The Abdus Salam
International Centre for Theoretical Physics

T=HO-

2267-3

Joint ITER-TIAEA-ICTP Advanced Workshop on Fusion and Plasma
Physics

J - 14 October 2017

Plasma Operation in ITER

SNIPES Joseph Allan

Directorate for Plasma Operation
Plasma Operations Group, POR Science Division
Building 523/023, Route de Vinon sur Verdon
13775 8t Paul lez Durance
FRANCE

Strada Costiera | I, 34151 Trieste, ltaly - Tel.+39 040 2240 || 1; Fax +39 040 224 163 - sci_info@ictp.it



Plasma Operation in ITER

J A Snipes

ITER Organization
13115 St. Paul-lez-Durance, France

The views and opinions expressed herein do not necessarily reflect those of the ITER Organization.

ICTP Advanced Workshop on Fusion and Plasma Physics, Trieste, Italy 3 — 14 October 2011 | Pagel



Outline

» ITER Experimental Program
» ITER Operational Scenarios
» ITER Plasma Control System (PCS) description

» Plasma control areas
« Wall conditioning and tritium removal
e Axisymmetric magnetic control
 Kinetic control
* Non-axisymmetric control — MHD instabilities and error fields

* Event handling — disruptions

» Conclusion

ICTP Advanced Workshop on Fusion and Plasma Physics, Trieste, Italy 3 — 14 October 2011 | Page2



ITER Experimental Program Schedule
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What are ITER plasmas designed to do?

= ITER Operational Scenarios
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I TER Scenarios

« Baseline scenarios: « Advanced scenarios:

e ELMy H-mode:

» Q=10 for >300s > satisfy steady-state objective
» well understood physics » prepare DEMO
extrapolation to:

» develop physics in a range of

* control -
scenarios:

* self-heating
* a-particle physics
e divertor/ PSI issues
» physics-technology integration

* extrapolation of regime
» self-consistent equilibria
« MHD stability

e Hybrid: * controllability
» Q=5 - 50 for 100 - 2000s * divertor/ impurity
> conservative scenario for compatibility
technology testing * satisfactory oa-particle
» performance projection based confinement

on extension of ELMy H-mode
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15MA Inductive Scenario - Schematic
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ITER Plasma Scenario - ELMy H-mode
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ITER Hybrid Scenario Operation

(O Gruber et al, 46th APS- DPP Meeting, Savannah 2004) (M L Watkins et al, 21 IAEA FEC, Chengdu, 2006)
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« The so-called “hybrid” mode (improved H-mode) developed in
recent years may allow ITER both to operate at higher fusion
performance and for longer durations:

* Flat central g-profile with q(0) ~ 1 appears critical
« R&D is ongoing to demonstrate extrapolability of regime to ITER
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Steady-State Operation

« Discovery of internal transport barriers = “advanced scenarios
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 But development of an integrated plasma scenario satisfying all
reactor-relevant requirements remains challenging
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ITER Plasma Control
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Plasma Control System Has Five Control Areas
The ITER Plasma Control System (PCS) has five control areas:

1) Wall conditioning and tritium removal: clean in-vessel
components and control tritium inventory

2) Plasma axisymmetric magnetic control: plasma initiation,
plasma current, position, and shape

3) Plasma kinetic control: power and particle flux to the
divertor and first wall, fuelling, non-inductive plasma current,
plasma pressure & fusion burn

4) Non-axisymmetric mode control: sawtooth, neoclassical
tearing mode (NTM), edge localized mode (ELM), Alfven
eigenmode (AE), error field and resistive wall mode (RWM)

5) Event handling: adaptive control to changing plasma and
plant system conditions including disruption mitigation
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PCS Must Navigate Within Plasma Operational Limits
Extensive R&D =¥ various stable plasma operational limits:

* current limit: edge plasma safety factor, q (oca2B¢/RIp) > 2,
q = de/dO = path of magnetic field lines around the torus, field
lines close on themselves when g=m/n for integer m,n

* equilibrium limit(s): operating space q and / (internal inductance)

* elongation limit: maximum elongation, k, depends on plasma
equilibrium & inductive coupling to the tokamak

* density/ radiation limit(s): maximum density/ radiation level
depends on confinement regime

* pressure limit(s): B (= kinetic/magnetic pressure oc p/B?), limited
by various MHD 1nstabilities

Plasma control system steers in operating space within these
limits to ensure good confinement and high fusion power
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Operational Sequence Changes in Real-Time

» Pre-programmed sequence and segment switching + real-time

changes 1n operational sequence 1n response to faults or conditions

» Heating system fault during a pulse =»PCS changes operational
sequence to a backup experiment to save valuable plasma time

