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ELM Control — Subject of a JRTin FY13

e QH-mode

* RMP ELM Suppression

* ELM Pellet Pacing
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Operating Range for ELM-free QH-mode Extended to

ITER Relevant Torque Using External 3D Coils

Excellent energy confinement

Neutral Beam forque quality at low rotation: Hyg ,=1.3
QH ‘ l 1.6
< < — > [ H98y2
-1 0 T +1  (Nm) 1.4}
NBlforque 12} QH-mode
- low torque
* Achieved using external 1'0.'“'; """
n=3 coils to drive edge sl @®e
rotation shear 055 ® o

400 0 0 50 100 150
QH-mode is an attractive Toroidal velocity @ r/a~0.8 (km/s)
candidate scenario for ITER
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ELM Suppression is Extended for Long Duration in ITER

Baseline Scenario on DIlI-D

e Sustained for 45 1,

* Only used a single row of n=3

I-coils o optimize resonance
condition

I-coil current (k

< >
Atdur=3.5s=45"f

P S

e Close maich to ITER specs

DIll-D 1.40 1.8 0.9 0.12

ITER 1.41 1.8 1.0 0.10 1.5¢ '-E}yITER
1.0F : argets
* Confinement degradation 0.5¢ ]

early in RMP, improves later 0] ]

1.0 20 30 40 50 60 70 80
e Confinement optimization Time (s)

needed in future work
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Modulated RMP Experiments Do Not Prove Existence

of Islands at Top of Pedestal. Next Step?
Experiment: SXR data

T I\I L I LI I T

Inverted Data

e RMP rotation reveals MHD
response

- Displacements seen in
X-point SXR imaging

- Compared with vacuum field
and two-fluid MHD simulation

12 14 16 18

R (m)
e Mechanism: RMP limits Simulation: SXR Data
. 0.6 g 0.6 g T
width of pedestal X TRIPaD-MAFOT %  m3p-c!
- RMP field resonant near top -0} (Vacuum) 08) |\, (Two Fluid)
of pedestal E 0
- Island growth where 0., ~0 0 -
- Island limits inward expansion 4, 1o 1 120
of high-gradient pedestal L ﬁ( \ o
12 14 16 10 12 14 1.6
R (m) R (m)
N. Ferraro, TH/P4-21
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Pellet Pacing in ITER Baseline Scenario

Yields 12x Higher ELM Frequency

___ Pellet Shot __Non-Pellet Shot
EdgeH, 60 Hz Pellets

ITER shape, launch

o - N W B~ O
I

30 'Outer Divertor'
20t IR Energy (kJ)

7 /1.3 mm pellets 0 arenn Incbosraroomimedrth st

I| ILI|IIII|IIII|IIII|IIII|IIII|IIII

100-150 m/S ;:: Density (1 014):
0.8 E
- Reduced ELM energy loss 9055 20 25 T

- .
* Minimal change in confinement me )

* No fueling increase
L. Baylor, EX/6-2
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Transport physics

 Rotation
e Electron Transport
 L-mode edge

e Beam lon Transport
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Main-ion CER Indicates Poloidal Rotation Increases

More Strongly with 1/v' than Neoclassical Theory

ITER v <0.01
- At high collisionality the L Eperiment |
poloidal flow appears j NCLASS
neoclassical 4 + -

@ : b N i :
E. T H .
- At low collisionality poloidal °=. | NS . Z

flow is anomalously large in
ion diamagnetic direction

000 005 010 015 020 025 030
- Implications for ITER are vi = ViRale™ vy,
higher fusion reactivity
according to TGLF
B. Grierson
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XGCO Reproduces Strong “Infrinsic” Edge Co-l,

Devuterium Flow Measured by Mach Probe

. Close match between XGCO XGCO Deuvterium v,
and Mach probe data Outboard Midplane
— Deuterium has strong in-out 40
asymmetry, peaked at 0 i
. = 20
outboard midplane E
— Flow driven by loss hole in — o}
thermal ion velocity distribution ~ 50
40 [ XGCo Carbon v, :
« Close match between XGCO0 @ 5q [Ovutboard Midplane
and CER Carbon flow data E Y f
— Co-l, carbon flow is more =~ Of NG
polloidally symmetric and 20 CER v; 146598.02235 -

peaks at inboard midplane
0.850 0.900 0.950 1.000 1.050

N
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Critical-Gradient Transport Experiments Test Profile

