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Abstract

The purpose of this present work 1s to analvze the effective heating of plasma with
ligh harmonic fast waves (HHFW) 1n spherical tohamak Heating with HHFW 18 a
promsing scheme 1n addition to ohmic heating i spherical tokamak (ST) The jdea of
HHFW heating was c oined by Ono 1n 9] Small aspect ratio high beta regme 1€ used
with low value of magnetic field to achieve the fusion reaction in spherical tokamak
In thts work heating scheme m ST with high harmoni fast waves 1 imvestigated with
the help of dielectric tensor refered by Thomas H Stix 1 his book  Waves 1n Plasmas
We have used Maxwell s equations to achieve required diefectric tensur  The confined
electrons 1n the plasma 1 sphencal tohamak by the magnetic fie]ld are garating with
proportional frequency to strength of magnetic field When electromagnetic waves of
resonance frequencv felectron cclotron frequency) are mmjected m confined plasma the
energy of electromagnetic waves 1s transferred and temperature of electrons 1s rased In

other words energy 1s absorbed by plasina

V1



Chapter 1

Introduction

In this chapter. we have discussed about the nature and tmportant properties of plasma s

different features and requirements followed by different plasma confinement techniques

1.1 What is plasma

The electromagnetic force 1s the main building block to create strucrure e g atoms and
molecules etc  The binding energy of crystalime solids are larger than their thermal energ:
On heatmg they change their phase e g decompose melt or disassocate as shown hg
11 When atoms got the energy greater than 1omization energs atoms decompose into
positive and negitive 1ons  These 1ns are not totally free from electromagnetic force and
are strongly affected by the force which 1s produced by other 1ons Although charges are
no longer bound. they are capable of collective motion of great vigor on their assemblage
Such an assemblage 15 said to be a plasma Of course hound svetems can show extreme
complexity of structure e g a protein molecule Plasma complexaty 1s somewhat different
since thermal excitation breaks interatomic bonds and 1onized most terrestrial plasimas
seen as gases In fact plasma i< sometimes defined as an 10mzed gas that extubit plasma-
like behaviour Plasma like behaviour ensures after a small frac uon of gas has 1omzed
Therefore, partially 10mzed gases show most of the exotic phenomenon of fullv 10mzed
gases Plasmas produced by omzation of nentral gases have approximately equal number

of positive and negative 1ons In this case the oppositely charged fhnds will be srronglv

=1



coupled and forced to electrically neutrahize each other on macroscopic length-scales Such
plasmas are called quasi-neutral (*quas1 means the small variation from exact neutralin
which have mmportant dynanuc consequences for certamn types of plasma modes} Non-
neutral plasmas contain charges of onlv one sign occuring primarily 1 the laborators
experiments  Therr equilibrium depends opon the mtensity of magnetic helds 1n which
the charged flud rotates It 1s approximated as 95% (or 99% which depends on whom we
are trying to unpress) of the universe conssts of plasma In earlier approaches everything
of the umiverse was plasma In the present approach stars. nebulae and even nterstellar
space are filled with plasma The solar svstem also consists of plasma of solar wind
form The plasma surrounding the earth 1s trapped by 1ts magnetic field We can also
find terrestrial plasmas m hghtrung, fluorescent lamps n laborators experiments and m
industrial processes In fact the glow discharge has recently become the mainstay of the
mcro-arcuit fabrication industry 2] A relationship between temperature and number

density of plasma 1s shown in fig 1 1 mn different tvpes of plasma

wiecinic srca,

kghining, nesn signs

Figure 11 States of matter|1]

1.2 A brief history of plasma physics

When the constituent parts of blood are separated a transparent hqud called plasma
1< Jeft behind  The word plasma 1s taken from a Greek word TAndpa  which means

a moldable substance™ or a jellv  This name 1s ginen by Czech scentist Johannes



Purkinye (1787 — 1869) He comned the term 1omzed gas 1n 1927  Langmuir said that
blood plasma consists of red and white corpuscles by the way as electrons and 10ns n
an electrified flmd Langmur and his colleague Lew: Tonks were experimenting the
physics and chemistry of tungsten filament Light-bulbs He discovered certamn regions of
plasma discharge tube exhubiting periodic vanations 1n electron densitv which are now
called as Langmur waves Langmur s research provided theoretical basis of most plasma
processing techniques 1n fabrication of mtigrated circmts  Langnur s research leads to

following five important developments

1 Radio broadcasting which led towards the earth s 10nosphere

[R]

This helped the astrophveicists in recogmizing that the most of the universe consists
of plasma The pioueer of this field 15 Hannes Alften who developed magnetic

reconnection and dyvnamo theory

3 Creation of hydrogen bomb opened the door for controlled thermonuclear fus:on

which 1s possible energy source for the future

4 In 1958, James A Van Allen discorered Van Allen radiation belts that surrounds

the earth

o This helped i developing high powered lasers and opened the new field of lase

plasma phy=ics in 1960 2,

As shown in fig 12 the plasma medium 1s described macroscopically (on a large
scale) by 1ts teniperature and density and changes 1 the plasina are calculated by using

conservation equations such as conservation of energy monentum and mass

1.3 Basic parameters for plasma

All phenomena of plasma are due to the monon of gas molecules and macroscopic quan-

tities  Plasia system can be explamed with the help of followmg parameters

9
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1 Debye shielding

(K]

Plasma frequency

3 Quasi-neutralts

1.3.1 Debye Shielding

When a charge carner 1s placed 1 1ts solution theu the meaurement of 1ts net electrostatic
effect and at which distance those electrostatic effects continue 1= called Debve shuelding
The voluine of a sphere of radius equal ro the Debve length 15 called Debve sphere There
1» 1o any electrical effect outside the sphere Debve length 15 the characterstic of plasma

and 15 given In

LT \1"
Ap = ( B 1) {cgs unts) {11}
d7n.e-

Above relation shows that Debve length "Ap’ 1s directly proportional to temperature
and mversely proportional to the number density of electrons (n.) This 1s obvious from
the above formula that " Ap' increases with mcrease m kinetic energy of electrons and

decrease~ due to mcrease in concentration of electrons (3

10



1.3.2 Plasma frequency

Collective behaviour of plasma can be explained by using time scale parameter Plasma

frequencv or langmuir frequencs "wp suggests the reaction time It 1s gien by

1\ 172
_1 =
wpe = ( 7€ ) (cgs units) (121

M.