» Real-time integrated plasma modeling used to adjust plasma
parameters based on expectations of the modeling

» Adaptive control algorithms use a database of previous plasma
conditions to change the control scheme 1n real-time to achieve
desired results (improve performance, avoid disruptions!)
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PCS Requires Multiple Actuators

Wall conditioning and tritium removal control requires ion
cyclotron (IC), electron cyclotron (EC), & high frequency glow
discharge cleaning (HFGDC))

Plasma axisymmetric magnetic control requires Central
Solenoid (CS), Poloidal Field (PF), and internal Vertical Stability
(VS) coils & power supplies

Plasma Kkinetic control requires heating and current drive H&CD
(IC, EC, & neutral beam 1njection (NBI)), Ar, Ne, H, D, & T gas
and pellet injection, real-time pumping & strike point control
Non-axisymmetric mode control requires H&CD systems, ELM

coils and pellet pacing, gas and pellet fuelling, shape control, &
external correction coils

Event handling requires axisymmetric magnetic control &
disruption mitigation
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ITER Heating & Current Drive Systems

NB IC EC LH
Neutral Beam lon Cyclotron | Electron Cyclotron| Lower Hybrid
-1 MeV 40-55MHz 170GHz ~5 GHz

. Internal shield
vequide |terbends

33MW" 20MW° 20MW° oMW~
+16.5MW?# +20MW# +20MW# +40MW?#
Bulk current drive Sawtooth control NTM/sawtooth control | Off-axis bulk current
limited modulation modulation < 1 kHz | modulation up to 5 kHz drive
‘Baseline Power P..x for Q=10 nominal 130 MW (max installed)
#Possible Upgrade scenario: 50MW (110 MW simultaneous)
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Why Four Heating Systems?

* Technology:
— ICRF and LHCD fairly conventional
— NBI and ECRH source technology challenging

 Coupling to plasma:
— NBI and ECRH straightforward

- ICRF and LHCD problematic: antenna design challenging due to difficulty in
coupling wave through (evanescent) plasma edge

 Radial localization:
— Resonance condition favours ECRH and ICRF radial localization
— NBI and LHCD more global in effects

 Current drive:
— NBI and LHCD most efficient

- ECRH and ICRF used in more specialized applications where space
localization important
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PCS Requires Measurements for Control

Wall conditioning and tritium removal requires residual gas species
and partial pressures on timescales of minutes and hours

Plasma axisymmetric magnetic control requires neutral pressure,
impurity radiation, stray fields, plasma current & position, poloidal
field & flux, coil currents, toroidal field, and vessel eddy currents

Plasma Kkinetic control requires particle flux and heat load on the first
wall and divertor, impurity content, radiated power, D, emission,
neutral pressure, core and divertor helium content, electron, ion, and
impurity densities, core DT mix, temperature & current density profiles

Non-axisymmetric mode control requires measurements of sawteeth,
ELMs, NTMs, error field characterization, RWMs, plasma rotation, and
Alfvén eigenmodes

Event handling requires measurements of plant system status, high
first wall and divertor heat load, oscillating and locked modes, and
runaway electrons
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Analyzing the Plasma - ITER Diagnostics

VESSEL WALL
(Distributed Systems)

UPPER PORT
(12 used)

EQUATORIAL PORT
(6 used)

g8 DIVERTOR CASSETTES
DIVERTOR PORT , o . (16 used)

(6 used) i

« About 50 large scale diagnostic systems are foreseen:
» Diagnostics required for protection, control and physics studies
» Measurements from DC to y-rays, neutrons, a-particles, plasma species
- Diagnostic Neutral Beam for active spectroscopy (CXRS, MSE ....)
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Fusion Plasma Diagnostics

Plasma shape evolution (ITER)

/ Plasma-wall interaction (JET) <

Plasma density and
temperature (ITER)
Plasma radiation (ASDEX-U)
Fusion power: | EE——
T / | 14MeV neutron profile (JET)
55t T (kev) ]
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Five Plasma Control Areas
of ITER
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1) Wall Conditioning and Tritium Removal

A. Lyssoivan, 18 PSI 2008 » PCS will control plasma wall conditioning(WC)

during the TF including PF control
He+H, =30 MHz+f=36.5 MHz

0.025 — e for D and DT plasmas to reduce adsorbed H
002 S isotopes from the first wall
oost « ICWC and possibly ECWC techniques

