : � ��� �on bsd f!h without any leakage
of therf power into theplasma,therf frequency shouldbeaslargeasthe electron
cyclotronfrequency D : �ÁÀ �ÃÂ ^ ��� �_� evaluatedat

+ � U � i@j . Thewavelengthof the
oscillationswith 7 �SÀ �ÄÂ ^ ��� �_� is assmallas � �ÄÂ bed . Thismeansthattheoscillations
with very big number

·
of thewavelengthsperthecavity’ swidth shouldbeexcited

in the resonantcavity of reasonablesizes. Sinceusing high-
·

modesmay cause
severe technologyobstacles,below in this Sectionwe considera rangeof lower
frequencieswhereonly theL modeis totally reflectedwhile theR modepenetrates
into theplasmacorethusreducingthecavity’ sQ.

Now we take into accountthat oneof the planarwalls hasa window for the
plasmawherereflectingsurfaceis formedby theplasmaboundaryinsteadof a su-
perconductingmaterial. Rf power can penetrateinto the plasmacore thus intro-
ducinga dampingmechanismfor rf oscillationsexcited by an external sourcein
theresonantcavity. For thesakeof simplicity, we assumethat thewaves,outgoing
from thecavity into theplasma,propagatealmostparallelto theambientmagnetic
field, i.e., ª 4 « . Noticethat � | 3 � y ? ~ in this case.With this assumptionbeing
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Figure 6: Instant distribution of rf field
pressureat theplanarwall of theresonant
cavity for the ½��I¾ mode.Revolutionof
the modeleadsto averagingof the pres-

sureover theazimuthalangle.

Figure7: Thesameasin Fig. 6 but for the½��E� mode.
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adopted,boundaryconditionsat theplasmataketheform¼ >@?BA � �= >@?BA `ÄÅ >@?BA �
Æ l (17)

where Æ is theunit vectornormalto the surfaceof the boundaryanddirectedout-
wardstheplasma.

For thedampingrate Ç of rf oscillationsto besmall,two conditionsarerequired.
Firstly, the window for the plasmain the superconductingwall shouldcomprise
small part of the surfaceof cavity’ s walls. Secondly, polarizationof excited wave
shouldbecloseto circularnearthewindow. With tuning rf frequency to the band
wheretheexcitedcircularwave doesnot penetrateinto theplasma,onecanreduce
lossesof rf power. Fig.2 indicatesthatappropriatemodegyratesin theion direction
(L-wave) andits frequency satisfiesto inequalitiesDÈF , 7 , 7 > .

Assumingdampingrateof themodeto besmallandusinga perturbationtech-
nique(see,e.g.,[7]), weget

Ç � Pv ÉÊZËÌ�Í 	ÏÎ {%{ ¬ �	 ® «!{¹° #
= > � ÉÊZËÐ!Í 	ÏÎ {%{ ¬ �� ® «!{¹° #

= AÉÏÑ	 Î {Ï{ ` ¬ �	 ® «!{*° � ¬ �� ® «!{*° l (18)

for the

O � � modegiven by Eq. (16) with the lower sign. Integration in the
numeratorof (18) goeson thatpartof the window wherecorrespondingrefractive
index is real. Usingdefinition Ò � U Ç # 7 andsubstituting7 with 7 t � P · # v we
find thecavity’ sQ:

Ò � U�!·
ÓÊ ËÌ Í 	 Î {¨{ ¬

�	 ® «!{*° # = > � ÓÊ ËÐ Í 	 Î {¨{ ¬
�� ® «!{*° # = AÓEÑ	 Î {¨{ ` ¬ �	 ® «!{*° � ¬ �� ® «!{*° l � (19)

Accordingto ourassumption,

= > in theabove formulaeis imaginaryalmostevery-
wherein thewindow,1 thereforefirst termin thenumeratormustbeomitted.Other
term,containing

= A , is smallsince¬ � ® «!{*° tendsto zeronearthecavity’ saxis { � � .
5. Collisional dissipation of energy

If rf field doesnotpenetrateinto theplasmacoreit neverthelessdissipatesits energy
in theplasmasheath.It is customary[8,2] to computetherf dissipationin theplasma

1Plasmadensitydependson theradiussotherefractive indicesÔ�Õ�Ö × do.
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by usinga modelwhich is only valid for weakfieldswhichdonotappreciablyalter
thepresumedMaxwelliandistribution of thesheath.Motz andWatson[6, p. 237]
notetheabsenceof anapplicablehigh-fieldtheoryandconcludethattheweak-field
computation“probably enormouslyexaggeratesthe heatingeffect. In this Section
weextendthetheoryof Coulombcollisionsto thecasewhenoscillationvelocity of
plasmaelectronsundertheactionof therf field is aslargeastheir thermalvelocity.
Wewill seethattheabovecitedpredictionof Motz andWatsonis mainlyconfirmed.
Our calculationsindicatethatdissipatedpower almostdoesnot dependon plasma
temperatureandthatexternalmagneticfield slightlydecreasesCoulombdissipation.

