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New Operating Modes are Becoming

Available to ITER

L | |

* |ITER Baseline- Conventional 53

Sawtoothing, EIming H-mode

— Conservative route to na

500 MW, 400 seconds
— Some issues remain
Steady State

e Hybrid, Advanced Inductive 3_

— Extended pulse length 9 | Hiah g

—  Same fusion power ) 9 Amin

- New baselinege ;

— True steady-state ?""mgh ¢, orHybrid

— Points to DEMO e
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ITER Must Show the Way to Advanced

Operation of a Fusion DEMO Power System

Parameter / Feature

Sawtoothing
ELMing H-mode

Hybrid,
Advanced Inductive

Advanced,
Steady-State

Stability, Bn ~2, <2.8 25-3.5 3.0-4.5 (SN), 3.5-5.5 (DN)
Confinement, Hsy2 1.0 1.3-1.6 1.3-1.6
Non-inductive fraction| 20-30 % 50-70 % 100 %
Bootstrap fraction 20-30 % 40-60 % 50-75 %
n/nc 0.8 0.5-0.7 0.5-0.6
do <1.0 >1.0-1.8 2-4 Flat to Reversed
Shear
gmin <1.0 >1.0-1.8 >2.0
QEDGE 3 3.5-5 4-5
Sawteeth Present, Sought Absent, 3/2 mode? | Absent, High gmin
NTM 3/2 | Present, Sawtooth Present, Helpful? Absent, High qmin
Triggered
2/1 | Present, Sawtooth Present Absent, High qmin
Triggered
Startup Outer Limiter, Slowly Inner Wall, Divertor | Inner Wall, Divertor and

Growing Plasma,
Divert and Heat after
Flatto p

and Large Size as
Early as Possible,
Heat on Rampup

Large Size as Early as
Possible, Heat on
Rampup
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Advanced Tokamak Modes Offer Performance

Extension in ITER

0 [ PNHIG® -
06 \ -
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ITER Baseline”
Target ]

» Steady-state scenarios
QITER ~ 3, Tdur (Phys) = o,

|gTERJ ~9 MA

* Hybrid scenario
QITER ~ 10, tqur> 1 hr,
|gTEF<) ~11 MA

e Advanced H-mode
QITER ~ 40, tqur > 30 min,

|gTER) ~ 14 MA




Hybrid scenario in ASDEX Upgrade and DIlI-D W
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1 1 Long Pulse Operation: high f & G sustained>> 1:R

High B & AT (self regulating) regime >, e
Particle control > t , T T e e

“\‘<

0.1 1 10
time scale (s)

*JT-60U: extended high-f duration =13ty
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“ 3 Q G=H89PBN/q95 =0.5-0.4, qg5~3.4 3 ITER
T % -
.g 2 B Inductive Op.
0 N
1 ]
a pWeakShear p-asxiess pv=23¢23s G
0 5 10 15 20 25 30
sustained duration (s) 4 ————————
*DIlI-D: 9.5s ITER baseline scenar , ]
~ 91:R’ <I3>=4°A), G~0.55 2_’ NAMWW*}MHsgp 1
*JET: 20s reversed shear 1_' KJ - Bage“ne ITE,}Base,I:‘L
ol [ Target Targel

0 2 4 6 8 10 12
Time (s)



Effective Resistive Wall Mode Stabilization Is

Important to Fusion Energy Using the Tokamak

Increasing g is the only
way to simultaneously

increase
— Fusion Power o O m S ¥
— Bootstrap Fraction T~ - \
bp BT:zS(IJ'zKZ)(%%)Z u WSS/
‘— 1 2 4 TR
Fusion power 37 B 1o ,

C-coil

Bootstrap fraction ce/2 3,

*RWM stabilization to increase B, requires Z

— either sufficient plasma rotation 4
and a set of 10-50 Hz coils to gl

counteract RFA (already proven) j

NPVl = -.o“-,——‘\"
4/; (estimated
no wall limit)

