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Abstract

The purpose of th$ present u'ork rs to alal-rze the efectrve heatmg of plasma *rth
hrgh harmomc fast B'aves (HIIF\{') rn spher:cal tolama}r Heatrng ll1th HHF\\'rs a

promrsrng schemc rn addttron to obruc heatmg m spherrcal tokarnak (ST) The:dea uf

HHF\\' heatrng l a-s c orned b1. Ouo rn [9] Smal] aspe.t ratlo ]ugh Leta rcgtue r. ulcd

ruth lou ralue of magnetrc held to acluere the fuslol rcactlol tn spherrcal tokanak

In tllrs \l'ork heatltrg scheme m ST urth lugh harmomr fast \-ar es ls ln\,€strgated wth
the help oI drelettrrc tensor refered br. Thomas H Strx rn hs bool, \\-ares rrr plasma-.

\le have used lfar:*'ell s equatron-s t(, aahlele pqutred dlele(trt( teusur The corlhncd

electrons m the pla-srna rn sphorrcal tolamal b1 the mafuerr( freJd are qrratng wrth

proportrorral frequencl' to strerrgth of magnetrc fie)d \\']ren ele(tromagDetlc u,al,es of

resonance fiequenrr. (ele(tron c\clotrou frerluencr,) are rnjected 11l (onin(d plasrua tLe

energf of electronragnetr( \\'a\es l5 transferred aDd teDpcrature of eleLtrons rs rarsed In

other qarrds elerRr r absorbcd br.plasma



Chapter 1

fntroduction

In thts dtopter. u,e hat,e rjucussed aboul the

d,iJeTpnt leaturcs ond requtnments follou,ed

noturc and, tmporiant ?rop?rites of pLasma is
hy dtfferent plasma confinement tcchntques

1.1 What is plasma

The el(troma$rettc force m fle mam burldmg blork to create strltcture e g atofirs and

nole(ules et( The bmdrng ener gr of crysr aLne sohds are larger than thelr thermal energL

On heaturg thel' change thetr phase p g decompose melt or rlsa-ssrrctate a-. shon:r rn fig
1 1 \\hen atons got tlie energJ. greatcr than tontzatton energ! atollr'\ <lecouposc rntcr

posltlw alld negrtll? rons These rons arc not tota.ll]. liee ftom electrolragnetrr forr o al1d

are stronglr afierted bl the force uhcli rs produced br othor rorrs ,{lthough charges are

no Jonger bound, tire1. are rapable of colle(tl\? lDotlon .)f great ug.)r on thcrr .N\o[rlrage

Surh an .rssomb)age rs satd to be a plasma Of < ourse bouDd s\.stpnl.s (an shou erlrcme
comple).1t] ofstructurc c g a protern niole<ule plasma complcxrt.r ls sontp\r,hat dlffererrt

slnce thermai ex(ltatlon breaks mteratomtc bonds arrd roDlzed nl()st tofiestnal plds[las

seen as ga-s€s In fact plasma rs sometmes defnoal a-s an lorltzi.d gac that exlubrt pia-stna_

I*e behavtoru Plasma I re l_rcharroru ensures after a small fra,trr,n of gds has rouzed
Therefore, partrallr ro.rzed ger-ses show most of the erotlc pire.onrenon .f fullv ror,zed
gases Plasmas produ(ed bl'roruzatlon ofnerltral gas.s have approxurratelr equal nulDher
of poslttl'e and Degatl\.e lorl. In thts c.ase the opp(altch- cLargert flurcls url fi, qtrongh,



coupled and forced to electncall). neutra llze each other on [ra(tosLoprc ]ength-s(al(5 Such

plasmas are (alled quas neutral ( ' quasl mears the small vaJratlon from exact Ireutra]rn

q'hrch ha\e rmportant dlnaDxc coDsequences for certarn tqes of plasma modes ) \on-

neutral plasma-" rontarIl charges of onlv one stEln o(cuDng prrmar r rn the ial)oratori

er:pcrlments Therr equrJrbrrtun depends opon the Dtensltr of llragnett( fields rn q,h:cl

the .lurged flrud rotates It rs approxrmated as 95% (or g9% u'hch depends on ri-horr \i,c

are t+'rng to lmprq\s) ofthe unverce (oDslsts of pla-smd In earirer approarhes e\elthDg

of the ullr\,'elsc was plasma Il the prese[t apprca(1t stars. Debu]ae and eveD nterstellar

space are filled urth plasma The soiar svstem also (on-srsts of plasmtt of soldr *rnd

form The plasma surroundmg the earth rs trapped lf 1ts magnettc 6eld \\e can also

find terrestrral plasmas m hghtmng, fluorcs(ent lamp\ rn ldboraton expenments arrd m

mdrrstnal pro(esses In fa(t the glorl- dls(ha-rge has r.{entlt becorne the matrstaI of the

nDLrGcrrclut fabrrcarron mdrrstq [2] A relatrons]up bet\r,een tenrperatlue and nllmber

dcnsrtl' of plasma rs shoq'n m fig 1 1 rn drlTerent t\?es of pla-\rna

s)t
--_(.-
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Soltd.
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l{oT?Et

Itarldir, tF.n rin.

Frgue 1 1 States of matterl1]

L.2 A brief history of plasma physics

\\-]ren thc co[slrtuent parts of blood

rs left bchrnd The rord plasrna rs

a moldable substa]]te__ or a Selll

are sepa-rated a transpdrent l:qurd called plasma

taken frorn a Greek *ord ;,\ori4a s'hrch ureans

Tlus uame rs glr el br Czcch srrentrst Johamrx

I



Purlonle (1787- 1869) He corned the term roruzed ga^s rn 1g2? Langmurr sard that

blood plasma coDslsts ofred and 'r hlte (orpuscl€s b\ the q?\ a-s electrons and rcLs ln

an electnfed flurd La-ngmur and hrs colleague Ir*r TonI. u'ere e&errmenung the

physrcs and chemlstrJ. of tungsteo filalrent llght-bulbs He drs<overed certall r{,groLs of

plasma drs<harge tuLe exhrbrtmg penodl( 1-axlatlons rn electron &usttv .r'hrch a-re nou

called irq Langmur B?ves Largmru! s research prov:ded tirarretlcal hasls oI most plasma

pro(essl[g technlques ln fabrl(atlon of rntrgraled crcrlts Lartgmun s re,eart h leads to

follourng fi ve mportant de\rlopments

1 Radro broadca-strng *'hrr h led to\{'ards the eartlr s loDosphere

2 Tlxs helped the astrophvstclsts ln re(ognlzlng that thc ntost ofthe unl\er\e (onslst\

of plasma The proueer of tbrs 6eld rs Harurcs Alfr en r.ho der-eloped magnetrr

re( orur(rtron and dtTrarDr, the<,q

3 Creatlon of h1'&ogen bomb opened the door for (oDtrolled TherDonu.lear fu,srcn

ri hrch Is posslble eBerg!'sor[ce for the futule

4In1958,JamesA\ranAllendrscorerpd\arrAllenradratronbcitsrhatsruround\

the earth.

