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e role of RF Heating and C

d Increase of temperature

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 : Ion heating
LHRF : Current drive

ECRF : local current drive and MHD control / pre-ionization and start-up
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The role of RF waves

O Non inductive current drive

- Tokamak requires current drive to confine the plasmas. Otherwise, the particles 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 element 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 current 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.
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RF waves in plasmas

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

U

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

U

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

Sl e =1 Fusion Plasma lon
7~ SIHRAUXIEATR =
© /KAERI  Korea Atomic Energy Research Institute Heating Research



RF waves in plasmas

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.

VxE:—a—B
ot
OF
VxB= E, —
Hy& or

Wave Equation in Plasmas?

Governing Equation: Maxwell equation with plasma medium property.

VxE:—a—B
ot
OE OE — —0E — - io
VxB= E,—+J . |= & —+tok |=ue,6,—, ¢ =1+——(y,
ﬂo( 0 5 rf) :uo( 0 5 j Hoéo &, o 800)(?()

The plasma waves can be described by above Maxwell equation. One can obtain
information of linear plasma waves from this governing equation.

The remaining problem is how to obtain the conductivity or dielectric tensor.
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RF waves in plasmas

How to obtain the dielectric tensor?

Governing Equation: Vlasov equation : Equation of evolution of particle distribution in
phase space

df, _ 9,
L =—24+v-Vf +a-V =0
o= TV ta V.S,

e;fs |:E+v><(B+BO)]

S

a =

By linearization, one can obtain linearized Vlasov equation. f. = F, (r,v) + fs(r,v, z)

~

df.  of -~ eZ - eZ
D s _I_V_V + s va .V e S E—|—VXB -V F
dt 8t -f:s‘ mS [ O] v-f:s* mS [ O] v s
The solution is as follows.
~ YA Co . Co :
F=-2% I[E(r,t)+v <B(r',t) |-V F.dt
mS —00

S, = Znsezsfﬁvdv
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RF waves in plasmas

O Dielectric(Conductivity) tensor

8xx gxy gxz
g.=l&, &, &.|, 0= p (¢, —1)=—ig 0y,
_gzx gzy gzz ]

- The detailed expression of dielectric tensor elements for £, of Maxwellian distribution
function are as follows.

n_ kzvt2
=1= Za) n;()ﬂsl (A)e ™ [-60.Z(c,)] A = 1 ;zs
@’ n ) 2QCS
=_’Z ,, n|:1 (A4)—1,(4) ™ [—50.2(5,)] . w—nQy..
s tzhs "~ lcllvths
€w = IZ _Z 71 (’1 )e [gOSZ (gns)]
D) [—1 (=22 lL )L aze] e, =,
th 8zx = ng
=—N NZ o Z[l (A)—1, (%) " [s0.2 (5.0 ]
- E = T8

g.=1-2 aj’; Z 1,(A)e " [ =606 Z (5,0 ]
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RF waves in plasmas

Cold dielectric tensor

Eoe €4  En S —iD 0
Iim g = lim | & E E = | D S 0)
&, &, & | L 0 0 P |

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

2
w

S=1-— ZS:—wZ _pSQi

2

D = Z Cps
) 2

P=1—Z””;

— @
If the plasma density goes to zero, the cold dielectric tensor becomes unity tensor.

It is a vacuum relative permittivity.

QZ
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RF waves in plasmas

O It is easier to approach from cold plasma dielectric tensor for RF wave exploration.

oB

VxE=—"— S —iD O]
6t E cold — iD S O
- OF
VXB:ﬂogogca B 9 0 P_

O By manipulating the Maxwell equation with cold plasma dielectric response, one can
obtain the wave equation.

2
VxVsz—,uogoecaale

O For spatially uniform plasmas

]_\}X]_\}XEO _ g‘ch, E— Eoei(koN-F—wt) - N2 0 _
(N*>—&)E, =0 N =| 0 N2 0

det(N? —20) =0 : dispersion relation
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RF waves in plasmas

O Dispersion relation
H =det(N* - ;::c) =0 : dispersion relation
O Several forms of dispersion relations

AN*+BN*+C =0
A=Ssin’ @+ Pcos* 0, 0= ~(B,N)
B=—-RLsin”@—SP(1+cos’0), R=S+D,L=S-D

C=PRL
AN +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} -R)(N; L) C=(N;-P)(SN; -RL)
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RF waves in plasmas

O Polarization

E, D
E, N'-§ E,_R-N* _ E+iE, _ E i
E. NN, E L-N""" 277 2
E. N*-P

Q Group velocity

 OH | ok
¢ 0H/bw

and, v, (v, ) _ SNI+P(N}-R)N}-L)
PNJ +(Nj = PYSN ~RL)

tan @ Ve LV

pll
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RF waves in plasmas

O Cut-off /Resonance

cutoff : N =0,1 =0 ;wave is evanescent.