L -

— Or a set of kHz bandwidth 2/1 L
helicity coils for direct feedback e )

3000 3500 4000

(Worl( in progress) [Garofalo APS 2005 invited]




Increased Rotation in ITER May Be Necessary for

Rotational Stabilization of the RWM

* Factor two range of theory
predictions of rotation theshold 6 Range of

|
| predicted ggnl;rio 4
 Rotation in ITER predicted by NBI I threshold
torque balancing diffusive — 41 N >
momentum loss s '

- X, like %, assumed )

— Plasmas with no momentum [ Kinetic N
input rotate : | Unstable
0 A . .
e Double the momentum input 0.014 0.02 0.03 0.04
— For NBI, M/P = (2m/E)1/2 Wrot,0/®AQ Stable
— Third NBI Beamline at 250 keV

« Rotation threshold may be lower ITLI{ {‘()t:ltl()ll a.(-(-f)r(lmg
than thought to ASTRA prediction

- Garofalo, EX/7-1Ra Y. Liu, et. al., Nucl. Fusion 44, 232 (2004)

A.R. Polevoi, FEC 2002 paper CT/P-08.
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Schematic Layout of Possible RWM Coils on ITER

8 Blanket ( thin shell
- time const: 9ms)

I
i External coils

2 [
[
“ Internal
5 RWM coil
0 2 4 6 8 10 12
A R
‘5 [ opening =
q- o - - 1.86m :
NBI ports Internal” | I X iam §
* RWM coils are located at every 40 degrees E::';M as M+
except NBI ports (toroidally asymmetric 7 coils) ab L L TR )
- The study analyses the effect of a single turn coil in the 10 [&““ Columbia
cm gap between the blanket shield module (BSM) and the w University

port extension of a mid-plane port plug.
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Applying Internal RWM Feedback Coils to the Port Plugs

in ITER Increases B-limit forn =1 from g, =2.510 ~ 4

VALEN Analysis with Blanket Module

RWM Coil Concept for ITER 10° T —
10° |
@ , \
= 102 T
g | E
- — I
S 10 =
o i G,=10° ko)
(@)] "'
r best results .
10° - B =3.94 i
: C,=53% (252/521)
) : ; . ] 1i -1 7 ‘ ‘Gp‘=1‘0‘7 [ k/‘/‘ I ERTI B
» Baseline RWM caoils located outside TF coils 2. 3 35 4 4.5 5 5.5
- Internal RWM coils would be located inside No-wall limit /ﬁn
the vacuum vessel behind shield module .7 rwm coils mounted behind Port
but inside the vacuum vessel on the Plug Blanket Module with simple

proportional gain G, feedback control Columbia

loop . .
- Advanced Feedback stabilizes p,>4 X University

043-05/rs
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There Are Other Benefits to Increased Plasma Rotation

Typical Hybrid Discharge
Piotal (MW)

* Rotation improves confinement -
— Sheared ExB flow effect well
known s

[ Peounter-ngt (MW)

* Increased resilience to locked
modes

* Lower B threshold for NTMs with
no rotation
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Auxiliary System Upgrades Should Focus on

More Current Drive (off-axis)

— More By

— More bootstrap current

— Can NBI produce off-axis 0.6 - el (Z = =0 :
current drive?¢ : 1

NBI - more rotation 08— 71— 7T
l
I

&
More ECCD 5 0.4 _ | 4
—~ ;

4
ol -
ol / N\ -~
— : ——
-
-

Add LHCD . A =y -
— Need to show advanced 0.2 - // \ Jbd (17 HIW) -

modes, including H-mode,

are compatible with an LH

launcher closely coupled 1o O.%
the outer midplane plasma

\\
— - N pa—
\

Ll b im b s B S ek o o
O 02 04 06 08 1.0
P
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NTM Stabilization by Continuous ECCD inside

the Islands Has Been Established

e Suppression of the 2/1 NTM in DIII-D and ASDEX Upgrade works
—  Preemptive suppression in DIII-D
e Similar results from JT-60U
* Modulated ECCD to limit the island size showing some promise in
~ ASDEX Upgrade