5 Ths helped rn dereloprn8 hrgh pouered lascrs and opened the Dc\ 6eld of la-scr

pla-sna phlsrcs m 1960 2

A. shoq-rr m fig 1 2 the pla-sma medrum rs des(nbed nu( ros(opr(alh (on a large

scale) b-v- lts tcnrperature and denslt\ aud charrges m the pl.r-srn.r are calculated br rl.surg

colEervatDn equatloDs such as couserrattorr of enel&l montentuDt aud nra5(

1.3 Basic parameters for plasma

-{ll phenc,mena of pla-s[la are due to the rlrctlon of gds [ro]c,rulcs and rna(ros( ()pr( quan

trtx's Pla-sua s]stern can be explaled u_:th the help of follo*rng patanrcters



Flgxre 12 \umber Den-srtr rs Temperaturell]

1 Deble slueldrrrg

2 Plasma ftequenrt

3 Quasr-neutraLn

1.3.L Debye Shielding

\\hen a charge carrrer $ placod lrl lts solutloD thex the nrcau.erncnt of rts Ilet eleLtrostatl(

elfect aDd at u'luch drstam e thrre ele(trostatl( effe(ts contrnue L( callcd Debre slueldrng

The volurne o[ a sphere of radrus equal ro the Debve lengt]r rs called Debve sphcre There

li rro any ele(trr(a] eff<rt outsrde the sphere Debve lengt]r N the characterstrr of pl&\ma

aIId ls gr\ en l)\
/ -.1-

\n - { .i!a ) ,,,r.,,,,,r'r (r r)
\ t:r,, - /

Abol? relatlon shoEs that Debrr length )p' rs d:rectJl pr()portlollal to tcmperatru.e

artd rnrerselv proportronal to the number dctl.sltv of ele(trons (n.) Thrs rc ob\ rous from

tllc above fonnula that')p' urcreasrs \uth [I( rease llr krnetx enetAn of e]ettrons and

decrea:'e. due tc, Ln( rea-se tn ronccntratron of elot trorrs [,.]'

10



7,3.2 Plasma frequency

Collectle behalrour of pJasma ran be explarned b1 uslng tlme scale patameter plasma

frequenrl or langmur frequencl "-p'' suggests the reactton tlme It rs grrerr br

'^ : ('ii:")' '( qs untts) (12)

*'here e nn and zn are the charge numbel de[slt1 and mass of electron resJ)e(t11,eh Thls

equatron shou's that plasma frequencl rs drfierent for drfierent spectes Posttrle tons hare

greato mass and so hate lo* frequenc\ a^\ (ompard to that of electron\ [2]

1.3.3 Quasi-neutrality

The u'ord "quasr" ts a Latrn *ord mearung small de\ratlorrs from neutrahtr .4.s orr

nu(ros(opr( level rhere exrst cqual rro of posrtr-re ald uegatrle (harg6 Due to the

canLellatron of 6elds of posrtu.e arrd Degattl? charges plasma bpctxres neutra] Nrlq, qt
(olr.slder thc Debl e lelgth of nlcroscoprc scale lengrh at r'Iuch plasma rs not cxa(th

neutral So electn. 6eld rs < reated due to de\latroD frc,m perfect leutrahfr

Dcrratron from perfect neutrallt\.rs acluer'ed at length lrss thart \p But on lergth

scale above tharl )6 plasma must be quasr-neutral The dertatron frorn qu.rsr neutraLo

rs obtalned due to lnsulficlent lnterlral Fnerqr to be( orue cou.rderahll noD-leutla] for

laxger drtar(es thalr the Debl'e lenlfh

One of the fundamental reqturemeDts of pla-sma rs bemg quast neutral grver as

nr:n€=n

n'here zr, = number derr.qltr of tons nr : nrmthcj dcnsrtl, ofelectrons and n rs called

(omnloD de[srt\'\dlrch rs also ralled plasDa dcnstF l{]

7.4 Plasma criteria

To achrer e the perfrr t pla-sma stato an roruzed gas ntust fi lfil th(, follcxnng tluee condl_

t1oDS

11



7 L>> 
^D

2 -\., >> 1

3.rr>1

t.4.1 L )) )o

Fot conr,r*ston of atr tolrzrd gas mter

be much sma]ier then "I nhere'I-"

the plasma. the first condlt(D ls that rl,\r, mu-st

N the s( ale lerrgtlr

1.4.2 .\-n )) 1

Debl'e slueldrng occures onlr trhcn there are huge rrunrber of partrcles rn the clourl

small mrrnber of partrcles Debr.e sh:eldrrrg becomes statrtl(a]l\ rnrahd To 6Id

nrmber of partlclG ln Deble spllere \\e can tL\e the folloulDg equatlon

I
.\'o - 

j,r, 
--,\r,. = I3q . l0'r T rt,, 17 ttt h'J'

1.4,3 cor > I

The condltton for pla-sma l5 tllat *ri rnll.\t be greater than I r,hero *.p rs thc p]asnla

frequercl ald'r rs mean tule l)etween (olllslons u.tth Deurral atolrs r c

*Pr > 7 (1 3)

('harged partrclrs colhde so frequcntll $'lth neutral atonb rhat tlrelr n1otlolt ts (()Ltrolled

bl ordrnarl' h1'&od1:rarru< forces rather thdn bl cl(,ctroxlaglrctl( for((,5 If _, rs the

frequencr of tt_prcal plasma osclliatroDs aud 7 ls tlic tnean tnle bet\({,n (ollrx)ns rl1th

Ireutral atom,s \'e requre r"r: > 1 for thc gas to behare hke d pl.t-\ma rathcr than a

neutral ga-s

To shcld the charge partrclcs u'luch are (onfned rD the pla-\ura s1,stotu, tLerc should

he large numbcr of electrorrs m the Debre sphcre Oscrl)atrols especrallr c,f eler trorr mu,st

For

lLe

t2



be ppeater thaa the collrron ftequeno /". of neutrals and electrons r e

(14)

lf tlus cotrdltron $ not aclueved bv the plasma sl'stem then thc motlor of neutral dom-

rnates and no collectlrc actron $lll oc(tu ln the svstem Thls taxget carr he fullhlled for

plasma sl'stem b1 ln(reaslng the degree of roruzatron [3

1.5 Confinement

Here ue explarn some tcchmques to ( orr6ne pl.r-sma \\'e also drscus-s the ad\antages

dnd drsad\_antages of these technrques Basrr ally pla-srna ronfuiemelr is a( cuDlatlon oI

plasma m certarn place Plasma heatmg and cOnf:renrent are tvo malor problern-< rn the

firsiorr reattor There are three method. from $'luch plasma c,ruld he corfned but t\\o of

then rc u-s{,d on ea.rth for controlled thernromrclear fu<ron Plasma at hgh tempcratutrc

'n-rll create a pr(ssurc alrd lt $rl] c\pard abruptl]' to (ontrol tlu. expansron ue need

an opposrte force aga:nst tlus thermai pressure Thrs force <ould be.qra\ltattonal eg

lr1 staJs, nhgnetlc force m ura€petx, (onfinemcnt devtrer or mav bc plasma mprlla that

keeps the pla-cma togcther 15]

1,6 Gravitational confinement

One of force rapable of < oniruug the plasnm fuel u'ell enough to sdt$f1' the La\\sol

(ntenoD rs grautl The requred mass s so hgh for grar rtattorral rolirrenlcnt so could

srrmvc onlv ul stars for exarnple rn red drva.rfs atrd brcrrm rlq,arfs TheJ fu-<e deuterrurn

arrd hthrum for s'luch thel ha\'e cnough hcarr mass In Frgure 1 3 ftr.rorr rs shori! lD the

13



Flgure 13 Grautatn)nal force of the sun ma}res the thermonurk'ar Fusron [6

7.7 Inertial confinement

lneftral (onfnenpnt 
[12]

Iti ths kurd of corhuenrent large patt of pellet srufa(e ls tal<en a-. a fu-sron fuel at verv

bgli temp('rature arrd pressure Fuel should be hot enc,ugh arrd derrsc cnough rhat urll

pro( eed to fusx)n reactroD Ilertla of thls fisron fuel (.rll (onfine lt onl\ for narro secolrls