5.1. Unmagnetized plasma

We first considerplasmawithout external magneticfield,

+ � � . We also no-
tice that in order to calculatelocal depositionof rf power onecan treatboth the
plasmadensity � andrf field amplitude

� 	 to behomogeneoussincea particleex-
cursion Ø # 7 for the period

U � # 7 of rf oscillationsis small ascomparedwith the
penetrationlength P # 7 J = >@?ÙA J of the rf field into the plasmaaslong asthe particle
motionis non-relativistic, Ø 3 P . Ignoringspacedependenceof therf field, weput¼ � ¼ 	 beµ ± 7 z . As the ionsarenot effectively involvedin high-frequency motion
andtheir thermalvelocity is muchlessthanthatof theelectronsweassumetheions
to beunmovable.In contrastto thecaseof stationarycurrentin plasma,dissipation
of the oscillatorymotionof electronsin the rf field occursmainly dueto the elec-
tronsscatteringon theions.Onecanshow thatcontributionof theelectron-electron
collisionsinto thedissipationis smallprovidedthatfrequency 7 of thefield is much
greaterthatthefrequency of collisions Ú*ÛoÜ . We assumetheinequality7 4 Ú*ÛoÜ (20)

to bethecaseunderconsideration.
Motion of anelectronis describedby theequationO : Î�ÝÎ z � � K ¼ � T �!Þ K � K F � �!FO : Ø h Ý (21)

where
Þ

is theCoulomblogarithm,andothernotationsarestandard.Though,aswe
saidabove, theelectron-electroncollisionsalmostdo not contributeto therf power
dissipation,they playvery significantrole. In particular, they preserve theshapeof
electrondistributionfunctionto beof shiftedMaxwelliantype:ß : ® z � Ý ° � � :� heà_� Ø há : qeâ�ã»ä � ® Ý �

&
Ý ® z °º° �Ø �á : å (22)
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where

&
Ý ® z ° is theoscillatoryvelocityof theplasmaelectrons.Multiplying theequa-

tion (21) by thedistribution function(22) andmakingintegrationover thevelocityÝ , wegettheequationfor

&
Ý�9: O : Î

&
ÝÎ z � � K �9:�¼ � ���!Þ K � K F � �9:e�!FO :�Ø �á : æ�ç

&ØØ á :Mè
&
Ý &Ø � (23)

Here æ ® © ° �
U[ � © � ÓEé	 Î�ê]ê � q fìë Ë �

qsíoî ® © ° � © qeíoî ¸ ® © °U © � (24)

is Chandrasekhar’s function. Multiplying (23) by

&
Ý yields the equationof energy

balance �9: ÎÎ z
O : &Ø �U �ðï ¼ � ���!Þ K � K F � �9:_�!FO : Ø �á : æ ® &Ø # Ø á : ° &Ø � (25)

In a steadystate,thetime averageof theleft-handsideis equalto zero.Hence,the
power ñ � ( ï ¼ ) dissipatedin a unit volumeof plasmais equaltoñ � ���!Þ K � K F � � : � FO :sØ �á : ( &Ø æ ® &Ø # Ø á : ° ) (26)

where
( ����� ) standsfor thetimeaverage7U � Ó �_ò*àoó

	 ® ����� ° Î z �
Sincecollisionsfrequency is smallcomparedto thefield frequency 7 , we cansub-
stitute

&Ø ® z ° with &Ø � � K � 	O :ô7 ±
²´³ 7 z �
which is derived from the equation(23) without last term in the right-handside.
Thus,weget ñ � ���!Þ K � K F � � : � FO : Ø á : õ ç K � 	O : 7ÈØ á : è � (27)

where õ ® © ° � �U � Ó �_ò
	 Î �Ï© ±
²´³ � æ ® © ±º²´³ � °� T� heà_� © Ó ò*à_�
	 Î �±º²´³ � Ó�é�ö Üø÷ �	 Î�ê�ê � q f!ë Ë � (28)
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Figure8: Plotof function ù�ú û*ü . Dottedlinesshow its asymptotics(29)and(32) for smalland
large û srespectively.