«———homogeneous ICWC on AUG with dual
frequencies, He+H, & vertical field

0.01F f—3]5 MHz

-, s

O A VA LA A
-0.4 -0.2

* High frequency glow discharge
cleaning with toroidal field

« 20— 100 kHz HFGDC with By
demonstrated on EAST with
stable uniform glow toroidally, ,'

over wide range of pressure

 removal rates similar to ICWC —
Vertical view
X Gong, J Li, PSI 2010 | top window
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2) Axisymmetric Magnetic Control
Magnetic Actuators Showing Three

Vertical Stability Circuits

OH Coils &
invVs2 =0F
circuit

In-vessel VS coils
PF1 V/S3 circuit

PF3

VS1
circuit 4

l
l

PF4

» Includes plasma initiation,

inductive plasma current,
position, and shape control

PCS will control currents in CS,
PF, and VS magnets, but not TF

Plasma initiation will include
several MW of startup ECH

Inductive plasma current, shape,
and radial position control will
have a settling time of ~ 5 s

Vertical position control with
VS1+VS3 coils will have a
settling time ~ 0.1 s
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Vertical Position Control Based on VS1+VS3 Circuit

» Baseline system for stabilizing plasma vertical displacements (AZ)

(VS1+VS3) capable of restoring the plasma vertical position after
a maximum uncontrolled vertical drift ~ 16 cm for £ < 1.2

258 BSrdr
a2 Béa
» Assumed dZ/dt RMS noise ~ 0.6 m/s with 1 kHz bandwidth

» [ is the plasma internal inductance |; =

» Timescales > vacuum vessel radial field penetration time (~0.2 s)

» If VS3 fails, possible backup: VS1 up to 9 kV & VS2 up to 6 kV
VS1+VS2 alone capable of vertical position control after a
maximum uncontrolled vertical drift given by:

7 (cm)=160g"374) 118

‘ ICTP Advanced Workshop on Fusion and Plasma Physics, Trieste, Italy =~ 3 — 14 October 2011 | Page23



Magnetic Actuators Include In-Vessel Coils

* A set of in-vessel resonant magnetic
perturbation (ELM) and vertical
stability (VS) colls is being

designed:

—9 toroidal x 3 poloidal array on
outboard internal vessel wall

— vertical stabilization coils upper &
lower loops form a saddle coil

ELM coils (3 sets of 9 coails)
6 turns up to 90 kAturns
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3) Plasma Kinetic Control

» Plasma kinetic control includes power and particle flux, fuelling,
heating and current drive, plasma pressure and fusion burn control

» Power and particle flux control: first wall & divertor protection and
MARFE (edge radiative instability)

» Fuelling control: main ion species mix, electron density, and injected
impurity density

» Impurity density control: Ne/Ar and helium ash
» Heating & current drive power and deposition

» Current density profile control for hybrid and long pulse steady-state
scenarios for ;. > 1 or Q. > 2

» Recall from introductory lecture q is the safety factor: q = do

d¥
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Gas and Pellet Injection from Multiple Ports

» QGas fueling systems provide H, D, T, “He up to
100 Pa m’/s except 10 Pa m?/s for T

Fueling
Actuators

» Gas impurity injection provide N, Ne, Ar, and
SHe up to 10 Pa m’/s

» 10 gas valve boxes in 4 upper and 6 lower ports
each provide maximum throughput with a

response time from <1 -3 s
Pellet

L L tiection/(J ,:"‘I . » Frozen H, D, T, N, Ne, and Ar pellets provided
o i from 3 lower ports with both high and low field
side launch at up to 16 Hz

» ELM pellet pacemaking up to 48 Hz from 3
staggered low field side injectors

» Max throughput 120 Pa m?/s for H, D,
Baylor, NF 2007 111 Pa m3/s for T, and 10 Pa m3/s for impurities
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What Will Core Fuelling be Like in ITER?

» Present cryopump design limit:
[ ump = 200 Pa-m?/s

» Expected recycling flux:100 x I’

» Expect low central gas fuelling
=>» flat density profiles

» Inward pinch at low v* may lead to

pump

A
(i}
c

vV

M,
.y
L]

-

Qo
C

2.0

1.8

1.6

1.4

IIIII&:

IEIIIIIIII T

0 AUG
@ CMOD

ANJET

density peaking in ITER 1.2
» Could increase fusion reactivity ol ®
» But profile peakedness must be :
carefully controlled to avoid He ash 0.8 "5_'15 ITER s Y
and other impurity peaking vest ~ g /T2 Verr
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Power and Particle Flux Control 1s Essential

» Power and particle flux control to the first wall
and divertor 1s essential to avoid damage and
excessive impurity influxes

