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Outline

» The European DEMO and the role of Electron Cyclotron
waves

» Theoretical background: resonance condition and Electron
Cyclotron Current Drive (ECCD) efficiency

» ECCD for bulk current drive — how to optimize the ECCD
efficiency

» ECCD for stabilization of neoclassical tearing modes —
different requirements as compared to bulk current drive

» Recent developments (wave scattering, thermal instability,
extraordinary-mode injection)

800 m?
0 /R S
Major Radius (m)

| " 1

[Ciattaglia 17]

MAX-PLANCK-INSTITUT FUR PLASMAPHYSIK | E. POLI | EFTC CONFERENCE, OCTOBER 2-5, 2023 2



Outline

» The European DEMO and the role of Electron Cyclotron
waves
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The European DEMO [Fus. Eng. Des., Special Issue, 2022]

= “DEMO is the nearest-term reactor design to
follow ITER” which means for the development
strategy “modest extrapolation from the ITER
physics & technology basis” [Ciattaglia 17;
Federici 21]

= DEMO aims to demonstrate the production of
net electricity (ca. 500 MW i.e. ca. 2 GW fusion
power), tritium self-sufficiency and the adoption
of maintenance systems capable of achieving
adequate plant availability

= The present design point is a trade-off between
the most mature knowledge in physics and
technology, the emphasis on the problem of the
power exhaust and the attention given to
nuclear design integration, and “not an a priori
desire to be big”
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One (recent) possible incarnation...

Major and minor radius, R, a [m, m] 9.0, 2.9
Aspect ratio, A 3.1
Field on axis, By [T] 5.86
Plasma safety factor, gos 3.89
Triangularity, elongation, 8gs, kKog 0.33, 1.65
Plasma current, Ip [MA] 17.75
Non-inductive current fraction, fi; 0.39
Driven current fraction, fcp < 0.05
Fusion power, Pg;s [MW] 2000
Power across separatrix, Pge, [MW] 170.4
LH threshold power, Py [MW] 120.8
Confinement H-factor, Hog 0.98
Electron density, <n>/ngw 1.2
Average temperature, (T) [keV] 12.49
Normalised beta, ffy; [% mT/MA] 2.5

Zoff 2.12
PgepB/qosAR [MW T/m] 9.2
Psep/R [MW/m] 18.9
Pulse length [sec] 7200

[Kembleton 22]



Electron Cyclotron Waves

= Electron Cyclotron (EC) waves are routinely used in magnetically confined plasmas for heating and
current drive and as a diagnostic tool (passive and active)

= Typical frequencies: Q. = eB/mc — v. = Q./27 |[GHz| ~ 28 x B [T] (ITER EC system: 170 GHz)

= Advantages of EC waves:
« EC waves propagate also in the limit of vanishing density (vacuum) — no coupling issue
« Absorption location tuneable, narrow deposition profiles possible — “surgical” applications
« Complete absorption for a proper choice of frequency and polarization

* Well-collimated beams injected — require small apertures in the vacuum vessel — easier neutron shielding,
small impact on tritium breeding

* In general, mature theoretical, experimental and technological knowledge for fusion devices

= Disadvantages of EC waves:

« Expensive 1-2 MW, >100 GHz sources, more prone to failure than sources for waves in other frequency ranges

* No sources yet above ca. 200 GHz

« ECCD efficiency might be too low for steady state operation — see later

MAX-PLANCK-INSTITUT FUR PLASMAPHYSIK | E. POLI | EFTC CONFERENCE, OCTOBER 2-5, 2023



Electron Cyclotron System in ITER
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= EC system foreseen for a variety of applications in ITER « requires flexible design

= DEMO will require less flexibility in terms of targeted applications and possible plasma scenarios
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Electron Cyclotron System in DEMO

= Different options explored in the last years, including steady-state
plasma scenarios — high recirculating power required to
sustain the plasma current non-inductively

= Present design focus on a pulsed machine (2h), no need for bulk
current drive

= Electron cyclotron heating & current drive mostly for breakdown,
ramp control, bulk heating [poster Ch. Tsironis], NTM control, and
radiative-instability control
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blue: EC beam trajectories, changing to red at absorption, orange lines: \
cold/hot” plasma resonance, green: position of the NTM instabilities
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Outline

» Theoretical background: resonance condition and ECCD
efficiency
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Electron Cyclotron Waves: Heating schemes

= Waves absorbed around the cyclotron resonance or a (low-n) harmonic of it

= Typical choices for polarization and frequencies: ordinary mode resonating at the electron cyclotron
frequency (O1) and extraordinary mode at twice the cyclotron frequency (X2)

(O-mode) (X-mode)
=@ W=, W=20),
ec-ray R
e W=,y 0=u* W=
W=,
----- >R - R --
o X
. . P [Westerhof 12]

high field side low field side hfs launch ec-ray

= X1 access from the low-field side problematic (cut-off on the way to the resonance)

= Ol typical scheme of choice in ITER and DEMO « wave frequency well above cut-off conditions for
high field, standard-aspect-ratio tokamaks
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The theoretician’s view: it is very simple...

= Example of EC wave simulation for the ASDEX Upgrade tokamak (remember Q_, ~ B ~ 1/R)

w =2Q, (cold resonance, 2" harmonic)

# 30&5, :3.45, gyrotron: 0, rz
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The theoretician’s view: it is very simple...