Dill-D _  ASDEX-Upgrade ,,
8 1 N e #19454415E407
q P — 4 gyrotrons: PECCD e iSE+06

. fo:kedI ModeI signzlal .
3 4 5 6 7 16 2 2.4 28 32 36
Time (s) time (s)
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Excess EC Power Requirements Using Remote

Steering Launcher May Be Solved by Front Steering

e Far off midplane EC poris R. J. LaHaye, et. al, Nucl. Fusion 46, 451 (2006)
— Broaden deposition ITER, m/n = 2A, By = 1.84
* Remote steering launcher 5 :N S
— Inadequate focussing 43 :
S fce ‘g ]
4 High launch from 3 upper ports L — \ \
3l _q=2 z 3 : N
2| s - K —~—___ | 12MWMOD
e 2 o N
) (: = 1 N N
. 7MW CW
2 Zvonkov N 26 N‘W CW\ \
_al A Lvonk o 1/2 WIDTH
ni =2 I 1 1 1 1 I I 1 1 | | 1
—f ;ITER Scenario 2 Ow 001 U 002 003
4 6 8§ 10 AUTR

* Front Steering Launcher
— Much better focussing
R.J. LaHaye, et. al., EX/P8-12 .
G. Saibene, ot al.. T/P2-14 3 MW modulated adequate for 2/1 mode
M. A. Henderson, et. al., IT/P2-15 — Must handle heat and force loads, neutrons
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Massive Gas Injection Mitigates All

Consequences of Disruptions

* Essential Feature - Get Rosenbluth density of electrons (bound or
free) into the plasma in a millisecond
— Substantially reduces forces from halo currents
— Substantially reduces heat pulse to divertor
— Quenches runaway electron production

- Fastframing camera _ eqst polometer measures

shows neutral gas impurity ion propagation
. openieteocoz  does not penetrate purity ion propag

~—— ?‘f.fyfx?*'”.f:; . - 1l \‘:/f*' 1o +2ms .
R+1 B || to #1 Mms
i ‘ 40 2 12t 1 : ~
— directed je 2 || WX { _
it Ro (2004-2 em 80 208l
. E ‘ ' ,
80 B o4
e 100 § 2| , . Yo~
7~ R- 0.0] Se— M
. ‘ 120 _ Center =2 to -‘2 MS: s
Slde ViE Bottom 5 10 15 20 Separatrix T:)p
20 40 60 80 100 120 Edge Channel Edge
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MHD Mixing May Get Impurities in to the q=2

Surface Fast Enough

 Nimrod code modeling of Alcator Cmod
— But how fo project this process to ITER?

2/1, 1/1 modes cause large ergodic region: ¢

.

N

-

20
AT

ok
~ ~
-0
-02¢
. '.\'.' »
03} . T~ 1=0.043 ms ] 03f : t=0.059 ms 03} % t=0.073 ms | t=0.083 ms 1
’ A 'S 2 ' .
05 06 07 08 05 06 07 08 05 06 0.7 08 08
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Massive Gas Injection Mitigation of Disruptions
Should Be Installed on ITER

e Simple, inexpensive
system

* Probably will work

 R&D on liquid jet as
backup

Injects 0.5-1.0x10%3 Y

_ Alcator
atoms 1n a few ms at 70 y'lod

bar (plasma inventory
is 1.5-3.0x10%° D*, e")
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ELMs Must Be Reduced a Factor Two or

Eliminated in ITER

ITER: 1 = 15 MA; Py, = 40 MW; n = 0.85 ng . = Federizi:;3c;'-, JNM
20 T T T T T § 107 T
Weiland Model « Ablation E(;; \
_ i O N
18 threshold & , AN
Q - forheat ¢ s Ay
Multi-Mode Model ITER Target or nea g : —
L e W pulses, = | foo C
1.0 MJ/m2  10% N1
B GLF23 (Renorm.corr)_ ; x4 “TW-melt
— “Tlayer loss
10!
0 0.5 - 1.% ’ 1@/ , 20
. . : : : ner ensi m
1 2 3 4 5 6 J2e gy | y «mawsecoeelJCT
Towg (Y Wl
€20~ *
* High Q requires high pedestal for stiff core : L°
tfransport model 1 siE

tolerable ELM

§ 3.0
% ITER Maximum
Size
2

* At ITER’s collisionality, ELMS _
will be a factor two oo large -+ TER.

