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=Prl Ohmic heating
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The need for additional plasma heating
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Central lon Temperature (MK)

, Q~10
100
3rd Generation
~1990-2000
L 2nd Generation Q = fusion power /input
~1980
1st Generation power
Tok k ~1970 . .
c%nirgst Q > 5: plasma heating is
e dominated by fusion by-
1 products: burning plasma
107 10 10%° 1020 1021 1022

Fusion Triple Product - density (particles/m3) x confinement time (s) x Temperature (keV)



=Pr-L ITER

Demonstration of the scientific and technological
feasibility of fusion energy for peaceful purposes

CLTR

Burning plasma
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ECRH
Lateral
Port

NB Injector
NBI 33 MW N/A
ICRH 20 MW 40-55 MHz
LH 20 MW (second stage) 5GHz
ECRH 67 MW 170GHz

Lower Hybrid
Launcher




=Pl ITER plasma sequence
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Heating by neutral beam injection
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- Basic idea of Neutral Beam Heating

N

Energetic hydrogen

Neutral Beam
Injection
Heating

Energetic ions could be injected into plasma, to give energy |
colderplasma particles, but-Beld would prevent energetic ion:
penetration

|ldea: use neutral particles at high energy to get into the plasr
then let them be ionized by the plasma itself, so that they bec
a beam of energetic ions



=PrL Neutral Beam Injector
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EPFL Physical processes occurring during beam
penetration In plasma, leading to ionization

Charge exchange: Hy + H;[ — H‘I: +H,
Ionization by ions: Hy + HE,L HJhr + HE,L + e~
Ionization by electrons: Hy +e~ — H: + 2e~

|

Energy of hydrogen beam atoms

_19 10 keV 100 keV
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N Charge ]
= Exchange (o.,) -
Cross- N o |
section ~ Ionization
(m®) by ions (o;)
10®
Electron
SRR LI %, |
fonization ~ Fig.5.3.1 Cross-sections for charge
~_ 7 ~ exchange and ionization by plasma ions
NG /7! 7] (protons, deuterons, or tritons) and the
~ i’e 5 effective cross-section (o v, ) /v, for
~ ionization by electrons, as functions of
B Swiss 1o | Lol 1 T B the peutral beam energy. The cross-
Plasma 10 keV 100 keV 1 Mey sections for a hydrogen beam are the

same as those for a deuterium beam

Center Energy of deuterium beam atoms having twice the energy.



cPrFL Evolution of beam intensity
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=PFL Beam penetration in a 18°m-3plasma

1.U
Neutral
0.8 fraction
0.6 —
0.4 —
Fig. 5.5.3 Graphs showing the energy )
dependence of (i) the equilibrium neutral 0.2 b— Penetration e’
fraction in a deuterium beam and (ii) the ; distance (m)
penetration distance of the neutrals in a
plasma of density n=10*m™>. The change
of behaviour of the penetration distance at 0 I | B | l
around 100keV indicates the transition from 10 20 40 60 80 100 200 300
charge exchange dominance to ionization
dominance. Beam energy (keV)

For large plasma (>1m) we need high beam energies (>300Kks¢
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CPEL Neutral Beam Injector
Neutralisation
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cPrL NBI: neutralisation efficiency

Efficiency for positive ions goes down for high energie:

Negative ion neutralisation easier due to low affinity
(0.75eV) of additional electroni'H H,=H + H,+ €

For large, dense plasmas we need negative ion beam:
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cPrL NBIin JET

Radial and tangential injection; 2x8 injectors 80ke\
(H*), 130keV (D) 1 up to 34MW
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cPrL NBI in JET

Deflection

Calorimeter electromagnet

Metallic vacuum seals

To JET

Plas7

Neutral Beam

Eight

Beam divergence must be low to avoid damaging
beam duct and outgassing from beam-wall
interactions, which would block beam propagation

Porcelain
insulators and seals

Neutraliser gas ‘
pipelines
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=PFL  For ITER we need negative ion beams
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Figure 15.5 Neutralization fraction vs. beam energy for positive and negative ion beams. Also plotted
is the penetration depth for nyy = 1.5. (Wesson, J. (2004). Tokamaks, third edition. Oxford: Clarendon
Press).
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=PFL \Which species will be heated by the beam?