» Divertor melting can occur quickly (~1 s) at
full performance

- » Divertor detachment control with Ne/Ar
=1 L puffing avoids excessive divertor heat load

» MARFE control will be required at high
A ﬁ density to maintain good confinement

» Unmitigated ELM and disruption heat loads
will severely limit the divertor lifetime

» Fusion performance requires core helium ash
control with divertor cryopumping, strikepoint
position, and H&CD profile control
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Power Exhaust Control Through Divertor Detachment

Alcator DIII-D Radiation
C-Mod iati from
>/” Ne=1x10"M°  Ne=1.5x10"m° N =1.8x10"m" Rﬁd'atl'on
4o} [onTe-Upstream ¥ = 1} ] evels Carbon
0 ﬂP-;- 30l :;,ZHTE - Dlvertcir Detached
> H §|| : Region Deut.
w o 20r | T 1
2% | % ]
< 19 i t i ]
0 | ] o
R
.E 40; | E 1 i% ] E 4 T T T IRTV DWeRGTHeR FIGK T T T
S > 300 | S | 3 ] o I
4G Py i 5 5 E3f --- Before Gas Puffin A
£ - 20r i o B " s ¢ N
(7] i | ] ] =3 — After Detachment \
S [ SR 4 X 2 \
D“I‘ ................. I.................E..L ............ E E -\\
0 5 10 15 0 5 10 15 0 5 10 15 g1 At
|__, Common Flux p (mm) Tt \ ]
Zone 00 1A ¥z 18 A 45 ie i is
- cc 79 Radius (m)
Divertor “detachment” is fundamental to exhaust

power in a burning plasma environment:
e large pressure gradient develops along field lines into the divertor
e at high density, divertor plasma temperature falls to a few eV

e large fraction of plasma exhaust power 1s redistributed by radiation from
impurities injected into the divertor and ion-neutral collisions
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ITER PCS is Critical to Avoid Melting First Wall
Modeling of an H-mode to L-mode Transition at Q=10 with 15 MA

Contact duration Contact duration
if CS has sufficient  if CSisin current
headroom saturation
Plasma I 0.10 L\ /
touches 0.08
the inner ‘S 006
wall o 0.04

-0.04
-0.06

-0.08
500 501 502 503 504 505 506 507 508

Time (s)
» Radial inward displacement can be > 10cm =¥ contact with the inner wall

» Duration of inner wall contact depends on the central solenoid saturation state
» Peak engineering heat loads of ~40MW/m? =» Be tiles would melt in ~ 0.3 s!
» PCS must maintain large enough gaps or trigger the disruption mitigation system
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ITER Will Enter New Fusion Burn Control Regime

» Novel aspects of burning plasma physics are key to the ITER
research program

» a-particle/energetic particle physics:

* energetic particle confinement at low p*(=r;/a ~(T”?/B)/a),
influence of self-heating

 nonlinearly coupled MHD with Alfvén eigenmodes (AEs)
 enhanced heat loads with high fusion power
» Burning plasma control scenarios:
* burn control through D/T mix profile control
» dominant core pellet fuelling is also a new regime
e transport barriers and their control (isotope effects in DT?)

 non-linear interactions between a and auxiliary heating, plasma
pressure, rotation and current density profiles

 can Alfvén eigenmode stability be used for burn control?

ICTP Advanced Workshop on Fusion and Plasma Physics, Trieste, Italy 3 — 14 October 2011
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Simulations Show Fusion Burn is Stable in ITER

Simulated Burn Control in ITER ~ » Dominant a-particle heating at

INBIGEC  Scan-3 Q=10 requires reliable fusion

(a)

Lo - burn control schemes controlling
the core D/T mix with pellet

1 injection, helium ash, and other
- core impurities

Total plasma heating -

el heating

» Auxiliary heating power may also
g b be used for secondary fusion

| burn control

|

P

ext

lon heating

> Simulations show that the fusion

| . .
I N R N R burn 1s stable na 15 MA Q=10

200 400 600 800
Time [s] DT ITER plasma
Budny, NF 2009
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4) Non-Axisymmetric Mode Control

» Non-axisymmetric control includes sawtooth, neoclassical tearing
mode (NTM), edge localized mode (ELM), Alfvén eigenmode
(AE), error field and resistive wall mode (RWM) control

» Sawtooth and NTM control are required at high performance with
ion cyclotron range of frequency (ICRF) and localized and
steerable electron cyclotron current drive (ECCD)

» ELM control critical to reduce divertor erosion with pellet pacing
(30 — 50 Hz repetition rate) and in-vessel ELM coils

» Alfvén eigenmode control may be required at high performance for
burn control and to avoid enhanced localized fast particle losses