Thefunction õ ® © ° is plottedon Fig. 8. If © 3 � (i.e.,

&Ø 3 Ø á : ), thefunction õ ® © °reducesto õ ® © ° t © �À [ �X� (29)

It yieldswell known result(cf. [9, ý 4.6])ñ � Ú*ÛoÜ 7 �8*:7 � � �	��� (30)

with Ú ÛoÜ � T À U �O : Þ K � K F � � F : heàô� � (31)

beingthefrequency of electron-ionscollisions.
In theoppositecaseof large © , wecometoõ ® © ° t þ ³ ® U © °� © � (32)

and(27) canbecastinto theformñ � �*Þ K � K F � �9:_�!Fÿ7K � 	 þ ³ ç U K � 	O : 7aØ á : è � (33)
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Thepower absorptionis inverselyproportionalto therf amplitude

� 	 . It logarith-
mically dependsonelectrontemperature.

5.2. Magnetized plasma

Consideran rf oscillation with arbitrary polarization ¼ excited in a plasmaim-
mersedinto thesteady-state-magneticfield < , directedalongtheaxis w . We shall
not assumethat magneticfield

Å
of rf oscillationsis smallerthanthesteady-state

magneticfield < allowing for arbitraryratio � #�+ . Neverthelessweneglectrf part:� ` Ý � Å l of the Lorentz’s force actingon a plasmaelectronas it is small in com-
parisonwith electricforce K ¼ asfar as Ø 3 P . Thenthe motionof anelectronis
governedby theequation�Ý � � KO : ¼ � ` Ý � � : l �

T �!Þ K � K �F �!FO : Ø h Ý (34)

where
��� � JøKMJ < #�O :eP .

Arbitrary rf field haselliptical polarization,thereforein the mostgeneralcase
wecanset � � ® z ° � �� � beµ ± 7 z �� � ® z ° � �� � ±º²´³ 7 z � (35)� | ® z ° � �� | bsµ ± ® 7 z � ¦ ° �
Relationsbetweenthe amplitudes �� � , �� � , �� | , andthe phaseshift

¦
follow from

solutionof anappropriatedispersionproblem.For example,circularwavespropa-
gatingalongtheexternalmagneticcorrespondto �� � � C �� � , �� | � � .

As far as Ú*ÛoÜ 3 7 onecanuse,with minoramendments,theapproachdeveloped
in theprevioussubsection.In particular, distributionfunctionof electronskeepsthe
form of “shiftedMaxwellian” distribution(22) whereoscillatoryvelocity

&
Ý is to be

foundfrom (34) without last(i.e. collisional)term:&Ø � � � KO : 7 �� � � D�: �� �7 � � D �: ±
²¶³ 7 z �	� ±
²´³ 7 z �&Ø � � KO : D : �� � � 7 �� �7 � � D �: beµ ± 7 z � � bsµ ± 7 z � (36)&Ø | � � K
��Z|O :m7 ±
²´³ ® 7 z � ¦ ° ��� ±
²´³ ® 7 z � ¦ ° �
16



Thevector

&
Ý ® z ° draws anellipsiswith thehalf-axesØ .0/
1 � �U� � � �E� � � � ��� ��� ® � � � � � ° � � U � � ® � � � � � ° bsµ ± U ¦ � � n �Ø . Üø÷ � �U  � � �E� � � � � � � � ® � � � � � ° � � U � � ® � � � � � ° bsµ ± U ¦ � � n �

(37)

Its absolutemagnitudeis&Ø ® z ° � R Ø �.0/
1 beµ ± � 7 z � Ø �. Üø÷ ±º²´³ � 7 z � (38)

Noticethatthemagnitudeof

&Ø is finite evenfor 7 � D�: if onetakesinto accountthe
relationsbetweencomponentsof polarizationvector ¼ which follow from solution
of appropriatedispersionproblem.

After straightforwardcalculationsweobtainñ � ���!Þ K � K F � � : � FO :sØ á : õ ç Ø .0/m1Ø á :�� Ø . Üø÷Ø á : è (39)

whereõ ® © ��� ° � �U � Ó �_ò
	 Î �

R © � bsµ ± � � � � � ±
²¶³ � � æ � R © � beµ ± � � � � � ±
²¶³ � ��� � (40)

Surfaceplot of õ ® © ��� ° is shown onFig. 9.
If © 3 � and � 3 � , onecanusetheapproximationsimilar to (29):õ ® © ��� ° t �À [ � ® © � � � � ° � (41)

In thiscaseourcalculationrecoverstheresultof lineartheory(cf. [9, ý 5.6]):ñ � 7 �8*: Ú Û Ü��� ������ 7 �� � � D : �� �7 � � D �: �
� � � D : �� � � 7 �� �7 � � D �: �

� � �� �|7 � ��!" � (42)

If © 4 � but � 3 � or, viseversa,© 3 � but � 4 � theasymptotics(32) gives
correctresult(with additionalsubstitution© with � for thelattercase).