2Epeam 1
TSD

Where: P=-

Collisional Theory: the energy transfer from fast ions (originating from a beam) to the plasma particles (electrons and ions) results in plasma
* P: Power transferred to the plasma.
I: Current of the ion beam.

heating. This process is governed by collisional interactions.
3/2
+ ( Ecrit ) ‘
Epeam
*  E}eam : Energy of the fast ions in the beam.
*  Tgp : Slowing down time, the time it takes for the fast ions to lose energy through collisions.
* E. : Critical energy at which the heating of electrons and ions is balanced.

Electron &4
heating lon heating
fraction fraction
The critical energy E ;¢ = 15T, [Mbe“m y A ] 15T, is the energy at
which the heating of the electrons is equlvalent to that of the ions.
*  When Epenry » E it - heating mainly of the electrons (often 14 0

encountered in large devices) /
0.5
*  When Epyeq K Epit - heating mainly of the ions (current plasma >
devices) 1
0
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=PrL |TER neutral beams for H&CD, diagnostic

Heating and current drive: 2 tangential(DMeV, 33MW,3600s)
Charge exchange diagnostic: 1 radia{x00keV, 3MW, 400s)
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=PrL ITER neutral beams for H&CD, diagnostic

= ‘*' —




cPrL |TER neutral beams for H&CD, diagnostic

— Multi-Aperture Multi-Grid Accelerator (200 kV steps) H
— RF driven negative hydrogen ion source

calorimeter
Gate valve Residual
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Large current density (~300AAn high uniformity & 10%) over ~2r#
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cPrL |TER neutral beams for H&CD, diagnostic

— Multi-Aperture Multi-Grid Accelerator (200 kV steps) H
— REF driven negative hydrogen ion source

f ( g =
H O OH *
\ bellows S g e
B e calorimete —— o
esidua .
.Y, lon Dump neutralise

MaMuG accelerator
RF ion source

Negative ions are produced on-&dsorbed surfaces with low work function
Atoms and ions interact with a surface, capturing electrons to ferm H
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cPrL |TER neutral beams for H&CD, diagnostic

The Neutral Beam Test Faclility at Padua
SPIDER full size ITER beam source
MITICAC prototype ITER beamline
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cPrL |TER neutral beams for H&CD, diagnostic

ITER Neutral Beam
Test Facility - e

a tour of the site s R ol beodad v

el P BUF £ . i " |
MW;:MW) l_l i ﬁhmv— SR ey = a i I iIl-"‘- (s

rr-n s Bes el
Prres '8 _,,Ll'lti- 1 a8

! "'un-unum ==
[~ MM | | pemype(proded by Eurcpe) !‘ /

__________

| : SPIDER 3 4 MITICA >

8 PO -7 HEMOST FOWERALL NEGATIVE ION BEAM SOURCE N THEWORLD SPOER ~THE MOST POWERAUL NEGATIVE ION BEAM SOLRCE INTHEWCRLD [

B Swiss
Plasma
Center



o~

cPrL |TER neutral beams for H&CD, diagnostic
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cPrL |TER neutral beams for H&CD, diagnostic
MITICA

-4

CRYOGENIC PUMPS
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=PrL  Energetic ions from additional heating

Burning plasma regime is reached using external heating and
current drive

Electron cyclotron heating

lon cyclotron heating

,\’ Neutral beam heating  — Transmission Line
-

s Radio Frequency /
RF) Heati
Ohmic Heating (RF) Heating

Electric Antenna

Current :
Electromagnetic
Waves

'

Based on creation of ~MeV
lons, therthermalisedy

collisions
Energetic hydrogen
atoms
Neutral Beam
Injection
Heating
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cPrL Energetic ions from Neutral Beam Injection

lons at ~100keV in present devices, ~1MeV in ITER

Injection geometry determines initial orbits
If tangential, mostly passing orbits, collisions scatter into trapped
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leating by waves
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=Pl Heating by waves

Reminder of waves dispersion relation (T ~ 0)
Perpendicular t@&,

Transmission Line

Radio Frequency /
(RF) Heating

Antenna

Electromagnetic

[ .'l"”-

P compressiomal Alfvén waves

M Swiss k
Plasma
Center




=Pk Heating by waves

If T >> 0 (hot plasma kinetic model needed)

Waveparticle resonances occurat-k-v=nW,( n= 0, 1,

lons or electrons feel in their reference frame a constant force when t
E-field is in phase with their motion