Stiffness Predictions

T 1 T T 10 T T y T T T 2.5 '
2.5\ Qe(p=08)Wiem) | | o Echony
8 32 2.0 = ECH+Bal-NBI
20l SN Expt®® N = A ECH + Co-NBI
y TGLF | 2 ¢ ECH + Ctr NBI
6 3 15}
1.5 = %
4 o2, £ 10
1.0 i o 1 3 7
Qo _GYRO B
0.5 2 o o {1 & o5} r5' GYRO
0.0 deposition /4 0 0 ' 00 , o
00 02 04 06 08 10 1.0 2.0 3.0 4.0 ) 1 2 3 4
Norm. Toroidal Flux p allt, 1Ly, ()

* Vary ECH location to change L-mode VT, with T, ~ constant
* Transport exhibits critical gradient threshold; agrees with simulation

e Sharprise in measured T, fluctuations is consistent with TEM
dominant turbulence; effort underway to understand mismaich
with gyrokinetic simulations

‘l O NATIONAL FUSION FACILITY

SSSSSSSS D.N. Hill /IAEA/Oct. 2012 021-12/DNH/rs



L-mode Edge and The Disconnect with theory

* Edge transport shortfall Electron Thermal Power Flow (MW)

— Push edge L-mode shortfall to greater o Expt q..=3.7
extfremes and connect to H-mode “gap” ® TGLF "3
between p=0.84 and top of pedestal

P (MW)

- Study ion and electron channels

- Scanv*, p*, pB; use off-axis beams BEREEREEE
e Expt q()5 =6.5

— Connect edge shortfall to transport
stiffness and critical gradients

P (MW)

« Study larger radii where flux shortfall
1S greo’rer 00 02 04 06 08 1.0
« Study "heat pinch” regime at higher P
v* and ggs
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Off-Axis Beam Allows Variation of Alfvén Eigenmode

Drive and Test of Fluctuation Driven Transport
On-Axis NBI

-t
N
o

* Vary fast ion pressure
gradient fo change Alfvén
Eigenmode (AE) drive/
stability

Frequency (kHz)
o (o]
o o

 Reversed-Shear AEs mostly
stable with off-axis injection

« Confinement consistent with
classical transport in off-axis
case

Frequency (kHz)
(0]
o

40
« Change of story due to
evolving understanding of
0 "
350 450 550 FIDA measurement
Time (ms)
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Plasma Control

e NTM Suppression

 Snowflake Divertor

* Disruption Mitigation
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Successful Integration of Key Elements of

Tearing Mode Control for ITER: 2/1 suppression

20 Mirror Position
e Real-time control of EC g 10
o o (>
power and mirror steering T 0
to g=2 surface 2 10 __ Requested
-20 — \easured

e PCS detects growing 2/1
tearing mode and
turns on ECCD

* Real-time control provides 4¢
complete stabilization of

N Pecep (MW)
m/n=2/1 tearing mode 2k
1 E
0

n=1 Amplitude (x10 G)

20 3.0 40 50 6.0 7.0
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Snowflake Divertor Configuration Reduces ELM

and Steady-State Heat Flux

Standard Divertor Snowflake 30

— - /

Flux
Expansion

» SF configuration reduces heat
flux 2-3X by flux expansion

 AW(ELM) reduced

« Core confinement (Hgg , > 1)
and pedestal constant

D=0 Soukhanovskii, Kolemen
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Disruption Runaway Electrons Current can be
Dissipated with Sufficient High-Z Impurities

Large runaway electron beams
can be formed with sudden Ar
injection

Low Ar content gives weakly
dissipating beam which can be
held with ohmic coil

High Ar content gives rapidly
dissipating beam which cannot be
held by ohmic coil

Possible path for ITER to dissipate
disruption RE current - with massive
Ar injection into RE plateau?
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#145840

RE plateau held :
with ohmic coil

_~Ar pellet

Rapid final loss _—
of RE current

. 20|00 2200 2400 2600

Time (ms)
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#150468

RE plateau not held -
by ohmic coil ]
/ Small final loss ]

of RE current
_~Ar MGl pulse

..................
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Time (ms)



Discussion

 Research Opportunities Forum Dec. 3-4
- PPPL slot available on first day

* Only one task force: Disruption mitigation

* Three Physics Groups:
Dynamics and Control - Solomon
Boundary physics - Leonard
Burning plasma - Petty

DiIli-D
7 NATIONAL FUSION FACILITY

1