» Error field control is required to avoid locked modes and RWMs
» RWM control upgrade may be required at high 3 using ELM coils
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T, at Four Radial Locations in TCV

What are Sawteeth?
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1.5

1.505

1.51
t[s]

1.515

1.52

a,
ey

"' e ‘s
.
Ty 4
1.5 :
.
%
\ 4 o
:
4o

P Blanchard, PhD thesis, EPFL (2002)
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» Sawteeth are periodic oscillations
in the plasma temperature with a
characteristic sawtooth shape

» Slow rise in the core temperature

= followed by a rapid crash

» Outside the g=1 (q~rB/(RBy))
‘sawtooth inversion’ radius, the
temperature rises rapidly and
then falls slowly
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What are Sawteeth?

Model T, and q Profiles During a Sawtooth  » Sawteeth are periodic oscillations
R P PR in the plasma temperature with a
characteristic sawtooth shape

» Slow rise in the core temperature
followed by a rapid crash

» Outside the g=1 (q~rB/(RBy))
‘sawtooth inversion’ radius, the
temperature rises rapidly and
then falls slowly

» Model shows how T, and q
profiles change during a sawtooth

-

_______ Sz
I +  » Large sawteeth provide seed
° e islands that could lead to unstable
Jahns, et al., NF 18 (1978) 735 NTMs and reduced confinement
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Sawtooth Control Has Been Demonstrated

Pulse No: 58934

PP 3 MW 2t .05 m /490° » Sawtooth control was demonstrated on
Piie =3MW at 278 m /-0 JET with +90° ICRF phasing to create
5 fast 10ns to partially stabilize sawteeth
S => ‘monster’ sawteeth
g3 08 » Then -90° ICRF phasing was added to
58 0 destabilize sawteeth reducing the
sawtooth period and amplitude
~. 3.0
£ » ITER actuators for sawtooth control
include ICRF and localized ECCD
3 —
s near the g=1 surface
LI : » Current drive techniques will also be
0 z

used to maintain q > 1 for long pulse
scenarios to avoid sawteeth

Time (s)

Pamela, et al., NF 45 (2005) S63
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What are Neoclassical Tearing Modes?

1.0
X-point

N\

0.5

[ P(r)

-—v

15 20 25 ' w
D.P. Brennan, et. al., 2004 R (m)

* Finite plasma resistivity allows toroidally non-axisymmetric helical currents to
break or tear magnetic field lines at rational surfaces ¢ = m/n (= a tearing mode)

 Field line reconnection creates magnetic islands and rapid energy transport along

the field line flattens the pressure profile across the island width W !
 Toroidal effects produce a pressure gradient driven bootstrap current  jpg ~ B dr
: 0
» Reduced gradients in the island produce a helically perturbed bootstrap current

» Neoclassical Tearing Modes (NTMs) are excited by seed islands above a critical 3
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L_ocalized ECCD Controls NTMs

. ITER
ASDEX Upgrade (H Zohm et al, ASDEX Upgrade 2006) V[ £ '
P _NBI =10 MW #19713_%,51 ] 4 ]
- d er port
L S DY P W e ,|...|P._.I:T(|:B.]_.Il=,?'.1|,m?\{vl...|,1.|,.,|_,_|‘_‘L, e OGS =

/ \ - BN =2.65-2.7

& wpp
‘. o Q

Bt = -2.06T (ramped to ensure correct deposition) [T

2 18 2 24 28 (3,2 36 4 44 48 RN
ume (s B\ a ,:"
» Electron cyclotron waves can produce NN
localized current drive inside magnetic island

eexploited in present experiments to suppress NTMs

» ITER: 4 steerable launchers in upper ports
injecting 20MW ECCD power in phase with 10 60 5.0
the NTM up to 5 kHz modulation frequency R [m]
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L_ocalized ECCD Controls NTMs

ITER
ASDEX Upgrade (H Zohm et al, ASDEX Upgrade 2006)
P_NBI=10 MW #19713;%0?
[ e L e

BN =2.65-2.7

Bt = -2.06T (ramped to ensure correct deposition) [T

2 16 2 24 28(3,2 36 4 44 48
ume (s
» Electron cyclotron waves can produce
localized current drive inside magnetic island EC resonance

eexploited in present experiments to suppress NTMs

» ITER: 4 steerable launchers in upper ports R LaHaye, APS 2005
Injecting 20MW ECCD power in phase with
the NTM up to 5 kHz modulation frequency
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Plasma Temperature

What are Edge Localized Modes (ELMSs)?

