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Heating and Current DriveHeating and Current DriveHeating and Current DriveHeating and Current Drive

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

Electric blanket
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OhmicOhmic HeatingHeatingOhmicOhmic HeatingHeating
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OHv Br Δ≈Δ 2πφ Tokamak is inherently a pulsed device.



OhmicOhmic HeatingHeating
2jP η=Ω

OhmicOhmic HeatingHeating
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OhmicOhmic HeatingHeating
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Average temperatures above  7keV are necessary before alpha heating is 
large enough to achieve a significant fusion rate
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Plasma stability requires:
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Neutral Beam InjectionNeutral Beam Injection

Injection of a beam of neutral

Neutral Beam InjectionNeutral Beam Injection

B fi ldfuel atoms (H, D, T) 
at high energies (Eb > 50 keV)* 

B-field

⇓
Ionisation in the plasma

H,D,T

⇓
Beam particles confinedBeam particles confined

⇓
Collisional slowing down

11

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



Neutral Beam InjectionNeutral Beam InjectionNeutral Beam InjectionNeutral Beam Injection

NeutralizerExtraction Vacuum valve

• Generation of a neutral fuel beam

Neutralizer

H
Ion source 

Extraction
acceleration grids

Deflection
t

Vacuum valve

Beam

H

H2

Low H+

magnet duct

Ho
temperature
H plasma,

5 eV

H+

H+

B

H
H+, e-

H2
+

H+

100 kV -3 kV
O kV Beam dump

12
Ex) W7-AS: V=50 kV, I=25 A, power deposited in plasma: 0.4 MW



Neutral Beam InjectionNeutral Beam InjectionNeutral Beam InjectionNeutral Beam Injection
• Ion source
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Neutral Beam InjectionNeutral Beam InjectionNeutral Beam InjectionNeutral Beam Injection
• Ion acceleration
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Neutral Beam InjectionNeutral Beam InjectionNeutral Beam InjectionNeutral Beam Injection
• Ion neutralization
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Neutral Beam InjectionNeutral Beam InjectionNeutral Beam InjectionNeutral Beam Injection
• Ion deflection
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Neutral Beam InjectionNeutral Beam InjectionNeutral Beam InjectionNeutral Beam Injection
• Neutral injection
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Neutral Beam InjectionNeutral Beam InjectionNeutral Beam InjectionNeutral Beam Injection
• JET NBI System
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Neutral Beam InjectionNeutral Beam InjectionNeutral Beam InjectionNeutral Beam Injection
• JET NBI System
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Neutral Beam InjectionNeutral Beam InjectionNeutral Beam InjectionNeutral Beam Injection
• JET NBI System

20JET with machine and Octant 4 Neutral Injector Box



Neutral Beam InjectionNeutral Beam InjectionNeutral Beam InjectionNeutral Beam Injection
• JET NBI System

21
Octant 4 Neutal Injector Box



Neutral Beam InjectionNeutral Beam InjectionNeutral Beam InjectionNeutral Beam Injection
• Ion sources

RF SourceDuopigatron

0.4 - 0.8 m

22
Cathodes difficult to replace, finite life time



Neutral Beam InjectionNeutral Beam InjectionNeutral Beam InjectionNeutral Beam Injection

3 lens system

• Extraction and steering

• 3-lens system

potential lines 0.2m

H+ 85%H 85%
H2

+ 12%
H3

+ 3% 0.5m

100 kV -3kV 0kV

Typically 800 extraction
Grid system at ASDEX Upgrade

23

holes per source



Neutral Beam InjectionNeutral Beam InjectionNeutral Beam InjectionNeutral Beam Injection
• Neutralizer

slowfastgasfast
DDDD ++ +→+ 22Charge exchange:

Re-ionization:
−+ ++→+ eDDDD

gasfastgasfast
22

Efficiency:

24



Neutral Beam InjectionNeutral Beam InjectionNeutral Beam InjectionNeutral Beam Injection

• Negative ion beam development in JT-60U

25



Neutral Beam InjectionNeutral Beam InjectionNeutral Beam InjectionNeutral Beam Injection

Charge exchange: HHHH +→+ ++

• Ionisation in the plasma

Charge exchange: HHHH fastfast +→+
Ion collision:

−+++ ++→+ eHHHH fastfast

Electron collision:
−+− +→+ eHeH 2Electron collision: +→+ eHeH fastfast 2

Attenuation of a beam of neutral particles in a plasma

NBI

Andy Warholn: density
  ti

beam energy 

26http://www.nasa.gov/mission_pages/galex/20070815/f.html

σ: cross section



Neutral Beam InjectionNeutral Beam InjectionNeutral Beam InjectionNeutral Beam Injection

Charge exchange: HHHH +→+ ++

• Ionisation in the plasma

Charge exchange: HHHH fastfast +→+
Ion collision:

−+++ ++→+ eHHHH fastfast

Electron collision:
−+− +→+ eHeH 2Electron collision: +→+ eHeH fastfast 2

b NxdN )()()(
Attenuation of a beam of neutral particles in a plasma

Ex) beam intensity: ( )λ/exp)( 0 xIxI −⋅=

totb
b xnxN
dx

xdN σ)()()(
−=

) y ( )p)( 0

Eb0 = 70 keV 220105 mtot
−⋅=σ

320105 − 1320105 ⋅= mn m
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4.01
≈=

σ
λ

In large reactor plasmas

27

In large reactor plasmas,
beam cannot reach core!



Neutral Beam InjectionNeutral Beam InjectionNeutral Beam InjectionNeutral Beam Injection

Charge exchange:

• Ionisation in the plasma

HHHH +→+ ++Charge exchange:

Ion collision:

Electron collision:

HHHH fastfast +→+
−+++ ++→+ eHHHH fastfast

−+− +→+ eHeH 2Electron collision:

Attenuation of a beam of neutral particles in a plasma

b NxdN )()()(

+→+ eHeH fastfast 2

totb
b xnxN
dx

xdN σ)()()(
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Neutral Beam InjectionNeutral Beam InjectionNeutral Beam InjectionNeutral Beam Injection
• Slowing down
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Neutral Beam InjectionNeutral Beam InjectionNeutral Beam InjectionNeutral Beam Injection
• Slowing down
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Neutral Beam InjectionNeutral Beam InjectionNeutral Beam InjectionNeutral Beam Injection

v

⊥v
vb

• Slowing down

1. ξb > ξc: Slowing down on electrons
no scatter

v||
vb

v||

⊥v
vb v||b

2. ξb < ξc: Slowing down on ions
scattering of beams

1

Fraction of initial beam energy 
going to ions

31

0 ξb/ξc 10



Neutral Beam InjectionNeutral Beam InjectionNeutral Beam InjectionNeutral Beam Injection
• Injection angle

BRadial (perpendicular, normal)
injection

Tangential injection

injection

t d d t

BRadial injection:

• standard ports
• shine-through
• particle loss

B∇

.

32

B∇



Neutral Beam InjectionNeutral Beam InjectionNeutral Beam InjectionNeutral Beam Injection
• Injection angle

BRadial (perpendicular, normal)
injection

Tangential injection

injection

KSTAR NB hi th h 
33

KSTAR NB shine-through armor



Neutral Beam InjectionNeutral Beam InjectionNeutral Beam InjectionNeutral Beam Injection
• Injection angle

I

B
.

Ip

P j t d 
Better 
heating

efficiency

Worse 
heating

efficiency

Projected 
particle 

drifts
efficiencyefficiency

34

At low magnetic fields heating efficiency depends on NBI direction.



Neutral Beam InjectionNeutral Beam InjectionNeutral Beam InjectionNeutral Beam Injection
ASDEX  Upgrade

JET
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Electromagnetic WavesElectromagnetic WavesElectromagnetic WavesElectromagnetic Waves

Tuning forkg

Resonance

36



Electromagnetic WavesElectromagnetic WavesElectromagnetic WavesElectromagnetic Waves

Tacoma Narrows Bridge
(1940  11  4)

37

(1940. 11. 4)



Electromagnetic WavesElectromagnetic WavesElectromagnetic WavesElectromagnetic Waves

Microwave oven

38http://blog.naver.com/rlhyuny27?Redirect=Log&logNo=30029307561

http://cafe.naver.com/nadobaker.cafe?iframe_url=/ArticleRead.nhn%3Farticleid=82



Electromagnetic WavesElectromagnetic WavesElectromagnetic WavesElectromagnetic Waves
• Electron Cyclotron Resonance Heating (ECRH)

