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• Physics and technology of plasma heating systems in 

fusion-relevant devices

– Ohmic heating

– Neutral beam heating

– Radio frequency heating

•

•

Advantages and limitations

Application and specifications of heating systems in 

existing devices and ITER

• Minimum temperature and power for ignition



Heating to ignition
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Plasma heating provides initial heating to reach 

break-even and ignition

• Internal heating via 

fusion α’s (> 1 MeV) 
⟹ beyond ignition 

sole heat source

• (Fusion output power 

in neutrons)

• Up to self-sustained 

burn, auxiliary

heating required to

offset radiative and 

transport losses 

⇒ Paux fraction of 

𝐏𝐟𝐮𝐬𝐢𝐨𝐧
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• Alpha heating

• Radiation loss 

=> Bremmstrahlung
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Minimum temperature obtained from power 

balance of ideal ignition 𝑺𝜶 = 𝑺𝑩
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Minimum temperature obtained from power 

balance of ideal ignition 𝑺𝜶 = 𝑺𝑩
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𝑇 ≥ 4.4 keV for D-T

𝑇−3/2

𝜎𝑣

𝑇2



Minimum power obtained from thermal 

stability
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Minimum power obtained from thermal 

stability 𝑺𝒎𝒊𝒏/𝑺𝜶 = 0.25 for constant 𝝉𝑬
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• Thermally unstable at 𝑻𝑰, stable at ഥ𝑻𝑰
• 𝑺𝒎𝒊𝒏 required for positive dT/dt (temperature increase)

• 𝑺𝒎𝒊𝒏 until 𝑻𝑰 then jumps to ഥ𝑻𝑰 (alpha heating)
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4
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𝜏𝐸
⇒ ሶ𝑻 → 𝒇(𝑻)



Tokamak heating methods
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The primary heating schemes are ohmic heating, 

neutral beam heating, and radio frequency heating
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Depending on the heating method, auxiliary 

power is either deposited on ions or electrons

•

• Some of the total 

input power is 

lost via electric 

conversion or 

may not be 

absorbed by 

plasma

- E.g., beam 

shine-through

Coupling between 

ions  and 

electrons making 

𝐓𝐞 ≈ 𝐓𝐢
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Heating leads to an increase of the kinetic energy of 

plasma ions and electrons
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Example: W7-X plans to use combination of 

ECRH, NBI and ICRH

Timo Kiviniemi. Fusion Technology PHYS-E0463 “Plasma Heating “, Aalto University
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Three heating systems developed and will be operated:

• ECRH: main heating system and already capable for

steady-state (over 30 minutes). A total power of up to

15 MW planned (now 7.5MW)

• NBI: not (yet) steady-state. Total NBI heating power

will be 7 MW using H-atoms (D: 10 MW)

• ICRH: planned for next campaign with goals:

- Direct ion heating in high-n where ECRH fails

- Creation of fast ions which allow study of

optimized fast-particle confinement

No plasma current → no Ohmic heating!



Additional considerations of applied heating 

scheme(s)

9

Heating is often coupled to non-induction current drive

for extending pulse duration and manipulation of safety

factor profile (performance)

- Neutral beam, lower hybrid, electron cyclotron heating
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•

•

Neutral beam heating is also a particle source (D vs T)

Minority heating schemes can lead to high energies in 

minority particles and departure from Maxwellian 

energy distribution

-

-

Hydrogen and helium

Attempt not to make minority species too non-

Maxwellian to allow energy transfer to main plasma

•



Ohmic Heating
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Ohmic heating is established by driving an e- current in 

a plasma and subsequent collisions between e- and ions

• Local power density: 𝐏𝐨𝐡𝐦𝐢𝐜 = 𝛈∥𝐣
𝟐

• Total ohmic power given by total plasma current and loop 

voltage Ul (resistance Rp):

• Scheme can not be used  in stellarators

𝐏𝐨𝐡𝐦𝐢𝐜 = 𝐔 𝐥𝐈𝐩 = 𝐑𝐏𝐈𝐏
𝟐
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Ohmic heating is limited by Spitzer (electric) 

resistivity and plasma stability 

• Power balance:

• For 𝛕𝐄 ≈ 𝟏 𝐬 𝑩𝟎 ≈ 𝟓 𝑻, maximum 𝐓 ≈ 𝟑 𝐤𝐞𝐕
⟹ too low for ignition
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𝜂𝑆𝑝𝑖𝑡𝑧𝑒𝑟 ~ 𝑇−3/2 due to collisionality 𝑣 ~v−3

𝑃
Ω
= 𝑃𝜅

𝜂∥𝑗
2 =

3𝑛𝑇

𝜏𝐸
⇒ 𝑻~𝑰𝒎

𝑞𝑒𝑑𝑔𝑒 ~
𝐵0

𝑅0𝐼𝑀
≥ 2 due to MHD kink instability

Linear scaling instead of expected 𝑻~𝑰𝒎
𝟐

• Theoretically possible with higher 𝑩𝟎



Neutral Beam Heating
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Fast (50k – 1 MeV) hydrogen neutrals are injected 

as beams transferring their energy to the plasma

•
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Heating is achieved by collisions with plasma electrons 

and ions (charge-exchange) generating fast ions

- Hf
0 + e− → Hf

+ + 2e− (Tplasma < 1 keV)
- Hf

0 + H+ → Hf
+ + H0 Eb < 90 keV

- Hf
0 + H+ → Hf

+ + H+ + 𝑒− Eb > 90 keV

● Neutral particles 
are suitable 
because they not 
affected by 
electromagnetic 
fields



A neutral beam penetrating a plasma is 

attenuated along the beam line

𝜎𝑖𝑣 = rate coefficients

vbeam = beam velocity

with

and

𝜎Σ = total cross section
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𝐈𝐛𝐞𝐚𝐦 𝐱 = 𝐈𝐛𝐞𝐚𝐦,𝟎 𝐞𝐱𝐩 −𝐱/𝛌

𝛌 =
𝟏

𝐧𝛔𝚺

𝛔𝚺 = 𝛔𝐢𝐯 /𝐯𝐛𝐞𝐚𝐦



The beam penetration depth determines the 

power deposition profile

• 100 keV D beam and 𝐧

≈ 𝟓𝐱𝟏𝟎𝟏𝟗𝐦−𝟑 ⇒ 𝝀 = 𝟎. 𝟓 𝒎

• Beam energy determines 

transfer to electrons and 

ions

- Critical energy; for pure-D 

plasma 18.5 Te

• Beam shine-through and 

prompt ion losses to wall
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𝛌 ≈
𝐄𝐛𝐞𝐚𝐦 𝐤𝐞𝐕 /𝐀 𝐚𝐦𝐮

𝟏𝟖𝐧𝐞 𝟏𝟎𝟏𝟗𝐦−𝟑



Tangential neutral beams are also used to control 

the current profile

•

•

• Tangential beams 

increase beam-

plasma interaction 

length

Flow of fast ions in 

beam direction

Counter current due 

to electrons colliding 

with impurities
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𝐼𝑁𝐵𝐶𝐷 = 𝐼𝑁𝐵 + 𝐼𝑐𝑜𝑢𝑛𝑡𝑒𝑟 = 𝐼𝑁𝐵 1 − 𝐺
𝑍𝑏𝑒𝑎𝑚

𝑍𝑒𝑓𝑓,𝑝𝑙𝑎𝑠𝑚𝑎



Neutral beams can drive currents, in ITER of up 

to 2 MA

• Current drive efficiency saturates at high beam energies, 

but increases with plasma temperature
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𝛈𝐂𝐃 =
𝐈𝐍𝐁𝐂𝐃𝐧𝐞𝐑𝐦𝐚𝐣𝐨𝐫

𝐏𝐝𝐞𝐩



High neutral energies and beam power can be extracted 

from tandem ion-source/neutralizer systems

•

•

•
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Generation of beam ⇒ ion source + accelerator system

Neutralization of beam ions ⇒ collision with (H) gas

Transport of neutral beam ⇒ ion + gas removal



Extraction of hydrogen ions from a uniform 

plasma source and acceleration to high energies

•
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Required power: several 

MV → positive and  

negative ions

•

•

Beam energies: tens of keV

Beam current: tens of A

• Beam cross-section: 100s 

of cm2

Beam is typically 

subdivided into many 

beamlets to avoid ion 

optics aberration

•



Fast ions are neutralized due to charge-exchange 

collisions with cold hydrogen molecules

•
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Neutralization efficiency is 

limited:

- Plasma generation inside 

accelerator

- Dependence of 

neutralization cross-

section on energy

• Positive and negative ions

- Negative ions have a 

higher neutralization 

efficiency at high energy



ITER’ss neutral beam system is based on negative  

ions because of the high beam energy required

• Positive ions 

(AUG and JET)

Low 

neutralization  

efficiency for 

energies > 

100 keV/amu

- Production of 

molecular ions

2 3
(H +, H +)

- High current 

densities

•
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Negative ions (ITER)

-

-

-

High neutralization efficiency 

Co-extracted electrons

Low current densities



After neutralization, residual fast ions are 

removed by a magnetic or electrical filter system

•
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Deflection of residual fast 

ions to a water-cooled 

surface (ion dump)

• May represent up to 30% 

of the total beam power

• Other losses mainly in 

transmission on beamlet 

apertures, lesser so at 

source and by re-

ionization

+ Neutralization efficiency!



Present neutral beam systems include both 

positive and negative beam sources
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JET has a 2 x 8-positive ion neutral beam injector 

system capable of injecting up to 32 MW

• Two neutral 

beam boxes

Each PINI 

produces 

about 2 MW

•

• Radial and 

tangential 

neutral 

beams

PINI = positive ion neutral injector
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JET has a 2 x 8-positive ion neutral beam injector 

system capable of injecting up to 32 MW
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The JET neutral beam (drift) ducts have a height 

and width of about 0.8 m x 0.2 m
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The ITER neutral beam system is based on 

negative hydrogen ions (1 MeV, 40 A, 33 MW)
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The ITER neutral beam system is based on 

negative hydrogen ions (1 MeV, 40 A, 33 MW)
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Heating beams (EU, JA)

• 33 MW injected power

• 2 injectors, tangential

• 3600 s pulse

• 1 MeV Deuterium

• I =  40 A (D−)

• jD− = 200
A

m2 = 20
mA

cm2

• 0.2 m2 extraction area

•
je

jD−
< 1 (co-extracted e-)

Diagnostic beam (IN)

• I = 60 A H−

• jH− = 300
A

m2 ,
je

jH−
< 0.5

• 3 MW, 100 kW acceleration

Ion source

• 0.3 Pa

• H− + H2 → H+ H2 + e
• Stripping losses



Presemo quiz #1

Timo Kiviniemi. Fusion Technology PHYS-E0463 “Inertialconfimentfusion “, Aalto University

https://presemo.aalto.fi/fet/
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Radio Frequency Heating
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RF heating: energy in electromagnetic waves is 

converted into kinetic energy of resonant particles

•

• Excitation of plasma

waves (frequency ω)

Transport of wave 

power into plasma

• Absorption near 

resonance layer 

𝛚 ≈ 𝛀𝐜 ⇒
electrons and ions

• Resonant particles

subsequently 

thermalize with bulk 

plasma
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RF
Source



There are three primary classes of resonances 

with efficient wave power absorption
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• Electrons: 𝟐𝟖 𝐆𝐇𝐳 /𝐁 𝐓 ⇒Electron Cyclotron Resonance
Heating (ECRH)

• Hydrogen ions: 𝟏𝟓 𝐌𝐇𝐳 /𝐁 [𝐓] ⇒ Ion Cyclotron Resonance

Heating (ICRH)

• Landau resonance at electron thermal speed:

𝟏. 𝟑 𝐆𝐇𝐳 𝐓𝐞 𝐤𝐞𝐕 /𝝀∥ 𝐜𝐦 Lower Hybrid Heating (LH)

𝜔 = 𝑘∥𝑣∥ + 𝑙𝜔𝑐

Resonant condition:

𝑙 = 1,2,3,…

𝑙 = 0



Physical picture of Landau damping and 

cyclotron resonance
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E

𝑙 = 1

𝑙 = 2

• Wave energy 

damping when 

there are more 

slower than faster 

particles

• If 𝑬 ⊥ 𝑩∥, X-mode

resonance with 

𝑬𝒘𝒂𝒗𝒆

• If 𝑬 ∥ 𝑩∥, O-mode

resonance with 𝑬
= 𝒗∥ × 𝑩wave,⊥ -



RF heating analysis: accessibility of waves in 

plasmas → cut-off and resonance
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Dispersion relation:

𝐷 𝜔, 𝐤, 𝑥 = 𝐷𝑟 𝜔, 𝐤, 𝑥 + 𝑖𝐷𝑖 𝜔, 𝐤, 𝑥 ⇒ 𝐤 = 𝑘⊥𝐞𝑥 + 𝑘∥𝐞𝒛

𝐷𝑟 𝜔, 𝐤, 𝑥 = 0 to obtain:  

𝑘⊥ = 𝑘⊥(𝜔, 𝑘∥, 𝑥)

• 𝜔, 𝑘∥ → det. by source and antenna

• 𝑥 → dependence on n and B

• propagation of wave: 𝑘⊥
2 > 0

• 𝑘⊥
2 → 0→ cut-off

• 𝑘⊥
2 → ∞→ resonance



RF heating analysis: accessibility of waves in 

plasmas → cut-off and resonance

Mathias Groth. Fusion Technology PHYS-E0463 “Plasma Heating “, Aalto University 41

Dispersion relation:

𝐷 𝜔, 𝐤, 𝑥 = 𝐷𝑟 𝜔, 𝐤, 𝑥 + 𝑖𝐷𝑖 𝜔, 𝐤, 𝑥 ⇒ 𝐤 = 𝑘⊥𝐞𝑥 + 𝑘∥𝐞𝒛

𝐷𝑟 𝜔, 𝐤, 𝑥 = 0 to obtain:  

𝑘⊥ = 𝑘⊥(𝜔, 𝑘∥, 𝑥)

• 𝜔, 𝑘∥ → det. by source and antenna

• 𝑥 → dependence on n and B

• propagation of wave: 𝑘⊥
2 > 0

• 𝑘⊥
2 → 0→ cut-off

• 𝑘⊥
2 → ∞→ resonance

Full derivation of accessibility and wave damping:
Freidberg, Plasma Physics and Fusion Energy. Chap. 15



The dispersion relation for ICRH has two solution 

for fast and slow waves
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• Fast wave 

heating (𝐄 ⊥ 𝐁𝟎, 

X-mode)

with lower 

density limit 

(2x1019 m-3) ⇒

fast wave needs 

to tunnel 

through edge 

cutoff region

• Slow wave heating (𝐄 ∥ 𝐁𝟎, O-mode) has an upper density

limit (1x1019 m-3) → not considered for reactor heating



One of best absorption is achieved at the second 

harmonic resonance (due to polarization)

•
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•

• Applied to single 

ion species, with 

tail of fast 

particles

Magnetic field 

dependence 

allows focusing 

of wave power in 

large plasmas

Requires high 

density and high 

temperature 

plasmas



Wave absorption on plasma minority species is 

also very efficient

•

• Low (< 10%) of 

hydrogen in 

deuterium 

plasmas

Landau cyclotron 

damping on H 

(favorable 

polarization wrt. to

wave polarization)
⇒ power absorbed 

in H with strong tail 

in distribution 

function
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Fast waves near the plasma edge are excited by 

currents in poloidal conductors (straps)

• Launch frequency 

(ω) given by radio-

frequency 

generator

• Fast waves travel 

almost ⊥ to 

magnetic field 

lines

• Slow-wave heating 

E and B fields are 

rotated by 90°

Mathias Groth. Fusion Technology PHYS-E0463 “Plasma Heating “, Aalto University 45



Wave propagation and absorption are calculated in 

full (magnetic) 3-D geometry using antenna design
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At JET, the power from the ICRH generators (4x2 

MW) is transmitted to arrays of in-vessel antennas

• For practical reasons, antennas installed at low-field

side ⟹low-loss coaxial transmission lines to tokamak
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JET Lower Hybrid and Ion Cyclotron Resonance 

Heating antenna

ICRF

LH
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Lower hybrid typically drives off-axis current, but 

also heats the plasma

• Lower hybrid frequency resides between ion and 

electron resonance frequencies: 𝛀𝒊 ≪ 𝝎𝑳𝑯 ≪ 𝛀𝒆

• Dispersion relation has two solutions: slow and

fast waves

• Minimum density required to launch wave into

plasma (𝟏𝟎𝟏𝟕𝐦−𝟑), minimum k|| for propagation

into center

Low k||: 

power 

stays 

near edge

k|| 

sufficiently  
high:

absorption  

at LH
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Lower hybrid waves are generated in klystrons and 

transmitted to antenna via transmission lines
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JET Lower Hybrid and Ion Cyclotron Resonance 

Heating antenna

ICRF

LH
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Electron cyclotron heating can be accomplished in

ordinary (E || B0) or extraordinary mode (E ⊥ B0)

• High-density 

cutoff, but no 

low-density 

cutoff

Localized  

heating 

scheme!

