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Abstract
Discovery of superconductingraterialsthatoperateat hightemperaturesavive in-

terestin theuseof rf field for plasmaconfinemeni{l]. This paperdiscusseeasibil-
ity of aschemevhereresonantf cavities areattachedo themirror endsof anopen

systemfor plasmaconfinement.
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1. Introduction

In the late 1950s,several papersverepublishedregardingthe useof rf electromag-
neticfield pressurdgo confinethermonucleaplasmaby field buildup in aresonant
cavity. Thesepapersassummarizedy Glasstond?2], concludedhatsuchanap-
proachto fusion power was unpromisingbecauséOhmic enegy lossesin cavity
walls with normal conductorswould be huge comparedto all otherenegies in-
volved,including possiblethermonucleayield, andbecauséhe electricfield were
impracticablylarge (exceedingl 0° V/icm).

In the 1960s high-Q superconductingavities weredeveloped[3] thatcouldre-
ducethe Ohmicenegy lossedn the cavity walls. In atypical calculationof fusion
enepy balancecavity Qsin excessof 10° wererequiredfor thefusionpowerto ex-
ceedOhmiclossesIn fact, Qsexceedingl0'° have beenachivedin emptycavities
[4,5]. Also duringthe 1960s the electricfieldsof the orderof 10° V/cm werechar
acterizedas“aboutwithin thereachof currentrf technology”[6]. A generakurwey
of to-dateviewpoint on the plasmaconfinemenby rf field hasbeenelucidatedoy
S.0.Dean[1]. Herewe discussthe useof superconductingf-cavities to plug the
plasmaendlossesrom a mirror device. We restrictour consideratiorto only one
but the key problemof the approachnamelythatof dampingof therf oscillations
attheplasmaboundary

Theprincipalschemeof thedevice underconsideratioms shovnin Fig. 1. To be
morespecific,we assumdhattheresonantavities have cylindrical shape Making
this choice,we takeinto accounthatthe axial symmetryof plasmabodyis crucial
for reductionof trans\erseplasmatransport.



Central Cell

Cavity

Mirror Main Coils Mirror
Figurel: Sketchof anopenconfinemensystenwith theresonantf-cavities attachedo the

mirrors plugsin orderto reducethe plasmaendlosses.MHD stability may be provided by
rf-stabilizers(additionalantennagnstalledat centralcell of the device; notshown).

2. Pressure balance

If rf electromagneticadiationinpindingontheplasmaboundaryis largelyreflected,
it exertsthe“pressure”

(1)

E}+ B! E.+B;
8 8T

onthereflectingsurfacewheresubscripts: andr denotecomponentsf theelectro-
magnetidield normalandtangento thesurfacerespectrely. Aslongastheplasma
Is consideredo be anidealconductor £, = 0 andB,, = 0 atits boundary Then

theequation(1) reducego
2 2
<B E > @)
8w

The magneticcomponenof rf field really exerts a pressuravhile the electricfield
yields“tensionof the field lines” andactsin the oppositedirection. Thuswe con-
cludethatfor betterconfinementhe electricfield mustbe zeroat that part of the
resonantavity shellthatfacesthe plasma.

A confinedplasmaexertsanoutwardpressure:7". Thismustbebalancedy the
radiationpressure(B2/87r>. Theoverall equilibriumrequiregheratio of thesetwo
pressures

mnT

=Ty Q

to belessthanor atleastequalto 1. Sincethe trans\erseequilibriumalsorequires
a similar condition3 = 8xnT/H? < 1 to be satisfied the amplitudeof rf field



Eax ~ Bmax Shouldbe of the orderof the ambientmagneticfield H. We will
refertheinequality H <« B asthe caseof magneticconfinementandthe opposite
inequality H > B asthecaseof rf-confinedplasma.