For lg ttotl sortcc la-sers rorLs/electroDs ot z-prnch s used IDertlal r trnirrenx,nt rs used

m H1-drogen bomb and rn controlled nu(lear filsron a-< nell Fout \tag6 of fuslon b:'

uslng mertlal (onnnement are slurutl m Frgure 1 .1

11



1.8 Magnetic confinemet

Thrs technque ts used for plasma confinement a-s chaxge partl(les xrns and elet trons trar e:

the llnes of magDetrc field. these magnetrc force hns are u-sed to conhnc the plasma ln

tlus fusron fuel rs trapped br usmg strong magnetlc 6elds

There are number ofmagnetr( geometnes used for magnetrc conhtrement for cxauple

. \Iagnetr< \lrror

. Stellarato$

o Tokamaks

Fl.-ue 1l \lagrretrc roninemcnr gromatcr\' 121

1.8.1 Magnetic Mirrors

In thrs twc of nragnetrc coufmcrnent charged partrcles are reflertcd bacl fronr thp deuror

lnagretrc 6eld The rrrarrence t,f rnagrtetr. rnomenr ' /' rs the ha-clc patanleter of plasrna

(oDfinencnt

v:!,,,'.'B2-

seen from abote relatlon bJ ln(roastng magDetr( 6eld ',B" pr,rpetrdrcul:u rclotrtr
' ('rll also rrrcrea-se tr., keep magnetr< n(lDrent l' corr-starrt To corrscr r.e total cDerel

15



Baslc Maoncllc Mlror Machln.

Frgue15 \hrror macllnc

parallel velocltJ' (omponent 't, " must derrcase at throat There ls lugh [lagnell( 6e]d

so parallel veloclh compotent . _ q'rll become zero and petpendl(t ar r elocrtr r_' rs

\'erv hrgh a"s a result partrcle ha\€ to rcflect bacl< In tlus geo[x,tr\ partl(]6 pro( eed to

arrd fro motron betueen t*rt ends of magnelr( rrurror .rs shonr rrr hg1 5 [3]

7.8.2 Stellerators

It ls the de\ t(e ro (onhne plasrna fuel along tLe magaertc 6cld L o5 tc, pr()du(e controlled

thermo nu(lear fuston Il thrs machrne rlosed flrui surfaces are prr,dured bt efieruallr

u-sed magenets \l'hrle rn "Tokanra}" tt ls not llke th. Generalll a srelldrator ( ons6t

of hehc al ronductors m the forur of pa[s $'hr(h are arrange anttparalJel ro ea(h other

to produ( e Ina[gretn he]d b\ uslng current hehcal structue carr be ulderstood br hg1 6

LJ-ma spltzcr first rnvented rt ln 1950 but after the rnventron of Tokamak q,turh harr

betrer r€sults thaD srellators are fallen from faror rn 1970s [6]

1.8.3 Tokamaks

Tokarlali rs tLe conhltement s\stem whlch conhnrs tLe plasma torordall Torordal field r,s

rqspo sble for confiDemenl, but rn ordcr to ache\e equlltl,rtullr (to l)al.tDae the pl.rsura

pressue) polordal ma$retlc fiel(l N also apphed Polordal nraqnerrc 6eld ur thc tokantak

rnarnll' produced b1' plas[ra rtself Thc drrectrorr of current due to polordal ficld ls torordal

Torordal held "8"' and Polordal ficid Ba" both gr\r nse rhr, pla,srna rD rhe hcll(al

traJe(tor\ m the torus Torordal freld " Bo' ls produce(l b.! passmg the cutrr ent .rrr(,und the

16



Frgure 16 StalJerator [6,

torus, as shoun rn Frgure 1 8 The product of partrcle denslh axd tprnperature rs called

the plasrna pressure The piuameteE thdt dre partlcle densltJ a d remperaturc m(reased

the fusron rca(tl\'ltl Streu$h of tle magnetlc 6eld ln(reases tire plasrna prcssurc, I'htch

rs (on-Aned Strengrh of tondal fleld rs hnuted due to rechnologx al fa(tors The toroldal

luagnett( ficld r,< tnverselr proportronal t(, the malor radru tlu.rtstrltrDg held at the

center of plasma uould be aroud 6 ^ 8 tesla the torordal freld. m largc scale Tokam.r,l

rs lower than 6 - 8 tesla \'allte For torordal magnetrc field the r orrfirpd pl.r-srla presurc

xlcrea-ses the pla.snra (urrc[t rlp to lutntmg ralue The rosultrDg polordal ficld ts lou'er t]ran

tllp torodal 6eid In large srale Tokamak current of sereral nrega anrperes r produced.

for example rn,IET Tokamak 7 11,1 rs pr,rdured In Egurrx 1 7 15 and 1 6 schematx

dragram of tokarnak cutout rr)odel of tokarnak ls sho\T t(r elabr,ratr'the geomalen of

tokamak

Srnce plasma currelt ls drl\rn b1 a tololdal electrl( held produred l,r the flux rhangurg

a< tron of trausformug The energt. c onfuielrrent t]rne \\'tth tlte slz(' ls f()ultd e\p.rllxctitalh

s'hrch rs equal rolrj where "r, N themeal [urror radrus ofthepl.rsrla Il JET Tokrrnak

confnement trme rs more tllatr onp sc(olds It rs found c\penrnenralh that energl'

(onnnement tune rrr(reas{s rvrth pla^sma currcltt alld detreases \Lt}r pla,sma pressrrre

Tokamak plasma-s are heaterl upto feu- KeY b1. Ohnuc heatrng of pl.r-sma crmeur the

requred temperatue of ) 10 /iel are thcn a( hle\rd b1 addrtrrural heaturg br lleutral

Beam Inlectrun (NBI) or Elertrorlagnetlc (E\I) uale Leatlrrg
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Frgure 1 7 Sthematrc dragr am of r tokamak [10

Present da\s Tokama}s are operated ln panl(le denslttes of the order c,f l01e

10?0m 3 qhch ls lori'er rhan the atmospherrc pre\sure of thc ordcr of 106 [7]

Frgure 1E Toru-s [71

1.9 Spherical Tokamaks

Irr 1986 Peng ald Stncker de,.elopcd ncu_ configruatrorr srth ultr.rtlql)t a,slx,.t rdttc, (4)

qhx lt rs rrr the rarrgc of 1 2 - I 1 \umbpr of spLerx a1 ti)kanrak er?prments are berng

13



Slnt:rriE-*:.,laj

FIgue I9 \I.A.ST [11]

dolle frofir sorle decades Here rn fig 1 1tl drfirence t)pt$'een coNcr]tlona.l arrd sp]rerrcal

tol'arual s shos'n

Frgure 1 10 DlffreDce bctu-een (on'entronal arrd sphorrcal tokana}[11]

(\L4.ST1 \Iega .{mpere Spherrcal Tokamali at ('ulham Lahoratorr ur Urutrd Krngdom

(NSTI) Natronal Sphencal t()rus E\pcrrment u.hrch rs at Punston Pl.rsma phl-srts

Lah tiruted States of Amen(a

The marn adrantage of spherrcal tokanrak rs that $e caD gct lllgh-beta duc to Lr\

rahre of B (\lagnetrc held) Due to ultratrght (oniguratlon and hr8h heta tondrtron

addltronal heaturg rs also requrred For tlxs addltloual heatlrrg neutral be.rm rr4cctroll

rs pr('sentlr uscd rD Small Trglrt -{spect R.rtro Tokanak (START) . rd \lcga Arupcre