= Example of EC wave simulation for the ASDEX Upgrade tokamak (remember Q_, ~ B ~ 1/R)

w = 2Q, (cold resonance, 2 harmonic)
# 30&5, t:3.45, gyrotron: 0, rz
T T T | J_ T T T T T T T

= For a given wave frequency, shift the deposition location
by steering the beam through the launch angles
(requires in general movable mirrors)

Beam path

Power deposition profile
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The relativistic resonance condition

= Fundamental role of relativistic effects (Lorentz factor v = \/1 + uﬁ + ui) and Doppler shift

0 _ _
w—n@) 0 — ~v—nQ=Nju; =0 with Q=Q./wand u=yv/c

= Resonance curves in velocity space are ellipses intersecting the u, axis at
— —2
nNiQF (/020" — (1 - V) - :
Uz = T2 = resonance possible if nQ2 > | /1 — NH

= u,. moves towards the Maxwellian bulk as the beam propagates towards the HFS (increasing Q/w)
uL

Resonance curves for N =0.7
(obligue launch « finite toroidal
injection angle)

uli

U||,pp
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The relativistic resonance condition

= Fundamental role of relativistic effects (Lorentz factor v = \/1 + uﬁ + ui) and Doppler shift

Q2 — e
w—b 0 — ~v—nQ=Nju; =0 with Q=Q./wand u=yv/c

= Resonance curves in velocity space are ellipses intersecting the u axis at

’}’EN”ﬁ:F \/nzﬁg — (1 — Ng)

I ITER (NTM

U = 1 _ N“Q stabilization)
Top view
= For low-field-side injection: resonance possible before
cold resonance (Doppler shift) if nQ2 > /1 — NH2 N
= Pinch point (first point in resonance) [Harvey 97] | tor. injection angle [3:20°I

N

oy e

= Increasing N, moves the absorption location to the LFS and shifts the resonance on more
energetic (less collisional) electrons — higher current drive efficiency, weaker absorption
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The relativistic resonance condition

= Fundamental role of relativistic effects (Lorentz factor v = \/1 + uﬁ + ui) and Doppler shift

Q2 — e
w—:%} 0 — ~v—nQ=Nju; =0 with Q=Q./wand u=yv/c

= Resonance curves in velocity space are ellipses intersecting the u axis at
— —2
nNQF \/nZQ —(1-N?)

|

LITER (NTM

stabilization)

= For low-field-side injection: resonance possible before ~ absgrpﬂéh
cold resonance (Doppler shift) if nQ > /1 — N|| 200 ’ reglon

= Pinch point (first point in resonance) [Harvey 97]
Uj- = U+ = 5 = Ulpp sl resonance Lt

| 0

Increasing N,y moves the absorption location to the LFS and shifts the resonance on more
energetic (less collisional) electrons — higher current drive efficiency, weaker absorption
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Fisch-Boozer mechanism and current drive efficiency

= Electron cyclotron waves increase the perpendicular velocity of the resonant electrons

= The asymmetric (with respect to v|) change in collisionality leads to a current parallel to the magnetic

field [Fisch & Boozer 80]

(a)
’ Electron cyclotron waves

@ .
. iIncreasev , from to
e L
®

Yo ‘it [Fisch 87]
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Fisch-Boozer mechanism and current drive efficiency

= Electron cyclotron waves increase the perpendicular velocity of the resonant electrons

= The asymmetric (with respect to v|) change in collisionality leads to a current parallel to the magnetic
field [Fisch & Boozer 80] y

L
= For Coulomb collisions in a plasma: ta) '@ Electron cyclotron waves
3 .
v~ e /v | s increasev , from  to
@
Yo ‘it [Fisch 87]

Instantaneous current (b]

- _VQt —I/lt
J(t) — —Cllyes ('UH26 — Y€ ) Parallel current form because
of different momentum

‘ €V -
average OVAe(r A/t )>> (1/V1)v (1/V2) destruction rate for  and
vV '
j — T E€Nypes H @ 2

At T

= The current drive efficiency n=j/p scales roughly like 7 ~ vg/ne ~T./n.
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Outline

» ECCD for bulk current drive — how to optimize the ECCD
efficiency

Major Radius (m)
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Optimizing the bulk current drive in DEMO

= Fundamental question: How much current can be driven by EC waves?

= Direct answer for a given scenario by scanning the parameter space (injection position, injection
angles, wave frequency)

_ _ DEMO model B(T) R(m) Rja [,(MA) ng(10¥"m™) Ty (keV)
||
First example [Poli 13] Steady-state (peaked/flatn.) 5.84 85 3 19.1228 15.009.3 53/64
Pulsed (peaked/flat n.) 7.45 9.6 4 14.4/17.3  16.8/10.4 57/54
Equatorial launch, pol. injection angle a = 0 Top launch, freq = 230 GHz
Tep Tep
55 0.4
0.3
50 0.35
50
0.25
0.3
— _ 45
1920 RmIA é ® 0-2 3 0.25
= = 40
YCD PW %’40 o1 %:;’ 0.2
5 f 35 0.15
- 0.1 8
0.1
0.05 30
30 0.05
0 25 0
170 180 190 200 210 220 230 35 40 45 50 55 60
freq [GHz] pol. angle o [deg]
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Optimizing the bulk current drive in DEMO

= Fundamental question: How much current can be driven by EC waves?

