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Radio Frequency Heating
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Ohmic Heating

SA“IK Electric blanket

' ‘t.H'_‘mi :

e Intrinsic primary heating in tokamaks due to Joulian dissipation
generated by currents through resistive plasma:
thermalisation of kinetic energies of energetic electrons
(accelerated by applied E) via Coulomb collision with plasma ions
* Primary heating due to lower cost than other auxiliary heatings
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Ohmic Heating

LI +IR =V =-¢
Total change in magnetic flux needed to induce a final
current

A = [ ¢dt =L,I] ~u,R,

+l—i-2
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avk

. Nln{1.65+0.89(q95 - 1)} internal inductance

In

f
Ip

Additional magnetic flux needed to overcome resistive losses
during start up

A, :CEMOROIJ, C; ~0.4 Ejima coefficient
Further change in magnetic flux needed to maintain /, after start

up
A¢burn — IIJdet’

Technological limit to the maximum value of B,

A¢ ~mr’AB,, Tokamak is inherently a pulsed device.
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* Ohmic heating density
P, =j E=n(j’) W/m’]

m, = s —7 : Neoclassical resistivity
2
rl2 n,: Spitzer resistivity Znszs
=12 Loy = , n,=)nzZ,
R n, -

3 Z.: charge number
n~8x10°Z, /T?> (r=a/2, R/a=3) for the s-type ion
. . v . v+l

i =i @laty ety | [ o
.2 .2 0 N > Ampere’s law
<] >=]0 /(2v+1) 2(v+Dr a

q, :aB¢/RB8, q,/q, =v+1l, |J, ZZB¢/Rq0u0

2
<J2> = UyR [ - 1 ]
dy| g 2%
'\ ——————————————————————————————————————————————————————————

1




2

. Z, 1 B
o =i J*) =1.0>00°| 75 q,(d, - 4,/2) R
v | |

- Z, limited by radiation losses
- High T required for enough fusion reactions
y |
q, limited by instabilities
2B |

q. = o aB¢ — -¢ - — 4 >0 v
RB, R’;‘i; R“°<21> i )R Magnetic field limited by engineering
™ - compact high-field tokamak
()<
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ASDEX Upgrade: P,~1 MW
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It seems unlikely that tokamaks that would lead to practical reactors

can be heated to thermonuclear temperatures by Ohmic heating!
—



Neutral Beam Injection




Plasma Neutral beam

Andy Warhol
http://www.nasa.gov/mission_pages/galex/20070815/f.html|

* Supplemental heating by energy transfer of neutral beam
to the plasma through collisions

* Requirements

- Enough energy for deep penetration

- Enough power for desired heating

- Enough repetition rate and pulse length > T,

- Allowable impurity contamination
—



Injection of a beam of neutral
fuel atoms (H, D, T) B
at high energies (E, > 50 keV)*
U H,D,T

lonisation in the plasma PY :. E—

U
Beam particles confined

J
Collisional slowing down

*E, =120 keV and 1 MeV for KSTAR and ITER, respectively
—



e Generation of a Neutral Fuel Beam

Extraction Neutraliser Vacuum valve
acceleration grids

lon source I I Deflection Beam
magnet duct
| |
Low

D
temperature I I
D plasma,

5eV
I
> 1
O JD(L 0 kV \/ Beam dump
100 kv -3 kV

Ex) W7-AS: V=50 kV, |=25 A, power deposited in plasma: 0.4 MW




* Jon Source

Vacuum envelope

O

source

To vacuuml I

pump ‘v"'
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* Jon Acceleration

Accelerator Vacuum envelope

-
O

Calorimeter
lon beam N

source

HVPS +

To vacuuml I

pump v
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Neutralliser gas * lon Neutralisation

Accelerator Vacuum envelope

V,

: Calorimeter
Composite beam N

Source
gas

lon
source

Neutraliser

HVPS +

To vacuuml I

pump ‘v
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Neutraliser gas

|

Accelerator

* lon Deflection

Vacuum envelope

lon
source

Neutraliser

HVPS +

To vacuum I
pump

Bending

magnet |on beam

Calorimeter

lon dump
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Neutfa'ii%f gas * Neutral Injection

Accelerator Vacuum envelope

Doppler shift

spectroscopy.””

lon *® Neutraliser
source
HVPS —+
Bending
magnet |on beam
7T

lon dump

s e

Scraper|To plasma

To vacuuml I




Neutral Beam Injection

- JET NBI System

Full energy
Neutral injector box — ( P
Central support column ———" 1 o Neutraliser
Scrapers _ - 1
L

TOIELIS Flortary
port valve

/
lon source

Calorimeter

Fractional energy
\ / dumps




Neutral Beam Injection

* JET NBI System

Deflection magnet

Central support column
Calorimeter

Duct scraper

L : ) [RR >
\ Rotary valve =
Torus port | '
Fast shutter
Cryopumps

Box scrapers

PINI
Neutraliser




- JET NBI System
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ET with machine and Octant 4 Neutral Injector Box
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Octant 4 Neutal Injector Box




Neutral Beam Injection

lon source

Requirements
Large-area uniform quiescent flux of high-current ions
Large atomic ion fraction (D+, D) > 75 % — adequate penetration

Low ion temperature ( << 1 eV ) to minimize irreducible divergence

of extracted ion beams due to random thermal motion of ions

22




 jlon source

* lon generation
- Positive ion generation by electric discharge

D,+e— D"+D+e+e
D,+e— D] +e+e
D,+D, - D; +D

- Negative ion generation

D+e— D™ +hv Radiative attachment in high density gas (E,;,g,, = 0.75 eV)

* - Di iativ lectron attachment lectri ischar
D,+e— D +D (~ses\§>)ca e electron attachme by electric discharge

. ]
D" + cathode surface (+Cs) —» D Surface production by electric discharge
D° + cathode surface (+Cs)— D (~100eVrange)

+ 0 0 +
D +M"—> D +M Electron attachment (Double electron capture)
D°+M°=> D +M* M: alkali or alkali-earth metal vapor (Cs, Rb, Na, Sr, Mq)

—



Volume production of negative ions

oure volume production

First step: reaction with fast electron
' I

®Co|lision of molecule with fast electrons
Hydrogen molecule He + efast—» H2(v)+ e

/ G g Vibrationaly excited

Q molecule

‘ Fast electron excitation Dissociative

- Slow electron ga Qehment
@Collision of mole- %
cule

(vibrationally ex-
cited)
with slow electron

Second step: reaction with slow electron

Volume production process: two step reaction
— Negative ion from molecule,
— Suitable electron temperature for each reaction.