I9

R/aAspect ratlo A =



Spherrcal Tokarnak (\{AST) [8] [9] A schematrc dragram for po\\er genaratron b1. (on-

trolJed pla.sma firsron reactron ls sho$'n ln frg 1 11

*

\ a{.dd /---:+ +J..\__/,/ uord sr6t

Frgrue 1 11 Schematrc of Encrgr from Spherx a1 tokarnal [7]
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Chapter 2

Plasma Heating

In tbrs chaprer drfiepnt heatlng methods for the fusxrn rea.tron ha\e been drscussed

As hrgh energ rs requrred to fuse the Lghr nucle: and drfiererrt metho.L. (an [x, uspri to

actuevc the taiget In the graph below relatton betu-een rcartlon rate and tenrperatlu( ls

shon-n

temperature [kev]
to' to?

a' lo' ro" 10,
temperature Ibrl[on Kelvrn]

g ro t'
-E- ,0"'
_10r!
I . ^-2,

! ro tt

= 
10"

rrJ 10''L1

F:gurc 2 t Temperaturc \.s roactrun rare

To start controlled thormo-nrrclear fusron teactrc,rr {,e Dead tenpelaturp of rull[,I1

C" Follonrnq are fen. knoqrr telhnlqups to pro\ ldc De(essar\ enetgl to the filel

o Ohmrc Heatmg

o \Iagrr<'trc Conrpressron Heatrng
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. Nuetral Bealn InJectron Heatrng

. Radro Frequenc]' Heatrng

2.1 Ohmic heating

\\'hen brgh electn( cureDt pa-ss€s th.ough the plasma heat ts produced rlue to pou,er

dlssrpatron Thls t]?e of heatlng rc called lOhmr< HeatrlgD whrch deperrds orr the ress_

tance of plasma through u.hrch (urrent ts pas-sed It 1s Just ltke eler trrc ]rt ater used to

heat the x'ater The marn problem n ttus tl?e of heatmg ls thar .ir.helr temperatute of

plasma mcreases rts resrstar((' decreases due to *,lxch heatrng l\ not so nlu(h ef{ectl\.e

\\apn temprature ofplasma rrses colhs:on frequencr det reasc. due to slu(h resrstan(e

of plasma also de(reases At lugh remperarrue plasma become< r olirsronless reultrrrg lon,

ttststalce Bccause of tlus 11'c ca.n not nse thc ternperatrue of plasrna rrpto ( crtaE lul|t
bv Ollnnc heatlng Corsequenth other techJuque also requrred to heat the plasrna

2.2 Magnetic compression heating

The serond techruque for piasma heaturg s ,'\Iagnetrr Compressrtrn,, pla-snia rs (onlhned

due to pft\sue exerted b1 a magnetrc held plasma cr.rnhlement rs stroDgh a-ffc(re.l bl

the change rn applled magnetrc field As magnet:c held strerrgth rs mcreasorl. Irl.rcura rorr-s

(one Lloser and rloser hence coDpr6sed Thrs products aD (,).tra heat So tln, use of

magnetr( fleld to heat the plasma hzls an er:tra adrantage to conlpress the plasllra \rlDch

:s requrement of nuclear fusrou The probab rlr, of fu_sron rncrt,ases hr. urercasllg plasma

dctrcltl' The cfle<t:r'enrss of thls regtme depcnds rrpol the te(hlltque used to tgtxte rhe

pla-sma

2.3 Neutral beam injection

To arlxele the targef of heatrng thc pldsma anothor teclmrquc rs to trberl tlre aclplcrated

lloDtral partlcles lnto the plasma rrssel Ele(trlc 6cl(l (annot acccl(,rate the [e,t1a] at.ms
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so there Ls no dnect u'at,to mlect the a((elerated neutral bea lnto pla-sma so \r'e ha\e

to use urdfect $'a]. to ac]ueve t]us target For th$ purpose post lll\ ch&ged deutcrurnr

rorls a.re a(celerated to enough energL' before entenng rnto the plasma \'e.sel. a((elerated

deutenun rons pass through the neutra.l deuterlum gas \\hen ac(eierated duetrtum lons

pass though neutral deutenum gas the\ exchange ther Lhaxge and become neutral

Then thee energetrc deuterrum atom q'rll enter the plasma resscl \\_hen Leurral atonr.s

strrkes the pld-\ma deuterlum atoms \11ll louzed agdrD and srll tra14x,d lll thc nlaglreuc

field Dunng the collrclon pro( ess eDergetx deutenum atoms transfer some part of elergl,

to plasma and tonsequenth plasma 15 heated Neutral beaol m1e{ tlr)n ls addltlolla.] enerRi

*'htth can be used q-lth ohnx( heatDg to r$rute thc plasma I1l

2.4 Radio frequency heating

The foutth $'ar to heat the pldsma s br 12j161111g the radro fieqrx,ncr, r,aves uf() the

pla-sma lt rs Just llke mlcrc\ al'es qlu(h are uscd to hcat the foo<l trs the rx(r()r\.a.!es

agrtate the polar molecules lx the food alld thc! are \Dl)Je(r to \ rl,ratloll dnd corbequent]l

fc,od rs heated

Ohmrc HcaEng
a..qrdr E..m,nl+Uo.

Radro Frequencr Heattrrg

Radro frequerrcy *a',,es also heat the pl.r-sma as tlle plasma ls ((,nlpl,sod of rons The

maln dlfferen(e betv,reD radro frequencr hcatrng aDd mr(ruB,rl\ e hcatrrrg rs qualtrtl, of

radratron userl to hedt tlle pld-slrla Chatged parrx )es of plasma alxr,rbs thc ener^ fi.]nl



the radro frequencr' \('aves and colhsloD between

the temperatue of the plasma Tlus heatrng rs

because of hnxtattoDs of oborc heatrng [8] In 6g

radlo frequency heatrng rs sho*n ln the torus

them r rncre,ased n'Iuch srli rncrease

Dsed ur addrtlon wlth ohtnl( heatlng

2 2 Ohrrr( heatlng N-BI heatlrrg and

2.1



Chapter 3

High Harmonics Fast Waves Heating

and Current Drive

ln thts chopter ur hare d)ccusstd lhe uiot( plctpetlles oJ u'otr s nltrachon (tf u\tt,ts utlh

plasma otd l:stng the lla:rutell s cquattons Jor lenr'atrcn ol thclatrtc tensor tt order to

heot thc Vlusrno

Ler us begrn rerh the basrc defrrutron and explanatron-s

3.1 Waves

.4.n1 perrod:c Dtotlo n'blch trancfer enetRi rs called \va1'es \\avr,. trarrsfcr euergl frorn

one place to other $rthout transfernng mdtter

3.2 Electromagnetic waves

Thc ele(troulagDetl( n-ar.es can be dehned lrs drsturbarrce of ele(tna arrd maguotlc fields

The dlertron of thrse *'ales r. porpendrcular to borh electnc and rlagnetrc frplcls These

q'ar'es $rll (ontulue propagatllrg unt absorbed b:. any Dattcr

mathemat I c alll'

E: -1€ '(-r-r;) (J 1)
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dod rp r\ \Fluclr\ uf phasp propdgauon

3.3 Harmonics

The mtegral multrple of firndamental ftequencl'

mrnrber rs rncreased the frequencl also rncrea-sed

fre'queucr 2/ arrd nrh harmomr has ftequc,ncr n/

rs called harmorrrr

for example sa ond

and razlelength rs e

(3 2)