= Direct answer for a given scenario by scanning the parameter space (injection position, injection
angles, wave frequency)
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= High ECCD efficiency obtained for large N;, — high wave frequency (ca. 1.4 x cold resonance frequency,
typically > 200 GHz) required to compensate the Doppler shift and keep the absorption region near the
plasma centre: technology challenge

= For top launch, the change in R (hence in Q,) along the beam path is slower than for equatorial launch —

the resonance curve lingers on high-velocity electrons — improved ECCD efficiency [cf. Karney & Fisch 81]

= Increase in ECCD efficiency for top-launch scheme recently demonstrated at DIII-D [Chen 22]
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Optimizing the bulk current drive in DEMO
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= High ECCD efficiency obtained for large N;, — high wave frequency (ca. 1.4 x cold resonance frequency,
typically > 200 GHz) required to compensate the Doppler shift and keep the absorption region near the
plasma centre: technology challenge

= For top launch, the change in R (hence in Q,) along the beam path is slower than for equatorial launch —
the resonance curve lingers on high-velocity electrons — improved ECCD efficiency [cf. Karney & Fisch 81]

= Increase in ECCD efficiency for top-launch scheme recently demonstrated at DIII-D [Chen 22]
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ECCD efficiency saturation with increasing T,

Equatorial launch Top launch
0.035 — . . p laung
Divide by power fraction - Mom. conservation
in the fundamental 0.038 —oViom. v T
0.03/ harmonic \’.f’ ~—High speed limit | _.
S 0.025)
e
L
o
o 0.02f
_U ~ —
0.015} e e
—e—Mom. conservation g -
00 ——High speed limit 0.026r -~ ~
' 6.2 0.4 0.6 0.8 1 1.2 0.6 0.7 0.8 0.9 1 1.1 1.2

T mult. factor
e
= The ECCD efficiency cannot be optimized by increasing the electron temperature indefinitely: absorption

by next harmonic kicks in (parasitic absorption) — ECCD efficiency saturation at ca. T, = 30 keV [cf.
Harvey 97 for ITER]

= Parasitic absorption occurs both before the lower harmonic becomes accessible and at the location
where it is accessible [harmonic overlap, Smith 87]

Te mult. factor

= Typical value of achievable central ECCD in favourable scenarios: 50 KA/MW
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Can we predict the maximum ECCD from global parameters?

= |n the optimization strategy shown before, the maximum achievable ECCD efficiency is determined by
scanning the parameter space (several thousands of runs, each requiring ca 1 s)

= Pro’s: accurate evaluation; Con’s: Too time consuming for a repeated evaluation in a larger loop over
tokamak parameters (optimization); not possible if equilibrium and profiles are not available (like in
systems codes, 0D)

= Two main roads towards faster evaluation of ECCD: (i) simplify the calculation of the current drive
efficiency; (ii) choose “representative point” in parameter space for single evaluation of ECCD efficiency
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Can we predict the maximum ECCD from global parameters?

= |n the optimization strategy shown before, the maximum achievable ECCD efficiency is determined by
scanning the parameter space (several thousands of runs, each requiring ca 1 s)

= Pro’s: accurate evaluation; Con’s: Too time consuming for a repeated evaluation in a larger loop over
tokamak parameters (optimization); not possible if equilibrium and profiles are not available (like in
systems codes, 0D)

= Two main roads towards faster evaluation of ECCD: (i) simplify the calculation of the current drive
efficiency; (ii)|choose “representative point” in parameter space for single evaluation of ECCD efficiency

= Fundamental idea: the maximum ECCD is a trade-off between two competing effects

» Need for high-energy (low-collisionality) electrons — favours resonance on the tail of the
distribution

» Need for sufficiently high absorption — favours resonance on the bulk

= Strategy implemented in the module HARE coupled to the PROCESS systems code — typical runtime
0.1 ms [Poli 18]
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HARE (Hare Analyses Reactor ECCD)

Ro(cm) a(cm) Bo(T) ne (10 m™?) T.o(keV) Zegy

_ o ITER 620 201 53 10.56 2449 176
= Very good agreement with full TORBEAM optimization  pewmo1 907 292 5.66 10.50 3325 20
DEMO2nflat ~ 749.9 288.5 5.627 9.94 3117 4.18
DEMO2 npeak ~ 749.9  288.5 5.627 17.99 2350 413
flexi-DEMO 840 270 58 10.6 4119 113
DEMO1 baseline
0.25 . I .
I TORBEAM
I HARE Total current, deviation of HARE with respect to TORBEAM

Deviation in %

10
current in A/W freq in THz Nparallel*0.1 upar@maxdP/100 upar@pp/100 iter demo1ibase demoihalfT demo2nflat demo2npeak flexiDemo
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Can we replace the inductive current with ECCD?

= ASTRA steady-state scenario: B=5.8 T, R=8.4 m, a=2.88 m, Z_;=1.48, strong off-axis CD with 50 KA/MW
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Can we replace the inductive current with ECCD?

= ASTRA steady-state scenario: B=5.8 T, R=8.4 m, a=2.88 m, Z_;=1.48, strong off-axis CD with 50 kA/MW
= High central ECCD deteriorates with radius due to trapped particles and unfavourable T, /n,
= Replacing the inductive current with ECCD becomes inefficient in the outer part of the plasma column

= NBCD increases with trapped particle fraction and Z 4 [cf. Wagner 10 on ITER]
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T |65
30 [ ———
| l’— 6 04
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20 ;55
s ‘| ! 5 03
= 20 |y ,’ ] —
= 1 / 145 £
o \ / o ;Ef 0.2
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% | K 4 -
"ol y 135 0.1 / 6.9 MA of total 14.4 MA (48%)
\ , generated through external heating
\ / 3
\ P 0
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0 0.2 0.4 0.6 0.8 1 o 0.2 0.4 0.6 0.8 1

MAX-PLANCK-INSTITUT FUR PLASMAPHYSIK | E. POLI | EFTC CONFERENCE, OCTOBER 2-5, 2023 27



Can we replace the inductive current with ECCD?