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

Q Cut-off
N,C=0 AN*+BN*+C =0
P =0:Owave cutoff <: A=Ssin> @+ Pcos’ 0, 6=2(B,N)
R =0: R wave cutoff B=—-RLsin”@—-SP(1+cos’8d), R=S+D,L=S-D
L=0: L wavecutoff C=PRL
O Resonance
N =0,

0 = (0, %) = A =Ssin’ @+ Pcos’ 8 =0; resonance cone wave
0 =0(parallel) = R, L = w ; cyclotron resonance

0= %( perpendicular) =S =0; UHR, LHR
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RF waves in plasmas

O Perpendicular / Parallel propagation

AN +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] -R)(N] - L) C=(N; - P)(SN| -RL)
Ny =0, N =0,

RL N/ =R (Rwave),

N} =— (X wave)
S NH2 =L (Lwave)
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 wavecutoff

O Perpendicular / Parallel Resonance
R =00 : Rwave resonance

S =0:X wave resonance (UHR, LHR) L = oo - L wave resonance
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RF waves in plasmas

Q Cut-off
W’ W’ w m
P=1- 2= X =1 : X=""L V="t 0=—5
ZS: pe 0= O wave cutoff pe ” "
COZ 0]
Rzl—z p; =0=Y z=-X+1 : R(X) wave cutoff
L=1- Z Ds =0=>-0Y'+Y=X—-1 :L(X) wavecutoff
o o-Q
O Resonance
1/2 .
S=1- Z =0=Y= ( -X +1) : Upper Hybrid resonance

—0XY? + X =0 :Lower Hybrid resonance

C();s 0]
R=1- Z > =0o=>w=w0, =Y =1 :electroncyclotronresonance
T 0 w0+ Q
602 0
L=1- Z = =0o=>w=w,=Y=0"";ion cyclotron resonance
T 0 0-
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RF waves in plasmas

0 CMA diagram

P=0
Y(ow/w) (B) O cut-off

L=h
L resonance
m;/m,

R resonance

X (0,.2/ w?)(n,)
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RF waves in plasmas -

O Polarization of 4 wave branches

Ni=% (X wave) }{ X (k)
N =P (Owave)
E, D  iD _ iSD _.S
E. N*-S N’-S RL-S* D \
X wave
EZ:A@NL —0 tan9g21+PN1 Z(B)
E, N -P tan @ P
) x (K
E, D  iD _iD
E. N-S N -S P-S
O wave
E._ NN, _ tanf, S+RL
E, N/ -P tan & RL \
z (B)
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RF waves in plasmas

O Polarization of 4 wave branches

N/ =R (Rwave), y
N =L (Lwave) I X
E,__i _ D _. E _R-N'_R-N >/ <~ RHP
E. N'-S N/-S§ E. L-N* L-N;
R wave
E, _ NN, _o tand,  P(N/-R)N;-L)
2 = -
k. Ni-P tand  PR+(R—P)(SR—-RL)
y z (B)k)
2 A
Ey lD lD . E+ :R_N2 :R_ZVH =00 X
= = = —1 2 2
E, N*-S N-s B L-N" L-N T
L wave * ” =~ LHP
E _ NN, _§ twng,  P(N?-R(N’-L)
2 = =
E. N -P tan® PR+(R—P)(SR—RL)

z (B,k)
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RF waves in plasmas

[ Electrostatic waves
E=-Vo=—ikp = E||lk

(N x N x E)) = N- ECEO : Wave equation parallel to propagation

g

N-e(E,+E)=0, Z(N,E)=0, Z(N,E, )=90°

= (N-&.-N)E, =0

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

O For X waves

if §=0 atUHR,LHR in X wave N? =% (X wave) —> 0 atUHR, LHR
E iD iD iSD S

r = = = =—i— —>0
E. N°-S N:-S RL-5’ D

= Purely x polarization =k =k_|| E_ .. X wavebecomes e.s.atUHR, LHR
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RF waves in plasmas

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

P=0
Yio./o) (B) O cut-off

ICRH | ewm.

L=h
L resonance

LHRH | EsS.

ECRH | EMm.