Hydrogen
negative ion

PHR]

o

FusionPlasma Ion | "|ITER S0/ 44 &X| &4)|= =8 ¢ D=0 S0I2& J|x=JI= N < Korea Atomic Energy
Heating Research g HES ( KAERI Research Institute




Surface production of negative ions

Cesium seeded source

@ Collision of molecule with fast electrons @—) @

0 +
Hydrogen molecule H2 + Crast — H+ H* + e
High proton ration in normal arc discharge in positive ion source

@~ B

0 - Surface with N -
H low work function H

Fast electron D'SSOC'at'on é@

Hydrogen atom

@ Collision of atom onto surface covered with Cs

Surface process
Negative ion production from hydrogen atom

FusionPlasmaIon| "|ITER S0/2 S48 Xl M)z =& L I=0} S0I122 JI=Jl= M - Korea Atomic Energy
Heating Research gt HE5 (2012) AERI Research Institute




 Beam Forming System: Extraction and steering

* 3-lens system

potential lines

! H3
U le»vz

Positive Negative Earth
electrode electrode electrode

Vi v, Grid system at ASDEX Upgrade

- lon extraction + acceleration + minimum beam divergence (= 1°)
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 lon sources

cathodeS\% |
— L Duopigatron RF Source

extraction
system

0.4-0.8m

Cathodes: difficult to replace, finite life time




* Neutraliser
- Charge exchange: P +D,—> D "‘ﬁ);

fast fast

gas slow

- Re-ionisation: +DDZ "'DDz +e
fast fast

- Efficiency: (outgoing NB power)/(enterlng lon beam power)




- Negative ion beam development in JT-60U
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Neutral Beam Injection

* lon Beam Dump and Vacuum Pumps

e Beam dump

- Deflect by analyzing magnet

- Minimise reionisation losses

- Prevent local power dump at undesirable place (~kW/m?)
- Possible application to direct energy conversion

 Pumping

- Minimise reioninsaton losses

- Prevent cold neutral particles from flowing into reactor plasma
- Liquid He cryopumps ( ~10¢ I/s for ~MW system)

30




Neutral Beam Injection

 Energy Deposition in a

dﬂ%g‘@(change:

. + + +
lon collision: D ,+D — D;, +D" +e
- +

Electron collision: D, +e— D +e+e

Attenuation of a beam of neutral particles in a plasma

energy .-

n:. denSity Andy Warfd)ol-

o. Cross section

31
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 Energy Deposition in a

(?hlgag‘&change:

. - + +
lon collision: D ,+D — D;, +D" +e

+

te— Dfast

Electron collision: D +e+e

fast

Attenuation of a beam of neutral particles in a plasma

10

dN 3
W)~ N, on(xo,,

dx

Ex. beam intensity: I(x) =N, (x)v,
=1, expl- x/ )

Charge exchange(oy )

S,
=)

lectron .
ionisation

Proton
ionisation (0; }

A= 1 ~() . 4ntenetration (attenuation)

no length

Cross section (em?)

tot

n=510°"m? E, =70keV o, =5107m’

-7
In large reactor plasmas, 10l s - "
beam cannot reach core! H® energy (keV) .



 Energy Deposition in a

(?hlgag‘&change:

lon collision: D,+D"— D, +D" +e
- . +
Electron collision: Dfast+e—> Dfast+e+e

Attenuation of a beam of neutral particles in a plasma
10“: YTV \Fo

General criterion for adequate penetration

17
A= 1 = 0.5 X10 Eb (kev) >a/4 1051 Charge exchange(oy ) _:
no,Zr  Alamu)n(m>)Z}. enrsation

Proton
ionisation (0; }

Cross section (em?)

E, 24.5X10"" AnaZ},

H® energy (keV) /



 Energy Deposition in a

dﬂ%g@xchange:

. + + +
lon collision: Dy+D" — D, +D" +e
s +
Electron collision: Dfast +e— Dfast +e+e
Attenuation of a beam of neutral particles in a plasma
10“: YTy Ty T L S LR R | T T T TNiTy
1.0 s
e e B
e 10”1 Charge exchange(oy ) ¥
2 - Electron ]
0.6 — § ionisation
§ Proton
0.4 P ionisation (o}
S 6
Qlo - =
Penetrati :
02— s () -
0 1 1 i LA s i - 4
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Beam energy (keV) 10 i w0 7100 100
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 Slowing down

1
- 45, =P =P, +P &, :Embvz?
dt
1 1
2 2,402 1 3 1
_2 ”ezbf m; In A ‘fg + Cl , C=372Z°A2 /4m’m, ~81
62e,A, (T} &
3/2
P =1.71x10"% _eSb_| 14| Sc [keVs ']
At

- Critical energy: The electron and ion heating rates are equal
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Neutral Beam Injection

 Slowing down

3/2
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 Slowing down

1. &5 > &

2.5 < &

Slowing down on electrons
no scatter

Slowing down on ions
scattering of beams

Fraction of initial beam energy
going to ions

4
’ ‘b le
Vv after before
i
@ zb V),
®
gblgc 10 37




* Injection Angle

Radial (perpendicular, normal) ‘ B

Injection a\

Tangential injection

Radial injection: B

e standard ports
* shine-through
e particle loss




Angle

ion

Inject

Radial (perpendicular, normal)

Injection

ion

t

injec

Tangential

NEUTRAL BESM ENTRANCE

PORT PROTECTOR

NEUTRAL BEAK ENTRANCE
PORT PROTECTOR

e H

H ARMIR

BEAM SHINETHROUGH

KSTAR NB shine-through armor

NEUTRAL BEAW SHINETHROUGH ARNOR



Injection Angle

Projected
Worse particle Better
heating drifts heating
efficiency efficiency
inward shift = bad drift orbits outward shift of orbit center

— energetic ion loss to wall/limiters
- At low magnetic fields heating efficiency depends on NBI direction.
- Best injection angle for maximum penetration and minimum orbital
excursion = 10-20° off perpendicular in co-injection direction




ASDEX Upgrade

JET

| 5Upsh'rﬂet:l alignment

[

I . -‘\\
! L A : Normal beam
10- o \
;
5] |I \
05 | - | Neutral injector & .
; -8 | Tangential beam
4 [l v il %
= == SR A 1 |
E 0 5 i % — l e ~
i =
1 H ( : N
055! ! )
"ora \ oY
) Neutral injector
S10E NN T~ F e 2/ i Q
i 2
\ 7 2
-1.5 | | I i | g m
15 2.0 25 3.0 3.5 4.0 45 LIS