Theideal caseof completenormalreflection,discusse@baove, will be difficult
to achiee in aresonantavity thatplugslongitudinallossesn anopenconfinement
system.Indeed the plasmaboundarywill not be smoothandflat becausef radial
dependencef the plasmapressureit will notbe sharpasthe plasmamaydo some
degree penetratanto the cavity. As a result, refractionandfield rearrangement
will occur Furthermoregvanescentails of the cavity’ s electromagnetidield will
penetratanto the plasmashell throughthe cavity’ s openingand interactwith the
shellitself insteadof the plasma.Thus, 3 < 1 isonly aroughupperestimatewnhile
the realisticvalueof 3 will belower, dependingn the systemdesignand plasma
parameters.in particular one possibility is the “close wave guideregime”, when
thefield frequeny is solow thata correspondingvave cannotpropagatelongthe
waveguideformedby theplasmashell. We will briefly discusghis possibilityin the
concludingsection.

3. Choice of frequency

In thecaseof unmagnetizeplasma,H = 0, anelectromagnetievave impingingon
theplasmaboundaryis reflectedf rf radiationfrequeng w is lessthanthe electron
plasmafrequeny w,. sothattheoperationarangeof frequenciess restrictedonly
from above, w < w,.. In aplasma,immersednto a magneticfield, the rangeof
frequenciess limited alsofrom belon, morewer, it shrinksto zeroin low density
plasma.

Considerfor examplewaves propagatingalongthe magneticfield lines of H.
Eigenwavesarecircular. Electricvectorof theright-handwave (R) rotatesn elec-
trondirectionwhile thatof theleft-handwave (L) co-revolveswith ions. Thesquare
of therefractve index

wge/w B wgi/w

4
w+Q. wFQ; ()

NE,R: I -

is positive for propagatingvaveswhile it is negative for evanescenbscillations Al
notationshereareof commonusewith theonly pointto noticethatthecyclotronfre-
quenciesl. ; = |e|H/m. ;c areassumedo be positive bothfor ionsandelectrons.
Simplealgebrarevealsthat N7 < 0 if thefrequeny w comesinto therange

Q<w< wge—I—Qg/4+QeQi/2—Qe/2+Qi/2EwL (5)



while N < 0 if

Qe <w <y Jwi, +Q2/4+ Q. /2 = wr. (6)

Thefrequeng bandg(5) and(6) partially overlapprovidedthat
wpe > V29, (7)
If theabove conditionis satisfiedary rf radiationwith thefrequeng in therange
Q. <w < wr, (8)

is reflectedfrom the plasmaboundary The dependencef N¢ ; onw for the case

Wpe > V29, is shavnin Fig. 2b. Fig. 2aillustratesthe oppositecasew,. < V2Q.
wherean electromagnetigvave doesnot penetratento the plasmaif andonly if it
is circularly polarizedandits frequeng falls in eitherof thetwo bandg(5), (6). We
will seein thenext Sectionthatoscillationsin aresonantavity cannothave circular
polarizationin the whole volumeof the cavity which limits plasmaparameterso
theinequality(7). In practicalunits,thelatterleadsto

ne > 2-10M H? [em™3 /kG?). (9)

Hence,the ambientmagneticfield shouldbe assmallas 20 kG at the mirrors to
be pluggedfor the plasmawith “typical” thermonucleadensityn, = 10'* ecm~3.
Noticethatthe condition(7) canbecastinto theform

T

mec?

B >4 (10)

Hence,for T" in the thermonuclearangeof temperature$00 +— 200 keV it canbe
satisfiedf § ~ 1.

4. RF field in cylindrical cavity

Considera cylindrical cavity with radius R andwidth A asshowvn on the Fig. 3.
We assumehatthe coordinate: is directedalongthe axisof the cavity andthatthe
planarwalls areplacedat - = 0 andz = h. Maxwell equationsn the cylindrical
systenmof co-ordinatesaketheform:

10B. 10E, 0FEy 108, _10B. 0By (11a)
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Figure 2: Dependencef N° = k’c’/w® onw for the left-hand (L) and right-hand(R)
circularwavespropagatingarallelto theambientmagnetidield:
(a)—wpe < V20, If field penetratemto the plasmaat ary frequeny w;
(b)—wpe > V29, rf field is reflectedfrom plasmaboundaryif the frequeny w falls into
therangeQ. < w < wr wherew, = /w2, + Q2/4 + Q.Q:i/2 — Q./2 + Q./2. Regions
wherethewavesareevanescenareshaded.