where € ny and m are the charge number densityv and mass of electron respectivels This
equation shows that plasma frequency 1s different for different species Positive 1ons hate

greater mass and so have low frequency a~ compared to that of electrons [2]

1.3.3 Quasi-neutrality

The word "quas1" 1s a Latin word meanng small deviations from neutralitn A< on
macroscopic level there exist equal no of positive and negative charges Due to the
cancellation of fields of positive and negative charges plasma becomes neutral Now woe
consider the Debye length of microscopic scale length at which plasma 1 not exacthy
neutral 5o electrie field 1s created due to deviation from perfect neutrahty

Deviation from perfect neutrality 1» achieved at length less than \5 But on length
scale above than Ap plasma must be quasi-nentral The deviation from quasi-neutralits
1s obtamned due to wsufficient internal enermy to become considerably non-ueutial for
larger distances thau the Debyve length

One of the fundamental requirements of plasma 1s bemng quast neutral given as

n>~n=mn

where 7, = number density of 1ons 7, = number density of electrons and n 15 called

common density which 1s also called plasma density 4]

1.4 Plasma criteria

To achieve the perfect plasma state an omzed gas must fullfil the following three condi-

ticns

11



1 L>»Aip
2 Np>»1

3 u.‘pT> 1

1.4.1 L> )p

For conversion of an 10tzed gas mto the plasma. the first condition 1s that "A," must

be much smalier then "L™ where ' L™ 15 the scale length

1.42 Np>»1

Debye shielding occures onls when there are huge number of particles i the clond For
stuall number of particles Debve shielding becomes statistically mvahd  To find the

number of particles m Debve spliere we can use the following equation
; 4 13 o -
.\DZET!{]HAD:]..BSVIO VT Fiy (T m K

1.43 wpr > 1

The condition for plasma 1s that . p7 Must be greater than 1 where ., 18 the plasma

frequency and ° 7 15 mean time between (ollisions with neurral atoms 1 e
...L,p'a_ > 1 [l 3)

Charged particles collide so frequently with neutral atoms that their motion 1s coutrolled
bv ordinary hydrodynanwc forces 1ather than by electromaguetic forces If o 18 the
frequency of tvpical plasma oscillations and 7 15 the mean time between colisions with
neutral atoms we require w,m > 1 for the gas to behave like 4 plasma rather than a
neutral gas

To shicld the charge particles which are confined m the plasma system, there should

he large numbcr of electrons in the Debye sphere Osaillations especially of electron must

12



be greater than the collision frequency f,,. of neutrals and electrons 1 e

fo= 32> fue (14)

If this condition 1s not achieved by the plasma svstem then the motion of neutral dom-
mates and no collective action will occur 1n the svstem This target can be fullfilled for

plasma system by increasing the degree of 10mzation (3]

1.5 Confinement

Here we explain some techmques to «onfine plasma We also discuss the adr antages
and disadvantages of these techmques Basically plasma confinement 1s accumlation of
plasma in certamn place Plasma heating and confinenient are two major problems 1 the
fusion reactor There are three methods from which plasma ¢ould be confined but two of
them 1s used on earth for controlled thermonuclear fusion Plasma at luigh temperature
will create a pressure and 1t will expand abruptly to control this expansion we need
an oppostte force agamnst this thermal pressure This force could be gravitational eg
n stars, magnetic force 1n magnetic confinement devices or may be plasma mertia that

keeps the plasma together [5]

1.6 Gravitational confinement

One of force capable of confinmg the plasma fuel well enough to satisfv the Lawson
critenzon 15 gravitv The required mass 15 50 high for gravitational confinement so could
survive only m stars for examnple i red dwarfs and biown dwarfs They fuse deuterium
and hithmm for which they have enough heavy mass In Figure 1 3 fusion 1 shown 1m the

sun

13



Figure 13 Grawvitational force of the sun makes the thermonudlear Fusion [6]

1.7 Inertial confinement

Inertial confinement [12]

In this kind of confinement large pait of pellet surface 1s taken a~ a fusion fuel at verv
high temperature and pressure  Fuel should be hot enough and deuse enough that will
proceed to fusion reaction Inertia of this fusion fuel will confine 1t onlv for nano seconds
For 1gmition source lasers tons/electrons or z-pinch 1s used Inertial confinement 15 used
m Hydrogen bomb and i controlled nuclear fusion as well Four stages of fusion by

using mertial confinement are shown in Figure 1 4

4



1.8 Magnetic confinemet

This techmque 18 used for plasma confinement as charge particles 10ns and elec trons traces

the lines of magnetic field. these magnetic force Lines are used to confine the plasma In

this fusion fuel 1s trapped bv using strong magnetic felds

There are number of magnetic geometries used for magnetic confinement for example

e Magnetic Marror

¢ Stellarators

o Tokamaks

Toroidal Magnetic
Confinement of
Plasma

Figure 1 4 Magnetie confinement geomaters 121

1.8.1 Magnetic Mirrors

In this type of magnetic coufinement charged particles are reflected back from the densor

maguetic field The mranence of magnetic moment ~ ii* 15 the hasic parameter of plasma

confinement
1
S

As seen from above relation by mcreasing magnetic field "B" perpendicular veloat
“v_" will also merease 1o keep magnetic moment * z° constant  Tu eonserve total Cnergy

