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How to heat up a plasma?




Plasma Heating

Radio Frequency Heating

http://iter.rma.ac.be/en/img/Heating.jpg




Wave heating by resonance




Tuning fork

Resonance
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Electromagnetic Waves

Tacoma Narrows Bridge
(1940. 11. 4)




Electromagnetic Waves

Broughton Suspension Bridge

http://www.joysf.com/?mid=forum_sf&document_srl=4265290&page=5
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Electromagnetic Waves
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Microwave oven (2.45 GHz)

http://blog.naver.com/rlhyuny27?Redirect=Log&logNo=30029307561
http://cafe.naver.com/nadobaker.cafe?iframe_url=/ArticleRead.nhn%23Farticleid=82 8




Electromagnetic Waves

« Electron Cyclotron Resonance Heating (ECRH)
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Excitation of plasma wave
(frequency o) near plasma edge

U

wave transports power
into the plasma center Antenna

e 4
http://www.asc-csa.gc.ca/images/radarsat2_figure2_|_h.jpg Dirk Hartmann, “Plasma Heating”, IPP Summer School, IPP Garching, September 20, 2001




Resonance
=OTrFOMaacnenic W == wEaS Zone

Excitation of plasma wave
(frequency o) near plasma edge

U

wave transports power Antenna
into the plasma center w
U
absorption near resonance,
€.g. o= .,
i.e. conversion of wave energy
into kinetic energy of
resonant particles
U @, = a5
Resonant particles thermalise m

Dirk Hartmann, “Plasma Heating”, IPP Summer School, IPP Garching, September 20, 2001



-

Shot number : 833
Frame Coun t : 836
2088/06/18 17:20:14
KSTAR TUB2

KSTAR first plasma

Antenna
w

Dirk Hartmann,

"Plasma Heating”, IPP Summer School, IPP Garching, September 20, 2001



Waves in a plasma




Plasma Waves

« Considering externally driven perturbations in the magnetic
and electric fields and in the current, relative to an
equilibrium condition for a cold plasma w/o external magnetic fields

VxB= Ly ] +— zlf
c’ Maxwell equation
VXE=—@
ot
. . ) = . Equations of motion:
Vx(VxE)=V(V-E)-V°E J=Zn,-q,-u,- cold plasma w/o B
:_vx(aBj = 3
ot m,n, (+(u V)uj n;q;(E+U; xB)—Vp,
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Plasma Waves

B, B, nai |- 1 0%E
V(V-E)-V°E =- L E-—
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Plane waves with space
and time dependences

exp[i(IZ-F—a)t)J

k : wavevector
w :frequency




Plasma Waves

. . na; |= 1 0%
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ALY c® ot Plane waves with space
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Determinant (...)=0
— Disperison relation D(w, k) = 0




Plasma Waves

KK -E)+KE 4+ g1, 3
i M,
S (L)E=0
k| E

- 0 = Plane waves with space
E-—E= 0 and time dependences

exp[i(IZ-F—a)t)J

K : wavevector
o . frequency

=w Plasma frequency

Plasma wave




Dispersion Relation

 Plasma waves are solutions of dispersion relation D(o, k)=0.

Generally:

@ given by generator
k| given by antenna
where k|;>K,| vacuum

solution: k, = k, (@, k)

lonosphere

Special cases:

1. k,—» 0 ,cutoff*

2. ki— o ,resonance"

A'A ANAANANANAANNAS
\/ NV VVVVVVVVVIJUVE
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http://www.srh.noaa.gov/srh/jetstream/atmos/ionosphere_max.htm



Dispersion Relation

 Plasma waves are solutions of dispersion relation D(o, k)=0.

Generally:

@ given by generator
k| given by antenna
where k| >K|| vacuum

solution: k, = k, (@, k)

lonosphere ‘

Special cases:

1. k,—» 0 ,cutoff*

2. ki— o ,resonance"

http://star.mk.co.kr/new/view.php?sc=40500009&year=2010&no0=391063&mc=PT&mc=PT
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Wave heating in a tokamak




Electromagnetic Wave
- Ion Cyclotron Resonance Heating (ICRH):

occurring only when two or more ion species are present
w ~ w,, 30 MHz - 120 MHz (A ~ 10 m)
. w,0,,1+n,m,/nm) Z.eB
Wy = , @W; =—— : Ion-ion resonance frequency
(m,Z,/mZ,+n,Z,InZ,) m

- Lower Hybrid (LH) Resonance Heating:
W < W< W, 1 GHz - 8 GHz (A ~ 10 cm)

o zwsi /A+ a); |, coii >> ),

- Electron Cyclotron Resonance Heating (ECRH):
W ~ W, 100 GHz - 200 GHz (A ~ mm)
aﬁH ~ a)se +a)cze

22
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Electromagnetic Wave

E.S.

m;/mg

UHRH

Y(o,/o) (B8) P=0

O cut-off

R=0 Ny
R(X) cut-ofi\

L=h
L resonance

RF waves in Fusion Plasmas, S. H. Kim (KAERI), Seminar at SNU (2013)
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Wave System

- Wave launching, propagation, absorption in fusion plasmas

Limiter

Matching
network

Wave — .
@) Transmission line

N

Antenna
(Horn)

I

Vacuum Vacu
window Wave

U1

(Coupling)
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RF waves in Fusion Plasmas, S. H. Kim (KAERI), Seminar at SNU (2013)
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 Propagation and absorption

2 Dimensional S_fund
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Ion Cyclotron Resonance Heating
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D(H) Minority Heating Scheme
in KSTAR
Wang, 2009
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Ion Cyclotron Resonance Heating