Cavity

Figure 3: Resonantcavity. R

is the radiusof the cavity, h is

b Topump its width, a andb are the ra-

dius of waveguidesfor plasma
andpumpoutrespectiely.

To plasma

We first consideranemptycavity with all thewalls madeof a superconducting
material. ThenE, = Fy = B, =0atz=0andz = h,while £y = F, = B, =0
atr = R. All oscillationsthatcanbeexcitedin suchacavity areseparatethto two
types. Oscillationsof the electrictype hasno magneticrf field alongthe axis = of
thecavity, B, = 0. Oscillationsof the magnetidype arecharacterizetty £, = 0.
As it is clearfrom discussiorof the previous Section the electricoscillationsareof
lessinterestasthey producenon-zercelectricfield atthecavity’ s planarwallswhich
areexposedby plasma.Putting £/, = 0 into (11), it is easyto revealthat B, obeys
theequation

2

AB. + %5
c

B, =0. (12)

All othercomponent®f the electromagnetifield canbe expressedn termsof B, .

Generakolutionof theequation(12), which satisfiesall of theabaove citedboundary
conditions,depend®n few constantitheamplitudeB, of B,, the azimuthalangle
Y, andthephaseshift &, :

By = Bo'J (kr) sin(mé + i) cos k= cos(l + &),

By = BO%I;Jm(fcr) cos(me + ) cos kz cos(wt + &),

B, = BoJm(k7r)sin(me + ¥y, ) sin kz cos(wt + & ), (13)
E, = By ;er T (K1) cOS(me + 1) sin kz sin(wt + &),

Es = —B, %J,’n(m sin(me + W ) sinkz sin(wt + )

F, =0.



Herek = nl/h with{ = 1,2, ... beinginteger,
w? = Ak + k%), (14)
k is to befoundfrom theequation
J (kR) =0, (15)

Jm istheBessefunction,andJ/, is its derivative.

Thesolution(13) describedinearly polarizedmode.Combinatiorof two modes
(13) with different By, v,, and/oré,, producesjn general,a modewith elliptic
polarization.A specialchoiceof v,,, andé&,, for given B, in the combinationcan
yield anoscillationcircularly polarizednearthe cavity axis:

k
B, = By—J,,(kr) cos(kz) sin(m¢ F wt),
K

k
By = By mTJm(mr) cos(kz) cos(m¢ F wt),
K27
B, = BoJm (k7) sin(kz) sin(m¢ F wt),

mw

(16)
Er — :FBO

Im (k7) sin(kz) sin(me¢ F wt),

kZer

E4 =FBy ij;n (kr)sin(kz) cos(m¢ F wt)
KC

FE, =0.

Theuppersignsin (16) corresponds$o the R modewhich gyratesin electrondirec-
tion; the lower singscorrespondo the L moderevolving togethemwith ions. At the
cylinderwall themodeq16) arelinearly polarized neartheaxisthey areof circular
polarization,andthey have elliptic polarizationbetweenthe axis andthe cylinder
wall. To avoid possiblemisunderstandingye emphasize¢hat sayingaboutpolar
izationof rf field we imply the shapeof the curve whichis dravn by the endof the
vector E at a fixed point (r, ¢, z). Snapshoof rf electricfield lines for the mode
with theazimuthahumberm = 1 is shavn onFig. 4. Fig. 5 shavstheelectricfield
linesmapfor them = 2 mode. Bestchoicefor the purposeof plasmapluggingis
providedby themodewith azimuthalnumberm = 1 asthe pressurexertedby the
m = 1 modeontheplanarwalls - = 0 andz = h reachests maximalvalueatthe
cavity’ saxis. Also it is clearthatthe lowestradialmodeprovidesbetterhomogene-
ity of rf pressuratthe planarwall. Thelowestroot of theequation(15) for m = 1
iIs kR = 1.841. Pressuref higherradialmodeshaszeronodesthatmay play role
of holesthroughwhich plasmawould escapdrom the device. Figs.6 and7 shaw
isobarsof rf field pressuratthe planarwalls for them = 1 andm = 2 modes.