13



Basic Magnetic Mirror Machine

Figure 1 5 Airror machune

parallel velocity component *v," must decrcase at throat There 1s lugh magnetic field
so parallel velocity compouent ' ¢,” will become zern and perpendicular velocits @' 1%
verv gh as a result particle have to reflect back In this geowetry particles proceed to

and fro motion between two ends of magnetic nurror as shown 1 hgl 5 [3]

1.8.2 Stellerators

It 15 the device ro confine plasina fuel along the magnetic ficld Lines to produce controlled
thermo nuclear fusion Iu this machine closed flux surfaces are produced by externally
used magenets while 1n "Tokamak" 1t 1s not like this  Generally a stellarator «onsist
of helical conductors i the fortn of pawrs which are arrange antipaialle]l to each other
to produce magnetic field by using current helical structure can be understood by figl 6
Lyma spitzer first mvented 1t i 1950 but after the invention of Tokamak which have

better results than stellators aie fallen from favor i 1970s [6]

1.8.3 Tokamaks

Tokamak 15 the confinement svstem which confines the plasma toroidaly  Torcdal field 1s
responsible for confinement, but 1n order to achieve equibibrium (to balance the plasma
pressure) poloidal magnetic field 1s also applied Poloidal magnetic field m the tokamak
manly produced by plasma itself The direction of current due to poloidal field 1s toromdal
Toroidal held "B,' and Poloidal ficld "Bs™ both give rise the plasma m the helical

trajectory n the torus Torodal field " B," 15 produced by passing the curient arround the

16



Figure 1 6 Stallerator [6

]
I

torus, as shown in Figure 1 8 The product of particle density and temperature 1~ called
the plasma pressure The paiameters that are particle densits and remperature increased
the fusion reactivitv Strength of the magnetic field inceases the plasma pressure, which
15 confined Strength of toridal field 1s linuted due to technological factors The tormdal
magnetic field 15 mversel proportional to the major radius the resulting held at the
center of plasma would be around 6 ~ 8 tesla the toroidal fields 1n large scale Tokamak
1> lower than 6 ~ 8 tesla value For toroidal magnetic field the confined plasma pressure
mcreases the plasma current up to linutmg value The resultig poloidal field s lower than
the toromdal field In large scale Tokamak current of several niega amperes 1s produced.
for example 1n JET Tokamak 7 A/ A 1s produced In figures 17 18 and 1 8 schematu
diagram of tokamak cutout model of tokamak 15 shown to elaborate the geomaters of
tokamak

Since plasma current 1s driven by a toroidal electric field produced tn the flux changing
action of transforming  The energy confinement tune with the size 1s found expernentally
which s equal to 377 where "r, 15 the mean munor radius of the plasma In JET Tokamak
confinement time 1s more than one secouds It 15 found expenmentalls that energy
confinement time mcreases with plasma current and decreases with plasma pressure
Tokamak plasmas are heated upto few KeV by Ohmuc heating of plasma current the
required temperature of > 10 K'el” are then achieved by additional heating by Neutral

Beam Imection (NBI) or Electromagnetic (EA} wave heating

17
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et Nehl e e T e

Figure 17 Schematic diagiam of a tokamak [10]

Present davs Tokamaks are operated m particle densities of the order of 10* ~

)

10?*m~? which 15 lower than the atmosphernic pressure of the order of 10° [7]

Tomrts "l

il

Figure 1 & Torus (7]

1.9 Spherical Tokamaks

In 1986 Peng and Stricker developed new configuration with ultratight aspect ratio (£)

2

which 15 m the range of 12 ~ 14 Number of spherical tokamak experiments are being

13



4 4m

Figure 1 9 MAST [11]

done from some decades Here n fig 1 10 diffrence between conventional and spherical

tokamal, 15 shown

Aspect ratio A = R/a

Figure 110 Daffrence between conventional and spherical tokamak[11]

(MAST) Mega Ampere Spherical Tokamak at Culham Labhoratory i Unuted Kingdom

(NSTX) National Spherical torus Experiment which 1 at Prmston Plasma physics
Lah United States of America

The mam advantage of spherical rokamak 1s that we can get ngh-Deta due to low
value of B (Magnetic field) Due to ultratight configuration and high beta condition
additional heating 15 also required For this additional heating neutral beam mjection

15 presently used i Small Tight Aspect Ratio Tokamak (START) and Mega Ampere

19



Spherical Tokamak (MAST) [8] (9] A schematic diagram for power genaration by con-

trolled plasma fusion reaction 1s shown 1n fig 1 11

Generalor —

i

Figure 111 Schematic of Energy from Spherical tokamak [7)

20



Chapter 2

Plasma Heating

In thie chapter different heating methods for the fusion reaction have been discussed
As high energy 15 required to fuse the light nucler and different methods can be used to
achieve the target In the graph below relation between reaction rate and temperature 1s
shown

temperature [keV]
10° 10! 10° 10°

— DT
— DD

D-He3 ~

w 10%7 v T ——
< 107 10t 10" 10’
temperature {bilhon Kelvin]

Figure 21 Temperature vs reaction rate

To start controlled thermo-maclear fusion 1eaction we nead temperature of molhion

C° Following are few known techmques to provide necessary enetgy to the fuel

e Ohmic Heating

¢ Magnetic Comipression Heating



e Nuetral Beam Injection Heating

e Radio Frequency Heating

2.1 Ohmic heating

When high electric current passes through the plasma heat 1s produced due to power
dissipation  This tvpe of heating 15 called "Ohmuc Heating”" which depends on the resis-
tance of plasma through which current 1c passed It 1s just Lke electric heater used to
heat the water The mamn problem m this tvpe of heating 12 that when temperature of
plasma mcreases 1ts reststance decreases due to which heatmg 1~ not so much effective
When temprature of plasmad rises collision frequency decrease« due to wluch resistance
of plasma also decreases At hugh remperature plasma becomes (allisionless resulting low
resistance Because of this we can not nise the temperature of plasma upto certam himmt

byv Ohmic heating Consequently other techruques also required to heat the plasina