As the harmorut

harmonrc has the

Frgure J 1 Cornblne anr<,nna used rn TST 2 spherrcal t<;kamak [1,]l

To produce hrgh harmonrr, fast *are frequcrlcres combLrre arlterrla ts u-sed rn spherrr al

rokamak \\irrkrrrg of rhs anterura rs '1ust hke a bard pass 6lrer rn l'llch t urrent rs dr:r en

through hrst \frap and other straps *rtrks due to mutual rrrductrorr

3.4 Cyclotron Resonance

For a(Iueung the tenrperaturp upto requfed le.r c] radro frerluerrcl hearlrg rs uscfuil ter h-

mquc For resolan(e or elrcrK!' trarsfer our u,arq f1gq11p1161. must Jx, equal to ele(ttoll
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S/No IYequency Source Remarks
1 < 100M H: ILgh Power \?cum tubes
2 - 1 - 10CH: Klrstrons flrr rouar'es
3 - 10 300G17: Glrotrons SubrmlLmeter uares

Table 3 1 Table sho$rng Frequerrcl.and Resource

(J'clotron ftequenc\ to heat the electrons For exarnple

cBr..:- at B=17 (JJ)

16> 10 Isxl
*"- 9l>1031

-* :0 1i x 70r2rod,/se(

0 t7 ^ 10rrJ= u =ri02i99.10,.tJ--

(3l)

l:2sGH:

It mearrs u'e rcqurred a nare of 28 G11: frequenc \' to heat tle electrors

-\nd stmrlarh for rons

eRr:.,: := for B :17

16x10-1sv1*': 16rlo:'

*:,:1x l0rrrad,,'se<

J: !.:o 1i9 . roh-s--
-!i

f :16 )rH:

\\'luch shous ur need 16 -\/11-- froclueucv q'ar e to heat the loD.

Irt l{rgh Harmonr, Fast \\ ar es (HHF\\') -p, ( - ( r* ts (nu proDrsnrg F.rst rravc

hcattrrg regrmc Thc sour'ces of those &equencres are as follo.*.s

Hrgh poq'er Tacrrru tubes could he used for lon cy(lotron he.rtll)g (ICH) Gr rotton fcrr
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electron c'iclotron heatrng (ECH) and for lover hl,bnd (rurert dnve (LHCD) Kll,stron

<ould be used [81

3.5 Plasma Oscillations

Pla^sma rs composed ofelertrons atrd rorr.s L:ns are obvrouslr heavrer than electrons ,, rcn

ele(tro*q ate drsplared frorn theu Dean posltton electrrc 6eld rs burlt to restole ele(troL\

back to thctr onglnai posttton but due to lDertla the\ qrll or?rchoot ald con(rnue to

osctllate around the medn posruon q-tuch s called pla-sma fteqrrencr Although rons are

not statlonarv lrut u,1th respect to electrons thel are supprnqd to be fixed due to theu

hearl mass TL6e osa lattoLq al<o called piasma *'aves The pl.asnra frequencl rs grreu

br i3l

'P- \;) 'il *'

3.6 Electron Plasma Waves

Due to thermal efect plasrna osclllattons propagate ths eflc.t (an be treated br.urcludrrrg

the term ' -FP' m the equatton of motron The dt<persron relafrcrl after ruluclnrg tlte

thermal cffe(t wrll becornts [3]

(3 J)

n'here l,]

3.7 Ion Waves

= 2t!,

Thtxe are pressure *.ares propagate lar€r b:'la\er

roDs lralsDxt theE l'rbratroru bet\l,.rn each othcr

Ill pla.s[la there are

duc to thelr Lharge

rro neutral xtonrs

These ubratrons
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are of lou ftequen(J. The dnpersron relatlon of an lon acoustlc \r,ates ls glr€n as IJ]

i
I KT, +-t,A'7, \)-\ ,4/ ,/ 

:' (3 6)

,-n
J -IIr$rri
.--g

Jl
-9

'E

\\here ' r rs speed of souad rn plasma for ron naves the group \ elo(rtl, ls equl\ alent to

phase rclootv

3.8 Upper Hybrid FYequency

For longrtudnal uar'es rrr wluch t E k and E alorrg x-a-us 81 alorrg z-a-xrs so elluattorls

of motlon wrll be(ome

-tqrttLr: -tE - auBx

-tJnt L u = e LrBu

Solurrg for t. ald urng -. : f *'e get

. -'E 
cn

1--

-{bo\? equatlon \hov,s that r, becomes ffflfe af -. : *
Non'u-srng equatron of (onlrnutv rn hneanz(d form

0n' 
'

- 
inu\l.l U

()r rt aan be \Tltte[ d^\

t
n1 : -nol"

From hneanzed Pohson €luatroD \e get

exVE: -en.,

or :62tr-E : -en1
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Puttmg the value of nt and r,rq? get

r (r - i) - e2En'_\ 
-r) rn,-io

Srnce -,! = t' th" above .elatron becomes on srmphfi'urg

The drspersxrn relatron get the form

lrtl, .P_..=.h

17, rs called upper htbrrd frequencr [3]

(3 7)

3.9 Lower hybrid frequency

\\-hen angle (d) betq'een t- and B" rs exacth 90. tbe ele( troD,. gc,e alc,nq the lures

of force and neutralrtv betwr,cu electrorr and lons destro\.e.i Nrxl thel q-dl not obcr

Boltzmann s relatton rather ot)ov the full equatron of motrr_rn For firute mass of ele<tron

oqltatn)n of motlon $-tll be non rrrr.ral

&uat:on of motton for ton" usmg Boltzmann s reldttorr 1! gr\ eD .L\

ct / Q:\-r
"' 

: rr/.or ( I - -+ )

,22
!-l

and for el({ troL\

.)2

so aLor e relatron bpcomes

,",:r!o,/r-*) '
nLL \ *-/

l0



and equahons of contlnut-\ for lons and electroDs becomes

t-

t-
nEI : rh-t.r

As quazr-neutraLtv of plasma demands

so abol'e equatlons can be BTltten as

/ or\yIr "'l--,,/r-:. I\ -'l \ -,.i

-'- -B' -ct-..-\Int

The dxpersron relatrotr take-s the fornr

*2: rQ.-.)l = *r (J s)

\\herc "*1" rs the kxrr hvbnd frequencl

b] usrng the Potssoti s equatloD rxfEl : rn.1 abore rclatron take. the ftrll

111
- j: o - oi_/ -r-

lu Iow dpu"srt] plasnias $term JotDltatcs TIte plasma al)prorlna1lon rs Lot l.ahd at,,i

srtch lugh frequenues so louer hl.brrd frequcncres carr be obserted c,n1r rf S : ! [Jl

3.10 Ordinary waves

In tlus ca-se qe take elertrrc field rs parallal to appled magnetrr held r_e E1 B. Tbesc

('ar'e are called ordmarl'r{aYes be<ause ther aJc rlot effe(tod bl' magrrctrc field The

dre(tron o[ thcse fie]ds are as folloNs
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81 solung the equatlon of nrottorr for ordrna.4 B'ave equatr()D uill l)e(orne

Li .7 L)

3.11 Extra-Ordinary waves

\\hen electrx 6eld ls trarb\.erse to drrectrron of rnagnetrc held B elertron nrotron qrll

be <iranged (re8ectod) and also dspersron relatron qrll Le rhanged In tlus case u?\,e

rs elhptrcalll polanzed rnstead of plane polarrzed and n'ave rs partralh longttudnal ald

partra.lh' tra.rrslcrse [3]