Linear / Circular 
polarization

39

polarization

http://ko.wikipedia.org/wiki/%ED%8E%B8%EA%B4%91



Electromagnetic WavesElectromagnetic Waves Resonance Electromagnetic WavesElectromagnetic Waves

Excitation of plasma wave 
(f  )  l  d

Resonance 
zone

(frequency ω) near plasma edge

Antenna

B
m
qB

c =ω

cωω =
40R

cωω



Electromagnetic WavesElectromagnetic Waves Resonance Electromagnetic WavesElectromagnetic Waves

Excitation of plasma wave 
(f  )  l  d

Resonance 
zone

(frequency ω) near plasma edge

⇓
wave transports power 
into the plasma center

⇓
absorption near resonance, 

e g  ω ≈ ω

Antenna

e.g. ω ≈ ωc ,
i.e. conversion of wave energy 

into kinetic energy of 
resonant particles Bresonant particles

⇓
Resonant particles thermalise

m
qB

c =ω

cωω =
41R

Resonant particles thermalise cωω



Plasma WavesPlasma WavesPlasma WavesPlasma Waves
• Considering externally driven perturbations in the magnetic

and electric fields and in the current, relative to an 
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Plasma WavesPlasma WavesPlasma WavesPlasma Waves

Plane waves with space 
d ti  d d
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Plasma WavesPlasma Waves

Plane waves with space 
d ti  d d
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Plasma WavesPlasma Waves

• Waves applied to the edge of a plasma tend to be “shielded”
t f th  hi hl  d ti  l

Plasma WavesPlasma Waves

( )μη o BEtB // 2∇=×−∇=∂∂

out of the highly conducting plasma.

( )
ωμηδ

μη
δ

o
x

o

o

eBB /,/ ≈≈ −

• Externally applied RF waves can penetrate the plasma only
by coupling to natural waves in the plasma determined by
the plasma dielect ic tenso

EKcE ⋅=×∇×∇ 2)/()( ω

the plasma dielectric tensor.

)()(
Dielectric tensor
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Determinant = 0 Disperison relation D(ω, k) = 0



Dispersion RelationDispersion RelationDispersion RelationDispersion Relation
Plasma waves are solutions of disperison relation D(ω, k)=0.

llgenerally:
ω given by generator
k|| given by antenna
where k >k

solution: k⊥ = k⊥ (ω, k||)

where k||>k||,Vacuum

Special cases:p

1  k → 0

Perpendicular to magnetic field

cutoff“ reflection1. k⊥→ 0 „cutoff tunnelling

http://www.srh.noaa.gov/srh/jetstream/atmos/ionosphere_max.htm

2. k⊥→ ∞ „resonance“ mode converison
absorption

46



Electromagnetic WavesElectromagnetic WavesElectromagnetic WavesElectromagnetic Waves
• Ion Cyclotron Resonance Heating (ICRH): 

  30 MHz 120 MHz (  10 m)ω ~ ωci, 30 MHz – 120 MHz (~ 10 m)

eBzmnmn+ωω )/1(2

Ion-ion resonance frequency

Lower Hybrid (LH) Resonance Heating: 

i

i
ci
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ii m

eBz
ZnZnZmZm

mnmn
=

+
+

= ωωωω   ,
)//(

)/1(

11222112

1122212

• Lower Hybrid (LH) Resonance Heating: 

ωci < ω < ωce, 1 GHz – 8 GHz (~ 10 cm)

• Electron Cyclotron Resonance Heating (ECRH): 

222222    ),/1/( cipicepipiLH ωωωωωω >>+≈

Electron Cyclotron Resonance Heating (ECRH): 

ω ~ ωce, 100 GHz – 200 GHz (~ mm)

222

47
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ICRH ICRH –– Wave PropagationWave PropagationICRH ICRH Wave PropagationWave Propagation

Loci of cut off and resonances in 
the poloidal cross section of a 
tokamak. The fast wave is 
evanescent in the hatched region.