X (0,2 / @?)(ne)

% sr=ax xp=y Fusion Plasma lon
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RF waves in plasmas

O Oblique injection

RF wave is launched obliquely but almost perpendicular to magnetic field in tokamak 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} = RN} ~L)
N2 Bt VB —44C
o 24
P(NE -$) PD'N?
~ -|- R
S S| (N} =S)(S—P)+D’ |
S(N[-S)+D* PD’ Ny
S S| (N} =S)(S-P)+ D’ |
_P(VE=S) (WP RN - L)

12

:Low frequency range

4

S (N2 —5)
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7 o SrRELIXIEeIN -
. ,'/ KAERI Korea Atomic Energy Research Institute Heatlng Resea rch



RF waves in plasmas

O Polarization of oblique injection

, _—B+\B’-44C

NJ_

24
_ PN/ -8) . PD’N; S(N/-85)+D* PD’N;
B S S[(N} =S)S-P)+D* |’ S S[(N} =S)(S-P)+D"|
- P(N[—=S8) (N —R)N; -L)

:Low frequency range

2

S (N =S)

O Slow wave and Fast wave (Low frequency range)

Slow wave Fast wave

E, iD iSD E, _iD _iN/-5)

E. N*-S (N>-S)S-P) E. N -S§ D

E._ NN, _ SN, E _ NN, E _R-N :_R‘_NE
E, N'-P PN, E. N-P E L-N L-N|
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RF waves in plasmas

O Polarization near ion cyclotron resonance of oblique injection

O Slow wave and Fast wave

E . . .
Y — ED =— iSD —>—£—>i,E+—>O : RHP, near ICR
E. N =8 (N =-S)S-P) S

Slow wave X

Ez — ]vHNJ- __SNJ_
E., Ni-P PN,

—> O

E D  i(N;-S /
Ey:Ni o ( HD )—>—%—>i,E+—>O:RHP,near ICR
E, _ NN,

E. N>-P

Fast wave

—0

Q There are no cyclotron absorption near fundamental ion cyclotron resonances for
obliguely injected cold slow or fast waves (This result is similar for electron
cyclotron resonance).

) Fusi Pl |
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RF waves in plasmas

O ICRF fast wave has not favorable LHP near fundamental ion cyclotron resonance.

(V=R - L)
(N} =)
E,_R-N’_ R-N/ _ D+§5-N

E L-N° L-N -D+S-N;

N}

112

Q If (V/-S)=0, then

N; — o,
E, R-N*_ R-N/  D+S-N/
E L-N° L-N' -D+S-N

0 More rigorous absorption can be obtained from the hot dielectric tensor.

Q (N/-S)=0 can be achieved with multi-species (major and minority ion species).
O There are two regimes with respect to the minority fraction, n=n_,/ny.

n <mn, :Minority heating regime

n >n, :lon—Ion hybrid resonance regime

Fusion Plasma lon
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waves in plasmas (Summa

O One obtain 4 wave branches from cold dielectric tensors.

O And there are four wave resonances.

O We should use the resonance for plasma heating.

O However, there is very weak collision in fusion plasmas.

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

A 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 tensor.

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

Fusion Plasma lon
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es in plasmas (Power abso

O Power absorption can be represented as follows.

P, —iRe[J-E] E =&, +i&,
2 1
1 . Ey=—|& +&"
=—Re[E -G E] 2
2 1
| nl(in o i (5 8=o5-8"]
=5Re[(—zgoa))E (&, —-1)-F] 2i
—lg olE £, E] 1 @’ W -
- 0 A S kv 2
2 P,=—s0 a)pz N s 5e FE T (n=0)
| Vins
Q For Maxwellian plasmas 2 5 o’
@ 2.2
P ;lga) o KLV Jr -2 ¢ i |E (n=0)
1 . MP =5 20 2 02 A y
])abs =58'OQ)ZEZ- .8Aij.Ej 2 cs ||vths
ij (0-Q,,)°
1 COZ k2V2 - 2v2cs
By=sao—t-ler——e " B[ (=)
cs ||vths
(0-nQy )
lim—2 e % —ﬁ&(—”_”gwj 1@ (kY e U
N B P, =—go—L1| Lt 7T e “m EL (n=22
ki Ok||vths (0] nQ > 0 0)2 LZQZJ k”VthS | _| ( )
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es in plasmas (Landau da

0 Landau damping

wZ

2

1 a) k 22
Py =t 2J_ e
LD 2 O k”?;v;ls z
. 10
- Optimum phase velocity : ; ~ Vins

- Electric field parallel to magnetlc field is required.
- Low frequency is better for given E, field.
- Slow wave has large E, electric field.

O General form(non-Maxwellian plasmas) & Picture

1 2
P ; v, dv |EZ|
LD ‘ ‘J‘( I av lw/k 1%V

- It requires negative particle distribution

near particle phase velocity.

P -

PARTICLE WAWVE
GALINS ENERGY GAINS ENERGY

FIGURE 7-17 Customary physteal picture of Landau damping.
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F waves in plasmas (TTMP

O TTMP : Transit Time Magnetic Pumping
1 a)ﬁs kJZ_ vths w B Iﬂ\;(:’zzhs
— NTT e

2 o Q kv

2
|

y

cs ths
- Optimum phase velocity : kﬂNv”’S
- E, perpendicular to magnetic”field IS required.
- Low frequency is better for given Ey.

