Overview of Recent Experimental Results from the

Dill-D
NATIONAL FUSION FACILITY

DIlI-D Advanced Tokamak Program

S.L. Allen
for the
DIll-D Team

= ornl |=
0:0 GENERAL ATOMICS UcCcsSD

(™) % SPPPL mcia

220-00/rs



Overview of Recent Experimental Results from the
DIlI-D Advanced Tokamak Program

DIII-D "AT " research goals are to optimize Tokamak Operation:
 We have made progress since the last IAEA in:

Performance [3\ Hgop ~ 9 for 16 t¢, limited by RWM
~ 7 for 3 1R, limited by hardware

Development of AT control tools
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Overview of Recent Experimental Results from the
DIlI-D Advanced Tokamak Program

DIII-D "AT " research goals are to optimize Tokamak Operation:

* Plasma Pressure 3 (Control of plasma shape and MHD)
Resistive Wall Mode (RWM) - coils
Neoclassical Tearing Mode (NTM)- ECCD
Feedback of NBI heating power to control [3

* Plasma ConfinementHg,, (ITB Control tools)
"Counter” NBI, impurities, pellets
New Quiescent Double Barrier (QDB) Regime

* Power and Particle Control (Divertor 2000)
Density, impurity, and heat flux control

* Non-Inductive Current Sustainment (Profile control)
ECCD comparison with models
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ECCD for NTM
Stabilization
and Profile Control_-
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Significant progress in long-pulse high performance since the '98 IAEA

15

Bn Haap

Dili-D

NATIONAL FUSION FACILITY

SSSSSSSS

m ELM-free H-mode e ELMy H-mode @ L-modeedge ™ QDB regime

20————

10}

96686 98549

AT target

‘ 98965
@ %760
%945 @ 89795
44 [ ]
103740 M@ ®
93149 so7s6
99441
82205
o [ ] o o o o [ ] o o o o

40
Tduration/ TE

1 ARIES-RS
ITER-AT

lssTR
ITER Base

220-00/rs



Overview of DIlI-D Advanced Tokamak Results

1. High Performance ELMing H-mode
* 3N Hgg ~ 9 for 16 Tz at ng/ngy = 0.6
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Significant progress in long-pulse high performance since the '98 IAEA
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By H=9 sustained for 16 t¢, limited by RWM

° nelnGW =0.6

. fBS ~0.5

* fron-inductive ~ 0-75
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Beta is limited in magnitude and duration by resistive wall modes

OBy measured by saddle coils

i T

Limiting modes have the
characteristics of resistive
wall modes:

Toroidal Angle (deg.)

® Onset is at or above the
no-wall ideal limit (By = 4/;)

Max. 5By (G)

1 @ Growth rate consistent with
characteristic wall time
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Overview of DIlI-D Advanced Tokamak Results

1. High Performance ELMing H-mode
o BN Hgg ~ 9 for 16 Tz at neg/ngy = 0.6
* Density and impurities controlled with Divertor-2000
 Controlled NBI power maintains [3 at 95% of stability boundary
* BN Hgg ~ 7.0 for 6.3 sec, 35 Tg, 3 Trat ng/ngy = 0.3
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Significant progress in long-pulse high performance since the '98 IAEA
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Long pulse ELMing H-mode achieved by NBI feedback

control and divertor pumping
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o NBI power is feedback
controlled on plasma
beta at By = 2.7

* Density is controlled
with divertor pumping

1o m=3,n=2NTM

present, no sawteeth
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Long pulse ELMing H-mode achieved by NBI feedback
control and divertor pumping
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D’ ’ ’ -D 220-00/rs
(A 77t (AL 7/ FACILITY

NATIONAL FUSION FAC
SSSSSSSS



MSE shows J(r) profile has reached resistive equilibrium with ¢ ~1.05
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Overview of DIlI-D Advanced Tokamak Results

1. High Performance ELMing H-mode
o BN Hgg ~ 9 for 16 Tz at neg/ngy = 0.6
* Density and impurities controlled with Divertor-2000
 Controlled NBI power maintains [3 at 95% of stability boundary
* BN Hgg ~ 7.0 for 6.3 sec, 35 Tg, 3 Trat ng/ngy = 0.3

2. Quiescent edge, Double Barrier Mode (QDB) obtained with "counter” NBI
* Internal transport barrier, 3N Hgo ~ 7.0, with density control
* Edge transport barrier, quiescent edge without ELMs
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QDB mode is an ELM-free double barrier mode with good confinment

m ELM-free H-mode e ELMy H-mode @ L-modeedge ™ QDB regime
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QDB is a Core ITB with a quiescent QH-Mode edge, no sawteeth
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L-Mode edge has a internal transport barrier — QDB adds edge barrier
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Turbulence is reduced to low levels in the QDB regime
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Overview of DIlI-D Advanced Tokamak Results