The non trtrral equatn)rls (i aDd g (ompoDent\) are

,,. -f'c, .,,a,,

"- "-!'E' 
- 'uB''

Thc drspersrorr relatton for cxtra-ordruar\ I,raves urll be grven as



3,L2 Cutoffs and FLasonances

\traen an electromagnet)c ilave $ mJected lnto the I'essel elther lt ls absorbed rn the

pla^s66 61 reflected bad< Reflectron rs refiered as (Dtoff and absorptron rs reffered a^s

rt5onan(e

3.L2.L Condition for Cutoff

A cutof occur rn the pixma u'hen refra< ttre rndex goes to zero r e

rIn : -=0 (3 10)

As drspersrou relatron of ertra-ordrrran rvit-r,e bt puttmg' I. = 0' ue get

12.l
t--1 P-n

---- -; {3 ll\

\r'e ger a quadtatlc equatlon

. -.. _.;_U

The strlutron of thr eqllatton Fl\e tn'rr roots for ,,-J r-e

(3 12)

,, : ] l- - lr; - r;; )i' (3 13)

I-t: )--,* (-r + iJi)ll (311)

r,n arrd Lz are called nght hand and Ieft hand cutofls [J]



3.12,2 Condition for ll.asonance

Resonance occurs rn the pla-\ma n'hen reftactrre rndex gc)(x to rnfirutv

cl-

)._0

(3 15)

\\lerr a n'aves of grren frequencl "-, approaches the resonance p(rnt both lts phase

voloclt\ ard group relocr ' approaches to zero and $r\'e enerel. $ convo ed lllto uppel

ll'brtd os<tllattons \Ala\e parrtcle resonance drperslon relatlon rs grtetL br

(3 1b)

\\tere l:012 3

\\ten Doppler sluft frequenaJ. harmorucs ls exactl] equal tc, (\1 lotrorr ftequencv rr ar.e

rs absorbed Tlus I nd of absorptlon prc,duces the tugh harm,truc hearmg and current

dnre

For 'r/ : 0 resonarrce rs called rll,aldau dampurg,, for ',1 : l' knr,un as hcatrng at

the ftlndamental ftcquen(\'a d for r'1 :2" resonalre r second harmonl( heatng aud so

oD

It ls an rmportant phenonlcnol for e]ettrol cvclotron ]reatrng (ECH| and as .r,ell a.

for rol clclotron heatrrrg (ICH) [E]

3.13 The dielectric terrser

3.13.1 Ma.:<well's equations

Constderng electrcDagncttc ('aves propagatmg ur anv arbrtran rurrirrnr. for example

lD a plasrna Gerreralir', the behauor of a plasrna ls Ilot too stmple tr) be rDode]ed bI. a

slmple pcrrDrttvrtv a or permeab tt\ p as for drclectrrrs or [ragnetl( nraterrals ]rrstead

\\? assunre that pldsma partl(le" are tmtnersd tn.i'a(Dtuu (hara(t(,rlzed b1,:6 and 4o

31



Then lntera{tron of the charged panlcles and the u aves propagatlon charaLterrstrcs d.r e

exalmned exph(rtl] bl calculatng the charge deLsltl a and current de[slt] J b1' mea:r-s of

a surtable plasma model The results of plasma behanor axe then (onvetueDth,examrned

bv mearr. of tbe resultrng _drcler 
r rrc teu.or'

Now we consrder the Nlax.well 5 squ611on1

r , E = -:"u
1 Atrr. B_r J_i"l(- ot

FB:O

Lslng the snDll amplrtude allous one to cxpand all quartrtles:$

Q1\,t : QfrPl-ut + tl, r)

Br talonq S : ?* F: zl rn Equatron 3 li - 3 20 u.c, get

tk t El: +1,:Bt

. lr-
rE - )j: lt,JL _ -;Lrr

O)

tkB:0

(3 1;)

(3 18)

(3 1() )

(3 20)

Qo,' : Q. + Qy., (3 21)

\\'here Q1 << Q.

Assurmng the homogelrettl'we consldet that Fortler analvsb can lx, used rn space arrd

tltDe as

(3 22)

(3 23)

(3 2l)

(3 25)

(3 26)



From Equatron 3 23

rl'x E

LF
J B, = j----:

Puttrng rahres of .81 rn Equatton 3 2{ *e get

Then Equatron 3 JJ becomes

(3 27)

(3 ?E)

. k. E - r-/A'.-:!Jt--L. tJ29r

l-^E
-t . 

- 
= L .It' --Et (3JUr

lt (-

2

-l x l'x E= uy,J1 +-"E,
c'

(3 31r

or txl> E: -:=E -t*.p.Jt (332r

Thrs relatronslup ts not 6otropt( tmpllrng tensor rclattonshtl)

1 =dEt r33.lr

\ltere 7 rs dehncd as the conductrng terrsor so &uatron 3 3l ( an be \\Tlrtcn as

l
I .l . Er = :=E1 -ty,oE (J Jlr

n*=(1.+n=el-

c

Thp drelettrrr terls,)r l\ gt\el h\

^ 
_ 

\JJIJ,

(3 3i)

(;)' "',. El- ;fr, . -.',, "']
JO

(3 37)



- ,, 
[, 

*:n,"r,) (J 38)

(3 re)

(3.10)

(3 -11)

Srnce

I

nxnxE)*R tr=o

D(a k):o-or-Dl- tL)=0

Equatron 3 37 (an be rrrltten D three separate componeuts as follotr s

B\ rNrng l'fttor ldentlt\

Hence

Herrce

la,;.--xl r,:o (3 .12 
)

Et' t' o

n ^ n f A :o (3 lJ)

-lxBxC:B\.4C)-CIAB) (3 {l)

n(n ) lu |) (3 1;)

(J 16)

10u
010
001

(3 17)

l',, i',, 1,. I

t,. 1". r. 
I

(318)



n(n ) = (nrl + nlJ + n:4.) (n,? + nlj + n=t')

: ln.t - nlJ + n.L)lln,t +nyJ-|.1|lt+)

= ln,t + n \t - n.I')(n, - ,, - ,. )

100
010
001

+ r)l

(3 19)

: (nl+n1q +n.n.)7 - (n,rL"+ni-r n,rr=); + (n,n. -,r,n. -ni) I (3'o2l

Thts relatron can be B_ntten a< rrr nmtrrr fornr

(3 50)

(3 51)

(3 53)

n; nrn! nr -

t1tfiu n; nvn:

nan: ntn: n:

.tnd

Subtractrng Equatrorr 3

(li;i):
1(1 0

010
001

tnl+nl-,rir

!ii+n;+na r) {)

0 nr-n"+nl n

0 0 '1: -,,: -,,:
55 from Equatron 3 52 rre ger

= t, l I ln t,)

(3 51)

(3 55)

n'r nrft! t1rt1-

n,n! ni n!n.

ntn: n!n: nl

rl

nlo
n;+n;rn:

nl'nl + n2. o

0 nl -r ,rj +

0[l

(3 56)

.l11

(3 5;)



tt, n. *_6. =

- (n'?, + n) n,ny nJt:

ntn,! - 1n; + ni; ntn.