2.2 Magnetic compression heating

The second techmique for plasma heating 1s "Magnetic Conipression” Plasma 1s confined
due to pressure exerted by a magnetic field Plasma confinement 1s strongh affocted by
the change 1n apphed magnetic field As magnetic field strength 1s increased. plasmad 10us
come closer and closer hence compressed This produces an catra heat So the use of
magnetic field to heat the plasma has an extra advantage to compress the plasma which
1> requirernent of nuclear fusion The probability of fusion mncreases by mrcasing plasma
density The effectiveness of this regime depends upon the tec hiique used to 1gnite the

plasma

2.3 Neutral beam injection

To achieve the target of heating the plasma another techmique 1s to nsert the accelerated

neutral particles into the plasma vessel Electiic field cannot accelerate the neutal atoms

22



s0 there 1s no direct way to inject the accelerated neutral beam into plasma so we have
to use mdirect way to achieve this target For this purpose positively charged deuterium
1ons are accelerated to enough energy before entering into the plasma vescel, accelerated
deuternium 10ns pass through the neutral deuterium gas When accelerated duetrium 1ons
pass through neutral deuterium gas they exchange therr charge and become neutral
Then these energetic deuterrum atom will enter the plasma vessel When neurral atoms
strikes the plasma deuterium atoms will 1omzed again and will t1apped 1 the magnetc
field During the collision process energetic deuterium atoms transfer some part of energy
to plasma and consequently plasma 1s heated Neutral beam mjec tion 1 additional energy

which can be used with ohmic heating to igmite the plasma [1!

2.4 Radio frequency heating

The fourth way to heat the plasma 1s by radiating the radio fiequency waves mto the
plasma It 15 just like microwaves which are used to heat the food as the microwases
agitate the polar molecules in the food and thev are subject to vibration and consequently

food 15 heated

Radio Frequency Heating

Ohrmc Heatng
MNautira| Beam injection

Radio Frequency Heating

Radio frequency waves also heat the plasma as the plasma 15 composed of 1ons The
main difference between radio frequency heating and microwave heatung 15 quantity of

radiation used to heat the plasma Charged particles of plasma absorbs the energy from

23



the radio frequency waves and collision between them 15 mcreased which will increase
the temperature of the plasma This heating 15 used w addition with ohmic heating
because of himutations of ohrmic heating [8] In fig 22 Ohmuc heating NBI heating and

radio frequency heating 15 shown mn the torus

24



Chapter 3

High Harmonics Fast Waves Heating

and Current Drive

In this chapter we have discussed the warve properties of waves nteraction of wares with
plasma and using the Mazwell s equations for derivation of diclectric tensor m order to
heat the plasa

Let us hegin wath the basic defimtion and explanations

3.1 Waves

Any peniodic motion which transfer energy s called waves Waves transfer energy from

one place to other without transfernng matter

3.2 Electromagnetic waves

The electromagnetic waves can be defined as disturbance of electric and maguetie fields
The direction of these waves 1s perpendicular to both electric and mwagnetic fields These
waves will contimue propagating until absorbed by anv matter

mathematically

E= A4etlet-27) (31)



whete

k=— (32)

and 1, 1s velocity of phase propagation

3.3 Harmonics

The integral multiple of fundamental frequency 1s called harmomic  As the harmonic
number 15 1ncreased the frequency also increased for example second harmonic has the

o

N 2 th > 9 o
frequency 2f and n** harmonic has frequency nf and wavelength 1 *

Figure 31 Combline anrenna used m TST-2 spherical tokamak [13]

To produce high harmonie fast wave frequencies combline antenna 1s used 1 spherical
tokamak Working of tlus antenna 15 just hike a band pass filter 1n which current 1= driven

through hrst strap and other straps works due to mutual mduction

3.4 Cyclotron Resonance

For achieving the temperature upto required level radio frequency heatig 15 usefuil tech-

mque  For resonance or energy transfer our wave frequency must he equal to electron

26



S/No | Frequency Source Remarks
1 < 100AfH:= High Power vacum tubes
2 ~1—-10GH: Klystrons Micronaves
3 ~ 10 — 300G H =z | Gyrotrons Submilhmeter waves

Table 31 Table showing Frequency and Resource

¢vclotron frequency to heat the electrons For example

at B=1T (3 3)

. _16)10_19>~'1
YT 91 > 10732

“ee = 017 x 10**rad/ sec

017 % 107

f = 002799 x 10"*H >

iy

f=28GH:

It means we required a wave of 28 GH > frequency to heat the electrons

And similarly for 10ns

_¢8 for B=1T (34}

_16x10'19>f1

e 16> 102

wo = 1 % 10" rad/ sec

f=—=0159x 10°H -

Which shows we need 16 M H - frequency wave to heat the 1on-
In High Harmonic Fast Waves (HHFW) . p S w € wpe 15 our promsing Fast wave

heating reginie The sources of these frequencies are as follows

High power vacnm tubes could be used for 10n evddotron heatng (ICH) Gyrotron for



electron cyclotron heating (ECH) and for lower hyvbnd cwrent drive (LHCD) Klvstron

could be used [8]

3.5 Plasma Oscillations

Plasma 1s composed of elec trons and 10ns  Tons are obviousk heavier than electrons when
electrons are displaced from their mean position electric field 1s built 10 restore electrons
back to thoir onginal position but due to mertia thex w1ll overshoot and continue 1o
oscillate around the mean position which 1s called plasma frequency  Although 10ns are
not stationary but with respect to electrons they are supposed to be fixed due to their

heavy mass These osallations also called plasma waves The plasma frequency 1s grven

U
Mot~ \ 4

u.'P = T(ldl,r’ 5
som

3.6 Electron Plasma Waves

by (3]

[

Due to thermal effect plasma osullations propagate this effect can be treated bv including
the term '~V P" 1n the equation of motion The dispersion 1elation after includig the

thermal effect will becormnes [3]