ELMs are rapid disturbances of the edge temperature and density

* destabilized when the edge pressure gradient becomes too steep

* yield very high transient heat and particle flux on wall and divertor

Normalised radius r/a

* maintain the plasma in a quasi-stationary state -
Pulse No: 53767
551 Wy (MJ)
5.3
Sawteeth 5.1+
1000 Te, ped (eV)
--------- o 1111
Core gradients 600
\\ region 444 N, pea (10°m™9)
., il
\\ 3.6 WVV
10
Edge localized modes D Inner Dvertor (a )
(ELMs) 6 I ” } \ i i } || i
L—mode/ .
=~ Edge transport 2 v
""""""""""""" ‘s barrier 51— Outer Divertor (g |, y
Neutrafs .. in H-mode |g o
< ) 2 3 &
0 1 23.2 23.4 23.6 23.8

Time (s)
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First Wall Heat Load: ELM Control/ Mitigation is Critical

DIII-D Magnetic Control AUG Pellet Pacemaking C-Mod EDA H-mode

1.0

\ ITER Shape 4 80 € g: 5 | Alcator
Of e 1 C-
05| [@ frya (H2) g s _ )C/"’Od
o . ‘é{ gg D, Divertor ;
10k 0a @) Low & Shape o ; 10

: \ 122308
05~ [) 5=026 7 }
A Max-Planck-Institut

35 . MBS~ fiir Plasmaphysik
o113, a.sxm“] [Muw"* 0 | |

0 1.0 20 e (s 3.0 40 5.0 0 4“ 30
o, (Hz)

keV

o O

MJ

2.5

MW
O N & = N NDNWD
=
I

. . 06 08 1.0 1.2
» ELM control is needed to substantially reduce Time(s)

divertor heat loads to enhance the divertor lifetime
» ITER will use in-vessel ELM coils and pellet pacing for ELM control
» Steady-state ELM-free regimes may also be found on ITER
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ELM Control Required for High Current Operation

» Operation with uncontrolled ELMs is possible in ITER for [, <9 MA
= ELM control required from H-mode transition (in I, ramp) through
burn and H-L transition for 15 MA Qpyr = 10

Uncontrolled ELMs —q,=3 W B=53T
20 Controlled ELMs A_ , =A  ——q,=3 ——B =353T
Controlled ELMs A =3A Qs =3 ——B,=53T

4 6 8 10 12 14 16
(MA)

|
p
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What are Alfven Eigenmodes?

Fast a's Pass Through Alfven Resonances

‘|.O III‘-\‘IIII|III|I:II|-’II
5 “cylindrical modes; i
6 3 Vaifven n 0.8 B \‘/ ---m=1 ." ,: 7
E 5 E— 'Sq_\ O 6 ___ m :2 \-\.\.\ t0r0|d8| :J' i B
E 4E gi ' \coupling’
o) E B \_\‘ ”: a
— 3F 3 0.4 i
L E \
> Vanen/3 5 TAE gap @ .
2 E‘ Alfve é 0'2 . PR Y . ;
1 _ _ 0.0 Ler1 1 | _|-—r'|/| L 11 |‘J ,|";| | L 11
10 100 1000 0.0 0.2 04 0.6 08 1.0
E_(keV) I’/CI
» Energetic particles with specific resonances P (r) = k||2 (r)v,%\(r)

(e.g., Va, V4/3) e.g., a particles slowing down
: : . : = 0)/(q,R

excite Alfvén modes in gaps in the continuum @A =VA(0)/(GaRo)

spectrum where damping is weaker = oc Br /(AaRo~/njm;)

» Toroidal Alfvén Eigenmodes (TAEs), Elliptical AEs (EAEs), etc

» Overlap of multiple AEs may enhance a particle loss before thermalizing
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How Will Fast a-particles Affect Sawtooth Stability?
Alcator

)Cyﬂod

800
—~ 750
~N
z
< 700
]
“ 650
©3
0
> 4
= 2
0
0.70 0.72 0.74 0.76 0.78 0.80
Time (s)

» Energetic a-particles are expected to stabilize sawteeth
» a-driven TAEs may redistribute the fast ions=» ‘monster’ sawteeth

» RF H&CD will be used to control such ‘monster’ sawteeth
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Will Fast a’s Strongly Couple Modes Nonlinearly?