- Fast wave has large Ey electric field (Bz).

Q Picture =
e
- Driving force comes from the gradient of /\\_/_\
wave magnetic field which gyrating particles J@_ B =
by external magnetic field feel during parallel
motion in phase of phase velocity. k
FMP ~ _/UVBZ R. Koch, “Summer school in KAIST” 2009

- It is similar to Landau damping in view that it gain energy from wave during motion
in phase of wave phase velocity except that it just gain energy from wave magnetic
field instead of electric field
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es in plasmas (Cyclotron da

Fundamental cyclotron damping

f’zlgw &f; glr— @ mngwrc:-lg “J_ @ gﬁ%ﬂEF
@2 af Q2 K Vi g o ke Vi :
- There is no power absorption without parallel wave number.

- It is because the field polarization is RHP.

Harmonic cyclotron damping

| a)2 n—1 (0-nQ,,)’
Q) k22 2
~ pPS || Veh
P, =—&,0— T e |EJ
2 10 @nm

- Harmonic cyclo 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 increases if k,7, <1. Therefore,
Landau damping or TTMP becomes important for high harmonic heating in HHFW
heating on ST.
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aves in plasmas (Current D

O 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 Maxwell distribution
Function is symmetric in velocity space. In addition, the power absorption 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, . e/

S =—=+v-Vf. +a-V =C ,a=—=-| E+vx(B+B
=TV, Sy =€, a="2x] (B+85,)]
fo = F{dr,v)+ f,(t,r,v)
ar, — OF, +v-VF;+eZS [vaO].VvF; :—eZS -E+v><B]-ij: + C(F))
dt ot m, m,

= O(F )+ C(F) |

Quasi-linear term by
waves

7 .
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aves in plasmas (Current D

O Quasi-linear operator can be represented as follows.

Q(Fs)ziaa VJ_(DL oF; . n 5}‘_;} +£(D oF; | n 5st
V A%

v, oV,

Z)VLVL — l[gjz 25[ w—nd, — k||V|| j|din)E|2

20\ m, @
2
T | Ze w—nl),  — knvn (n)* (n)
D,, =D, :%[;j ;5[ ~ Re|d\""E-d("E |
2
7 | Ze @—nd =KV )2
I _%[m_sj ;5( @ |dI| E|

dJ(_n)E — \/15 [1 _ k||v|| j|:']n1 [ngiVJ_ jEJreiw + Jn—l (%VJ_ JEei'// i| _|_i chs Jn [kg;vJ_ jEz
2 cs cs VJ_ @ cs
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aves in plasmas (Current D

O Quasi-linear operator can be represented as follows.

Q(F;):Laa vV, (DL 8F; +D 8F;J +£(Dvu aF; +D aF;J
V A%

v, oV,

QCS _k n
n - v|j|di )E|2

—nQ) —k .
5[0) niz 'ijelidi") Ed”(n)E:I

kJ_VJ_ E_ eil/l + i@zcs Jn kJ_vJ_ EZ
Q v, Q

cs

_- k. v - n< k. v
=L |Ee" 4T, (# Ee" |+|1-—=|J,| == |E.
Q @ Q
CS CcS
<) Fusion Plasma lon
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aves in plasmas (Current

O Fokker Plank Equation for current drive by Landau damping can be represented as follows.

a
-n=0, —~Y

e TN
! f e /ﬁz-\' 5 .::

ki
oOF e oOF o OoF
< — E,—= = D < |+ C(F)
Ot m_ ov, ov, MM ov, c
10—— =
flt—om) /;;ff"i :——*_;\ {a)
uy Sy £ - U
/ 7/ IR\
o ’( Al < \\. b1 \«
,’f / /,r // /f:i//{il TN ‘\,"\,
i B\
i

N & | l. |
it Ii ||

1) | Ff ol
L[ | s
|II L f LU

Karney & Fisch, 1979

AT
eSS
T % ‘—“1»‘--
o " :‘ S =
=
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aves in plasmas (Current D

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 range)

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

Fisch-Boozer Ohkawa
V) Vi

[ C1 /1P
Boundary

0 |
ViV Vv
i Prater, 2003 U

) Fusi Pl |
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aves in plasmas (Current D