3. 4.5 Yy -
o = ..J.‘I, -+ 3:11'_111 ld ‘J}

- 2
where 1] = %L
m

3.7 Ion Waves

These are pressure waves propagate laver by laver In plasma there are no neutral atoms

lons transmit their vibrations between each other due to therr tharge These vibrations

b



are of low frequency The dispersion relation of an 10n acoustic waves 1s given as [3]

(36)

(ll

_ (m; +~,,KT,)%

k M

15 speed of sound 1n plasma for 10n waves the group teloaty 1s equinalent to

Where ‘1

phase velocitv

3.8 Upper Hybrid Frequency

For longitudnal waves mm which & | E k and E along x-axis By along z-axis so equations

of motion will become

—t.miy = —¢E — e, By
—mnit, = €1.By
_ 8By ..
= ¢ we get

Solving for ¢, and using .,

cErem

1]
1-%

t'r

23

Above equation ~hows that 1, becomes wfinite at .+ = ..

Now using equation of continuty 1n hnearized form

Lt

- 8”&1
= Ny, =0
8 ot
o)
3
<
hC S
Or 1t can be written as
A
ny = —npty
N
From linearized Poisson equation we get
syVE = —en,
or sgthE = —emy



Putting the value of n; and v, we get

E(l_if)zi%

o 1M 22y

el
Since u.'i = T, the above relation becomes on simphfving
2 2
wh [
2T =1
wp \A..p
The dispersion relation get the form
¢‘2=w;+¢f5u§ (37}

«# 15 called upper hyhnd frequency [3]

3.9 Lower hybrid frequency

When angle () between & and B, 1= exactlv 90° the elections goes along the Lines
of force and neutrality between electron and 1ons destroved Now thev will not obes
Boltzmann s relation rather obev the full equation of motion  For finite mass of electron
equation of motion will be non trrvial

Equation of motion for 10ns using Boltzmann s relation 1= gnen as

ek 02\ ™
A Vel S

and for electrons

= —¢
A =1
92:—.4..(_-



and equations of continuty for 1ons and electrons becomes

k
M = Rp—1ty

o

A.
Nep = n{!"‘tel

[¥ )

As quazi-neutrabtv of plasma demands
n, = n,

s0 above equations can be written as

,U(I—Q.,) = —m (1-—“

, €B*
LT = - QCJ.‘-_-
Mm

[ 2

Pml"‘ b
h——

The dispersion relation takes the forn:

i
= =y (3 8)
Where "w; ™ 15 the lower hvbnd frequency
by using the Poisson s equation ¢,5 E1 = —en,; above relation takes the form
1 1 1
S = Y]
-7 Q.. _Q;

Iu low density plasmas gzterm domunates The plasma approximation 1s not valid at
T

such high frequencies so lower hybrid frequencies can be observed only 1f 4 ~ Z 3]

3.10 Ordinary waves

In this case we take electric field 1= parallal to applied magnetic held 1-e E1 | B. These

wave are called ordinary waves because they are not effected by magnetic field The

direction of these fields are as follows
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3.11 Extra-Ordinary waves

When electric field 1s transverse to directrion of magnetic field B ™ electron motion will
be changed (reflected) and also dispersion relation will be changed In this case wave
1s elhptically polarized instead of plane polarized and wave 1s partially longitudnal and
partially trausverse [3]

The non trvial equations (r and y components) are

— it
ty = —I(E; + 1, Byl
m"-&

ty = —(E, + 1,By)

i

The dispersion relation for extra-ordinary waves will be given as

—,—;.3 (3 9)
: A



3.12 Cutoffs and Rasonances

When an electromagnetic wave 1s mjected mnto the vessel erther 1t 1s absorbed 1n the

plasma or reflected back Reflection 1s reffered as cutoff and absorption 1s reffered as

resonance

3.12.1 Condition for Cutoff

A cutoff occur m the plasma when refractive index goes to zero 1e

’I‘.
n = ;*——0

e

== )\ —

As dispersiou relation of extra-ordinary wave by putting "k =0 we get

we get a quadratic equation

2 2
Wl :FLJ.:LA.,C_u.'pZO

The solution of this equation give two roots for "' 1-e

] iy Ly
[""c = {.A.; o -1.1."!')-

Lp =

V2|t

1 1
wp = _:_’u..c -+ (..J.,f —+ -1..1.';:)3]

2

wg and « ; are called right hand and left hand cutofis [3]
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(310}

(311)

(312)

(3 13)

(3 14)



3.12.2 Condition for Rasonance

Resonance occurs 1n the plasma when refractive index goes to mfinitv

When a waves of grnen frequency "o approaches the resonance pont both its phase
veloaty and group velocitv approaches to zero and wave energy 1s converted uito uppel

hvbrid oscillations Wave particle resonance dispersion relation 1z given by

Y ST W (3 16)

Where i =012 3

When Doppler shift frequency harmomnics 1s exactly equal to ¢vclotron frequency wave
1s absorbed This kind of absorption produces the high harmome¢ hearing and current
drive

For " = 0" resonance 1s called "Landau dampmg" for "l = 1" known as heating at
the fundamental frequency and for "/ = 2" resonance 1s second harmonic heating and so
on

It 1 an important phenomenon for electron cvclotron heatmg (ECH) and as well as

for 100 cvelotron heating (ICH) (]

3.13 The dielectric tenser

3.13.1 Maxwell’s equations

Considering electromagnetic waves propagating mn any arbitrary medmm, for example
m a plasma  Geneially, the behavior of a plasma 1s not too simple to be modeled by a
simple permutivity ¢ or permeabilits i as for diclectrics or magnetic materials Instead

we assume that plasma particles are immersed in vacmun charactenized by = and Lq

34



Then mteraction of the charged particles and the waves propagation characteristics aie

examined exphatly by calculating the charge density ¢ and current density J bv means of

a swtable plasma model The results of plasma behavior are then convenlently exarmned

bv means of the resulting “chelectric tensor’

Now we consider the Maxwell's equattons

OB
E=-2"
T =
1 OF
VXB=pJ+—
X =
vE=Z
€
VB =0

Using the small-amplhitude allows one to expand all quantities as

Q{rt‘ = Q: + él(rh

Where Q; <« Q.