R-(m)

Solid = Normal, Dashed = Tangential




* ITER NBI System

ITER NBI requirements .VS. achieved parameters from existing facilities

ITER HNB
IPP (prototype source
at BATMAN(short pulses) and IPP (ELISE) MVTF LHD JT-60U
(rf) MANITU (long pulses))
Source
height m 1.95 0.58 1 1.45 1.22
Source |, 1 0.31 0.87 0.35 0.64
width
No. of
BATMAN: 126, 2 8 mm
?Ereers: 1280, g 14 mm MANITU: 262 or 406, 8 mm 640, g 14 mm 770 1080
Energy | keV | 870 (H-) 1000 (D-) 23 60 979 190 400
Species H- D- H- D- H- D- H- H- H- | D-
Source
power kw 800 90 47 76 43 200 | 120 | 200 80 180 350
Ex- 256 | 138 | 176 | 57.3
tracted . (53kW|[(32kW |473kW|(21kW
current A/m 329 286 339 | 159 | 319 | 98.0 per per per ber 190 250 126 | 144
density driver)|driver)|driver)|driver)
Pulse 1000 3600
S 1000 3600 40 |1000| 4.0 |3600| 9.5 |(pulse| 9.5 [(pulse| 60 2 2
length d) d)

—



RF waves in Fusion Plasmas

Seminar at SNU
26, Sep. 2013

S. H. Kim, KAERI
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role of RF Heating an

U Increase of temperature

o s N s s |

Nuclear fusion requires high temperature more than 10 keV.
Ohmic heating is limited by the low resistance in high temperature.

Alternatives : NB heating / RF_heating

NB heating is effective but requires high technology to increase the beam
energy up to 1 MeV. (negative ion generation/acceleration/cooling)

RF wave can heat up selectively ion and electrons and is deposited locally or
globally depending on the driving schemes (magnetic field/driving
frequency/plasma density)

But, there are coupling problems related with ICRF and LHRF and power
transmission and power source limitations regarding ECRF power.

ICRF : lon heating
LHRF : Current drive

ECRF : local current drive and MHD control / pre-ionization and start-up

Fusion Plasma lon
Heating Research



The role of RF waves

4 Non inductive current drive

I

Tokamak requires current drive to confine the plasmas. Otherwise, the parti-
cles is lost outward by EXB drift due to charge separation of non-uniform
magnetic field.

Most efficient current drive is Ohmic inductive current drive. However, it is
limited by Ohmic swing flux.

Therefore, the non-inductive current drive is an indispensable ele-
ment for the success of fusion reactor.

NB current drive/RF current drive/Helicity injection

LHRF current drive is proven to be most efficient non-inductive cur-
rent drive scheme ever tried and experimentally, 2 hours 20 kA in TRIAM
and 2 minute 0.8 MA in Tore supra. 3.6 MA and 3 MA in JT-60U and JET are

achieved respectively.

However, there is a coupling problem.

Fusion Plasma lon
Heating Research



U

F waves in plasma

To utilize RF waves for the heating and current drive of tokamak plasmas, we
should answer the two questions?

What kind of RF waves can exist in plasmas? (Ildentity of RF plasma waves)

How do RF waves propagate and are mode converted, and absorbed in plas-
mas? (Characteristics of RF plasma waves)

Fusion Plasma lon
Heating Research



RF waves in plasmas

U What kind of RF waves can exist in plasmas? (Identity of RF plasma waves)
' Wave Equation in vacuum?
' Governing Equation: Maxwell equation with vacuum medium property.

OB
VXE =- —
ot

OF

VXB =u,e0 —

' Wave Equation in Plasmas?
' Governing Equation: Maxwell equation with plasma medium property.

VXE =- OB
Ot R 0. 0 i
E I Uop [ ;
VB :M0[608_+Jrf =Uy| &,—+OE :M()gogra_’ €, EI+£(XS)
ot ot N0

0 The plasma waves can be described by above Maxwell equation. One can ob-
tain information of linear plasma waves from this governing equation.

' The remaining problem is how to obtain the conductivity or dielectric tensor.

S IR UXOIJR Fusuo'n Plasma lon
KAERI Korea Atomic Energy Research Institute H eatl ng Resea I'Ch




RF waves in plasmas

O How to obtain the dielectric tensor?

' Governing Equation: Vlasov equation : Equation of evolution of particle distribu-
tion in phase space

df. _of. , . V=
=TV Vf,+a -V, f, =0
a=%:[E+vx(B+B,)]

m

S

I By linearization, one can obtain linearized Vlasov equation=r (r v)+ f.(r,v,t)

dfs :8fs +vVv st + eZS [VXBO] -Vv fs — eZS
dt ot m m

S S

|E+vXxB,| V,F,

0 The solution is as follows.

e/,

]‘[E(r',t') +V ><B(r',t')] V. F.dt
m

P, =

S =-oo

J,, =, nez, J’fsvdv

Fusion Plasma lon
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U Dielectric(Conductivity) tensor

_ljl:l 8xx gxy
Sr — ny €yy
gzx Szy

0 The detailed expression of dielectric tensor elementg-for
tribution function are as follows.

2

E

E

E

e, =1- Z p; Z—I

n= oo

£,y =—12 ps

gxz = lIVJ_JVH =
2 ws2

£, =1- Z ’” Z

€y, — N NnZ

g, =1- Z pSZI

n=— oo

XZ

yz

zz

2

ths

2

C

—I

2

ps ths

n =—oo

Z[I,;(

n—

0

» O =

AS [ - gosz(gns)

o0

—_

[
a)(gr_

R A ]

il

e ™ [ - G0sZ(Sps)

RF waves in plasmas

I) — igOa)Xs

e 60,2 (5,0))]

e 502 (5,0)]

e AS[_gOSZ(gns)

of Maxwellian dis-

2.2
_kJ_vths
s 2
ZQCS
__w- n<2__
gns - k
Vins
yx — Ex
zX — XZ
E, =" &,

/‘j SrR X201 Fusion Plasma lon
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F waves in plasma

O Cold dielectric tensor

- Ex £y Eu S -iDb O
Vhr_r)lo £, =V11rﬁ1r1O Enx &, £&,|=|ID S 0
ths ths
zX zy zz | | O O P ]

0 The detailed expression of cold dielectric tensor elements are as follows.

2
w

ST S

2

0 If the plésrcﬁa density goes to zero, the cold dielectric tensor becomes unity
tensor.
0 It is a vacuum relative permittivity.

e :
S IR UXOIJR Fusion Plasma lon
KAERI Korea Atomic Energy Researc h Institute Heating Resea I'Ch




RF waves in plasmas

U It is easier to approach from cold plasma dielectric tensor for RF wave explo-

ration.
VxE =- B ; 'S -iD 0]
ot Ecold =| 1D S 0]
U 6E
V xB =Uy€Ey€c E 0 0 P

U By manipulating the Maxwell equation with cold plasma dielectric response,
one can obtain theD wave equation.
O0°E
VXVXE =- Mogogc ?