O Current drive efficiency (rough estimation) 60 . l l T
AE =n,m,v Ay, s ‘\
: ' e
J =n.eAy, sl
p, myv
p, =AEv o
J 1/v, :v ~const. for lowphase velocity :ICRF range
)2 v”2 SV~ v”_3 for high phase velocity : LHRF range
Current drive efficiency (rigorous estimation) 05 : —1 1 ]
a
. o~ = 3 FIG. 21. Normalized J/P, vs average normalized parallel-
] _ € 2 S (a / aV)(V”V ) phaselfvelocity We: O, lf,azlldau da.mping;sx, magm:tien:i pﬂmp'mg;
- N N , Alfvén waves in the limit Dg; —0. The solid curves are
pd meVOV;e (5 + Zeﬁf) S - (5 / 5\/)\12 :ough semianalytic fits to the dataQ(Fisch and Karney, 1981).
e p) v+ 3vv|2

= 5 for parallel acceleration
myy, S+Z,) 2y

Current drive efficiency in practical units and Figure of merit

- (0 00w’
L_o_ 4 _goe1—L (L paywy, L-@lo) u=v/v,
P 27RAp, Rn. In A P, §-(0/0u)u ;

n:%RﬁﬂAHVhﬁ]

d

-

- TFB LI X}23104 o |
g 7 >
< /KAERI Kore AmnTEneygy—R:se‘;hT_r'\-sluwT
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waves in plasmas (Heatin

O What is the difference between Current drive and Heating?

Heating and current drive

\ Heatmg Energy transfer and
then relaxation
% \V//

resonant resonant f

f

Vv

Momentum obtain
and maintain

_ 4 accompany with
Current drive energy transfer

J WY \w 1\,

rncnn:nf

— |l

co
= |[For current drive, asymmetric N/ required Vi vesonant = A
I

Z. Gao, “Summer school in KAIST” 2009
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waves in plasmas (Heatin

O ICRF Harmonic or minority cyclotron heating

20 40 L1 80 100 120
o1
(a) minority heating
2 (5% Hin D)
-3
_4 b
_5 -
Log[F(p,v)]
s
) . . ) ~ keV
20 40 1] j:11] 100 120
=1
2 {b) Harmonie heating
. -3t (pure D> plasma)
g&=Pt /3n_ T, .
< 501 e 200 250 -
Energy(keV) o
=7r
E RAT,-T,+T) LoglF(u,v)] |
In f(v) =~ 1+ L =2 K(E/E,) N
T.(1+&) T,(1+R, + &) Fi6. 43.11 Ton distribution function during fon cyclotron heating, n, = 8 x 1012
& = F F 15 3 ) X - -
em™, By = 5 T, ‘background’ temperature 5 keV, ‘linear’ power density
0.5 W/cm?.
Stix, “Waves in Plasmas” 1992 Brambila, “Kinetic theory of plasma

waves” 1995
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aves in plasmas (Summa

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

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

A Fusion Plasma lon
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aunching, propagation, absor
fusion plasmas

U 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.

(]

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

0 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
|
Wave . Matching Antenna
source ) Transmission line network (Horn)
A

Fusion Plasma lon
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launching, propagation, absorp
sion plasmas (ICRF/LHRF/ECR

O 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 Waveeuide Off-axis CD for SS regimes.
LH 1~5GHz Waveguide r?ll AT scenarios.
IMW & Assisted ramp-up.
Gyrotron Heating. Central CD.
ECRF 50~200GHz Waveguide Horn MHD control (NTM).
IMW Plasma start-up

D) .
(,(/7 . SIEUX}EIoITR Fusion Plasma lon
© /KAERI  Korea Atomic Energy Research Institute Heating Research



launching, propagation, absorp
sion plasmas (ICRF/LHRF/ECR

O Full wave and WKB approach

Full Wave I
Approach

WKB
Approach I
(Spatially slowly
varying medium)

Uniform I
Plasmas

eeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeee

OB 1D analytic
VXE= "o I Approach
OE (Mode Conversion
VxB:luO(go_+Jrfj Study)
ot
E=Ee", di _ oH/ok
B = Boe”’, I ' dli OH /0w
¥ = k(7 1)-F - o(F, ) dk __OoHIor
dt OH /0w

(vw = k(7,1), aa—\f = —o(F, t)j

E=E,e", NxNxE,=¢.E,
B=Be", | (W -E)E, =0
Y=k 7V—ot

H=det(N*—£.)=0

2D/3D
Numerical
Simulation
(TORIC/AORSA/...)

Ray Tracing
Equation

(TORAY/GENRAY/...)