800
Alcator

)Cjﬂod

200
wm O
IE3 "‘_3
2F - o omsamwordhiarnros 23
gOé' PRF -62
g %[ Midplane D, \_
s
~_ 36
£ 24
* 07 08 09 1.0 1.1 12 1.3

Time (sec)
» Alfven eigenmodes may couple the core plasma to the edge

» Will nonlinear mode coupling then greatly enhance transport?
» What new nonlinear control schemes will be required?
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Error Field Control with External Correction Coills

» Error fields come from CS, PF, and
TF coil misalignments and feeds

» Error fields also from ferromagnetic

materials especially Test Blanket
Modules (TBMs)

» Error fields induce a torque slowing D -
down the plasma toroidal rotation External Correction Coils

» Reduced rotation can lead to more locked modes and disruptions
» Error fields also enhance resistive wall modes (RWMs) at high 3

» Three sets of 6 top, bottom, and side external correction coils will
be used within the 320 kAt top & bottom and 200 kAt side current
limits together with in-vessel ELM coils to correct a broad error
field spectrum
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What are Resistive Wall Modes?

Discharge 92544

Fitzpatrick-Aydemir (F-A)

Garofalo, Phys Plasmas 1999

S WHI-I.JI'ITFI e

Phys. Plasmas 9 (2002) 3459
T T T T | T T T T | T T T T

stability curves

» Image currents in a conducting wall tend
to stabilize external kink modes

» Image currents decay on a resistive eddy
current decay time (ty, ~ 200 ms in ITER)

Unstabl}

o
o

11 12 13 14 15

mode strength

ideal wall limit 1

wall
stabilized

1.0 . 15
plasma rotation €2,

» At high 3, RWMs leak through wall with exponential growth time ~ ty,

» RWMs grow in gap between no-wall and superconducting wall B limit

» Plasma rotation helps stabilize RWMs by maintaining image currents
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growth rate y [1/s]

Resistive Wall Mode Control Allows High B Operation

RWM Control: Hawryluk, NF 2009 » RWM control may be required das

passze gro

S an upgrade at high 3 using internal
. ELM coils to reduce RWMs and
' external correction coils + ELM

———— =T

Ia

1 bejt
erformance

i

" coils to reduce error fields
E E » VALEN code calculations indicate
3 ? ] that the ELM coils can stabilize
3 RWMs for By <3.7-3.8in ITER

» The ELM coils will be phased with
the slow rotation of the RWM

45 5 55

ﬁn ITER.VAC(2.2008

» Power supply characteristics will
be defined after imnitial ITER
operation
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Event Handling

Real-time Hot Spot Detection ~ » Crucial for machine protection

Infrared View of JET Plasma * PCS 1s first line of defense to avoid
e triggering central interlock system

* to save valuable plasma time

* ¢.g., hot spot detection

| » Adaptive control 1n real-time
 change algorithm to maintain
performance or for machine protection

e bridge segments — automatically
switch to alternate control segments if
the initial objective cannot be met

» Implement real-time forecasts

e

G Arnoux » real-time modeling of performance
IAEA 2008

* predict plasma regime changes
e predict and avoid MHD i1nstabilities
- » predict, avoid, and mitigate disruptions
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What are Disruptions?

Disruptions occur in tokamak plasmas when unstable p(r),j(r) develop
= unstable MHD modes grow
— plasma confinement 1s destroyed (thermal quench)
—> plasma current vanishes (current quench)

Typical JET timescales
Bl ° [hermal quench < Ims = deposits

2 —

e | i plasma thermal energy on plasma
B N 20ms | facing components (PFCs)
VAt ‘ Plasma current { ¢ Current quench > 10 ms = deposits
o2 g b 1 plasma magnetic energy by radiation

Plasma magnetic:energy ; on PFCs & runaway electrons

‘/&LIP2

5 [ Plasma

Expected values for ITER
{1 ¢ Thermal energy ~ 300 MJ

- thermal ]
o femergy | T~ 1 ¢ Magnetic energy ~ 600 MJ
46.94 4695 4696  46.97 * Thermal quench time ~ 1.5 - 3 ms
time [s] * Current quench time ~ 20 - 40 ms
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Disruptions Produce High Thermal and Mechanical Loads

——— - Fast video taken 1n the visible at
t—66871402s 250 kHz frame rate for 50 msec

' for a planned high performance

density limit disruption in JET

Thermal quench:

High concentrated heat loads on
plasma facing components

Current quench:

Large electromagnetic forces on
the vacuum vessel and in-vessel
components

Disruption forces shake the

J E T camera SllppOI’t several cm!
A J Alonso
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Disruptions Limit the Divertor Lifetime in ITER

» Expected energy loads on the divertor and first wall in ITER may exceed
material limits (sublimation + melting)

» Dynamics of plasma and materials in these conditions is very complex
—> major uncertainties in consequences of disruptions for PFCs in ITER
ITER CFC Target. Initial Thickness 20 mm

