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@ Outline

O Introduction to Magnetic Confinement Fusion

 Physics of Radio-Frequency waves for
= Plasma Heating and Current Drive (H&CD)
= Plasma diagnostics

 Electron Cyclotron (EC) waves in past and present
experiments

1 Challenges for future devices
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@ European effort towards fusion energy

EUROfusion EUROfusion is the

consortium members*

Tokamak European consortium
® Spherical Tokamak for the development
@ Stellarator .

Sl e of fusion energy.

@® ITER (under construction)

*The yellow dots indicate the headquarters
of the EUROfusion Beneficiaries It t d f d
which signed the Grant Agreement S u p po r S a n u n S
(Number 633053, EUROfusion)

Many more facilities are involved in the fu S i O n resea rCh

European fusion research.

) QUSRI UR) EURQion ones o he activities on behalf of
the European
o . . ’
Commission’s
MAST Upgrade (CCEE)

Euratom programme.
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(C.) Roadmap towards a fusion power plant
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Source: www.dtt-project.it
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@ Fusion in a laboratory
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= Most favourable fusion reaction in a lab

D+ T - 4He (3.52 MeV) + n (14.1 MeV)
relevant reaction rate at T > 10+20 keV
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= The reaction is self-sustaining (P, = Pjgss) if
n T 7>410%" m3 keV s
n, T plasma density and temperature 10 55 10. 20. 50. 100. 200 500.1000.
. . Center—of-Mass Energy (keV)
7e energy confinement time

1 0—31 L

o g & .
= Thermonuclear controlled fusion requires U7 /
1. particle confinement (n) \
2. plasma heating (T) , ?/,w\"
3. energy confinement (zg) “!{ \ /:\
\)<€__ r\C’k;\/\/

Credit: ITER, www.iter.org
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@ Magnetic confinement

= A strong magnetic field forces the charged plasma particles
(electrons & ions) to spiral along the magnetic field lines

LarmOr radius With magnetic field

N vmi

r, = — X ——
() B
T=10keV,B=5T,?H
ions: r;;= 1.5 mm
electrons: r o = 50 um

Credit: ITER
www.iter.org

field line

= The plasma can thus be isolated from the walls of the containment
vessel

= This enables to heat the plasma to T> 10 keV (~100 million K)
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@ The Tokamak

TopounaalsibHad Kamepa C MarHNTHbIMMU KaTyLUKaMu
TOroidal CHAmber with MAgnetic Coils (1958 Artsimovich, URSS)

= Poloidal coils generate a central solenoid
tOrOidaI magnetic fleld ot mennetc Se outer poloidal field coils
B=1/R '

= A central solenoid is used
as the primary circuit of a
transformer, with the
plasma acting as the
secondary circuit

= The plasma current and
external toroidal coils e toroidal flald col

generat? a POIOidaI plasma electrical current toroidal magnetic field
magnetic field

Credit: EUROfusion, www.euro-fusion.org

= Helically twisted field lines form nested flux surfaces
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@ Plasma heating

Ohmic heating

* Produced by the Wave heating

plasma current * Injection of high frequency waves
- Efficiency drops at high 30 MHz - 170 GHz

temperature » Wave—particle resonant interaction

Pon = nJ? , noc T2

e

Alpha heating

» Slowing down of Neutral beam injection

fusion-produced * Injection of fast particles
a-particles Grap),. ~100 keV — 1 MeV
Wy, i ,
. 'Be|e\_/an:f only for a W”eufofé‘///?ofus. « Collisions with plasma particles
burning” plasma %00y transfers energy to plasma
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(€)) Heating methods compared

Neutral Beams

||’|!_ll|
]

-----

Credit: ITER, www.ite.org

Electron
Cyclotron
Key params
+ - in ITER
Neutral Good efficiency, can also be Bulky, difficult to steer 870 keV
Beams used to enforce plasma rotation 33(50) MW
lon Helps heating ions Antenna (loop arrays) must be close tothe  40-55 MHz
W  Cyclotron plasma 20 MW
\6/] Lower Best current drive efficiency Not well localized, antenna (wg array) 5 GHz
o Hybrid close to the plasma, only off-axis at high T, 0(20) MW
s Electron  Easily injected, localized, 170 GHz
Cyclotron antenna easy to steer (mirrors) 20(40) MW
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@ Wave-plasma interaction

= \Wave-plasma resonant process: Landau/Cyclotron damping

= Resonance condition in a magnetized plasma

oW = nQe,i + k” V”, n=0,+1, %2 ..., Qe,,:eB/yme,i
wave cyclotron  Doppler y = (1-v2/c?) 12
freq. harm. shift relativistic factor
e,i = electrons,ions || = along the
magnetic field
— Vi
ho
= Electron/lon Cyclotron (EC/IC) resonance
® =N Qy; |
= EC resonance in Tokamaks (B ~ 1/R)
e Localized in space, where o = n Q.(R) /\
e Localized in velocity space / //_\\ p”:

resonance condition is an ellipse in momentum p=ymv space (p);, p.)
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@ Energy & momentum exchange