U For spatially uniform plasmas _

N XN XE. =¢.E,, E =E """ 2 -

0.0 " ’ ’ 0 N 0 -NN,
(N?- €.)E, =0 N2=| 0 N2 0
-NN, 0 N}

L [H]
det(N* - &£.) =0 : dispersion relation

Fusion Plasma lon
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F waves in plasma

J Dispersion relation

L LI
H =det(N* - &.) =0 : dispersion relation
U Several forms of dispersion relations
AN*+BN?*+C =0 o

A=Ssin0+Pcos’0, 8 =<(B,N)
B =-RLsin*0- SP(1+cos’°0), R=S+D,L=S- D

C =PRL
ANY+BN; +C =0 AN/ + BN/ +C =0
A=S A=P
B =N/(S+P)- (SP+RL) B =N:(S+P)- 2SP
C =P(N/ - RN} - L) C =(N:;- P)(SN?- RL)

Fusion Plasma lon
Heating Research




F waves in plasma

Q Polarization

E, iD
E, N°-S E, _R- N’ E _E, +iE, E _E,-iE,
E _ NN, E. L-N" " 2 77 2
E, N:-P

U Group velocity

_ OH /3
9 OH/dw

-1
@nf, vy, (v, | _ SN{+P(N/ - R)(N; - L)
tanf v, | v, PN/ +(N, - P)(SN; - RL)

Fusion Plasma lon
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RF waves in plasma

O Cut-off /Resonance

cutoff : N =0, A = ; wave is evanescent.

resonance: N =, A =0;waveis locally piled up.

Q Cut-off

N,C =0 AN*+BN*+C =0 ..
P =0 : O wave cutoff i‘> A=Ssin’6+Pcos’6, 6 =/(B,N)
R =0 : R wave cutoff B =- RLsin’0- SP(1+cos*’0), R=S+D,L =S- D
L =0 : L wave cutoff C =PRL
0 Resonance

N =0,
6 =(0, %) = A =Ssin” 0 + P cos” 8 =0; resonance cone wave

6 =0( parallel) = R,L = ; cyclotron resonance

0 =%( perpendicular)= S =0; UHR, LHR

Fusion Plasma lon
Heating Research




RF waves in plasma

Jd Perpendicular / Parallel propagation

AN +BN;+C =0 AN/ +BN/ +C =0
— nT2
B =N;(S+P)- (SP+RL) B =N?(S+P)- 2SP
C =P(Nj - R)(N} - L) C =(N?- P)(SN? - RL)
N” :0’ NJ- :0’

RL —
N? =2 (X wave) N =R (Rwave),

S N? =L (L wave)
N =P (Owave)

O Perpendicular / Parallel Cut-off

P =0 : Owave cutoff R =0 : R wave cutoff
R =0 : X wave cutoff L =0 : L wave cutoff
L =0 : X wave cutoff

U Perpendicular / Parallel Resonance

R =0 : Rwave resonance
S =0 : X wave resonance (UHR, LHR) L =0 : L. wave resonance

Fusion Plasma lon
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RF waves in plasma

O Cut-off
W, w, ® m
P =1- Z "2 =0= X =1 : O wave cutoff X =LYy =—¢§=—=
w w ml.
R =1- =0 =Y =- X +1 : R(X) wavecuto
Za) w+Q (X) It
L =1- Z =0=-0Y’+Y =X -1 :L(X) wavecutoff
w® - Q.
Q Resonance
S =1- Z =0 =Y =(- X +1)"* : Upper Hybrid resonance

CS

- 0XY? + X =0 :Lower Hybrid resonance

)
R =1- £ =0= w =w,, = Y =1 : electron cyclotronresonance
s W w+Q
N W
L=1- - o =0= w =w, = Y =0 '; ion cyclotron resonance
W w-
S

Fusion Plasma lon
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waves in plasm

Ud CMA diagram

Y(w,./m) (B) oi:t—%ff

L=h
L resonance
m./m

ce

R resonance

R=0
R(X) cut-o

X (0,2/ w2)(n,)
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O Polarization of 4 wave branches

X wave

O wave

RL
NJ2_ :? (X Wave)

N? =P (Owave)

E, iD _ iD _ iSD __.S
E, N°-S N:-S RL-S’ D
EZ:NHNJ_ _ tan6, 1+P 1
E, Ni-P tand P

E, iD _ iD _ iD

E, N°-S N:-S P-S

E, N||N¢ _ taan _S+RL

E, Ni-P tan & RL

F waves in plasmas. N

y

»

>

A

X
(k)

Z
(B)

y

»

. X
\ Z
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RF waves in plasmas

O Polarization of 4 wave branches

N/ =R (Rwave), y
N; =L (L wave) X

E,_iD _ iD _. E _R-N"_R-N/ >/ < RHP

E, N’-S N!-S E. L-N* L-N!

R wave
E, _ 1\@1\& _o tand, _ P(N;- R)(N; - L) _
E. N;-P tand PR+(R- P)(SR- RL)
) Z
E iD iD E, R-N?* R-N; I X (B9
y _ :_l.E:L N2:L NZZOO /
E, N°-S N/-S - T o
o E H > L LHP
N N
E, _ It =g tanf, _ P(N/- RY(N/-L) _
E. N/ -P tanf PR+(R- P)(SR- RL)
y4
FusionPILMn
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RF waves in plasma

O Electrostatic waves

E =-Vg =-ikgp = E|k

N XN XE, —ecE

Al
E XN XE,) =N -¢.E, : Wave equation parallelto propagation
l\l £ebiy =0 . .

£ (Ed +E,)=0, Z(N,E,) =0, Z(N,E, ) =90°
= (N ¢c ‘N)E, =0

= SN? +PN”2 =0 : Dispersion relation of cold electrostatic waves

O For X waves

if S =0 atUHR, LHR in X wave N2 =2l X wave) - « atUHR, LHR
S

E,_iD _ iD _ iD _ .S .

E, N*-S N;-S RL-S* D

= Purely x polarization = k =k || E

. --X wavebecomes e.s.atUHR, LHR
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waves in plasm

O What kinds of waves can be used? We should use resonances.