(3 17)

(3 1¥)

(3 19

(3 20)

Assuining the homogeneity we consider that Fourer analvsis can be used n space aud

tine as

Quirt, = Querpi—tat =ik )

B+ taking % =t V =1k Equation 3 17 - 3 20 we get

tk « E] = +i‘..:.‘Bl

wE=2
Ce
h B=10

(322

(3 23)

(3 21

(3 25)

(3 26)



From Equation 3 23

Bl=zkxE
|
:Bl-_-AXE

Putting values of B; in Equation 3 24 we get

kEx E -
x 22— g -
e [l
kx FE -
—kx = =y g2 E
ot L=

0

b xkx E= L.;,'jicjl -+ L:E]
o

ol kxi»E= —;El —twepJ
P

This relationship 15 not 1sotropic 1mplsing tensor relationship

J] = E’El

Where ¢ 15 defined as the conducting tensor so Equation 3 32 can be written as

Exh x E = —L:El —tpu 0 E
2

e =¢h==n==k

:A:n—

The dielectric tensor 1s grven by

Then Equation 3 34 becomes

5

() o nrE1= - B+ tenms)
C [ L

30

(327

(3 2%)

(3 29)

(3 30)

{3311

(332,

(3 33)

(3 341

(3 33)

{3 301



Since

Equation 3 37 can be wnitten i three separate componeuts as follows

Hence

By using vector identity

Heuce

£, =
g

nXNXEl"‘KE]‘—_O

Diw kY=0—0or—D{w n)=0

AXxBx(C=B{4AC)-C{AB)

b
f
o

2

37

(3 38)

(3 39)
(3 40)

(341)

(3 42)

(343}

(3 44)

(3 42}

{3 16)

(3 47)

(3 13)



1 00

(7 ) ={(na+ng+nk) [(np+ng+nk) |01 0 (3 49
0 0 1
= (et =ny) +nh) [(nz+nyy —nk) (0 + 5+ k) (3 30)
= (ngt +nyy - nk)(n, —n, + n.) (3 31)
= (n} + nyn, + nen.)1— (ngn, + ng +nyr) )+ (npn. —nyn. —n3) k {3 32)
This relation can be written as 1 matria form
- ;
ny  Mem, ngn
= | n,n, n; ngn. (3353
n.n. ngn. n:
And . -
1 00
TETWI=]01 0] mient - (354)
0 01
2 2 2
ny+n,+n 0 0
= 0 n; - n; +n? N (3 33)
0 0 n: -+ ni - n’
Subtracting Equation 3 55 from Equation 3 52 we get
TXxTx =TT )— (7 (3 56)
’- n:  nem, non. n? +n?+nt 0 0
TxT N = n:n, ni n,n. | — 0 n7 -+ ni +n3 0
nen. myn.  ne 0 0 n?+ nj + 12
] o (357)



— (nZ +n?) n.n, T
HXor o> = N7y, - ('ng + ﬂf) Tyt (3 58)
] nen. nyn. —(n; + ne ) |
Now
— (n;, + n;) n.n, nont: ker Kry ki
nx7my +K= nen, —(n: +n?) nyn, | kry b Ky
NgM. nyn. — {n7+ nf,] Fre Ay A.. J
{3391
kpp — (ng + n?} Ary + 1m0, Boe =+ nqn.
7> T +HR= boy +nany kg — (02400 ke +myn, (3 60
bz + nen, hy= + nm. koo — (024 1)
Or bv reversing signs we have
n; + 1l =k, ~TizNy — kg nen.
- nan, n: +n? = ky, N1 =0 (3 b1)
LN Ny n; - n;: -~ k..

When solving this disperssion relation there will be multiple roots given for .. ny N-mav

lead to muitiple solutions for n, Each1oot corresponds to mdependent wave with different

propagation charactenstics These roots aie independent when tryving to understand RF

heating & current drrve 1n a plasma (8]

Drelectite tensor can be written 1in another form 1-e

[ S =D 0
The dielectric tensor = | —;p S 0
i 0 O P |

Where S 1s for sum D 1s for difference P 1s for plasma

S=12R+1L)

39

(302}
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D=1/2(R~ L)

/

R=1+Z;\_=1—Zﬁ
(4‘2
L=1+Zx+=1—2ﬁ—)

2

Po1-30%%

From Maxwell « equation

dry 10E 10D
VXxB=—24-——=-"—"
X C ¢ ot ¢ dt

19B

Vo Ee=m———

¢ c ot

It 1~ one of the form which 1s privioush derived

= {n >

)= el =

b‘

e nx{nx E)y+¢E=0

= [ax(nx J+eE=0

Since 218 1n (r z) plane

— (n} +n?) TeMy gt
= T 2Ty, —(n2 +1?) NN
T nym. —(nd+ n')

— (nf, - n?) NNy n,n. S
NzTy, ~(n? +n3) Ny N = | =D
nLn 1,1 —{nl+ n;’] 0

— {(n; +n?) —1D+n.n, Tt
~D+n.n, S—(ni+nd) TeyMts
2 2
TN NyN- P—{n?+ n;)
n, =0

10

{3 64)

(3 65)

(3 66)

(367)

(3 68

(3 69)

(372)




n§+n:3 =n*cos’f (3 76)

nn, =0 (377
nyn. =n-cosfsimn {3 78)
ni +n?=n (379)
n,n, = ( (3 80}
nZ + n) = n’sn?Y (3 81
Hence _ -
S—nfcostd =D nfcosbsiné
nxinx )+e= D S—_p? 0 382
n* cosfsmf ) P—n‘sm~6