= ASTRA steady-state scenario: B=5.8 T, R=8.4 m, a=2.88 m, Z_;=1.48, strong off-axis CD with 50 kA/MW
= High central ECCD deteriorates with radius due to trapped particles and unfavourable T, /n,

= Replacing the inductive current with ECCD becomes inefficient in the outer part of the plasma column
= NBCD increases with trapped particle fraction and Z 4 [cf. Wagner 10 on ITER]

= Required heating power (> 170 MW) too high ®

0.0v7 |

0.3

T
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prof2 /./\' ECCD2 (170 MW)
0.06 | prof3 | ASTRA
_pr0f4 025 r
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profa 02|
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E E
< = 015
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prof9 and profl0
0l —— ——— 0 ' : ' '
0 0.2 04 06 0.8 1 0 02 0.4 0.6 0.8 1

P
P Pp

MAX-PLANCK-INSTITUT FUR PLASMAPHYSIK | E. POLI | EFTC CONFERENCE, OCTOBER 2-5, 2023 28



Outline

» ECCD for stabilization of neoclassical tearing modes —
different requirements with respect to bulk current drive

Major Radius (m)
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Stabilization of Neoclassical Tearing Modes

= The Neoclassical Tearing Mode (NTM) is a reconnecting magnetic perturbation driven unstable by the
bootstrap current perturbation due to pressure flattening

= NTM evolution described by the generalized Rutherford equation
dW
EO(A’+ALS+A!EI-CCD+"'

= ECCD can be used to locally replace the missing bootstrap current

= Criteria employed to assess the stabilization efficiency of the ITER EC system:
. jcpllps > 1.2 (“large” W p, assumes ECCD modulation) [Zohm 07]

. Wepienllps = 5 cm (“small” Wp< 5 cm) [Sauter 10]

= The analysis leads to an “optimum” EC profile width W-,=5/1.2=4.2 cm for ITER
and ca. 6 cm for DEMO

pressure
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Stabilization of Neoclassical Tearing Modes

= Reminder: the maximization of the total ECCD current leads to broad profiles (in general beyond
optimum width for NTM stabilization)

= Lower N and lower frequency expected for optimum NTM control with respect to maximum ECCD
case

: Same plasma scenario as dlscussed for the HARE optlmlzatlon of the ECCD efficiency in the centre

tog R AL Db ogT e R A
400 max. ECCD ﬂ% 400 | : : :
' 2| [ 35 | |[——lys [MA/M ?] | | 1 0.35
ﬂ? i -
. | 70 4 | Lo
200 = ' '?:P‘:-’ '* 200+ P 3r | ! 0.3
, = Q}é‘}'. 7% % L
| 3 | 25t 1025
E g E = £
=3 0 - O, 0_ Lo
THAD o QE’
. ) . r?ﬁ ] 15 015 —
-200 | D ?}Eﬁ e { -200 +
- 010, 1 1 40.1
ﬁ@ . ]
il : 080 | 4001 | 0.5 f 10.05
4(](]. : ’T‘Q’ rE’nSJ_J-? |
Ll LAl | e ' i 0 0
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W cD [cm]

Stabilization of Neoclassical Tearing Modes

0.07

0.06 +

0.02 +

0.01

Reminder: the maximization of the total ECCD current leads to broad profiles (in general beyond

ECCD peak current density per injected MW

= 195 GHz
— 205 GHz

215 GHz
— 725 GHz

|
optimum width for NTM stabilization)
= Lower N and lower frequency expected for optimum NTM control with respect to maximum ECCD
case
- | Widt!1 of the E(.:CD profilel 13 Total ECCD current per injected MW
— 195 GHz
20 | | =205 GHz
215 GHz 12 r
18 | — 225 GHz
11 F
16
14 + < 10}
a
12 8 ol
10 +
8 -
d ———195GHz
_7</ 7 b |=—205GHz
6 215 GHz
— 225 GHz
4 : : : : : 6 : ' : ‘ :
10 15 20 25 30 35 40 10 15 20 25 30 35 40

tor. angle /3 [deg] tor. angle (3 [deq]
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For a frequency of 205 GHz, ca. 15 MW EC power required to satisfy stabilization criterion
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Alternative to beam steering

= Present DEMO reference design allows focused beams and steerable mirrors (steering system
below the breeding blanket, replacement of part of the launcher possible / expected)

= Alternative concept: Frequency-tuneable gyrotrons to modify deposition location [Wu 21]

= g _—one of the ECW deposition profiles N

4 / \\ ____—--—---

,l ,/’——‘\\ \\ 0.?0[:' m I ‘L __-.I-"--—.-
o 0.9 Hdepomtlon center  _ _ o—==" 1

oy ———— evolution of w

- 0.675 - -

2" ] — =
Iy =
= = = E
¥ : g 0.650 S S
| ! =
| I ! = =

o R [ R = §

1 1 Direction of - = =
: |l ‘\ Blnr and Iplasma/, 0'625 e
W \ -~ .
o . N e ——— 01 Of Tational surface

27\ 0.600 - e ———

| \ - —— —— —
l‘ \ — e — - -
1\ Ll L] | L]
gy e 0 10 20 30 40 50
44\ , ‘
e P Time /s [Wu 21]
8 10 12

R in m

= Sweeping strategy requires sufficient tuning speed (here 0.96 GHz/s with a bandwidth of 9.6 GHz;
19 MW injected)
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Outline

» Recent developments (wave scattering, thermal instability,
extraordinary-mode injection)

Major Radius (m)
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Beam broadening due to density fluctuations

= Density fluctuations act as random variations of the refractive index — radiation scattering and beam
Electron cyclotron beam in ITER

broadening
400

= Quantitative predictions through numerical solution of the wave
kinetic equation: WKBeam code [Weber 15] « statistically

averaged effect of fluctuations 300
Hw=0
{Hw}=-2yw+ S8 200
- 4 T~ ' No fluctuations

Propagation  Absorption Scattering operator

WKBeam code [Weber 193]

400

300

200

With fluctuations
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Beam broadening due to density fluctuations