Y(w,./m) (B) oi:t—%ff

ICR | ewm.
L=h
L resonance

m./m

E.S.

E.M.

ESs. |UHRH

Fusion Plasma lon
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B e waves inplsmas N

U Oblique injection

RF wave is launched obliquely but almost perpendicular to magnetic field in toka-

mak with fixed parallel refractive index which just changes in the major radius
direction.
AN!+BN;+C =0
A=S
B =N/(S+P)- (SP+RL)
C =P(N; - R)(N; - L)
., _-B ++B? - 4AC
* 2A
P(N/ - S) . PD°N/
S S|(N} - S)(S- P)+D?|’
S(N; - S)+D? PD°N/
S S| (N} - S)(S- P)+D?|
) P(N/ - S) ) (N - R)(N; - L)

b

S (NZ-S)

=2

=

2

: Low frequency range
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U Polarization of oblique injection

RF waves in plasmas

, _-B#+JB*- 4AC
Ny = 2A
_ P(N;-S) .\ PD’N/ S(N; - S)+D? PD’N/
B S S|(N} - S)(S- P)+D*|’ S S|(N} - S)(S- P)+D?|
P(N||2 - S) (N||2 ) R)(N||2 - L)
~- ,- > : Low frequency range
S (N;-S)

U Slow wave and Fast wave (Low frequency range)

Slow Fast
mave ;n  isD Bave iD
E, N>-S (N2-S)S-P) E, N°-S
E, NHNL _ SN, E, — N||NL
E, N:-P PN, E, N.-P

_i(N; - S)

D
E, R-N*>_ R-N/
E. L-N°  L-N
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RF waves in plasmas

U Polarization near ion cyclotron resonance of oblique injection
4 Slow wave and Fast wave

E D ISD 1D
y 1 15 —>-l——>i,E+—>O:RHP,nearICR

2 - 2
Slow E, N’-S (N’-S)XS-P) S
wave EZ N||NL SNJ_
= e — 00
E, N:-P PN,
E D i(N-S i
v D MW S g 0. RHP, near ICR
E, N°’-S D D
Fast
wave E NN,
L = -0
E, N:-P

U There are no cyclotron absorption near fundamental ion cyclotron
resonances for obliquely injected cold slow or fast waves (This result
is similar for electron cyclotron resonance).
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RF waves in plasmas

U ICRF fast wave has not favorable LHP near fundamental ion cyclotron reso-

Nnance. 5 5
2 (N|| - R)(N“ - L)

s (N2 - S)
E, R-N° _ R- Nu_

E L-N° L-N’ -D+S-N’

(N; - S)=0
QIf , then
N| — oo,
E, R-N>_R-N’ D+S-N/ _
E. L-N* L-N) -D+S-N?
4 M(?Vrg rs%or%us absorption can be obtained from the hot dielectric tensor.
4 can be achieved with multi-species (major and minority ion

species).

Q TRER APERIBVESHHES Witk respect to the minority fraction, n=n_/n,,.

n >n, :lon- Ion hybrid resonance regime

Fusion Plasma lon
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ves in plasmas (Sum

One obtain 4 wave branches from cold dielectric tensors.

And there are four wave resonances.

We should use the resonance for plasma heating.

However, there is very weak collision in fusion plasmas.

Therefore, there is only weak power absorption even in resonances.

I W W W W

In addition, there is no cyclotron resonance heating for obliquely injected
waves.

O As a result, we should analyze the power absorption with a hot dielectric ten-
sor.

0 It means that wave power absorption in fusion plasmas is possible via kinetic
effect.

Fusion Plasma lon
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in plasmas (Power a

U Power absorption can be represented as follows.

1 * U _u . u
P, =—Re[J ‘E ] D

2

1 ] by =< (e, +2,]
=—Re[E" -0 ‘E] H o L5 20

2 0 1.0 0,

]_ . * D D EA :_.[Er - gr ]
=§Re[(- ie,)E" (¢.- 1) E] 2i

]_ * D wZ
=—c¢c,wlE €, ‘E] 1 w° W 72
2’ A P, =—g0—= NET e v E, ’ (n =0)
) 2 w | Vihs
d For Maxwellian plasmas , e
1 w.. kv’ w i 2
P ~_¢c 14 1 “ths T e ku ths E (n :0)
1 * D MP 2 0 2 QZ k y
Bbs :E 800)2 E; &, E; @ cs I Vins
i’j 2
2 2.2 (w_ch)
1 a S k \% w 2,2
P, = £y - gzzths gx/;k e " |E[" (n=D)
A%
cs || ¥ths
(w-nQCS)2
. w i 2,,2 w - I’IQ 2 n-1 (w-nQ)
N L N SN P o S
k-0 K v w P, =—¢,0—2 - e E.|” (n=2)
I ths 2 w’ | 2Q7 K| Vs -
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in plasmas (Landau

4 Landau damping

w2

1 w’ K2
~ PS i Vins
P, =—¢w 2NTT —— ‘
2 w’ k” vths

2

E

z

- Optimum phase veIOC|ty— ~V,
- Electric field parallel to m'égnet|c field is required.
- Low frequency is better for given E, field.

- Slow wave has large E, electric field.
4 General form(non-Maxwellian plasmas) & Pictur

1 o " OF
P, =—¢c,w p;n—J{-vl—s
2 ‘kn‘ 0 [

2

- It requires negative particle distribution
near particle phase velocity.

PARTICLE WAVE
GAINS ENERGY GAINS ENERGY

FIGURE 7-17 C y physical pi of L

Fusion Plasma lon
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aves in plasmas (TT

O TTMP : Transit Time Magnetic Pumping

2
w

1 W, k’v; @O I 2
P =~y —2 Lt g — o i Ey‘
2 w” QL k|vthS
- Optimum phase velocity : _~v

- E, perpendicular to magneflc ﬁeld is required.

- Low frequency is better for given Ey.
- Fast wave has large Ey electric field (Bz).

4 Picture B
- Driving force comes from the gradient of W\
wave magnetic field which gyrating particles TARRC Be

by external magnetic field feel during paralle

motion in phase of phase velocity. m

k

Fyp = MVB R. Koch, “Summer school in KAIST”
- It is similar to Landau damping in view that it gain energy fropavave during
motion in phase of wave phase velocity except that it just gain energy from
wave magnetic field instead of electric field

Fusion Plasma lon
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in plasmas (Cyclotron

O Fundamental cyclotron damping

k2 2 (0-Q,) (0-Q,)°

l £ w Vins s g / w k||2Vt2hs |E|2 — = 8 W ps / w kuzvtzhs |E |2
0 *
2 w® Q2 k, vths 2 w’ k, vths

- There is no power absorption without parallel wave number.