.n, nsn: (nj + nj)

(n! + n'?=) r7,nu nJL.

t1.nt - in] + a]) njy't.

n,n. flyn. 1n] - rrl)

S-tD0

-tD I 0

00P

plasrrla

(3 58)

Now

l.-- i..- l--
(3 59)

4". - (ni + nl) A.v + n"nv t,. + n,n,

A.,L- n)nu l',. rnj + nrr {,. - nr,,,

4," + n,n. lu. + nurL. f'." - (rrj + nj )

(3 60)

Or bv rerersurg srpTrs u-e hare

ni t r.t - l-,, -rt,n" - k,u ntn.

t1tfly n] + n? - A-r, n1ln.

nrn. nlrL: tL; - ni - k==

(3 bI)

1J 0l)

\\Jrerr solvrng thi-s drsperss:ot relarrorl thcre urlJ be multrple roots glven for * //! /r: nl.r\,

lead lo multtple solutrons for n" Each root rorresponds to urdependent uave urth dtfferenr

pr,)pagdllon (Lara(tenstlcs These toots are rndependent $llerr tn'rllg t(, understatrd RF

heatlng & culrcnl dnve rn a plmma [3]

Dlelo(tllc tcfusor (an be ETttteu 1n another forni I e

The drelecrrtc ten or :

\\here 5 ls for sum D rs for drfference P rs for

s:l'2(R+r)

39

(3 63)



-R:1+f r-:1-\- **
{\( Tr. ,

P - 1 \-';' ' /-.7

Fronr \Ia-xuell s equatron

F' a=:ll+

F F_

It rs one of tire form q'luch rs prmouslr derrved

re n X (n x E)!cE:O

D:1l',2(R-L) (3 61)

(3 65)

(3 67)

(3 bb)

l aE
tdt

l aB
cat (3 69)

(3 70)

(3 ;1)

(3 68)

13 72)

ldD
cdt

(n j + nl)

x )t€lE:0

(n! + nl)

- ln; + ,:')

llr .ln' - (ni - nl)

-tD + n,n!

s-(rrl+nl)

(nl -,rj)

P (r,i + n,)

-SrDO
tDS0
t) 0P

(3

(i" - n:)

73)

[ , 1,; * ,'1
:| -'on"n"
I n,,,.

:) plane

(3 7l)

{0

Suce n rs rn (:

(3 i5)



Hence

nf,+n):n?cos2e

n,n, : n' go" 6 
"rn 

g

n:+n1 :n'

n', + nl = n2 sr1,' g

,9-. rr2cosld -tD n2rosdsrnd

tD S-nr 0

nrcosdsrn0 0 P- r-q,tle

(3 i6)

(3 77)

(3 78)

(3 79)

(J 80r

(3 81;

r3 82)[nx(n, )+€] :

The rdentrtres S D and P mearx "Srun" "Drfirence" and "Parallei" It rs clear

that the P e)errrent corresponds to the (old-plasma hnxt of the par:allel dlelectr(, I e

P : 1 + \, * 1. rrhere \" : + Tius rs Sust the (old hnDt of the unmagnetued

drele(tllc because behauor mr olung parallel motlons ln a magtretrzed pla-sma r rdentrcal

to tlat lrt an urmagnetlzed plas[Ia In thp ]lnxt of no plasma A-_ hl.com6 the unrt ten-sor

irnd descrrbes the eflecr of the racuum drsplacement currerrt onh [1-l]

3.L3.2 High Harmonic Fast Wave Dispersion Relation

For lrrgh beta s(enarro dlelect c (onstant rr € " rs large smcp bcta can be defined a.s

ratro betwe€rr pla-sma pressrue lo the magnetlc pressure

mathematl(alh loll beta

, S;rn,l?l
'' B)

atrn lT

(3 83)

And srnularlr electron beta

.11



Srn(e electron plasma frequen( \

And

Hence

\\'e get

For deuterrum plasrna tn \ST\
7r.tixI0l3(fi_l

I = ll-rr = 1160; ), 103,^

B1 x2iKG = 2500G

Solvrng for electrorr beta"-J. "

_ -. I/ lnn -Fz v
ld 

- | 

- 

|\ m. /

/2tfr\i

e3

(3 E;)

(3 86)

(3 8.1 )

(3 67)

(3 Ebr

/ ,)- /-*\ /rr.\'. lo / \. /

:. (:)'

(389t

Sx3tl x 1. l0rrx l38y 10 16' 11601, 103

2i00 x 2500

\ou soh'rng for thermal rclocrtr

m" :91 x l0-r39

'-\ ,1. ru--,

r .. : 187 6 x l0'.r? 5

2 x I 38 x 10-16 r 11605 x 103,a.= (

12

)'



And drelectnc (onstant € for spherrcal tokamali

,_.r::(#_,0.,n)

€: 82 3.1

These values are used rn qrpr(alll ST expenmenr

If qe tai<e the r.alues of

n. = lx l0llrrrr 3

T,:200at :2 x 11605 \ 10rI

Br =, IKG : lO00G

Solvrng for olectron betarrJ.ri

8 v 3 1-1x J ;. 10rr x 138, 10-16 x2 x 11605y l0l
1000 ), l00tl

,.:31

Nou soh rng for thermal \.elocrtv

rrt=91\10 239

,,,: (
2x138x1016x2x11605\1o)'

I I x 10-13

tr.:3-1 x l0icrr, s

-{nd dlelectn( constart r fot spherrcal tokrma_k

/3,I0r0\r€:()80 I._ I

\8r . 10,/

€: 103 68

t3



Nou' tugh harmomc fast $'ave drspersron relattoD ( an be \\Tttterl as

det

frr:1+!

i'* - ,i -?tr-av k.. + n1n

zl-ry kou n" tko,

k-- + n rL -rk..- l_-- n:

(3 e0)

I+f ''; Y'

)-2 f ,t

"- \- /r-
- z- \^ "

nr,())€ r 1
Zt \u,,) (J 91)) tr' r,7"

,,1_
. - ,,1e , 1, 1u,,)

A- r'ln

\\
+ : \,I, I \,r,, \ . -- Z, tr.l

/ ^ trr

(J 921

(3 93)

\\Iere u" = '--'l' ,n.l l- rr"7\ 
- 

rr-''r'
' ''). t:'t--,)

Here ,, and , are the nth-order mo<hficd Bessel functron arrd tts denlattl c axd Zo

ls the plasma drperoon functton The subcrrpt o rc or.cr all sprr re-s

3.L4 Electron Absorption Processes

For the present anal.rsr'\. the uavc fiequencr rs lugh rompared ro thp lon (1.lotroD fte-

quencl' (* = 21QD ) but qell belon the elettron <r'clorrorr frcclue r\ (- = 0 t)06Q, ) \\c
, rrr also negla t rle finrc Larmor radru. {FLR r pffc r- orr el., rrnrr ff. = 11.1 r .. r]

The terrns that contnbute to the electron damprng are the n=0 terms rn thc A* Ir.
4., and l'.. elements of the dlelc(tnc terlsor For the preseDt (.Lse tt rs suji(lcnt to kccp

tLe lo'\r.l5t-order terms r:c ). If rve neg}ert the loD FLR ternls the dn,le.frr( clpnrent\ are

(3 e.1)

(J 95)

(3 96)

11



(3 9i)

(3 96)

(3 99)

(3 100)

(3 101)

(3 1021

s here d_,, rs proporttonal to The plectron beta :s the magnerl( prurrplltg (\IP) term and

h,.. g;rves the electrox Landau dampmg (ELD) Her( d, repr('\eufs the cross lx ) tenu

rn Al. For cold rons 6 rn 4". rhough bemg kepr here Is actualh.qute small (j 0 01)

In the hrgh beta re$me usuallv d, rs small but d-rs of ordcr of u:utr. Srrrcc d- rs of

tltc order 1. the rrsual perturl)atlon approxmatton br. assumrng small d,, rs n,r lolger

accurate Orre Lalr thelr reurrtc thc matns m F,q (1) rrr the follomlq .rDrple fr,rrn

(3 103)

The abor_c determuant $ (on\e ent frrr solrr[g n,for a gtrcn - and rr sur< p a]l lirs

and drs are trrdependent of n_ It rs rvorth*'hrle to Dote that one can readrh sohe for rr

e),actl) bl soll'lng the detrtunant of thc 3 x 3 matrrx

4,,. n:[(/1.". ni ,',tt -a-1trr1... ni1 1-,, d,A.. )(ra_d, A.. tt-rh.,. [(z/1.1," )(1i.. - n: t-

dct

K-, - "i 7A,r. n_ r (1 - 6)

1K,u, Al.. - nrr n, 1t - 5- ) -rn_ri./r..
n-n1 (1+ 6) tn,6,K.. K.. ni

15



( rn1d,A.")1n-n (l + d))l + nrnl (1+ d-l [(?A;,, )(,nad,n..)