- Experimental results T 2nd Harmonic + He3 minority Heating
Pulse No: 41734 : ith 3
Puise No. 41735 (with °He) Pulse No: 41734, 41735 (w:h He)
6F |,=3MA ARy 5p Tira=0.43) -, oA \,\(_\,\_,x\“‘n
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AORSA ITER Simulation of RF Heating

o

httos://www.burningplasma. org/newsanaevents/?article=enews&issue=081507



Lower Hybrid Heating

« JET LH System

A ~10 cm Test Loads 1

Wavagulde Swich

Waveguide Equillzation Leagth
Doublo Bollows

Double Vacuum Windaws

=
"
™
“rame
Mulijunctions -
Vac Loacs
Remote Handing Flanges 500 kW klystron
#4ain Wsveguioe Trensmission Line £ for ITER
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 Propagation and absorption

GENRAY TORLH
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Lower Hybrid Heating

- Experimental results

o e 1
=0 ..z
I B 0.2 ¢+ 4,
- Full LHCD (6 min.) i
5 106 g - 2 antennas T 12
% 15H . i g - n”O =1.7+0.2 173 _
. : fl g H412
i 704 ;E - P|h = 3 MW 1.,
- directivity: 0.6 & 0.7
05H 02
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Y. Peysson, Fusion summer school in KAIST, 2009



Electron Cyclotron Heating

- KSTAR ECH System

A~ mm

Evacuated 31.75 mm ID

corrugated waveguide (~40 m)
Two equatorial » s
front steering launchers

Evacuated 63.5 mm ID
corrugated waveguide
(~70 m)

170GHZ/1MW(20s)

84GHz/500kW(2s)

N: Waveguide switch

O: Bellows & waveguide
dummy load

P: Al tank load

Q: Diamond vacuum window

R: Pump-out tee & pump

S: RF gate valve

T: Electrical break (5 kV DC)

U: Waveguide taper (31.75-mm to 63.5-mm)

V: Launcher J

A: 84 GHz gyrotron

B: L-box

C: TMP pumping system

D: Power monitoring
miter bend

E: Waveguide switch

F: Bellows

G: Al tank dummy load

H: Polarizer miter bends

I: Miter bend (gauge port)

J: Arc detector miter bend

K: Power monitoring
miter bend

L: Pump-out tee

M: TMP pumping system
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Y. S. Bae et al, Fusion Science and Technology 52 321 (2007), 65 88 (2014)




Electron Cyclotron Heating

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

Karlsruhe Institute of Technology

ITER: TOSHIBA/JAEA (JA) ITER: GYCOM/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 %
e M. Thumm, IPP Institutskolloquium (HGW), June 18, 2008 :F ;mm m @ Universlitét Karlsruhe (1';:3
KIT - The on of F Karlsruhe GmbH and Universitat Karisruhe (TH) L
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Electron Cyclotron Heating

 Propagation and absorption
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Electron Cyclotron Heating

- Experimental results

TCV
e 100 15962
g-:: 80 07/ —,
gg_ 60t 1.0MW CO-ECCD Power \
re To7 [KAT: ! ';
n.mt‘“\w w 131\ oMo SR |
07 ”/m“/f / 121 N\ L o
P | ECE bt / "L " —— o SR |
0855 ; ; ; a
n.sn / \ \ / 0.1 ' j I ﬁ '
i 00 05 1.0 15 20 25
1140 1160 1180 1200 T|me (s)
Time (ms)
X2 heating in DIII-D Full non-inductive CD in TCV

R. Prater, Fusion summer school in KAIST, 2009




Alpha particle heating




a-Particle Heating

* Intrinsic self-heating by Coulomb collision of fusion a particles
with plasma particles in D-T reactions

D+T —n(14.1MeV) + He* (3.5 MeV)

J l

leaves plasma heats plasma if sufficiently
long confined

Qor

- Heating power density: NDNT<0V> :

where <ov>ocTi
— peaked heating profile

« g-particle loss mechanisms: field ripples
MHD events e.g. Alfven Eigenmode (AE)

A.V. Melnikov et al, NF 53 093019 (2013)
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a-Particle Heating

 DT-Experiments only in
- JET
- TFTR

 with world records in JET:
- Pfusion =16 MW
-Q =0.64

4.2MA/3.6T

0Pulse No: 42976

o JGoB.415/16¢
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Current drive




Non-inductive Current Drive

Heating and current drive

Heatmg Energy transfer and
then relaxation
\Vﬁ

VI’ESO nant resonant f

f

Momentum obtain
and maintain

accompany with
Current drive / energy transfer

N/
VFESO nant

V/l

» For current drive, asymmetric N// required Vit vesonant = A
/I

Z. Gao, "Summer school in KAIST” 2009

40




Non-inductive Current Drive

« Asymmetric velocity distribution can be a side effect of plasma heating.

ions

electrons

j:ZS:anSIv”f(v”)dv

- Needed for: Steady-state tokamak
current profile control in tokamaks
bootstrap current compensation in stellarators

41
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Dirk Hartmann, “Plasma Heating”, IPP Summer School, IPP Garching, September 20, 2001




Neutral Beam Current Drive

Tangential injection

—_—
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JT-60U high g, ELMy H-mode
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Dirk Hartmann, “Plasma Heating”, IPP Summer School, IPP Garching, September 20, 2001



Heating and Current Drive

Heating Scheme Advantages Disadvantages

OH Efficient Cannot reach ignition

Close to torus,
NBI Reliable Negative ion source
necessary

Efficient current drive Antenna close to

LH plasma,
©py off-axis CD
Reliable, Flexible .
ECRH Localised CD Electron heating
Ion heating Antenna close to
ICRH plasma,

SEmsell nEldlie Antenna coupling
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