P, =

- It is because the field polarization is RHP.
0 Harmonic cyclotron damping

(- nQy)°
@

B[

I Vins
N damping is possible due to FLR(Finite Larmor Radius) effect.

- If Larmor radius is comparable to wavelength, the gyrating particles feel the non-
uniform electric field during one gyration period.

- As a result, it is accelerated in average by the LH or RH circulating wave electric
field with harmonic frequency.

- Power absorption decreases as the harmonic number i mcrea%e,s if . There-
fore, Landau damping or TTMP becomes important for high harmonic heating in
HHFW heating on ST.

9:? SRp—— Fusion Plasma lon
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ECH modelling

##2 options:
1) 24 gyrotrons 170 GHz (20 MW)
2) Some of them at 104 GHz, the rest at 170 GHz

D. Farina, L. Figini

#Key questions: 1 n=s =2 =

#ls EC absorption efficient enough with pure 31 g5}
harmonic (170 GHz) or is 2™ harmonic (104 GHz)
needed to pre-heat the plasma up to a temperature P)
where 3 harmonic becomes efficient?

0.2 r

.1'. . _ . aga, = ===
*Ohmic and EC-assisted breakdown capabilities O il 25 5 a5 4 45 5 a5

(modelling or analysis of present-day devices) v | n2 =t
1 I I I o .;L : |I.'m...l I 1
#Involved codes: o8 | ygjl [
06t I““H 1t 06 &
#EC: GRAY, OGRAY, REMA P, I ’g W . 2
#Transport: ASTRA, CRONOS, JINTRAC, TASK, | | i! . !0_2
TRANSP N ééé 104 GHz
#*Breakdown analysis: DINA 1 15-2 25 SB?E% 445 5 55

Mireille Schneider — 20" ITPA-IOS TG meeting — Daejon, Korea, April 2018 IDM UID: XXXXXX Page 30



es in plasmas (Curren

0 One can calculate RF heating from a hot dielectric tensor of Maxwellian plasmas.
However, one cannot obtain current drive by the power absorption since the Max-
well distribution Function is symmetric in velocity space. In addition, the power ab-
sorption can be different for non-Maxwellian plasmas.

U Therefore, we should know the changed asymmetric particle distribution by the
heating.

U It can be obtained from Vlasov equation with collision(Fokker-Planck equation) in
longer time scale than the wave period.

df., of. . ez

e ey N va Vif, =CC1). 0 =L (B v (BB,

f. =F. (tjr,v) + fs(t,r,v)

dF, _OF, VF, +eZS[v><BO] ‘V,F, =- eZS[E““VXB] V, f,|+ C(F,)
dt ot m, m

FQ(F) +C(F) |

Quasi-linear term
by waves

9:? SRp—— Fusion Plasma lon
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s in plasmas (Curre

U Quasi-linear operator can be represented as follows.

1 O 8Fs GFS o 8Fs 8FS
Q(F,) = vy [ D, ., 7 T D, ., Py o | P, D,, v
1 1 1 I I uE |
2
a | Ze w-n2 - kv 2
7 | £ S cs IRl dWE
L 2w | my ] ; w ] | +
2
_ _ | Ze w- nL - kv, (ny* (n)
ViV s _Z[E Zn‘é [ P Re[dJ_ E ‘d“ E]

2
Z w-n2__ - kv 2
:i[_e] 25[ Vi ]|d|( )E|

Vi 2 m, - w
1 kv k k ; Q k
dWE = 1- gy Vi Ee™ +J I E e | + -1 nas J I E,
\/5 w ch ch VJ_ w g2Cs
kv, ]Ez
£2CS
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s in plasmas (Curre

U Quasi-linear operator can be represented as follows.

0

aVII

S

ViV ov M a"n
1L

OF, ., OF.

Q(F,) =— .

1 & v, OF, +vaan
J_J_avJ_ 1Y) av”

VJ_ u

w- n<2_ - k”vII

] dE
w

w- n<2 - kv,
w

w- nQ_ - kv, ]|d
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s in plasmas (Curre

Fokker Plank Equation for current drive by Landau damping can be represented as
follows. & ~ v

k
-n=0, !
OF, e p OF, _ 0 °F, | , ook
ot m ov, ovi | " oy )
S
10— e
[ Flt—e) T O (@)
vy e L //'//% P :
L T TN
5l .f/ // / — \‘. \\
o/ r‘/.l" / s — \ 3 \\\
g ot W N LN
I l,"’ f'f IJ {,"( / }// f{/:z///}ﬁ\\\\\\ l\\' \I "\ "\ll '\L'l,l |
L Cla= My
ol LI :( (s
%0 0 305 w4 D

Karney & Fisch, 1979

N PHR
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s in plasmas (Curren

O Generally, current drive is possible if the distribution function is asymmetry in
phase space.

- Minority heating current drive / NB current drive

- Ohkawa/Fisch-Boozer current drive (ECRF ranae)

ELECTRON CYCLOTRON CURRENT DRIVE IN TOROIDAL SYSTEMS
IS DRIVEN BY TWO COMPETING EFFECTS

Fisch-Boozer Ohkawa
vV v,

L] C1 /1-p
Boundary

| 0
0
VgV v
i Prater, 2003 W

Fusion Plasma lon
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s in plasmas (Curre

O Current drive efficiency (rough estimation) 60
AE =n,m,,Av, VP4
j :”eeAV” J - ¢ 40
p, myy
p; =AEv ’ ”
j 1/v, v ~const. for low phase velocity :ICRF range 20

p_d viootvey? for high phase velocity : LHRF range
O Current drive efficiency (rigorous estimation)

[} | 2 3 4 5
a
. 3 3 FIG. 21. Normalized J/P, i
. L 21, 4 vs average normalized parallel-
J — e 2 S (a / 6V)LVHV ) phase velocity w,: O, Landau damping; X, magnetic pumping;
3 ~ 2 ®, Alfvén waves in the limit Dg;,—0. The solid curves are
pd meVOVTe (5 + Zeff ) S (5 / aV)V rough semianalytic fits to the data (Fisch and Karney, 1981).

e 2 Ve + 3w

S myvi (5+Z,) 2y

U Current drive efficiency in practical units and Figure of merit

for parallel acceleration

I Aj T J J §+6/ou)(uu’)
=Y =0.061——| — | [A/W], —=— (Y 2 u=vlv,
P 2nRAp, Rn;"InA | P, P, S (0/ou)u

n :%an" [A/W /m?]