= Wave-particle interaction
- wave absorption/emission with energy and momentum exchange

Current Drive (CD):

= Electron changes its || velocity vy > v+ 8y
e change in || momentum mdv,
e change in energy dc = m v dyv,
= Variation of current density ofj = e dyvj
= Current dissipation via collisions v(v): Coulomb collision frequency
= Power needed to sustain the current OP =vde=vmydy,
5]” B e

= Current drive efficiency:

5P muvv(v)
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@ EC Emission as diagnostic tool

= |n a plasma at thermal equilibrium
Kirchhoff law

8m3c2 1 j w : wave frequency
Trad =— 5= = Te J, a : emission, absorption coefficients
W= nra n, : ray refraction index
= Intensity of emitted radiation L. JET#69451 @1t=51.95s

>
146 GHz
e I

I, = e f Trad,w(s)e —tS)g w(s)ds 3

|
°or(s) = fo aw(s’)ds : optical thickness

/209 GHz

o exp(-t) (a.u.)

= Optically thick plasma regime (t>>1) :

I~ 813 c?
w ~

res,w) 0
26 28 3 32 34 36 38

= Each o "sees" a different R - T, profile reconstruction
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(€) EC Heating&CD / Emission modelling

Beam-/ray-tracing is the most suitable approach to
compute EC beam propagation given the typical ordering

40 A << w << L

35 wavelength beam size plasma size
(~mm) (~cm) (~m)

EN
o

driven ®
current

15 MA, MID row

)
S

30

o
)

H&CD: GRAY (Farina D. 2008 Fusion Sci. Technol.)
= Gaussian beam propagation in quasi-optical approximation
= Absorption: linear response, fully relativistic dispersion

15 | = Current drive: current response function accounting for
momentum conservation (Marushchenko et al 2009 Nucl. Fusion)
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ITER EC launcher
steering optimization
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ECE: SPECE (Farina D. et al 2008 AIP Conf. Proc. 988)

= Emission: fully relativistic dispersion for
Maxwellian and multi-Maxwellian electron distributions

= Multi-pass model for optically thin regimes N Ve e
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@ EC H&CD applications

= Current profile tailoring = Disruptions mitigation/avoidance
= MHD Stabilisation and control = |mpurities control
= |onisation and plasma start-up = Heat transport studies, ...

ITER EC launchers targeted applications

6000 T L m— TP Y Pr=1.0
no Access
E A
e R N 4l 13MW _
4000 |- 20MW
z
3000 - 2
2000 |- .
1000 ) o/oooooc-‘ooo oco\.“ : 20MW
6. 7MW 13MW 15 4] Yy
ok A A g: 4% 3 A
g g‘.'é ]
-1000 |- 'z L) =
-2000 | T st 2 |E
= e |3 i S WIS
-3000 |- ) =l g |®
S [Ne- —
-4000 - a & S —— =/
Y i V|
-5000 - — . : P=0.0
pe el £and 18000 cnt-ECCD ECH co-ECCD

Henderson M et al 2015
Phys. Plasmas
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(@) MHD control with ECCD

» Magnetohydroynamic (MHD) instabilities
deform the equilibrium magnetic configuration

= Energy confinement is reduced, increasing
the risk of disruptions

30 115926 115930 DIlI-D
m=2/n=1 Amplitude (G — — _ ;
20 Mo ECCD m=2/n=1 neo-tearing
EC waves are ideal as 10 Ay mode (NTM)
| : suppressed by ECCD
MHD control actuator k: e
NTM suppression
= interaction is highly 6 avoids loss of rotation
localized o [ Modp Frequency (kHg) ). ] @Nd loCKing
= the EC beam can be 200 —— Improvement in
easily steered 0 I confinement rather
ON i than large loss likel
possible L R
Time (s)

R. Prater, review talk APS 2003
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@ ECE for NTM and ECH tracking (DIII-D)

= "Traditional" approach to NTM tracking requires:
magnetic measurements + equilibrium reconstruction + ray-tracing algorithm

= Temperature perturbations induced by NTM and ECH modulation allow
localization of both with ECE alone

stabilization occurs only for tight
alignment of NTM and ECCD locations

BIE 1708813033 ms
Frrr 3
AT BN
L = URA 1 > ThIlD #149388 ;
Al nanea ] g 4 .
10} |[IEC resonance N E 2
! p WA 7513‘ P, — R e 3%
osl =] amplitude | il L .
1 3000 3250 350 3750 4000 4250 4500 4750 5000
142 Teom MSE/TORBEAM: (b)
= 1.41
£ oof = 1.40 1
< gi0]  NTM e Magnetics +
o 1.39
1.381 ECCD — ECCD — NTM beam-tl’aClng
1.37 . ; : ; i : ;
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LA T om EcE: (c)
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or Chd S e E E
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[ 1.37 T T T : : r
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A.O. Nelson et al 2019 Fusion Eng. Des.
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@) NTM tracking with in-line ECE (TEXTOR)