The 1dentities S D and P means "Sun" "Diffrence" and "Parallel” It 1& clear
that the P element corresponds to the cold-plasma Lhimut of the parallel dielectric 1e
P =141, + 3, where v, = _—:§£ Tius 1 just the <old hnut of the unmagnetized
dielectric because behavior 1m olving parallel motions in a magnetized plasma 1= 1dentical
to that 1t an unmagnetized plasma In the limtt of no plasma K becomes the unit tensor

and describes the effect of the vacuum displacement current onls [14]

3.13.2 High Harmonic Fast Wave Dispersion Relation

For igh beta scenario dielectric constant " € " 1s large smce beta can be defined as
ratio between plasma pressure to the magnetic pressure

mathematically 10n beta

San kT,
3 = e 3 &3
And simularly electron beta
8tn AT,
-

11



Since electron plasma frequency

And
(zkre)%
lre = m
q = el
m.c
Hence
3o (e ) (1T’
’ (Qe) ( ¢ )
—e (1Y
=< ()
We get

For deuternnum plasma in NSTX
e = 3 % 1083 em=3

T, = lkai = 11605 > 10°K

B; = 235K G = 2500G

Solving for electron beta"3,"

3

_8x3 1 x 3> 10" x 138> 10717~ 11603 - 10°

- 2500 x 2500
3, =322%

Now solving for thermal 1elocity

me=91x 10"y

o {2x138x 1071 x 11605 x 10°
e 91 x10-%

tr- =187 6 x 10°em ‘s

12

)%

(3 84)

(3 83)

(3 8061

(3 387)

(3 8=

(3 891



And dielectric constant e for spherical tohamak

3% 101 \°

0322 22

€=03 (18?6x10*)
€= 82 34

These values are used 1 typically ST experiment
If we take the values of
ne = 3 x 1083 e 3
T, = 200c1 = 2 x 11605 x 10°K
Br = 1KG = 1000G

Solving for clectron beta"3 "

8 314 x5 10 ¥ 138 > 1071% < 2 ¥ 11605 > 10°
< 1000 >~ 1000

A

3, = 8%

c

Now solving for thermal veloaty

m,=91x10"%y

(2x138x10"5 <2 x 11605 » 10\ 3
Ty, =
4 91 % 10-2

vre = &4 x 107¢m, <

And dielectric constant ¢ for spherical tokamak

3 x 1010\
=080 ———
< 80(8—1)(10')
&= 103 68

13



Now hugh harmomic fast wave dispersion relation can be wnitten as

’I‘J::r - Tlf _Tk:y k-r: T nn)
det, tho, hyy — 1° thy. =0 {3 90)
L kz: + n.m, thy: ke — a2 J
Where
Wi = L (Me 1
=1 = Zo\ Y 391
R +za: “ n:z_x X g, et o
o & 1
L 7 - —A
hoy = Z . Zﬁ (o= )€ oo 20 ) (392)
u.‘fw = n- o 5 ¢ .
nln'yy:l“l'ng;x 7 n+-)urn_—"\]n x AIETnZU{Un‘] {‘393)
Wl = knl, 1 dZ,iy)
P — A T U .
(e = — - - — 394
: i g “ n:z_:oc ) Q A 2k| dU” ( )
wlo Sk 1 dZyiy,.) -
b= N e Aoy oy e 3
yo ; N n:Z_mE Q ( "l n) 2;1 d".fr ( 90}
“;2 = 2w —?IQ) 1 dZ(](U“) .
Fo.— — pa A S 396
m=m) Kz, "2 dy, 1936)

Where y, = ':—l_ﬁ& and A = T
Te =, =

Here ,, and  are the nth-order modified Bessel function and its derivative and 2,

1s the plasma dispersion function The subcript o 1s over all species

3.14 Electron Absorption Processes

For the present analveis, the wave frequency 1s hugh compared to the 10n v clotron fre-
quency (. = 21Qp) but well below the electron cvdlotron frequency (. &= 0 0N6Q, ) We
can also neglect the fimte Larmor radius (FLR) effects on elec tron [)\t & (%&) \, € 1]
The terms that contribute to the electron damping are the n=0 terms i the hyy Aye
k:y and k.. elements of the dielectric tensor For the present case 1t 1s sufficient to keep

the lowest-order terms m A, If we neglect the 1on FLR terms the diclectric elements are
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simplified to

2
=14 e N tm
K=l i -2 =0g

o
I\-r c = =+ Z =
ve T o0e (= )
!
2z 2
a e lre « 2
Ayyc - AIIC n, 2 o [ 0 (Un) = ﬁ:r.rf - n_dm
Qe ¢ 10T
2 J'l?
e [ T
Roe=—nn 2 o =n_néb
“ ] 1 (—2 |
— ¢ (w 0}
r
. tr k) . .
‘F\Uu. = _nlr);Q'A:zF = _“J.(SIA::r
2000,

and

[

K..=1 _Zé_;';;_dzﬂ_wg ok dBten)
2 ky. dw kiig,  dyo

L

(3 99)

(3 100)

(3 101)

(3 102}

where d,,, 15 proportional to the electron beta 1 the magnetic pumpig {MP) term and

K... @ives the electron Landau damping (ELD) Here 8, represents the cross { x) term

mn A,. For cold 1ons 6 in A,. though being kept here 1s actually qute small (< 0 01)

In the high beta regime usuallv 6, 1s small but 6,1 of order of wutv  Since 4, 15 of

the order 1, the usual perturbation approximation bv assuming small &,, 15 no longel

accurate One can then rewnte the matnix in Eq (1) 1n the following ~imple formn

- -
}-\—IIC - nf _?J:\-g—y( n_n (1 - (};J
det 1K rye g nf' —n?(1=46,) —m_ 6 K.. | =0
n_ny{l+4) A A K..—ni

(3 103)