T
ans a 1
Padestal electron Collisionality, v.*
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ELM CONTROL BY PELLET PACE MAKING W

Replace linearly unstable peeling/ballooning mode by local trigger perturbation

80 - ™, N
ferm (H2) ‘l:'\ g '
oV/1-5 A
AUG . O EX/2-6
Guenter 40 ® ~~ AUG
g Lang
£ 0.16
0 ] 1 l 1
0 40 80 20 40
fpo (HZ) e (HZ)
Pace
making Performance

 only minor confinement degradation with increased ELM frequency
compared to, e.g., gas puffing (pedestal temperature reduced!)

 energy loss per ELM for pellet triggered ELMs as for “natural” ELMs

» successful ELM control also by small wobbling
ELM Summary IAEA 2004



ELM Free QH-mode Discovered on DIlI-D With

Counter Nevutral Beam Injection

* Operating space includes pedestal f; SHOT v Puof%) Hmemse Zer v
115099 003 0,82 1.8 2.6 12

and v* comparable to ITER and: o 00 0o 1o 20 00

. 99056 014 0,94 1.8 24 0.3

— Upper and lower single nuli [TER 008  0.9] 18 17 0]

and double null shapes

0. ............................................................. (_6ntr IDenS[ (1019 _3.
—  With ion BxVB drift away fro q,' sma Current (MA) 114930 3 gl FERY
and toward the active X-pc 04 4
3k
— High and low triangularity '0‘8_' o e (1019
0.15 < 6uvg < 0.8 _12 1 e Average vensity m
(] O
— Range of elongation 10 ' Y 7.0 en
1.64 < x < 2.1 8t NBI Power (MW) |l - l% i
8k
b} 1 %
— Range of safety factor . 6|
3.1< dys <5.8 adiated Power (MW) 4 Ti_peo (keV)
2r 12
— Low to moderate n_red Ohsad ] q
.07 < n_Ped/n,,, < 0.48 8 -
6 D (a.u.) | 25
— No clear power threshold: 4 P
typically P, . > 5§ MW of counter N *
beam injection required 2 e 11
. L 14
Greenfield, PRL, 86, 4544 (2001) 050 70 30 40 506000 T0 20 30 4050 60
Burrell, Phys. Plas., 12, 056121 (2005) Time (s) Time (s)
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QH-MODE IN ASDEX UPGRADE

EX/1-4 AUG Suttrop

Dﬁ intensity {s-nﬂer divertor)

| { | |il+— Quiescent H-mode <. *

L ASDEX Upgrade ..
- #15111

S 0 0 0 ek ok ke

S S S S [ ———

5
'

e e

Neutral bear PGWEF\‘A L central jon temperature (CAHS) ' .

FRE

| Goupled ICRH power
L . .

ket

A —

=

central eleciron temperature (ECE)—

R

4001

““’“"'*«.« Eﬂﬂtmﬁiér‘s@dﬁe‘lsi!yM m;_:;::'ll'.'il loroldal rotation veloclty (CXHS)

e penpheral line density ) ""’"\-.,. 100!

i 2 3 4 ﬂ i 2 3 4
time [g] time Jg]

e Large Eg in the barrier, 2 x normal H-mode
@ Energetic particle effects near the barrier
e EHO/HFO necessary features

ELM Summary IAEA 2004
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QH-MODE IN JT-60U

® Pedestal parameters almost constant during QH phase

1.5
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EX/2-1 JT-60U Oyama

5 n-T diagram
P=const.§
1. %—,_]