Figure 4: Map of the electricfield lines Figure5: The samemapasin Fig. 4 but
for them = 1 modein theresonantav- for them = 2 mode.

ity. Themaprotatesn duecourseof time

if themodeis circularat the cavity’ s axis.

As we have seenin the previous Section,rf field doesnot penetratanto the
plasmaprovidedtheinequality(9) holdsandthefrequeng w falls into therange(8).
Hence to confineplasmawith the densityof n, = 10'* cm=3 withoutary leakage
of therf power into the plasmaithe rf frequeny shouldbe aslarge asthe electron
cyclotronfrequeny Q. = 3.5-10'! evaluatedat f = 20 kG. Thewavelengthof the
oscillationswith w = 3.5-10!! isassmallas0.5cm. Thismeanghattheoscillations
with very big number! of thewavelengthsperthe cavity’ swidth shouldbe excited
in the resonantcavity of reasonablesizes. Sinceusing high- modesmay cause
severe technologyobstaclespelow in this Sectionwe considera rangeof lower
frequenciesvhereonly theL modeis totally reflectedwhile the R modepenetrates
into the plasmacorethusreducingthecavity’ s Q.

Now we takeinto accountthat one of the planarwalls hasa window for the
plasmawherereflectingsurfaceis formedby the plasmaboundaryinsteadof a su-
perconductingmaterial. Rf power can penetratanto the plasmacore thusintro-
ducing a dampingmechanisnfor rf oscillationsexcited by an external sourcein
theresonantavity. For the sakeof simplicity, we assumehatthe waves,outgoing
from the cavity into the plasmapropagatealmostparallelto the ambientmagnetic
field,i.e.,k > . Noticethat B, < B, 4 in this case.With this assumptiorbeing

10



Figure 6: Instant distribution of rf field
pressurat the planarwall of theresonant
cavity for them = 1 mode.Revolutionof
the modeleadsto averagingof the pres-
sureover theazimuthalangle.
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Figure7: Thesameasin Fig. 6 but for the
m = 2 mode.



adoptedpoundaryconditionsat the plasmatakethe form
1

LR

EpLr = [B1, R, "] (17)
wheren is the unit vectornormalto the surfaceof the boundaryanddirectedout-
wardstheplasma.

For thedampingate of rf oscillationsto besmall,two conditionsarerequired.
Firstly, the window for the plasmain the superconductingvall should comprise
small part of the surfaceof cavity’ s walls. Secondly polarizationof excited wave
shouldbe closeto circular nearthe window. With tuning rf frequeng to the band
wherethe excited circularwave doesnot penetratento the plasmaonecanreduce
lossesof rf power. Fig. 2 indicateghatappropriatenodegyratesn theion direction
(L-wave) andits frequeng satisfiego inequalities?; < w < wr..

Assumingdampingrate of the modeto be smallandusinga perturbatiortech-
nique(seee.qg.,[7]), weget

[ drrJi(kr)/Nv+ [ drrJi(kr)/Nr
¢ N2>0 NZ>0 (18)
y= -
h fOR drr[J3(kr) + J2(kr)]

for the m = 1 modegiven by Eg. (16) with the lower sign. Integrationin the
numeratorof (18) goeson that part of the window wherecorrespondingefractive

index is real. Usingdefinition @ = 2v/w andsubstitutingw with w ~ wcl/h we
find thecavity’ s Q:

/ drrJi(kr) /Ny + / drrJ3(kr)/Ng

2 N2>0 N2>0
Q = ﬁ R
/ drr[JZ(kr) + J2(k7)]
0

Accordingto our assumptionjVy, in theabove formulaeis imaginaryalmostevery-
wherein thewindow,! thereforefirst termin the numeratomustbe omitted. Other
term,containing/Vy, is smallsince.J,(xr) tendsto zeronearthecavity’ saxisr = 0.

(19)

5. Collisional dissipation of energy

If rf field doesnotpenetraténto theplasmacoreit neverthelesslissipatests enegy
in theplasmasheathlt is customary8,2] to computeherf dissipationn theplasma

lPIasmadensitydepends)n theradiussotherefractveindicesNy, r do.