48



ICRH ICRH –– Wave PropagationWave PropagationICRH ICRH Wave PropagationWave Propagation
ASDEX Upgrade Alcator C-Mod

Re(Ey)

Multiple current straps
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ICRH ICRH –– Wave PropagationWave PropagationICRH ICRH Wave PropagationWave Propagation
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ICRH ICRH –– Minority HeatingMinority Heating

Plasma ith mi t e of H and D

ICRH ICRH Minority HeatingMinority Heating

• Plasma with mixture of H and D
with nH << nD

nD → polarizationD → po a at o
propagation

nH → absorption

B
Be ⋅

• Production of tail in H velocity
distribution function

• Good single pass absorption

H
H m

Be
==ωω

Be ⋅
==ωω

g p p

51
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Ion Cyclotron Resonance HeatingIon Cyclotron Resonance Heating
• JET ICRH System

Ion Cyclotron Resonance HeatingIon Cyclotron Resonance Heating

52



Ion Cyclotron Resonance HeatingIon Cyclotron Resonance HeatingIon Cyclotron Resonance HeatingIon Cyclotron Resonance Heating

• JET ICRH System

- 8 x 4 MW RF generators, each  

one has two 2 MW outputs giving 

a possible 32 MW total.

- Frequency range 23 MHz -57 MHz q y g

(excluding 39-41MHz)

- 8 HVDC Power supplies.

- 4 x 4 strap antenna system with - 4 x 4 strap antenna system with 

vacuum interspace, Getter 

pumping and Penning gauge 

protection.
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Lower Hybrid HeatingLower Hybrid HeatingLower Hybrid HeatingLower Hybrid Heating
• JET LH System

54



Lower Hybrid HeatingLower Hybrid Heating

• JET LH System

Lower Hybrid HeatingLower Hybrid Heating

- 24 klystrons @ 3.7 GHz, 
650 kW/10s or 500 kW/20s             

- For control purposes  klystronsFor control purposes, klystrons
grouped in 6 modules of 
4 klystrons (modules A to F) 

- High voltage power supplies: High voltage power supplies: 
Two 33 kV circuit breaker, 
LH01 & LH02, each feeds 
3 modules (12 klystrons)

- PS limits long pulse operation
→ Total power available at

generators: 12 MW for 10s
4.8 MW for 20s

Power coupled to plasma depends 
on launcher power handling and 

55

on launcher power handling and 
plasma conditions.

LH grill in JET: 12 rows of 32 waveguides



NonNon--inductive Current Driveinductive Current DriveNonNon inductive Current Driveinductive Current Drive
• Asymmetric velocity distribution can be a side effect of plasma heating.

ions

electrons
( )dvvfvnqj s

s
s  ||||∫∑=

s

• Needed for: Steady-state tokamak
current profile control in tokamaks
bootstrap current compensation in stellaratorsp p

• Efficiency Theory: ( )
e

th vvmn
vne

p
j

νν
η 1

22
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Neutral Beam Current DriveNeutral Beam Current DriveNeutral Beam Current DriveNeutral Beam Current Drive

Tangential injection

B

Tangential injection

• Circulating ions carry current 
partially compensated bypartially compensated by

- concurrent electron drift
- trapping
- dependence on collision frequencydependence on collision frequency

effff ZAZZI )(
46.11 2

1

ε+−=

Total driven current
Friction by 
trapped 

57

JT-60U high βp ELMy H-mode effefff ZZI
Reverse electron current

pp
electron



NonNon--inductive Current Driveinductive Current DriveNonNon inductive Current Driveinductive Current Drive

Efficiencyy

LHCD 0.35-0.4

ICCD 0 1xT [10keV]ICCD 0.1xTe [10keV]

ECCD < 0.1xTe [10keV]

NBCD 0 2xT [10keV]NBCD 0.2xTe [10keV]

j 1
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Heating and Current DriveHeating and Current DriveHeating and Current DriveHeating and Current Drive

Heating Scheme Advantages DisadvantagesHeating Scheme Advantages Disadvantages

OH Efficient Cannot reach ignition

NBI Reliable
Close to torus 
Negative ions 

necessarynecessary

LH Efficient current drive Antenna close to 
plasma off-axis

ECRH Reliable
Flexible

Electron heating 
(density limit)

Antenna close to 
ICRH Ion heating

Central heating

Antenna close to 
plasma

Antenna coupling
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