3 O
0@
>y

1t Q ..
~18%

[ O QH (lows)

® type | (lows)
O grassy/mixture

O 1 1 1 1
0 1 2
neped (1019 m-3)

Tped also smaller in QH phase

ELM Summary IAEA 2004



How to Implement QH-mode on ITER Requires

~ 2 More Years Research

*If the physics is ion orbit loss
charging the edge plasma
negative (counter beam)
—add an 80 keV, 5 MW
counter beam on ITER
— Swing DNB to counter

*If the physics is in the edge
rotation,
— may be difficult to
implement in ITER

*DIlI-D and JT-60U are now both
equipped with the co/counter
NBI to determine the physics

— JT-60U adds ripple loss effect

Pedestal Current

Schematic P-B Stability Diagram
IP.B. Snvder. H.R. Wilson PoP20021

Strong Shapin
° Ping Peeling-Ballooning

Peeling
Unstable

Ballooning
Unstable

Pedestal Pressure Gradient

Both QH-mode and RMP ELLM
Suppression consistent with
Peeling/ballooning theory
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Edge Localized Resonant Magnetic Perturbations

Eliminate ELMs at ITER’s Pedestal Collisionality

+0by R "'/' L L= \“
+|I CJ1’ | L —
< Bk '
Lower 4 | _l ,‘+A‘/
segment I
122342:3000
* Flexible control of poloidal (m) spectrum
with n=3, even and odd parity, toroidal
phasing
* Pumping used to reduce v initially in

weakly shaped (low d) plasmas and
recently in high 8 ITER similar shapes

n=3 I-coil configuration
strong RMP - even parity

g =37,v, <02

(ng) (10°m™)

n =3 perturbation

Divertor D, ‘
0 1000 2000 3000 4000 5000
Time (ms)




Application on ITER Desirable, but Hard to Find

Space for the Required Coils

 High order mode specirum
required
- n=3
- m=9-14
— Localize perturbation to
the edge

e Coils can be inside or
outside vacuum vessel (but
close to plasma)

— May be hard to find
space on ITER

DIII-D internal '
coils before S
covering with
graphite tiles

Island widths from I-Coil and field-error RMPs
L L B L B B

5.5
4.0 kA, N=3, even, 122346 .
5.0 4.4 KA, n=3, 0dd, 115467 -
r field-errors 1413 ]
4.5¢ -9/2.- .
! -13/3 pi—
T 4.01 12/3 pu— -
i -11/3 gl —— ]
350 -7/2 — .
] -10/3 mili ]
3.0 0/3 i — .
250 [

0.86 0.88 090 002 094 096 098 1.00
Normalized Poloidal Flux
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Present ITER Plan Uses a Mixture of Plasma

Facing Materials

e Carbon at Divertor Strike Points ITER
— Can handle ELM, disruption heat pulses N
— Tokamak high performance basis on carbon (S
— Tritium codeposition problem //

Be main chamber first wall

— Plasma most vulnerable to main chamber .
wall materials, low Z most tolerable. ' First Wall

— May melt in a mitigated disruption Beryllium

Tungsten in lower heat flux divertor zones
— Low erosion in reactor
— Melting, cracking
— Plasma has very low tolerance for W

Mixed materials complicates situation

— Little known about mixed materials T retentior

— Harder to understand what is going on A\

— Coatings needed on metals (IT/1-4)but not === " Divertor
carbon (OV/1-4)
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Predictions of T Codeposition Range Widely

25 - 500 Full Power and Pulse Length Discharges

Recent JT-60U results
encouraging

— Hot wall (300°C) operatiol
— Excellent tile alignment

— H/C deposition ratio 0.04

DIlI-D hot samples and

mirrors

— Little to no deposition
(200°C), even in gaps

Oxygen baking to remove
codeposits must be
developed

:

&
S

In-vessel Tritium (g-T)

=

0.0

: 3

JET

| (hdrizontal
- taget) +
: .lq rlaR
[ (ljmiter)