S IR UXOIJR Fusion Plasma lon
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ves in plasmas (He

0 What is the difference between Current drive and Heating?

Heating and current drive

f f
Heatmg Energy transfer and
then relaxation
\& \Vﬁ
Vresonant f resonant f
Momentum obtain

and maintain

accompany with
Current drive / energy transfer
Q \y

m |For current drive, asymmetric N// required Vi vesonant = 2
i

Fusion Plasma lon
Heating Research
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Z. Gao, “Summer school in KAIST”
2009
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ves in plasmas (He

O ICRF Harmonic or minority cyclotron heating

. e . L kev
r T — 20 49 (141 80 lo0 120
~1
(a) minority heating
i % HinD)
:;,ﬂ:-' -
-3
-_L"'"—ﬁ.—.
| .l
oo i st
Leg[F(p,v)]
fi(\V) el
) . . ) ) RBV.
0008 R 20 0 60 80 100 120
-“;‘t -1
! {b) Harmonic heating
o -3l {pure D plasma)
. ¢&=Pt/3n_ T . .
| i 1 i
C 5G| 1 0o 150 200 250 -3
Energy(ke\/) e
-'; o
E R(T,~T, +ZT,) Loglre) |
In f(v)=— 1+ L= L T K(E/E,) .

FiG. 43.11 Ton distribution function during ion cyclotron heating, n, = 8 x 1013
em™3, By = 5 T, ‘backeround’ temperature b keV, ‘linear’ power density
0.5 W/em?.

Stix, “Waves in Plasmas” 1992 Brambila, “Kinetic theory of

= lasma waves” 1995
é%“ St QUX}EI0ITQ [@ Fusion Plasma lon
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es in plasmas (Sum

U General RF heating and current drive can be obtained through quasilinear
Fokker-Planck equation.

0 Heating and current drive is the result of the increase of high energy population
in phase space.

Fusion Plasma lon
Heating Research




Ing, propagation, abs
sion plasmas

RF waves in fusion plasmas is usually launched from LFS(Low Field Side) with different
launching structure for each frequency range.

U And it propagates through non-uniform plasmas.

L

Finally, the wave power is absorbed near cyclotron resonance layer (harmonic cyclotron
damping) and bulk plasmas (Landau damping or TTMP).

U Sometimes, the wave is mode converted into hot electrostatic wave branches(lon or electron
Bernstein waves) and finally absorbed through cyclotron resonance or Landau damping.

Limiter
AN

Matching Antenna
network (Horn)
—|
|

Vacuum
window

Wave ) —
source Transmission line
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hing, propagation, abso
plasmas (ICRF/LHRF/E

U RF waves in fusion plasmas is usually launched from LFS(Low Field Side) with different
launching structure for each frequency range.

Sources Transmission Coupling Objectives
Tube Coaxial Antenna Localised ion heating.
ICRF 25-100MHz Line (Current Central CD
2 MW Strap) Sawtooth control
Klystron Wavesuide Off-axis CD for SS regimes.
LH 1~5GHz Waveguide r?ll AT scenarios.
1MW & Assisted ramp-up.
Gyrotron Heating. Central CD.
ECRF 50~200GHz Waveguide Horn MHD control (NTM).
1MW Plasma start-up

Fusion Plasma lon
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hing, propagation, abso
plasmas (ICRF/LHRF/E

U Full wave and WKB approach

_ OB 1D analytic 2D/3D
Full Wave VXE =& i Approach Numerical
VXB =4 [6 °E | sion Study)  (TORIC/AORSA/
0 0 Gt rf .")
WKB E =E.e", dr __ OH/0k Ray Tracing
Approach B =B,e", I dt.  OH/0q Equation
i ” TORAY/GENRAY
(Spatially W =k(r,0) - or 0 dk __oH/or | / /
slowly vary- di oH /0w ee)
ing medium) [V‘P =k(r, t) — =-o(r, t)]
E=Ege", N XN XE, —¢.E,
Uniform I i 2 _ Dispersion
Plasmas i_ioe* ’ t I (N"- &c)E, =0 Relation
=k r-w

H =det(N* - £.) =0
)

9*‘ Sr= o XjEIoITIQ) Fusion Plasma lon
| KAERI  iorea Atomic carch institute Heating Research




g, propagation, ab
sion plasmas (ICRF
U ICRF launching and Transmission Coupling System in KSTAR

"'\-\. 3 - e
1'7"'1'- '1 =
-'-ﬁ,:.

Impedance matching network

~ e
ﬁ*# # /

-

quid stub tuners

. srmauxpmicisia Fusion Plasma lon
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Ing, propagation, abs
sion plasmas (ICRF)
U ICRF launching and Transmission Coupling System in KSTAR

1

|

A Ay Tuner A

%:lf}[

— , Loop 2
Quadrant
——J | Hybrid
Splitter
——F 5
Tuner B Zo
e

Decoupler

g;

&
S

ai

1
1 Vacuum, antenna boundary

Schematic Resonant loop/matching system

< i
S IR UXOIJR Fusion Plasma lon
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hing, propagation, abso
sion plasmas (ICRF)

U ICRF wave generator: Transmitter (Tetrode tube)

- Tetrode
(4CM2500KG)
- 20~60 MHz
y - 2 MW 300 sec

154 —O— Divided by 100 on "Efficiency"

INPUT = —/\— Power-direc
=3
g
o 1.0
o
=
o
c
0
3 O/O___Q—__Q/O\O
= 0.5+

} L

Loaping - il

Tuning |
o+

25 30 35 40 45 50 55 60 65

Frequency[MHz]

Transmitter FPA(Final Power Amplifier)

Fusion Plasma lon
Heating Research
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hing, propagation, abso
sion plasmas (ICRF)
U ICRF Resonant loop and Matching System

Matching
network

Resonant loop §
(30 MHz)

¥ Liguid stub
|
ol tuner

KSTAR Resonant loop and matching system

é:Z* SHR X2 T R

AER' Korea Atomic Energy Research Institute
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Ing, propagation, abs
sion plasmas (ICRF)

O ICRF launcher: Antenna

Radiation pattern for resonance heating antennas

Vacuum Feedthrough —| x (m)

i ‘
Main Coolant Line & ) § 09
Guide Roller [N p=T hasi
Support Box - o N 5 ¢ = > T-phasing
g |\ k27000 107

Vacuum Transmission Line -
J ~ -15
/ “ x (m)

‘Poynting vector ()

s

AN
@

_ W | Port Cover(stationary) CPS

\ [ Current Strap ] Movable Plate

by Box (#) Scale: 0-5 Wm? A? -
Faraday Shield 02 e
Plasma edge = . = - e~
—0-5 Plasma edge
Wall -0 05 z (m)
- 4 Strap Wall Antenna
Ficure 4, Distribution of t] T - i = " ’ TE PR & 7

= 0-0-m-m : Heatingr 2o ante 8
‘ A Y o Figure 4. Distribution of the Poynting vector on a CPS in uniform plasma
- 0-0-7t/2-1/2 : Current =i L =5 )" for an antenna array ‘

. . o B e n /Tw s
) .
S IR UXOIJR Fusion Plasma lon
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ching, propagation, absor
sion plasmas (ICRF)

d ICRF Antenna

- Electric field is perpendicular to magnetic field in ICRF fast wave.