Dispersion
Relation
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nching, propagation, abso
fusion plasmas (ICRF)
O ICRF launching and Transmission Coupling System in KSTAR

Transmitter : e o
- P Transmission line
¥ :5?-‘ P P

quid stub tuners
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aunching, propagation, absorp
fusion plasmas (ICRF)

O ICRF launching and Transmission Coupling System in KSTAR

A Ay Tuner A

, _ r
sl
M2
Quadrant

—][—-I Hybrid

Splitter

Tuner B

4 Decoupler

Loop 4

Vacuum, antenna boundary

Schematic Resonant loop/matching system

<4 Fusi Pl |
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Q

ICRF wave generator: Transmitter (Tetrode tube)

INPUT
ek —— S

Loaping — |

TUNING — |

launching, propagation, absorp
fusion plasmas (ICRF)

20

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

=
a
1

Efficiency/Power[MW]
=

o
[é)]
1

0.0

—O— Divided by 100 on "Efficiency”

—/\— Power-direc

Frequency[MHZ]
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aunching, propagation, absorp
fusion plasmas (ICRF)

O ICRF Resonant loop and Matching System

Matching .-
network 2

Resonant loop §
(30 MHz) '

 Liguid stub
'_ il tuner
KSTAR Resonant loop and matching system

) Fusi Pl |
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aunching, propagation, absor
fusion plasmas (ICRF)
O ICRF launcher: Antenna

Radiation pattern for resonance heating antennas

Vacuum Feedthrough | x (m)
1
Main Coolant Line 09
Guide Roller p=m hasi
Support Box - 0 > n-phasing
Vacuum Transmission Line ky 215 -10 10 15

"Poynting vector (+)

p=4x

""" n/2-phasing
Al
ky 12
—18
Port Cover(stationary) CPS
[ Current Strap ] Movable Plate
Cayviby B () Scale: 0-5 W'/',m2 A? -
Faraday Shield 02 ——t—
Plasma edge
—0:§ 05 z (m)
- 4 strap Wall Antenna
S N BT 7 iy Bl EA AL LA LT

- 0-0-m-m : Heating
- 0-0-n/2-w/2 : Current

Ficure 4. Distribution of the Poynting vector on a CPS in uniform plasma
for an antenna array

)
& ermaIxEe R
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« /KAERI  Korea Atomic Energy Research Institute
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launching, propagation, absorpt
fusion plasmas (ICRF)

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

- Stray Ez field is screened by Faraday shield.

. . 2 .
B, __iD N =5 S, (NP-RW-L)

E. N*-S D D
Ez _ ]VHNJ- 0
2
E. N-P
WV
/| E ~B : e
Yy~ "z d Electric Field(Current)
I‘Jv direction is Perpendicular
@%?Bz fle
— X

s

0

FIG. 3. Geometry of an mductive coupling element (**loop antenna’} nsed
for exciting the fast wave m the ICRF.
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aunching, propagation, absor
fusion plasmas (ICRF)

O 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_func
7 i U I R
jon ion hybrid sof/ /
resonance ('
60 |
| %
____cut off surfaces I
- 30|
7 RE=
i £ 0 ‘ | || E“L
¥ 30
. minority cyclotron | |
resondance —_60 M|
90 IIIII\._ IIII \
o
40-20 0 20 40
x (cm) x (cm)
Cut-off/Resonances in minority heating scheme D(H) Minority Heating Scheme in KSTAR
Wang, 2009
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launching, propagation, absorpt
fusion plasmas (ICRF)

O ICRF FW propagation and absorption (Second Harmonic Heating)

Absorption - S(2QT)
348 .

- 348 T
219 | §0.14 279| NN ] Io_27
2091/ 10.014 209/ [4 L | Fo.13
1391 B 0.0014 iag | 0.064
= 70{| . \ || ol
g R 0.0083 £ 70, 0.031
= 0 ! 0.026 o ol 0.015
70 T} 0.083 N 70l 0.0075
128 0.26 139/ \ 0.0037
209 | 0.83 200| 0.0018
279 | 2.6 279  \ 0.00087
348 . D : i ] | : 348 | N — | l |
X (cm) X (cm)
LHP wave field of T 2" Harmonic T power absorption profile

Heating in ITER
D. B. Batchelor, PAC, 2005
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unching, propagation, absor
fusion plasmas (ICRF)

U Experimental results

T 2" Harmonic + He3 minority Heating
Pulse No: 41734 Pulse No: 41734, 41735 (with *He)

Pulse No: 41735 (with *He)
6+ | =3MA AR 5t T(r/a=0.43) ; 'N;V.n\'\ U
\ 1, 4
r=34T Pq 4 s y
f = 34MHz - r’ with *He 3,
4 with *He 2
2
=3
2
e a >
6k Neutron i <
Emission |
D:T=10:90
=4
)
Om
°
- 2_ . .
05 ;
g
of § o] | 1 ] ] 1 ] 3
18 19 20 21 22 23 h 18 19 20 21 22 23 24
Time (s)

Time (s)

JET[Start et al. 1999]
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launching, propagation, absorpt
fusion plasmas (ICRF)