50U

2-5¢-T/400 MW,
400 s (Brooks

solated from

.1 (verticall
¢ get)

0.5

1.0

1.5 2.0

Burn Time (s) x 10°



ITER’s Research Plan Should Envision Two

Major Changeouts of Plasma Facing Materials

* Materials best for early objectives may not be best for DEMO
transition
— Achieve 500 MW, Q=10, 400 seconds
— Run very long pulse, advanced steady-state capable
plasmas for fluence and handoff to DEMO

 The world has the required complement of tokamaks to perform
the required research, but time is needed
— DII-D and JT-60U - all carbon and hot walls (JT-60U)
— JET plans Be and W - all metal interior
— ASDEX Upgrade - all W interior in 2007
— Alcator Cmod - All Mo interior
— EAST and KSTAR are coming
— Side laboratory materials studies are vital

e ITER’s current first wall design provides for changeout of plasma
facing materials
— But remote maintenance equipment should speed up the
process from two years to less than one year
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Central

suppon\

FW panel
(back-side view)

acuum
vessel

access
hole

Shield block

Blanket module

Approximately 1800 FW panels for
440 blanket modules.
45 different types of blanket module.

ITER FW/Shield Blanket Design

Table 1 ITER FW/Blanket Main Parameters

Parameter Value
Number of modules 440
First wall surface area 680 m?2
Total Weight of modules 1,610t
Weight limit for module 4.5 t/module
Typical blanket module
dimension (Inboard 1415x1005x450 mm
equator)
Nominal gap between 14 mm Straight
: ) Inboard
modules in the toroidal
direction 20 mm Top and
Outboard
Nominal gap between 10mm Straight
: . Inboard
modules in the poloidal
direction 20 mm Top and
Hrectio Outboard
FW cooling tube inner 10 mm
diameter
Approximate area of 1956 m?
blanket side and back (~ 3 time area of
walls (for safety analyses) FW)




ITER Will Make Many Unique Research Contributions

e |ITER will make the dominant contribution to alpha physics
— Adequacy of alpha diagnostics is a concern

e Onlyin ITER can we learn about fransport in the reactor
regime of low collisionality and gyro-radius/system size
— Adequacy of turbulence diagnostics is a concern

e Onlyin ITER can we learn the physics of the edge, SOL, and
divertor at high absolute densities and simultaneous low
collisionality
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Some Issues Applicable to Any of the ITER Scenarios

Should Be Addressed in Current Experiments

 Confinement scaling with beta should be resolved
— ITER98Y2 has 7, discourages advanced high beta scenarios
— Dimensionless parameter experiments see 00

e L-H transition physics needs renewed fundamental work
— Perhaps informed by core transport barrier discoveries
— Promising model - Equilibrium sheared ExB flow puts the plasma
close to transition, then a zonal flow surge puts it over the top

* Innovative approaches to central fueling needed
— Eveninside launch pellets only penetrate one-third the way in

owing to pellet speed limitations in curved guide tubes.
(See Perkins, IC/P7-15)

0:0 GENERAL ATOMICS



ITER Will Be the Landmark Experiment in Fusion,

With Great Upside Potential and Technical Reach

* Current research must support and the design must take into account:
— Ability to change plasma facing materials and the choices
appropriate to ITER's sequenced mission objectives
— Diagnostics for alpha particles and turbulence

* |TER Design needs to take into account recent research advances in:
— Resistive Wall Mode (RWM)stabilization
— Neoclassical Tearing Mode (NTM)stabilization
— Edge Localized Mode (ELM) stabilization
— Disruption mitigation
— Advanced performance modes with special startup and off-axis
current drive requirements

* |TER research program will make unique contributions to:
— Alpha physics
— Confinement in the reactor regime of dimensionless parameters
— Divertor physics at high absolute density and low collisionality
— Study of the complex feedback loops involving the current profile,
bootstrap current, alpha heating, transport barriers, instabilities, etc.
in high performance, burning, steady-state plasmas
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