The above determinant 1s consement for solving n_for a grven « and 7, since all Avs

and /s are independent of n_ It 1s worthwhile to note that one can readilv solve for 1

exactly by solving the detrmumnant of the 3 x 3 matrix

A_Izr_n:: [( h’:r:rc_nf_ni ( 1 - 6m ) ){ I{::_ni )_ ( - En_dxf{:: ) ( ”f_._é.r -R.:: J']"'I'Effryc [{ Ihr.ryr ) {]{:: - ni J -



(—nd A ) n_n (14 8))] +nyny (1 +6) [(1 Kz Nni . R.:)

~(Raze = ni = 0% (L4 3))n_n | (1+46))] =0 (3 104)

Lets take

Cn =I\PII.~ Cl =n Cg =4 Cg = }\-J.y( C,l = h'z:cc C‘5 = 6,“ C'[J = (51 CT = }\'::

Then above equation takes the form

Co—C[(Co—Ci—n? (1 + Ci))[C'T‘n:i}_{_zn;CGCTJ(In_CﬁCT)]""?C%[{?CSNCT_ni)-

(= GO n_Cril+ CoN] + 1, Cr (1 + 3 [ CeCy)

—(Co~Ci—n? (1= s CL{(1+Ca))l =0 (3 105)

Cg—Cf[(Co—Cf){CT— Tfi} —ni(l-ﬁ-(ﬂ%) (Cr—ﬂi) - RE_CECJ-'J] —Cf(CT - ni)

=1 CLCsCeCr (1 = Co) = 02 Oy C3CeCr (1 + C)

—t CE L+ Oy [Co—CE =t (1 - C5)1 =0 (3 106)

Co = CIICTHCo — CF) =12 (Co = CF) = G (1 4+ C5) + 0L (1 4+ C5) — 2 C2CY)

46



‘—C;JCT + TIEJ_C-;') - 2niC‘1CJC'5C7 (14 CQ) - Ti_zl_Cf {1+ CQ)Z (C(} - Cf)

+nt CE(1+Co)* (1 - C5) =0 (3107)

Cr{Co—CYY = nl1Co — CEP =G (1 4 C)(Co = Cy = (1 4+ C5) (Co — (7

—T?ngC-?{Cn - C]E} - C-;?CT + T?in - 2”iC1C‘3CﬁC,‘ 11+ CQJ

-l T+l (Co=CH + ' CH 1+ 0 (1= ) = 0 (3 108)

Rearranging the terms for n? and n?

(1 CHCo—CH+CT (1 + O (1= Gt +[C2 = (Co = C2)2 = (1 +Cs){Co— T

—CECHCo— CH) = 2C1C5CoCH (1 4+ Co) — CE (1 CH Gy = CP)n?

+CHCy = C7 P = C5C: =0 (3 109)
Let put back the values Cy =k,,. ) = ny Cr=64 O3=HKy C5=6,C, =3

T

Cr = K. we get

[(1 = Om} (A_rrc_nﬁ)"—nﬁ (1 + 6)2 (1 ‘5m )]ni+[}\'2 _(I\—rrc'_”ﬁ)z__!{:: (1 + ‘5m) [-h—r:rr_nﬁ)

Iyc

17



—O R (Ree = 1) = 20 Ruyeb Ko (14 6) = 0 (1 4+ ) (Rsp — nd)ind

+}\'::(A’zzc - :”|2)'2 - }\'2 -E\—;; = 0 (3 ]_]_0)

Fyc

This 1s the quadratic form in n? as

an! +n? + =0 (3111

Where

@ = (14 05,) (Kpe —nd) + 03 (1+6)7 (16,

b= K7, — (Rree — ) ~ A (14 6,) (Kppe — i) = OTR L (Kope — 12

=20 Koyl Ko 114 8) — 1f (14 6)° (Rppe — %)

and

c=h_.(A,.— nf)2 — A2 AL

"Further analysis of the above relation can gives the dependence of the magnetic
pumping (MP} term and the electron Landau damping (ELD) on electron density High

valne of MP will lead to large electron absorption However this analvers 1s bevond the

scope of this thesis work "

1%



Chapter 4

Summary/ Conclusion

In this work our objective 1s to study the heating of plasma with lugh harmonics fast
waves i sphencal tokamak In this regard we have discussed in eaher chapters about the
plasma 1ts requirements conditions and 1ts confinement procedures later on we came on
m ow objective heating of plasma 1s explained. in which different heating techmques are
divcussed In our discussion and letrature review 1t i1s obvious that Ohmic heating 1s not
enough for controlled thermo-nuclear fusion reaction  we need an extra source of heating
to achieve the required temperature In this regard we have disenssed different nmiethods
for heating As we have discussed high harmonic wave 1s a pormnant source for heating

In rhis work some basic properties of electromagnetic waves (EM | have been discussed
n the context of RF heating and current drive in the high beta plasinas It 1s coneluded
that the waves transmutted from outside into the center of plasma which 15 related b the
dispersion relation D{w &) Ow target was to achieve accessibility of waves into center of
plasma and then wave particle resonance 1n order to transmt waves encrgy INro plasma
particles  Our major task has been to apply basic electromaguetic wave prinaples just
described to learn how to heat the plasma and current dinve efhaxently For mtioductory
RF heating and current drive, the more appropriate to focus on the analvtical solution
of sumple models

The sumple model 1s of the form



The functions D, and D, could be real if w and k are real The function D, associated

with the wave propagation charactenstics which describes

e Propagation
o Cutoffs

s Resonance

The second function D, Which 15 always D, << D, discirbes the dissipation of the
wave due to resonance of wave and particle

We have derived the dielectric rensor by usig Maxwell s equations later on discussed
the disperssion relation for high harmonics fast wave At the end we explamned the
electron absorption process which leads us to disperssion relation 1 determinant form
and further analvsis of thus determnant gives the result m qudranc form of n®  Whch
have the verv complex form of coefhcients further analvsis of this quadratic equation 1s

bevond the scope of this work
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