- Stray Ez field is screened by Faraday shield.

. . 2 .
E, __iD :1(NH - S) IS N = (N/ - RN/ - L)
E, N°-S D D ' (N; - S)
N,N
E, _ MY
E, N?-P

=<
m
1
o=

y 7z RE ] =151 Electric Field(Current)
direction is Perpendicu-

——
[ .
-

lar to B,

A
\

s

FIG. 3. Geometry of an inductive coupling element (*‘loop antenna® ) used
for exciting the fast wave in the ICRF.

) .
g/ ~ simeuxp=icisig Fusion Plasma lon
| KAERI Korea Atomic Energy Research Institute Heating Reseal‘ch




Ing, propagation, abs
sion plasmas (ICRF)

U ICRF FW propagation and absorption (Fundamental Minority Heating)

- ICRF fast wave wavelength is comparable to system size. Therefore, full wave approach is

required.
2 Dimensional S_fund m(E_+), twodim

' e T R E T

_~——lon won hybrd 90/
resonance |
601 |

___.cut off surfaces |
~ 50—\

& o—‘ |
i ‘: | ‘i” ||| |
e | _301|
. minority cyclotron |
resonance -60F |
aol\ \
.\--L-#.--r".’ Lo . bl
40-20 © 20 40 40-20 0 20 40
x (cm) x (cm)
Cut-off/Resonances in minority heating D(H) Minority Heating Scheme in
scheme KSTAR

) .
S IR UXOIJR Fusion Plasma lon
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hing, propagation, absor
sion plasmas (ICRF)

U ICRF FW propagation and absorption (Second Harmonic Heating)

Absorption - S(2QT)
348 .

348 1 ¢ ]
2791 1 §o.14 279 Ao ! |0.27
209/ 0.014 209! [l u | H0.13
139+ . 0.0014 139} 0.064
T 9 0.0083 £ 70 0.031
S 0.026 S o I0-015
N
70 0.083 N 2o\ 0.0075
139 0.26 130! 0.0037
209 | 0.83 209} 0.0018
279 | 26 279| 0.00087
348 N 348, . = N -
222 111 0 111 222 222 111 0 111 222
X (cm) x (cm)
LHP wave field of T 2" Harmonic T power absorption pro-
Heating in ITER file

D. B. Batchelor, PAC, 2005

) .
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Ing, propagation, abs
sion plasmas (ICRF)

U Experimental results

T 24 Harmonic + He3 minority
PuseNo:4173¢  Heating Pulse No: 41734, 41735 (withHe)

Pulse No: 41735 (with *He)
= AT
gk | =3MA r"v”"h""\f‘i'.f._,_w_ 5l Ti{rfa—0.43) y A Ny N \“.n
=347 Py
f=34MHz 4 | <
Ar with *He 2
S | *Hegas =
= pulse
2§ |
i With EHQ e e 0 ,"Hq" .
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U Experimental results
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U Experimental results (Current drive)

Figure of merit of fast wave
current drive versus central
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U LHRF System for ITER
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U LHRF System Schematic
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U LHRF Sources (Klystron)
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U LHRF Launcher: Waveguide grill
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U LHRF SW Launcher & Accessibility condition
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HFS Launch Improves RF Core Physics
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J Propagation & Absorption
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U Experimental results (Full non-inductive current drive)
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U Experimental results (Current drive efficiency)
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U ECRF system in DIIID
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Ing, propagation, abso
sion plasmas (ECRF)

U ECRF source: Gyrotron

I ‘High-Power Gyrotrons for Fusion Plasma Applications ﬂ(IT

Karlsruhe Institute of Technalogy

Magrets

Gun Anode

ITER: TOSHIBA/JAEA (JA) ITER: GYCOMI/IAP (RF) W7-X: CPI (USA) W7-X: TED/FZK/CRPP (EU)

170 GHz, 1 (0.8) MW 170 GHz, 1.05 (0.83) MW 140 GHz, 0.9 MW 140 GHz, 0.92 MW
800 (3600) s, 55 (57) % 116 (203) s, 52 (48) % 1800 s, 35 % 1800 s, 45 %
a M. Thumm, IPP Institutskolloguium (HGW), June 18, 2000 Forschungszentrum Karlsruhe Universitét Karlsruhe (TH)

in der Helmhaoltz-Gemelinschaft

KIT— The : Warisruhe GmbH and Universitst Karisruhe (TH) Research University - founded 1825
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U ECRF launcher (Mirror: quasi-optical beam):

ITER ECRF upper launcher system closure plate

focussing mirrg

R. Prater, Fusion summer school in KAIST,
2009
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U 01, X2, X3 cyclotron heating and CD in tokamak
U XB, OXB EBW heating and CD in high beta ST
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Ing, propagation, abs
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U wave propagation

Low density under R(X) cut-off high density above R(X) cut-off
R. Prater, Fusion summer school in KAIST,
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Ing, propagation, abs
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U Experiments (heating and current drive)
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Ing, propagation, abs
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O NTM stabilization

115926 115930 ] DIl-D

30

: Mode Frequency (kHz)

0 ] Enerpy Confinement (ms)
"""" 45 47 49 51 53

Suppression of 2/1 NTM by ECCD

R. Prater, Fusion summer school in KAIST,
2009
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U Start up

135903, D alpha filter, 5000 fps, 199 us exposure J. Yu, UCSD
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Summary

U RF waves have been successfully proven in tokamak experiments.
- ICRF: lon heating (Minority / 2" Harmonic heating)
- LHRF: Current drive (Landau damping)
- ECRF: Pre-ionization and startup, NTM stabilization (Cyclotron damping of O1, X2, X3)

U There are still critical issues in RF systems to be solved (ICRF/LHRF).
- Stable power transmission (arcing)

- Power coupling
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