12



by usingamodelwhichis only valid for weakfieldswhich do notappreciablyalter
the presumedviaxwellian distribution of the sheath.Motz andWatson[6, p. 237]
notetheabsenc®f anapplicablehigh-fieldtheoryandconcludethattheweak-field
computatiori‘probably enormouslyexaggerateshe heatingeffect. In this Section
we extendthetheoryof Coulombcollisionsto the casewhenoscillationvelocity of
plasmaelectronaunderthe actionof therf field is aslarge astheir thermalvelocity.
Wewill seethattheabaove citedpredictionof Motz andWatsonis mainly confirmed.
Our calculationgndicatethat dissipatedoower almostdoesnot dependon plasma
temperaturandthatexternalmagnetidield slightly decrease€oulombdissipation.

5.1. Unmagnetized plasma

We first considerplasmawithout external magneticfield, H = 0. We alsono-
tice thatin orderto calculatelocal depositionof rf power one cantreatboth the
plasmadensityn andrf field amplitudeZ, to be homogeneousincea particleex-
cursionv/w for the period 2x/w of rf oscillationsis small ascomparedwith the
penetratioengthc/w| Ny, g | of therf field into the plasmaaslong asthe particle
motionis non-relatvistic, v < e. Ignoringspacedependencef therf field, we put
E = E,coswt. As theionsarenot effectively involvedin high-frequeng motion
andtheirthermalvelocity is muchlessthanthatof theelectronsve assumeheions
to beunmovable. In contrastio the caseof stationarycurrentin plasmagdissipation
of the oscillatorymotion of electrondgn the rf field occursmainly dueto the elec-
tronsscatteringon theions. Onecanshaw thatcontribution of the electron-electron
collisionsinto thedissipations smallprovidedthatfrequeng w of thefield is much
greatetthatthefrequeng of collisionsv.;. We assumeheinequality

W > Vej (20)

to bethecaseunderconsideration.
Motion of anelectronis describedy theequation

dv drnAe?e;n;
— ——eF — —— 1 % 21
m dt ‘ mev3 Y (21)
whereA is theCoulomblogarithm,andothernotationsarestandardThough,aswe
saidabore, the electron-electromollisionsalmostdo not contributeto therf power
dissipationthey play very significantrole. In particular they presere the shapeof
electrondistributionfunctionto be of shiftedMaxwelliantype:

fe(t,v) = ﬁ exp l— W] (22)

Upe
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wherewv(t) is theoscillatoryvelocity of the plasmaelectrons Multiplying theequa-
tion (21) by thedistribution function (22) and makingintegrationover the velocity
v, we getthe equatiorfor »

~ 2 2 . ~ ~
nom, 0 = _en g - STAC G el G( Y )3. (23)
dt Me Vi, Ve ) U
Here
2 [8 ., _p  erf(€) = Eerf (£)

is Chandrasekhasfunction. Multiplying (23) by » yields the equationof enegy
balance
d m.v? 8rAee;’non;

ST =3E — o, G(0/vre)v. (25)

In a steadystate the time averageof theleft-handsideis equalto zero. Hence the
power g = (3 E) dissipatedn a unit volumeof plasmais equalto

8rAele;’n.n;

¢= ——(0G(9/vre)) (26)

MeUp,

where(. . .) standdor thetime average

W 27 fw

— ... )dt.
o ), L)
Sincecollisionsfrequeny is smallcomparedo the field frequeng w, we cansub-
stitutes(¢) with

€E0

MW
which is derived from the equation(23) without last term in the right-handside.
Thus,we get

V= — sin wt,

q= (27)

MeUTe MeWUTe

8tAe’e;’n.n; ( eFy )
g

where

27
g(&) = i/ dr& sinT G(Esin 1)
27 J,
w/2 EsinT 5
_ 4 / dr / duuZe". (28)
n3/2¢ J,  sinT [,

14
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Figure8: Plotof functiong(¢). Dottedlinesshow its asymptotic29) and(32) for smalland
large ¢ srespectiely.