-1K,,.-nl-nl 1t + a-1)1n_n (1 + {i))l :0 (310.1)

Lets take

Co=K,* Ct:n C:a C3=A;,. C. =K",, C'z:6,,, CL:6, C;: K..

Then abore equatron takes the form

Cn c'il(C'u - C? - "'- 
( 1 + Cr))(a? - n'_ ) - I zn-C.+)( ?n_GG )l a,c3[( ?C)(G n.r )-

(-?nrGCr)(n_Cr (1+ O))l +r.!Cr (1-C])[(?C])i?,r GCr)

(Cn - Ci - n- 11- C;))(nrcl (1 + G))l : 0 (3 105)

A - ci[(A - cixC? - ',i)-,1 (r + G) (ci n').) - n: Clrc'ir - ci(c. rrr )

-n2-c1c3coct 17 - c ) - nlclcrGc (1 + ar )

-i ci 0 + c.): [co - ci - ??r (1-c5)l :0 (J106)

G-cil(c,Xc C?) - ttz-(c,, - ci ) niqO+cr)+n1 (1+c5) nr c6rc;l

.1t)



-c4c, + n'rci - z"ic,c,cuc lr + o) - rlc'i tt + crt, (co - ci)

+nl Ci (1+ c3)3 (l Ci): o (J 107)

crco- c?f - n2,tco Ci12 - nlG(l + c)(c0 - cit-n1 rr + G)tG r,,,r

ntc;c;(4, - C;)- cic, + nicl - 2n1C,GC6C t+c!)

-nt ci 0+C'!)2 (c,, -ci)+,icitr+cr)r(1_c,)=0 (J10s)

Rearrangrng tlle ternB for n{ and nr

f(1 - Ci) (c0 Ci) + C; (1 - C,1! 1r - Crrl,l + lC; - \Ca _ cl), _ c.t(l, C5) (co Ci)

-4'c,t(C, - cit 2CC3GC (1+cr)- a:.r(1-C):(c) -ci)ln,

+c;(c'-c'if -Cic;:o (J 109)

Let put back the ralues Cx :Al* Cr : nt Cr =, C3 : A"r, C, : d,,. C,:, : .t.

(': : .li-- r'e oet

I(1 * 6," ) (4...-ni)+,f {r + dl. rr - d- )ln1+ [i?,._ (r'1..-,i )r-1,.. (1 + J-) (A;,. ni)

Ai



6'?.K:.1K,,, ni) - 2n K,!,6, K 
". 

(1 + 6) - n: ( 1 + .r )r (,(.,. - ni)lnl

+K..\K*, _ rri), _ 1\:,.A.. : 0

Ttus rs the quadratrc form tn n2 a.<

(3 110)

an1 - bn2 +r=o (3 111)

\\'here

o : (1+ rt-) (1\,,. - ni)+ nr, (1 + d)! (1 - d-)

6: Al* - i4,,. ni)r - t.. (1+6,,)(A:,.- ni)-d:,h;.lfi.,.- nr)

-2n Alu.6,A.. l1+ 6) ni (r+d)1 (K,,,-ni)
arrd

c : 1r.. (h1," - ni), ,\i,.1t..

"Further aral1'sts of the abotp relatron cal 9r\'6 the depcn(lence of tLe magnettc

ptmpmg (NIP)term and the electron Landau damprng (ELD) on electron derrslty Hrgh

rahre of\IP u'rll lead to large elertron absorprton Ho.n'eIer rhrs anal]slc rs berond the

.,cope of thrs thesrs uork "

1E



Chapter 4

Summary/ Conclusion

In thrs u-ork olu obJectrl.e ls to studl'the hcatrng of pla-rma u,rrh l[Bh harmonlcs faqt

n'ar es rrr spherrcal tokarruk In rhrs regard ue have dr.cu.ssed rrr earher chapters about the

plasma rts requrrements condlttons and rts cr,n6nement pro< edurcs later on \e r ame ol1

ln our obJectrve heatrng of plasrrra rc explarned. tn ll.lxch drfiercrt heatrtrg tec}uuques a,rc

drscussed Irr our drscussron and letrature rerre\\ lt ls obuorls that Obmtc heaturg rs not

errough for control)ed thermonuclear firsron reactrou ne need an extta sourre of heatrng

to a(hre\,e the requred temper.rture In tlus regard u'e hatc drsr trssed dtflerent nrethods

for heafrng As ue hare drscussed lugh harmoruc {'a1? N a poulnant sourr e for heatrng

Irr rhrs \l'rrrk sonte ba-st( propertl€s of electromagnptlc *are 1E\I t hare been dtscusscd

rn the contert of RF heatng aud current drrl'o lD tlre hlgh bcta pla-snas It rs concluded

that the s'a\'e-s traDsnxtted from outsrde lnto t Le ceDter of plasnra $,hch rs related br thc

drspcrston relatron D(; l') Our t alget .rr'a-s to achlel.e accessr I rr lrtr of \\'a\ es I nl o center of

piasma and theD \\ al'e pa[tlc]e rrsonance tn order t() tra[\m]t \\ates encr&\ rntc, plzL\ma

partlcles Our nalor task has becn tc, appll basrc electroma4rerrc \ar? prlrnlples Just

descnbed to learn ho\L to heat rhe pla^snra aDd (urrelt drtre eflrrrerrtll, For rnt: oductorr

RF heatug and curreut drt\e. the nore approprrate to focus orr rhc alah.trLal solutlon

of srmple modelq

TLe sunple model rs of the ftrr::i

D\* k) : D,t- i-) + D,(* i )

{9



The firnctrons D, a:od. D, could be real rf * ald fr are real The filrt tron D, a-sso(rated

urth the s-ave propagatlon charactenstr(s B'hlch des(nbes

. Propagatron

r Cutofis

. Resonar(e

The second futl(tton ,, \1luch rs aln-a1.s D, << D. drst rrbes the drsstpaflon ofthe

ua\e due to r(sonan( e of q'ar.e and pattr(le

\\'e have den, ed the dlele(tn( ren5or bl ustng \Ia-\-well s equdtrons ]ater ou drscussed

the dEpersslou relatron fol hrgh harmonrc-s fa-st \l.at e -{t fire eDd .n'e expl.uned the

ele.rrol absorptlon process \\ht(h leads ru to drsperssron relatt()n [r determrrrart form

and firther anah'sb of ttus deternxnant grl'es the result rn qudratn fotrn c,f nl \\'hrrh

ha\e the ven (ompl€x fotm of aoeffi(teDts futhcr arrall.srs of thrs quadratrr equatlon $

bevond the srope of thrs u'ork

.-r0
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