Cyclotron resonances also for waves that do not propagateB&jon

Finite k and relativistic effects, for electrond;=eB/m(v), make
the resonance velocity dependent, i.e. of finite width, effetbivine
energy exchange between particles and waves

a5l

wave
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Electron Cyclotron Resonance Heating
ECRH
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=PFL  ECRH i Ordinary mode (E Il By)

O-mode heating possible
for n < Ncutof f

"R

fee resonance
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=PFL ECRH i eXtraordinary mode (EL B)

1%t harmonic

UH
resonance |

\ \\ wR,L cut-off
(depends onB, and n)

fee resonance

can’t reach any resonance before cut-off
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=PFL ECRH i eXtraordinary mode (EL B)

1%t harmonic

| idea: go for higher domain

UH
resonance

W, cut-off

fee resonance

can’t reach any resonance before cut-off
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=PFL ECRH i eXtraordinary mode (EL B)

2™ harmonic

1** harmonic idea: go for higher domain

UH

~~ wave U H
resonance

resonance

~

—_— ——
o fee
\ ] (similar idea
Wy, cut-off fe resonance ) for 3 fee)
Jee resonance | cut-off |

can’t reach any resonance before cut-off I 2 feresonance

reduced absorption

Note: Pb with going to higher frequency and higher harmonics < o _
availability of high power sources
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ECRH 1T Accessibllity

02
X = —E{ur.nj Y = —2(x BY)

Cut-offs:

O—mode: X =1
X—mode: ¥ =(1-X)
Hesonances:

w=uyyg ¥Y=1-X
w=I0I ¥ =-f];[1,|].25,---}

‘Tenpls DA Slsgram for X ard O mesls, perpandiouler injpciion
E

Figure 8.3: Clemmow-Mullaby-Allis diagram for X and O mode. Wave trajectories are shown for 1% and 2
harmonse mpection and for different core plasma densities. Note that for low field side X1 injechion
the wewve frst encounters a cutoff. X2 may encounter a cutolff or resonance, depending on the density.
0 mode has a higher densmity hmit but will eventually be cut off at the plhsma frequency.



=PFL ECRH i Possible microwave sources
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=PrL

Cut-offs:

Resonances:

ECRH T Accessibility

X = —E{-:::nj ¥ = ﬂg'[:n: B

O—mode: X =1
X—mode: ¥ =(1-X)

w=ugyg ¥=1-X
w=Il ¥= -&[I,U.ZE,---}I

-rm.-_hﬂdnrﬂ,pl_uhm

TCV (f, =41GHz)

can use n=2 or n=3
X2 (83GHz) or X3 (118GHz)

ITER (f .=170GHz)

must use n=1
O1 (170 GHz)

Figure 0.3: Clemmow-Mullaby-Allis diagram for X and O mode. Wave trajectories are shown for 1% and 2
harmonse mpection and for different core plasma densities. Note that for low field sude X1 injechon
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the weve frst encounters a cutoff. X2 may enconnter a cutoff or resonance, depending on the density.
0 mode has a higher density hmit but wall eventually be cut off at the plhsma frequency.



=PFL  ECRH i Microwave source: gyrotron

Principle based on Cyclotron Resonance Maser instabllit

COLLECTOR

VIIG ELECTRON RF CAVITY : : _
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\ Magnetic field
N :
\ Guides thee
N :
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SOLENOID QO ®  Oscillation frequency
i) W =— Q, Cyclotron frequency
MAGNETIC FIELD A B Y vy  Relativistic factor

MAGNETIC
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PROFILE
/\ Annular electron beam

Source of free energy

—» 7

Resonant cavity
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RF ELECTRIC . . .
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INTHE ” RF ELECTRIC .
cavITY i crosssection

Resonant interaction between
electrons and cavity modekg,, )

B Swiss
Plasma
Center



=PrL The gyrotron

Collector

Electron Beam

Dimple wall
mode converter (+30kV)

Cavity (+30kV)

Beam duct (+30kV) Collector sweeping coils

Output window (CVD diamond)

Superconducting magnet coils Output Beam

Anode (+30kV)

Cathode (50kV)
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=PFL The gyrotron

Gyrotron W7 - X |

_-collector @ ground pot.

_AC &DC
= mormalconducting colls

3¢ mirrer & ground pot..

/GVD - diamond window
/gaussian AF - beam

= ot B 290 mirror @ +30 kY

_~resonator @ +30 kY

" superconducting colls

- glectron gun @ 50 kV
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=PFL A modern ECRH system: TCV
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