U Experimental results

Neutron Thomography SELFO simulation

15 <3 -1
fdt 61260 7.870000 19™ST b)), . Pulse No 61280, t = 7.55
30 10 N
I\ —— Total
5 1 — Trapped
I ™ —— Passing
125 0.8 L / M. —— Non - std
' f \J',\-ﬂ'

Neast (AU.)
<
a2

T
- —

it
.p.
I

Z (m)

o JEMEZE-E

3.0 3.5

JET [Lamalle et al. 2006]
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launching, propagation, absorp
fusion plasmas (ICRF)

O Experimental results (Current drive)

Figure of merit of fast wave current
drive versus central temperature

0.057 +
§70.047 s o : L-mode in DII-D.
£ % A : L-mode in Tore Supra.
% 0.03] 1': VH-mode in DIII-D.
& 4 « : NCS L-mode in DIII-D.
© 0.02 . .
A 3 o - : lower and upper bounds of the simulations
E 0.01 Q0 (RT code CURRAY/ FW code ALCYON)
c 00

12 3 45 6 7
Tey(keV)

ITER Physics Basis 1999
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aunching, propagation, absor
fusion plasmas (LHRF)

O LHRF System for ITER

RF generators
Subsystem

Main Transmissio
5GHz, 1 MW (CW) Line

= - = S
[I-I RF Power Sources ] [ DJ ._
MTL Average Length =70 m

Transmission mode TE,
Splitting

Network ™ /=y

PAM Launcher 7
Torus Hall

- Fusion Plasma lon
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aunching, propagation, absor
fusion plasmas (LHRF)

O LHRF System Schematic

Directional
coupler
1

Dumm
Load E [

—=
.
3-dB
Divider ——
.
Low power
ha ifte .
—P—m 1 > )
Oscillator Klystron
@: Network 1 _
1
_dg I
1
High power
v phase shifter T
Network 2
Network 3
Medium power =l
Network 4 phase shifter

-
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unching, propagation, abso
fusion plasmas (LHRF)

0 LHRF Sources (Klystron)

RF input g\li RF output

buncher cavity catcher cavity

glectrons

cathode . anode

= by \ %
fre Y ¥
| ™ N
A 3 3 \".
& - Fe
— \ "
e v A 0

=
w ., :
~ = —

’ grid 17 7

grids 2 and 3 &
_I ‘ | | |
! | i€ 2004 Encyclopsdia Bri-tannica, Ine.
500 kW klystron for ITER Schematic of klystron structure
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launching, propagation, absorpt
fusion plasmas (LHRF)

O LHRF Launcher: Waveguide grill

TE10-TE30 Mode Converter

LHRF launcher for ITER

)
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aunching, propagation, absor
fusion plasmas (LHRF)

O LHRF SW Launcher & Accessibility condition

FIG. 6. Geometv of a phased amray of open-ended wavezndes used to
excite lowsr hybnd waves m the LHRF.

E  iD iSD _,_iD
E. N-S (N;-S)S-P) S
Ez _ JVHNJ- SNJ_

=L = P4y
E. N*-P PN

(a 1

n”< nc

(b) 1

LH

Wesson, Tokamaks, 2007
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launching, propagation, absorpti
fusion plasmas (LHRF)

0 Propagation & Absorption

GENRAY TORLH
log10 |E2d_z|
. : 7.2e-01
Genray power denzity (e}
e — TORLH
200 — GENRAY-cold
|2.4e-01 —  GENRAY-hot
- 150 agn
ooevooe £ I Power densities (W/md)
boiani: 2 mu[
4.8e-01 50 N
0

0.2 0.4 0.6 0.8 1.0

Y Llrr.'r p

0
X{cm)

Petrov, CompX
Petrov, CompX J. C. Wright, POP, 2009

o & 2
(/ vy EE&;’I}E?—;&J Fusion Plasma lon
< /KAERI korea Atomic Energy Researc h Institute Heating Research



aunching, propagation, absor
fusion plasmas (LHRF)

O Experimental results (Full non-inductive current drive)

| T T 10 v -«-m : 5
30+ 0B + _ 4 E_U
» ™ = 0z £ 1.
-Full LHCD (6 min) O
5 1 %] - 2antennas 1
E 15 e ; - n||0 =1 7 t 02 En 112 _
. I “_8 112
L s -Pp=3MW ) .
-directivty: 0.6 & 0.7
03H : & O8
. Tore Supra £32290 E@ 0.4 ;E
o m - 2{;0 m i #= 02 E
: i 0.0

» Ip ~500 kA

Y. Peysson, Fusion summer school in KAIST, 2009
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aunching, propagation, absor
fusion plasmas (LHRF)

O Experimental results (Current drive efficiency)