. M.R. de Baar et al 2011 IEEE Int'l Conf. on Control Applications (CCA) Denver
« Beamline shared between - 70255 _
ECE and ECH: same s ‘ ] it
localization at equal frequency et igian)

ency [Hz]
8

8
3
T

» Dielectric plates + notch filter to

attenuate possible ECH beam
reflections

Frequ
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NTM onset \ \
ECE detects offset
ECH aligns to NTM \
| B change forces misalignment
ECE detector ECH uses ECE information stay aligned
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@ EC-assisted plasma start-up (TCV)

= Energy gained by electrons via collisionless heating is
sufficient to pre-ionize the gas

= EC wave absorption help compensating radiative losses
during the burn-through phase

- A smaller loop voltage can be used for plasma initiation

EC steering mirror .
\ Poloidal angle scan:
o8l [\ 4 EC resonance o o
/__\ , +15°, +50
0.6 {+ +150
1 .
04 et A First pass at EC
= 021 LT B~ resonance:
N / = z= ,0.39m, 0.03m
09 | - 1
04 § ilAN7Z Plasma starts at different
0.6 1t 1 8 A% z positions, depending
N— i1l Bak .
081 T, 7 Courtesy: D. Ricai on the launching angle +5Q°
06 09 1.2
R (m)
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ﬂ Future devices

b1t us Power
Power exhaust + Fusion
Pilot Plant

Plant

NSTX-U FTu

Operation

Fusion is plausible Fusion is feasible Fusion is practical Fusion is

and attractive  commercially exploited
Source: www.dtt-project.it
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@ Non-nominal magnetic field

= Efficiency of an EC system strongly depends on the magnetic field

= ITER EC frequency (170 GHz), and launching geometry optimized, for
the full-performance scenario at B, =5.3 T

EC harmonic in the plasma

n=3/ EZ \ n=1

Current ITER Research plan 1 FOST i

= 1stplasma: By =2.65T 08 | '!*
= 1stH-mode plasma: By =1.8T :. '5
= Gradual increase to full-field _ 061 i
Need to assess B, ranges o2 | m
where the EC system can ; éé
operate °1 15 2 25 3 85 4 45

Bo (T)
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@ Inter-operation with other systems

= DTT reference scenario during pellet
injection (two possible pellet diameters d)

= Refraction must be compensated acting
on beam steering to keep ECCD on target

40 ‘ — 40
____cutoffdensity _ _ _ _ ______._
35 [ Sl I T
30 | T I
d=3.8mny
25 |- L {25 &
S Ad=2.9mn. E
g 20} I wh 20 o
o .. Z
S 1o} S — S 15 P
10 | El 10
5 T 5
0 | | | | .\. --------- 0
0 0.2 0.4 0.6 0.8 1
Py
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@ Harmonics overlap at high Te

DEMO: the core electron temperature will be T,>25 keV n=1 resonance

n=1 cold resonance ;

= The EC system will : |

=% SY _ 6F : | " TOP “
nominally work at the n=1 § " launcher %
resonance S S

4 e ° s O
& 20 o
" " - D_E 041 . o
= "cold" (y=1) resonances 5L .
e n=1atR=8m =T 5
® n=2 at Rz16 m ’g O — ?).55 0.6 0.65 0.7 0.75 0‘8 0.85 °
~ !
= Fast electrons in the core 2 L BdTTOM "
resonate at n=2 with large "!'launcher %

. s . _ . ~ -4 B ° sl 30 ~
relativistic down-shift (y = 2) ¢ down-shifted . E
®=nQ,=neBlym, < .l n=2res. \ I

6 o 15 =
= T,=40 keV: Up to =50% of 0 | :
the injected power is 6 8 10 12 oss oo
absorbed before the n=1 R (m) _ — "
resonance is reached If localized absorption is demanded,

the beam path should avoid crossing the core
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@ Frequency tuning

* |n the DEMO reactor any opening in

Q=0 @ 170 GHz

the blanked must be minimized to 6 - : 4 178
reduce neutron damage freq tuning
= 176
» Plasma facing steering mirrors are not 174
an option
172

= Limited EC beam steering:
|Aal| < 4° from nominal line of sight in

2
o
fee (GH2)

present design 168
166
* Frequency tuneable sources can help
re-gaining the lost flexibility 164
f=(170 £ 10) GHz, Af=2-3 GHz 162
= Frequency tuning not as fast as beam 6 8R( )10 12
m

steering, but progress is expected
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@ Summary

= RF waves are routinely and robustly used to heat, diagnose, and
drive current into magnetically confined plasmas

= Future fusion-relevant machines will heavily rely on waves at the
Electron Cyclotron frequency for a wide range of applications
thanks to their flexibility and robustness in harsh environments

= Accurate modelling tools exist to predict ECH&CD performance,
helping to evaluate and tackle the challenges in the design of next
generation devices
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