= Density fluctuations act as random variations of the refractive index — radiation scattering and beam

broadening p— \\Q\\\\\\:\QQ R\
= Quantitative predictions through numerical solution of the wave | \\\
. . . . . BN \ \\\\'\\
kinetic equation: WKBeam code [Weber 15] « statistically \ \
averaged effect of fluctuations g E
10 T
= Significant broadening and loss of stabilizing power . |
expected for long propagation paths S S
A0 F \ _
= Conditions for minimizing the beam broadening not necessarily , | " I
the same as for optimum current drive S w0l \\ R T
= Example shown here: NTM stabilization with 27 MW from £ , | \
position 3 (not full optimization!) 8 50| \ ]
= Large uncertainty on turbulence parameters (strength of the% 60 | i
fluctuations, correlation length) 5.l PosT P parp d
PgsagEPpar
80 © Posd: EP LF side [Snicker 21]
-900 f: 110 115 2;) 215 30
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Control of radiative instability due to tungsten flake

= In the (unlikely) event of a significant amount of tungsten (0.01-0.1 g) crossing the separatrix, electrons
should not cool down too quickly [Palermo 20] < injection of EC waves foreseen

= |nstall more than 70 MW at 136 GHz with no other use?

150 GHz, O-mode .. 75 GHz, X-mode |
B - 75 GHz, X-mode
0.0200 A
ooy (100% absorption)|  “7/(100% absorption) o
§E~ 0.0150 1 g &0
s =
; 0.0125 g 45 0
g 0.0075 - g 101 -
0.0050 0.5 1 _/ 150 GHZ, O-mode
| L Warning: not reference design! &6 | , . , o , ,,
0.0 072 0.4 0.6 B_IB " " aA o9 0.8 0 5 10
p ’ [Courtesy Ch. Wu]

= Different options presently explored: [switch gyrotron harmonics |(150 GHz O1 in the centre, 75 GHz X1
at the edge) or keep frequency (150 GHz), change polarization (O1 in the centre, X2 at the edge)
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Control of radiative instability due to tungsten flake

= In the (unlikely) event of a significant amount of tungsten (0.01-0.1 g) crossing the separatrix, electrons
should not cool down too quickly [Palermo 20] < injection of EC waves foreseen

= |nstall more than 70 MW at 136 GHz with no other use?

O-mode s X-mode

39 -

10 4
0.0200 A

4
o

0.0175 -

(100% absorption) 1(100% absorption) 150 GHz, X2 resonance

I

0.0150 -1

:
(=]
L

o o
[=] o
= =
o N
[=] V]

s

0.0075 A

Power density in MW/m?
Power density in Mw/m?
=
wn

0.0050 A

=3
w

Previous 75 GHz (X1)

0.0025 -

e
=]

k Warning: not reference design! , , ] ‘
| | . . 0.2 0.4 0.6 0.8 0 s 10
0.0 0.2 0.4 0.6 0.8

P [Courtesy Ch. Wu]

=)
o

= Different options presently explored: switch gyrotron harmonics (150 GHz O1 in the centre, 75 GHz X1
at the edge) or|keep frequency (150 GHz), change polarization |(O1 in the centre, X2 at the edge)
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Back to the roots: optimize the ECCD efficiency

= Recent optimization exercise for a low-aspect ratio variant of DEMO: R, = 7.5 m, a = 2.88 m (R/a=2.6),
Bo=4T,2Z4=15

I [A/W], alpha=1

CCD

0.045
50 0.04 50
0.035
45 45
0.03
E o]
= 0.02 =
35 0.015 35
0.01
30 30
0.005
25 0 25
120 125 130 135 140 145 150 155 120 125 130 135 140 145 150 155
w/27 [GHZz] wl2 w [GHZz]

= Standard optimization from (R,Z) = (11, 0) m consistent with usual picture, leads to max. 46 KA/MW

= 10-12% O2-absorption slightly larger than usual (slightly closer harmonics)
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Alternative scheme for the outer core / edge: (slow-)X1 absorption

I [A/W], alpha=-1

CCD

0.016 0.45

45

0.014 0.4

40 0.35

0.012

0.3
0.01

g i 0.25
=0 hah 0008 o,
= - e 0.2
hfs launch 30 0.006
0.15
0.004
resonance moves 23 0.1

outwards if the injection 0.002

frequency is decreased

0.05

20

60 65 70 75 60 65 70 75
w/27 [GHz] wl2 7 [GHZz]

= Xl-scheme from LFS: shift the resonance outside the plasma (LFS) by lowering the injection
frequency, rely on Doppler shift — small operational window

= Quite high efficiency in the outer plasma, p ~ 0.8 — 0.9
= Preliminary studies show no particular advantage from top / HFS launch

= Promising theoretical results for STEP parameters [Figini EC21]
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Summary

= Injection of electron cyclotron waves in a fusion reactor is very attractive from the physical and
technological point of view

= Mature physics & technology: issues are mainly “complaining on a high level”
= Some applications (e.g. NTM stabilization) can be mastered likely only with ECCD
= Sustaining a steady state DEMO with ECCD only seems difficult according to present status of theory

= Open technology issues: RAMI issues, extensions to higher frequencies / power / efficiency
(technology readiness?)

= Theory relevant for ECCD applications: better understanding of expected turbulence and NTM (small
island) physics

= Specific ECCD-related topics: Warm plasma effects on propagation, role of quasi-linear modification of
the distribution function, performance of Okawa current, efficient estimate of beam scattering, brilliant
ideas to improve efficiency?...