0.4 < {D(MA) <0.8

| o]
| 0buoFullcurrentdrive | o 2o
nﬂ{ﬁt} 0.65 : -'55"-.; ----- : .-_*e(!
i B
I.- .
5
E —
% Mt fit) = 0.56
' M.H.D. N
(1,= 0.8 MA)
¥ -AVAV ;= X(ng+n,)/(141,X)
00 £ | | |
0.0 0.5 1.0 15 2.0

X = Pi/nipR (10°m°W/A) = 1Mmq

Y. Peysson, Fusion summer school in KAIST, 2009
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unching, propagation, absor
fusion plasmas (ECRF)

O ECRF system in DIID

Tramemissjon Lines
38 To 41 Melars -
ENiclency B0%

] Fusion Plasma lon
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aunching, propagation, absor
fusion plasmas (ECRF)

0 ECRF source: Gyrotron

I ‘ngh Power Gyrotrons for Fusion Plasma Applications ﬂ(IT

Karkruihe Institite of Tochnalogy

i
K
=
=
E
%
S
-
=

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 %
9 :ﬁm_mmrin.w h:;ﬂm::linqmm !Hml.mnew_.z,uo:m - e _ mmmm @ h}m;s&mrlsmhe ('1I'a|-2I5)

-
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unching, propagation, absor
fusion plasmas (ECRF)

O ECRF launcher (Mirror: quasi-optical beam):

ITER ECRF upper launcher system

- __2‘;?‘ - ’
isolation valves &
diamond windows

steering mirrors &
mechanisms
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aunching, propagation, absorp
fusion plasmas (ECRF)

Q O1, X2, X3 cyclotron heating and CD in tokamak
Q XB, OXB EBW heating and CD in high beta ST

T ~ High Field Side Launch / I T 1'2: """""""""" |
Bzm Ny Cyclotron Frequency ] B2 1-0'\ Cyclotron Frequency f/ :
y : 1 9 — ]
gl Ui D s Uit
ﬁ "t Resonance o o | " Resonance f/LH |
0.4_HH \\ \‘\ Cutoﬁ_ 0'4_HH \ ‘\\ ,a/ CUlOﬁ—_
_ % Second - . - / _
ot Homonie ' 0} Gutoff 4
..' \\ a \\* //
02_-/’ ¢ _ 00:\;\ y
M. T 0 05 1 15 20
'%.0 05 10 15 20 (mpjmﬂ Ng>
(mp/u])2 ne—)-

R. Prater, Fusion summer school in KAIST, 2009
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unching, propagation, absor
fusion plasmas (ECRF)

O Wave propagation

Low density under R(X) cut-off high density above R(X) cut-off

R. Prater, Fusion summer school in KAIST, 2009
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aunching, propagation, absorp
fusion plasmas (ECRF)

0 Experiments (heating and current drive)

0 13”51_ 100

06 E 801" . =
|| \ : |
00k 60ff

e Jﬂ\ JJ”\» f‘"\/ ,/ 13]

ot 12
SRR ML | TE, _
I. II II. ' [ J'I‘If; ’I,':'I n;f:l'l Eﬁgg ,-"JI"\ //\' /. / / Fﬂ'\,—é 11 0 3 ; ¢ i
st / \ \ \\ / \: 0.9 Fsssst . S— S _
o N\ MR i ? %

021 0.0 |-

NG

e 00 05 10 15 20 25
Time (ms) Time (S)

X2 heating in DIID Full non-inductive CD in TCV

R. Prater, Fusion summer school in KAIST, 2009
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aunching, propagation, absor
fusion plasmas (ECRF)

O NTM stabilization

DIlI-D

115926 115930

No ECCD
co ECCD

] Energy Confinement (ms)

4.5 4. 4.9 51 5.3

Suppression of 2/1 NTM by ECCD

R. Prater, Fusion summer school in KAIST, 2009
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e launching, propagation, absorpti
fusion plasmas (ECRF)

O Start up
" 135903, D alpha filter, 5000 fps, 195 us exposure J.Yu, UCSD
' 135903 mito.cn 1=-13.348000 ms 135900 mithen t=-12.043000 ms | 135908 miten t=-4.1480000 ms
Pegy — Kkimode o
(MW) 06 —Omose O N R e - T

— noECH
reference

EC resonance

135605 itgn =2 450994 mg |18 D =23 851001 ms
e —

Py MR 4 R

559 Mt n £=-5. 7433993 me
0O-mode
[
D (arb) ionizati
Pre-ionization| oot

knode — noECH

Pre-ionization ;g E ‘

-~

-4 2

Time(ms) 4

R. Prater, Fusion summer school in KAIST, 2009
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Summary

0 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)

O There are still critical issues in RF systems to be solved (ICRF/LHRF).

- Stable power transmission (arcing)

- Power coupling
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