Acceleration

•

•

of electrons

⇒ energy 

transfer to 

plasma

text
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Electron cyclotron heating can be accomplished in

ordinary (E || B0) or extraordinary mode (E ⊥ B0)

•

•

X-mode 

heating from 

high-field side 

(second 

harmonic also 

from low-field 

side)

High-density  

cutoff

text
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For certain plasma densities and launch angles, 

OXB mode conversion takes place

• O-mode → X-mode 

at X-mode cutoff

⇒ X-mode converts 

into electrostatic 

electron wave 

(Bernstein waves)

⇒ Bernstein waves 

absorbed by electron 

cyclotron damping

• Scheme has no 

upper density limit

tex
t
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EC waves also drive (highly local) currents used 

for general current drive and mode suppression

• Steerable mirrors to 

‘catch and subdue’s

neo-classical tearing 

modes

Modular system and 

fast power 

modulation

•

text

Mathias Groth. Fusion Technology PHYS-E0463 “Plasma Heating “, Aalto University 55



Electron cyclotron waves are generated in 

gyrotrons (110-170 GHz, 1-2 MW per tube)

electron gun
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resonator



ECRH in W7-X

Timo Kiviniemi. Fusion Technology PHYS-E0463 “Plasma Heating “, Aalto University

• Main heating system and the only system which is

already capable operating continuously. B=2.5

requires 140GHz.

• Each gyrotron is capable to provide nearly 1 MW

heating power (1.5MW planned) over 30 minutes.

• A total power of
up to 15 MW 
with 12
gyrotrons 
planned (in last 
campaign 7.5
MW / 10
gyrotrons)

57



Waveguide and steerable mirrors in the DIII-D 

tokamak

mirror

wave guide

steerable  

mirrors

Mathias Groth. Fusion Technology PHYS-E0463 “Plasma Heating “, Aalto University 58



ITER plans for 24 gyrotrons at 170 GHz, up to 2 MW 

per tube = 25-45 MW (cost ≈ 150 M Euros)

Timo Kiviniemi. Fusion Technology PHYS-E0463 “Plasma Heating “, Aalto University

• Each of ITER's 24 gyrotrons will gene-

rate a microwave beam over a thousand

times more powerful than a traditional 

microwave oven. www.iter.org. X 1000
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Also ITER has combination of ECRH, NBI and ICRH

Mathias Groth. Fusion Technology PHYS-E0463 “Plasma Heating “, Aalto University

• Neutral beam injection (right) and two sources of 

high-frequency electromagnetic waves— ion and

electron cyclotron heating (left, blue and green

launchers). www.iter.org.
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Auxiliary power by means of neutral beams and 

radio frequency heating of 50 MW is foreseen

•

•

Paux for QDT = 10 about 40-50 MW

Modular for upgrades (potentially 50 for NBI 

and 40 for EC/IC but limit for total 110 MW*)

No provision for LH•

NBI systems

Mathias Groth and Timo Kiviniemi. Fusion Technology PHYS-E0463 “Plasma Heating “, Aalto University

*Singh PPCF2017
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Recommended tutorial video about heating

Timo Kiviniemi. Fusion Technology PHYS-E0463 “Plasma Heating “, Aalto University

https://www.youtube.com/watch?v=x

Yxuh3w0IEI

Tutorial video “How do you heat a fusion
machine?” (26 min) which roughly covers the
topics of this lecture. Recommended especially
for those who missed the lecture:
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Presemo quiz #2

Timo Kiviniemi. Fusion Technology PHYS-E0463 “Inertialconfimentfusion “, Aalto University

https://presemo.aalto.fi/fet/
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Mathias Groth. Fusion Technology PHYS-E0463 “Plasma Heating “, Aalto University

Summary

• All medium and large-size tokamaks and stellarators have 

a mix of these heating systems; also ITER
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