The European DEMO [Fus. Eng. Des., Special Issue, 2022]

The high-level requirements for EU-DEMO are given as [3]:

Produce substantial net electrical power (several hundred MWs) for
substantial time (hours)

Demonstrate tritium self-sufficiency

Demonstrate the operation of supporting plant systems and materials
capable of achieving commercial power plant operational
availability

Achievement of DEMO engineering design and evaluation on a
timescale which provides continuity from ITER build and operation,
i.e. operation in the 2050s

This has been interpreted to mean [4]:

A target of 500MW net electrical power at flat-top. For the plant
recirculating power assumptions and efficiencies of systems, this
implies a plasma fusion power close to 2GW

A pulse length of at least 2 h

Sufficient room in the tokamak radial build for breeder blanket on
both the inboard and outboard sides of the plasma

[Kembleton 22]
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¢ A full remote maintenance scheme which can remove and replace in-

vessel components from the vacuum vessel and move them to hot cell
storage efficiently and in a way which will satisfy nuclear regulators
of plant safety

A closed fuel cycle which meets regulatory tritium release and in-
ventory requirements, meaning exhaust treatment for isotopic sep-
arations as well as the installation of a breeder blanket

A choice of materials, plasma scenario, and technologies which can
be developed to sufficient maturity in the time available: this implies
that they are available at least at lab-scale now (with technology
readiness level, TRL>4), rather than relying on speculative tech-
nologies or effects demonstrated only at the microscale

It is foreseen that DEMO will utilise a first set of blankets (called
“starter”) with a damage limit in the first-wall steel (EUROFER) of 20
*::lpa1 and conservative design margins, and then switch to a second
set of blankets aimed at a 50 dpa damage limit with an optimized
design and, if available, improved structural materials that will need
to be qualified in advance” [7]. An additional benefit of this “pro-
gressive” approach is the possibility of starting with a less optimized
thermo-hydraulic or mechanical design (i.e. with larger safety mar-
gins) to cope with large uncertainties in the overall reactor loadings
and performances

DEMO is also planned to play the role of a “component test facility”
for the breeding blanket. As such, its design must incorporate the
ability and the flexibility to accommodate the testing of at least one
type of advanced tritium breeding blanket concept with the potential
to be deployed in a first-of-a-kind fusion power plant
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Pecry [MW]

Pecan [MW]

*An EC-only DEMO?

= The technological advantages of the EC system suggest the possibility of a purely EC-heated DEMO

= LH transition can be achieved with pure EC wave heating if impurity content are below a (density
dependent) threshold

= |Jon heat flux more sensitive (through T.-T;) than P, to the effect of impurities in the LH transition

8% He (Zeff = 1.16) 8% He, 50 ppm Xe (Zeff = 1.30) 8% He, 100 ppm Xe (Zeff = 1.45)
{ncorc)PecﬂH [x 1019ﬂ1_3] (Ncore) pecn [ X 1019m-3] (ncore)chnu [x 1019m—3]
25 49 68 83 96 107 24 53 67 85 99 110 27 53 70 85 82 82
” 3.0
120 120 120
. = 2.5%
100 100 g = 100 S
g - e T E 2.0 3:
80 = 80F W T 80 15 &
5 11, is0-= 0 -3 S >
60 & 60F  ..-Prond _— / a 60 1.0
e - 05 L
120 120 120 &6
Sy
100 = 100 = 100 o
S = A
80 < 80 = 80 <
S & 40 =
60 a 60 o 60F =
20 =
40F 40F 40
1.0 15 20 25 30 35 10 15 20 25 30 3.5 100 1.5 20 285 30 35 0
Nsep [X10%9m 3] Nsep [X101°m 3] Nsep [X10m~%]  [Suarez 22]
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*The European DEMO [Fus. Eng. Des., Special Issue, 2022]

The present design point is a trade-offs between the most mature knowledge in physics and
technology, the emphasis on the problem of the power exhaust and the attention given to nuclear
design integration, and “not an a priori desire to be big” [Kembleton 22].

Main factor setting the machine size: power exhaust and magnet performance

Limit on power tolerated at reattachment
12, . 8

(use simplified Eich scaling) L / O DENO et
' f— ower LIl
q - Psepo ~ Pseth Pseth 7.57 —é;:.:r 1
target R QQ5AR qQ5AR rof i J—Pfscpl},’::lﬂR 9 MW T/m
= Limit on concentration of divertor d ’ -
. . . 10
radiator (Reinke scaling) 65/
1.14 0.8 pl.: — ™
Cdetach X fLH B? SSR 33 < Cref E 9 E 6 b "
(' m C
= Fix A, P, Oos, fow; USe IPB98(y,2) and | ssl.—=2.
. . 8 ‘
Martin scaling for P ;=P /f
5"r(r "“-.._
Feep By 1.5 1.14 p0.75 ) s
x figR Cdetach X fia R7" 7 | E
qQ5AR f etac fLH 45
‘_ [Siccinio 19]
88 1 1.2 1.4 16 ds 1 1.2 1.4 1.6
f f

LH LH
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* Electron Cyclotron Waves

Two big advantages for theory: short (mm-range) wavelengths (geometric-optics or WKB limit
[Bernstein 75]), linear theory works well in many cases [Harvey 89]) — allow very efficient calculations

Waves absorbed around the cyclotron resonance or a harmonic of it

Propagation calculated with cold-plasma model: Typical choices for polarization and frequencies:
ordinary mode resonating at the electron cyclotron frequency (O1) and extraordinary mode at twice the

cyclotron frequency (X2)

3 X-mode
sy 0=, W= ( ) w=2wm

— +
W=y S
(|)=(|)p

[Westerhof 12]

high field side low field side hfs launch

= X1 access from the low-field side problematic (cut-off on the way to the resonance)

= Ol typical scheme of choice in ITER and DEMO « wave frequency well above cut-off conditions for
high field, standard-aspect-ratio tokamaks
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* Electron Cyclotron Waves