No pre-disruption amelioration

ITER reference

Remaining Target Thickness (%)

i disruption load ®

average expected
disruption load

5.6 MJ/m?2
ttq. =2.3mMs

~ maximum expected

i _ disruption load
33.3 MJ/m2 PU——
20 A tg =1 ms 12.5 MJ/m
1 9 g =1.oms
0 l - Federici & Strohmayer 2004
T 10 102 108 10 10° 108

Number of Disruptions

Remaining Target Thickness (%)

100 1

20 -

0

80 -
60

40 -

ITER W Target. Initial Thickness 10 mm

No pre-disruption amelioration

melt-layer
] average expected B
disruption load loss

N A o R

max.imum. expected | = 5.6 MmeQ — 50% |
disruption load . t[q =23 M e 10 %

12.5 MJ/m?|} [

| tt-q. =1.5ms -‘-_. : Federici & Strohmayer 2004 I
T 10 102 403 10* 10° 10°

Number of Disruptions

» The divertor may only withstand a (few) hundred Q=10 disruptions!
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Z{(m)

What are Vertical Displacement Events — VDES?

* When a loss of vertical position control takes place:
— plasma impacts wall with full plasma energy

= high localized heating
— mitigation required Control issues

ITER simulation owWar , : ..
T 7 G - e Detection of loss of vertical position control

* Fast stop of plasma by massive gas
injection, killer pellets, etc.

 Effectiveness, reliability of mitigation

* Runaway electron plasma must be
controlled and safely eliminated to avoid
localized wall damage

R (m) * Need R&D i1n existing experiments
Halo current layer
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How Can Disruption/VDE/Runaways be Mitigated?

Alcator 1

WOd .

1

0.1

0

-5
D Whyte PSI 2006

Disruption Mitigation with
massive impurity injection

tyave AFgon gas pressure at tube inlet
(MA) current quench
Central Soft
i | X-rays(au) [T
I
]
Z m loss of
B plasma (m) closed flux .
surfaces
~ | __ Unmitigated -
disruption
— __ Argongas jet B
termination |
lhalo (MA)
0 +5

Atcq,0 (ms)

ICTP Advanced Workshop on Fusion and Plasma Physics, Trieste, Italy

High pressure impurity gas or pellet
injection looks promising for
disruption/ VDE mitigation:

» efficient radiative redistribution of
plasma energy - reduced heat loads

» reduction of plasma energy and
current before VDE can occur

» substantial reduction in halo
currents (~50%) and toroidal
asymmetries

» Separate disruption and runaway
mitigation systems may be necessary

» Multiple high pressure gas injection
may shrink runaway current channel
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Pellet Injector Design for Disruption Mitigation

» Injector of large Ne or Ar

i : :
cryogenic pellets is under

l — %/ development at ORNL
WV et » Pellets injected in pre-

thermal quench plasmas

Pipe-gun concept with shattered pellets to mitigate energy loads

» Pellets shattered upon
entry to vacuum vessel to
Improve impurity
distribution

» The concept has been
successfully tested on
DIlI-D

CAD model of top port multi-barrel injector
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Suppression of RE electrons by repetitive gas injection

| Large magnetic perturbations can be produced by dense gas jets
' injected repetitively into the current quench (CQ) plasma

Tore Supra N
valve with
rupture disk

Plasma current

\\\\\T\\\\\\? [rrrrer s
ke

MN\N Pl
T

Sessssnnnd
e A |
N

/
)/ RE current

/’I/\/\/] >
Dense and resistive gas jet TQ A 4 4 At
contracts current channel Gas puffs

> Required gas pressure > 1 atm, gas amount ~1 kPa*m3,
5-6 jets during CQ (staggered in time by 5 — 10 ms))

» Based on estimates the total amount of gas can be 10 times
less than for collisional damping!

» Experiments are planned to test this scheme in Tore-Supra,
ASDEX-Upgrade, and T-10
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Conclusions

» ITER plasma operation will be based on present tokamaks but:
* must be very reliable including pre-pulse validation with simulations
* also requires divertor power exhaust and fusion burn control
 requires effective multiple parameter control with shared actuators

» will develop adaptive control based on previous conditions and
real-time plasma modeling simulations

* needs a sophisticated event handling system for machine protection

» Substantial R&D on existing machines 1s required to establish
effective plasma control techniques for ITER

» MHD control in ITER must be very flexible to control the
expected modes found in existing devices and unexpected modes
discovered in new high performance burning plasma regimes

» DT in ITER will be ~ 2027 =» today’s students will make Q=10
and long pulse steady-state fusion regimes a reality
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