For thespecialcase© t � 4 � thatstandsfor almostcircularrf wave,onecan
approximateõ ® © ��� ° with õ ® © � © ° t � #�U © � (43)
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Figure9: Surfaceplot of function ù�úÿû$#&%*ü .
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Coulombdissipationof circularwave decreasesinverselyproportionalto its ampli-
tudeasit doesin thecaseof linearly polarizedwave propagatingin unmagnetized
plasma(consideredin previousSection)but now relatively large logarithmicfactorþ ³ U © is absent.

Having calculatedthepower ñ absorbedin anunit volumeof theplasma,wecan
estimatetotal power absorption' in theplasmaboundarysheathastheproductofñ by thepenetrationlength ( of therf field into theplasmaandby theplasmacross
section

�*) �
, ' 2 �*) � (�ñ . The penetrationlengthis equalto P J = A�?B> J # 7 provided

that

= A%?B> is imaginary, i.e., rf field doesnot penetrateinto theplasmacore.
To evaluateñ we notethat requiredamplitudeof rf field

�
mustbeof orderof

thesteady-statemagneticfield

+
asdiscussedin Sec. 2. For the frequency range7 closeto the electroncyclotron frequency D�: the ordering

� 2 +
leadsto the

conclusionthat electron’s motion becomesrelativistic since

&Ø 2 K � #�O :ô7 2 P .
Thoughour theory is not applicableto relativistic motion, we can use it just to
evaluatedissipationat theplasmasheathin orderof magnitude.For © 2 � 2 P # Ø á : ,= A%?Ù> 2 � weobtainfrom (39) and(43) that' 2 ���!Þ K n � �O :eØ á : Ø á :U P P7 �*) � �
Cavity’ s Q is equalto 7,+ # ' with + � - � � # ��� beingtheenergy, storedin the
volume - of thecavity. Combiningall together, weobtainÒ 2 UÞ ' &' ç  O :�P � è � -�*) � { :
where { : � K ��#�O :eP � is theclassicalradiusof electron,and 7 hasbeensubstituted
by D : . For

&' 2 ' 2 � ,  � ��� i�qsr ,
Þ � � Â , - # �*) � 2 ��� bed calculatedresonator

cavity’ s Ò � U@^ ��� � satisfiesthe requirementformulatedin [1] for Ò to be larger
than ����� . This estimationindicateprincipal feasibility of rf pluggingof plasmain
opensystemsprovidedthattechnicalsolutionto sustainrf modespecifiedin Sec.4
will befound.

6. Conclusions

We consideredtwo basicmechanismof dampingof therf field in a resonantcavity
attachedto themirror endsof anopensystemfor plasmaconfinement.In particular,
we have calculatedthe dampingrateof the rf field due to Coulombcollisions in
thesheathat theplasmaboundaryfor arbitrarylargeamplitudeof rf field. We con-
cludedthatthepowerabsorptionin theplasmasheathdueto collisionaldissipation
decreasesto a suitablelevel astherf field increases.
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We alsofoundthatpossibleleakageof therf power throughtheplasmawaveg-
uide imposessevere restrictionson the choiceof the rf modeto be excited in the
resonantcavities. We notethat therf frequency shouldbetoo high in orderto pro-
vide conditionswhererf field doesnot penetrateinto theplasmacore. Attemptsto
lower the frequency (andconsequently, to lower the modenumberto be excited)
mayexploit two ideas.Oneof themis to decreasethewindow in thecavity’ s wall
for plasma. We have shown that the rf power escapingfrom the cavity decreases
asthe sizeof the window decreases.Otherpossibility is to decreasethe radiusof
theplasmawaveguide. A rf oscillationdoesnot penetrateinto thewaveguideif its
wavelengthis larger than the waveguide radius

)
, i.e. if P = # 7 Y )

. However,
simpleestimationshows that this requirementsleadsto the inequality P # 7 8�F Y )
which limits

)
to few centimetersfor plasmawith “thermonuclear”densityof order

of �����on bed f!h . However moredetailedanalysisof the rf field penetrationinto the
plasmawaveguideis required.It mayrevealthatthemodeswith frequenciesof order
of
® � � �@�Mp�� � � ° DZ: mayprovidesuitablelevelof therf powerlosses.Anotheranxious

problemis the calculationof the rf field absorptiondueto wave transformationin
imhomogeneousplasma.
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