= Breakdown of linear theory [Harvey 89] when p [MW/m3] > 0.5 (n;q [Mm3])?> < might be relevant for on-
axis deposition at high power > 50 MW

= Cold-plasma approximation valid if

e <1 and || > 1
Q2 E)| Vth,e
. First condition requires the electron Larmor radius (0.01-0.1 mm) being much smaller than the wavelength (mm)
. Second condition might be violated if the wave approaches the cold resonance at finite Doppler shift (a scenario

one wants to avoid for ECCD but cannot be excluded)
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Outline

= What is the European DEMO actually? (basic considerations
and different options, e.g. pulsed vs. steady state)

= DEMO vs. ITER: reactor prototype vs. physics experiment
(also: where do we put the EC port? optimize functionality
vs. design requirements)

= Theoretical background: resonance condition and ECCD
efficiency

= ECCD for bulk current drive — how to optimize the efficiency

= ECCD for stabilization of neoclassical tearing modes —
different requirements on frequency

800 m?

| |

= Recent developments (wave scattering, thermal instability, I " 4 6
X1 at the edge, ... ?) Major Radius (m)

= An EC-only DEMO? [Ciattaglia IEEE Conf. 17]
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The European DEMO [Fus. Eng. Des., Special Issue, 2022]

= The present EU DEMO designs, and in particular the size which is being considered, is a result of a
systematic exploration of the design space, the consequence of trade-offs between the most mature
knowledge in physics and technology, the emphasis on the problem of the power exhaust and the
attention given to nuclear design integration, and “not an a priori desire to be big” [Kembleton 22].

= Main factor setting the machine size: power exhaust and magnet performance

= Check papers Kembleton, Siccinio in FED (add figure?)

12r, @ DEMO ref.

;g lower limit

7.57 _"-‘z.rir-'r 1
==PsepB/gAR = 9 MW T/m
7

F

= Paper NF Mattia with radiation constraints (add figure?)

Eglc E gl —
1 m c
55t s
8 p
/ A
8s 1 12 14 16 8s 1 12 14 16

LH LH
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Optimizing the bulk current drive in DEMO

= Fundamental question: How much current can be driven by EC waves?

= Direct answer for a given scenario by scanning the parameter space (injection position, injection
angles, wave frequency)

_ _ DEMO model B(T) R(m) Rja [,(MA) ng(10¥"m™) Ty (keV)
|
First example [Poli 13] Steady-state (peaked/flatn.) 5.84 85 3 19.1228 15.009.3 53/64
Pulsed (peaked/flat n..) 145 9.6 + 14.4/17.3 16.8/10.4 57154
_ Yoo Yep
55. Equatorial launch, pol. injection angle a=0 55 Top launch, w/21m=230 GHz
50t 50}
0.25 o
45 102 45 - 0.25
nooltmIa
P}/CD — - 407 - 40.15 @ 401 0.2
Py
35' 0.1 35_ 0.15
0.1
30¢ 0.05 30+
?.6 1.8 2 2.2 2.4 2%0 40 50 60 70
w/2w [Hz] 10" o
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Stabilization of Neoclassical Tearing Modes

= Reminder: the maximization of the total ECCD current leads to broad profiles (in general beyond
optimum width for NTM stabilization)

= Lower N and lower frequency expected for optimum NTM control with respect to maximum ECCD
case

= Favourable settings beam focused on and tangent to the relevant flux surface at absorption location
— allow to increase the total current without overly widening the deposition profile

= More central q=3/2 and q=2 surface have in generally higher ECCD efficiency
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* HARE (Hare Analyses Reactor ECCD)

= The module returns the estimated optimum current drive efficiency and driven current (per unit

power) for given values of density, electron temperature, magnetic field, minor and major radius, p and
Zeff

= The ECCD efficiency is calculated numerically [Lin-Liu 03; Marushchenko 08] < requires wave
frequency and parallel wave vector as an input

= Requires three conditions for the three quantities w, N, u,_ (approximate v = \/1 + uﬁ +u? ~ 1+ uﬁ_)
= width of absorption profile (only “tuning parameter”, justified from theory & simulations): Ap=0.2
— this fixes the|energy of resonant electrons at absorption peakjand hence u,.: mc? (1 /1 + uﬁ_ — 1) = frT.

. 1 nf
= resonance condition N = — (ﬁ /uﬁ_ +1-— ?)
|-

= pinch point definition
W Ry

—— /1= N? =
I Ry + acosOAp

’RQO
W RU 2
= Combine last two expressions frequency shift: — =,/ 2 1 /1 =
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* HARE (Hare Analyses Reactor ECCD)

= More detailed analysis supports simplified model

' ' 19 -3
400 Ro(cm) a(cm) Bo(T) neo(10 " m 7) Teo(keV) Zeg
' 907 292 5.66 10.50 33.25 2.0
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8
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-200| Y =
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I \ 2nd harrmonic, o "
gﬂ - ) . o
400 0. e Sy ozl /
| . HFQ‘\FE'\& h:? | i "‘-I 1 ""---_________
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= Maximum-ECCD scenarios often exhibit ca.10% parasitic absorption (price to pay for large N )
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z [cm]

* HARE (Hare Analyses Reactor ECCD)

= More detailed analysis supports simplified model

' o ' 19 3
400 ,!%% Ro(cm) a(cm) Bo(T) n.o (10 " m 7)) T.o(keV) Zog
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= Maximum-ECCD scenarios often exhibit ca.10% parasitic absorption (price to pay for large N )

= Absorption might be still dominated by second harmonic even when first harmonic becomes accessible
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z [cm]

* HARE (Hare Analyses Reactor ECCD)

More detailed analysis supports simplified model
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= Maximum-ECCD scenarios often exhibit ca.10% parasitic absorption (price to pay for large N,)

| [Poli 18]