Thefunctiong(¢) is plottedon Fig. 8. If £ < 1 (i.e.,v < vre), thefunction g(&)

(29)

reduceso
52
9(&) ~ =

3T

It yieldswell known result(cf. [9, §4.6])
2

with
o 4 [27 Aee;’n;
Vei = g m_ew.

beingthefrequenyg of electron-iongollisions.
In the oppositecaseof large &, we cometo

9(&) ~ e

(30)

(31)

)

and(27) canbecastinto theform
(33)

8Ae?e;’n.n;w ( 2e By )
qg= In .
el MWV,

15



The power absorptions inverselyproportionalto the rf amplitudeEy. It logarith-
mically depend®n electrontemperature.

5.2. Magnetized plasma

Consideran rf oscillationwith arbitrary polarization E excited in a plasmaim-
mersednto the steady-state-magnetield H, directedalongthe axis z. We shall
not assumehat magnetidield B of rf oscillationsis smallerthanthe steady-state
magnetidield H allowing for arbitraryratio B/ H. Neverthelessve ngylectrf part
°[v, B] of the Lorentzs force actingon a plasmaelectronasit is smallin com-
parisonwith electricforcee E asfar asv <« ¢. Thenthe motionof anelectronis
governedby theequation

| drheZeln,
o= B e A (34)

Me mevs>
wheref2, = |e|H /meec.

Arbitrary rf field haselliptical polarization,thereforein the mostgeneralcase
we canset

Ey(t) = Ey sin wt, (35)

Relationsbetweerthe amplitudesE,., E,, E,, andthe phaseshift ¢ follow from
solutionof anappropriatedispersiorproblem. For example,circularwavespropa-
gatingalongthe externalmagneticcorrespondo £, = +F,, £, = 0.

Asfarasv.; < w onecanuse,with minoramendmentsheapproacldeveloped
in the previoussubsectionln particular distributionfunctionof electronkeepshe
form of “shifted Maxwellian” distribution (22) whereoscillatoryvelocity » is to be
foundfrom (34) withoutlast(i.e. collisional)term:

Vp = _nie “ th RE Y sin wt = Asinwt,

Uy = 7:;6 3 jgg Y cos wt = Bcoswt, (36)
E, . .

U, = — © sin(wt + ) = C'sin(wt + ).

€
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Thevectorw(t) dravs anellipsiswith the half-axes

1
Umax = \/5 (A2 + B? + C?) + /(A% — B?)? + 202(A? — B?) cos 2¢) + (2,

Umin = \/% (A2 + B2 + C?) — V(A% — B2)2 4 2C2(A? — B2)cos 20 + C4.
(37)

Its absolutemagnitudes

o(t) = \/vfnax cos?wt + v sin® wt. (38)
Noticethatthemagnitudeof v is finite evenfor w = 2. If onetakesinto accounthe
relationsbetweercomponentsf polarizationvector E which follow from solution
of appropriatalispersiorproblem.

After straightforwardalculationsve obtain

87TA62€Z'2?’LQ7’LZ' g (vmax Umin )

3
Me Ve UTe UTe

. (39)

where

1 2m
g9(&,n) = o /0 dr \/{52 cos? T + n?sin’ TG(\/£2 cos2 T + 72 sin’ T) . (40)

Surfaceplot of ¢(¢, n) is shavn onFig. 9.
If ¢ < 1andn < 1, onecanusetheapproximatiorsimilarto (29):

1 2 2
N —— : 41
g9(&n) 3\/77(6 +1n°) (41)
In this caseour calculationrecorerstheresultof lineartheory(cf. [9, §5.6]):
2 2
w2 Ve wE,. +Q.F QO.E, +wFE E2

— pe T € Yy e T y _Z ) 42
I 8w ( w? — Q2 + w? — Q2 T (42)

If & > 1butny < 1 or viseversag < 1 butn > 1 theasymptotic{32) gives
correctresult(with additionalsubstitutior¢ with » for the lattercase).