= Absorption might be still dominated by second harmonic even when first harmonic becomes accessible

= Typical energy of resonant electrons at maximum ECCD ca. 4 times the temperature
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Stabilization of Neoclassical Tearing Modes

= The Neoclassical Tearing Mode (NTM) is a reconnecting magnetic perturbation driven unstable by the
bootstrap current perturbation due to pressure flattening

= NTM evolution described by the generalized Rutherford equation

%@A'+ALS+AECCD+---
= ECCD can be used to locally replace the missing bootstrap current
dW o Wae  _WepWaat Jop
Ecx—lJr i — 9 72 jbanD
= Set left-hand side to zero, require that no solutions exist
Wep Jep 1
Wt Jow 2 7 20

(caveat: the “CD stabilization efficiency” n.p, depends on W)

= Criteria employed to assess the stabilization efficiency of the ITER EC system:

. jepllps > 1.2 (“large” Wp, assumes ECCD modulation) [Zohm 07]

. Wep lep/lbs > 5 cm (“small” W) [Sauter 10]
= The analysis leads to an “optimum” EC profile width W~,=5/1.2=4.2 cm (ITER)

pressure
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I [A/W], alpha=1
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= [njection from (R,Z) = (11, 0) m, scan in toroidal injection angle and frequency

= More extensive parameter scans performed by Chuanren Wu (injection from R=11,95 m): maximum

ECCD 46 kA/MW for freq. = 153.5 GHz

= Harmonic overlap (O2 parasitic absorption) of the order of 10-12% at optimum injection conditions
(slightly higher than in “standard” aspect ratio cases), becomes dominant for X2-X3
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Alternative scheme for the outer core / edge: X1 absorption

CC:D
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= Potentially more current than O1 scheme for p > 0.7 (max. 16.5 KA/MW at p = 0.72)
= Quite high efficiency in the range p ~ 0.8 - 0.9

= No advantage found for top / HFS injection
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* Alternative scheme for the outer core / edge: X1 absorption

I [A/W], alpha=-1 Ccp
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= Xl-scheme from LFS: shift the resonance outside the plasma (LFS) by lowering the injection
frequency, rely on Doppler shift — small operational window

= Quite high efficiency in the outer plasma, p ~ 0.8 - 0.9
= Preliminary studies show no particular advantage from top / HFS launch

= Promising theoretical results for STEP parameters [Figini EC21]
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* Alternative scheme for the outer core / edge: X1 absorption

CC:D
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= Xl-scheme from LFS: shift the resonance outside the plasma (LFS) by lowering the injection
frequency, rely on Doppler shift — with operational window

= Quite high efficiency in the outer plasma, p ~ 0.8 — 0.9
= Preliminary studies show no particular advantage from top / HFS launch

= Promising theoretical results for STEP parameters [Figini EC21]
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Achievable current with EC waves in Low-aspect-ratio DEMO

Goal of this contribution 400

= Assess the current drive achievable with electron cyclotron
waves in reduced-aspect-ratio DEMO

2000 S g
Main parameters

" Rp,=7.5m,a=288m(R/a=2.6),B,=4T,Z+=1.5

= Task: Evaluate maximum achievable electron cyclotron

current drive (ECCD) for injection from the equatorial plane
(conservative); assume max. 50 MW injected power

Z [cm]

200 [T o
= Standard O1 scenario (ordinary mode at fundamental
harmonic)

AR

= Expected maximum efficiency for central ECCD: ca. 50 ﬂgﬁn‘%}%’
KA/IMW — ca. 2.5 MA in total (plasma current: |, = 21 MA) 550”%’55”';60 '86;:!“ 366"'1'666"1"1'00
R [em]
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Alternative scheme for the outer core / edge X1 absorptlon
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= Fundamental extraordinary mode can have good absorption properties but the cyclotron resonance
Is usually not accessible from the low-field-side (cutoff before the resonance)

= For large enough toroidal injection angle, the Doppler shift makes the resonance accessible — with
limited operational window

= Considered in the recent past e.g for KSTAR [Y-S. Bae], STEP [L. Figini]
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*The current drive efficiency n =j/p

= Absorbed power density: p = (AE/AL) nyes

= Express power and current densities in terms of flows in velocity space:

o€
AE =v-—|Av
) |Av|

8 (2) v (2w

= For a cyclotron resonance, Vv = Vv

= The current drive efficiency is independent of the number of resonant electrons [see e.g. Brambilla]

j e 0 (v 3ev)
e ()=
P mv, Ov| \v mu2y

= Leads to the fundamental scaling 7 ~ fug/’n,e ~ T./n. (last step from assuming that the energy of the
resonant electrons scales with the temperature)

= Evaluation of n is more complicated in the presence of relativistic effects and in toroidal geometry, but
follows the same idea
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* Evaluation of the current drive efficiency

= Quantitative prediction of ECCD efficiency is based on the solution of the steady-state kinetic
equation in the presence of collisions and heating [Stix 75, Karney 86]

0
C ——Ss=0
(f1) PRl
collisions heating

= (Small) modification of the distribution function as a balance between heating and collisions

RF flux 7 Total flux

0 2 4 4 2 0 2 4
V.V, V.V, [Prater 04]
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* Evaluation of the current drive efficiency

= Quantitative prediction of ECCD efficiency is based on the solution of the steady-state kinetic

equation in the presence of collisions and heating [Stix 75, Karney 86]
0,

C ——Ss=0
(f1) 5y | i
collisions heating

= (Small) modification of the distribution function as a balance between heating and collisions

RF flux

10

2 s+ -10 -5 5 10

0 0
v rN t p/ // pTe [Decker 03]
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