For the specialcaset ~ 1 > 1 thatstandgor almostcircularrf wave, onecan
approximatey (¢, n) with

9(€,€) ~ 1/2€. (43)

17



1T 1T 1 1. 11T 1 1T 1T 1T 17T T T T T

N

®

NS S o

I O B O

0

2 4 6 8 10
S

Figure9: Surfaceplot of functiong(&, n).
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Coulombdissipationof circularwave decreasemverselyproportionalto its ampli-
tudeasit doesin the caseof linearly polarizedwave propagatingn unmagnetized
plasma(consideredn previous Section)but now relatively large logarithmicfactor
In 2¢ is absent.

Having calculatedhepower ¢ absorbedn anunit volumeof theplasmawe can
estimateotal power absorptionP in the plasmaboundarysheathasthe productof
q by the penetratiorlength A of therf field into the plasmaandby the plasmacross
sectionma?, P ~ ma®)\q. The penetratiorlengthis equalto ¢|Ng 1,|/w provided
that Ngr 1, Isimaginaryi.e., rf field doesnot penetraténto the plasmacore.

To evaluateq we notethatrequiredamplitudeof rf field £ mustbe of orderof
the steady-statenagneticfield 4 asdiscussedn Sec. 2. For the frequeng range
w closeto the electroncyclotron frequeng 2. the ordering ¥ ~ H leadsto the
conclusionthat electrons motion becomegelatiistic sincev ~ eF/m.w ~ c.
Thoughour theoryis not applicableto relatvistic motion, we canuseit just to
evaluatedissipatiomattheplasmasheathin orderof magnitudeForé ~ n ~ ¢/vre,
Nr 1, ~ 1 we obtainfrom (39) and(43) that

8rAe*n? vpe ¢,
~ — ma”.

P

mevr, 2¢ W

Cavity’sQ is equalto wW/P with W = V B? /8= beingthe enegy, storedin the
volumeV of the cavity. Combiningall togetheywe obtain

2 T\ vV
Q ~ 3 2 2
A@ﬁ MeC TA“r,
wherer, = e*/m.c? is the classicaradiusof electron,andw hasbeensubstituted
by Q.. Forg~ 3~ 1,T =10keV, A = 15, V/ma? ~ 10 cm calculatedesonator
cavity’s Q@ = 2.10° satisfiesthe requiremenformulatedin [1] for Q to be larger
than10°. This estimationindicateprincipalfeasibility of rf pluggingof plasmain

opensystemgrovidedthattechnicalsolutionto sustainrf modespecifiedn Sec.4
will befound.

6. Conclusions

We consideredwo basicmechanisnof dampingof therf field in aresonantavity

attachedo themirror endsof anopensystermfor plasmaconfinementin particular

we have calculatedthe dampingrate of the rf field dueto Coulombcollisionsin

the sheathat the plasmaboundaryfor arbitrarylarge amplitudeof rf field. We con-
cludedthatthe powerabsorptionn the plasmasheathdueto collisionaldissipation
decreasew a suitablelevel astherf field increases.
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We alsofoundthatpossibldeakageof therf power throughthe plasmawaveg-
uide imposesserere restrictionson the choiceof the rf modeto be excitedin the
resonantavities. We notethattherf frequeng shouldbetoo highin orderto pro-
vide conditionswhererf field doesnot penetratento the plasmacore. Attemptsto
lower the frequeng (and consequentlyto lower the modenumberto be excited)
may exploit two ideas.Oneof themis to decreas¢he window in the cavity’ swall
for plasma. We have shavn thatthe rf power escapingrom the cavity decreases
asthe size of the window decreasesOtherpossibility is to decreasé¢he radiusof
the plasmawaveguide. A rf oscillationdoesnot penetratento the waveguideif its
wavelengthis larger thanthe waveguide radiusa, i.e. if ¢N/w > a. However,
simple estimationshaws that this requirementseadsto the inequalityc/w,; > «a
which limits a to few centimeterdor plasmawith “thermonucleardensityof order
of 10'* cm~3. However moredetailedanalysisof therf field penetratiorinto the
plasmavaveguideis required.lt mayrevealthatthemodeswith frequencie®f order
of (0.01+-0.1)Q2. mayprovide suitablelevel of therf powerlosses Anotheranxious
problemis the calculationof the rf field absorptiondueto wave transformationn
imhomogeneouplasma.
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