1. High Performance ELMing H-mode
o BN Hgg ~ 9 for 16 Tz at neg/ngy = 0.6
* Density and impurities controlled with Divertor-2000
 Controlled NBI power maintains [3 at 95% of stability boundary
* BN Hgg ~ 7.0 for 6.3 sec, 35 Tg, 3 Trat ng/ngy = 0.3

2. Quiescent edge, Double Barrier Mode (QDB) obtained with "counter” NBI
e Internal transport barrier, 3N Hgg ~ 7.0, with density control
* Edge transport barrier, quiescent edge without ELMs

3. Several new AT control techniques demonstrated
* Transport barrier control tools
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ITB control depends on an understanding of turbulence supression

Turbulence Scale

Mechanism

Transport
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ITB expansion with counter injection depends on ExB shear profiles
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The reduced transport region is broader in all channels with counter-NBI
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Impurity injection reduces ion transport in H-mode plasmas

X; is reduced with neon
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Electron transport barrier forms with ECH heating
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Overview of DIlI-D Advanced Tokamak Results

1. High Performance ELMing H-mode
o BN Hgg ~ 9 for 16 Tz at neg/ngy = 0.6
* Density and impurities controlled with Divertor-2000
 Controlled NBI power maintains [3 at 95% of stability boundary
* BN Hgg ~ 7.0 for 6.3 sec, 35 Tg, 3 Trat ng/ngy = 0.3

2. Quiescent edge, Double Barrier Mode (QDB) obtained with "counter” NBI
e Internal transport barrier, 3N Hgg ~ 7.0, with density control
* Edge transport barrier, quiescent edge without ELMs

3. Several new AT control techniques demonstrated
* Transport barrier control tools
* Density and impurity control with Divertor-2000
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Divertor-2000 achieves AT density and impurity control - 50 MJ input

//

® Accurate tile alignment
\ \ 01 mm  prevents hot spots
< 2.5 mm Sl e
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Divertor-2000 achieves AT density and impurity control - 50 MJ input

T
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Real time control of divertor and plasma shape achieved for AT operation

@ Outer strike point sweep to control pumping

Sweep outer strike point

20cm_

10 cm Inner strike point fixed
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DN balance to control H-mode power threshold, pumping

® Unbalanced Downward
raises H-mode threshold
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Magnetic balance can be used for power and particle control
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Gas puff fueled H-mode discharges with high energy
confinement above the Greenwald density on DIll-D
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Overview of DIlI-D Advanced Tokamak Results

1. High Performance ELMing H-mode
o BN Hgg ~ 9 for 16 Tz at neg/ngy = 0.6
* Density and impurities controlled with Divertor-2000
 Controlled NBI power maintains [3 at 95% of stability boundary
* BN Hgg ~ 7.0 for 6.3 sec, 35 Tg, 3 Trat ng/ngy = 0.3

2. Quiescent edge, Double Barrier Mode (QDB) obtained with "counter” NBI
e Internal transport barrier, 3N Hgg ~ 7.0, with density control
* Edge transport barrier, quiescent edge without ELMs

3. Several new AT control techniques demonstrated
* Transport barrier control tools
* Density and impurity control with Divertor-2000
* Resistive Wall Mode (RWM) feedback control with external loops
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The n=1RWM is controlled by external fields
applied in closed loop feedback
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VALEN model agrees with experiment, predicts RWM stabilization

@ Existing 6 coil set can
increase RWM stability
limit to B ~ 3.4 for basic
“smart shell” control algorithm

® Base six-element C-coil can
reach 50% towards ideal wall
beta using internal Bp sensors
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Overview of DIlI-D Advanced Tokamak Results

1. High Performance ELMing H-mode
o BN Hgg ~ 9 for 16 Tz at neg/ngy = 0.6
* Density and impurities controlled with Divertor-2000
 Controlled NBI power maintains [3 at 95% of stability boundary
* BN Hgg ~ 7.0 for 6.3 sec, 35 Tg, 3 Trat ng/ngy = 0.3

2. Quiescent edge, Double Barrier Mode (QDB) obtained with "counter” NBI
e Internal transport barrier, 3N Hgg ~ 7.0, with density control
* Edge transport barrier, quiescent edge without ELMs

3. Several new AT control techniques demonstrated
* Transport barrier control tools
* Density and impurity control with Divertor-2000
* Resistive Wall Mode (RWM) feedback control with external loops
* Neoclassical Tearing Mode (NTM) suppression with ECCD
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Localized ECCD used to stabilize NTM's
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Localized change in current profile during
ECCD is clearly observed in elming H-mode plasmas

Three — 1 MW Class Gyrotrons (2000)
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Current Density (A/lcm?)

NON-INDUCTIVE CURRENT NEEDS TO BE SUPPLIED
AT THE HALF RADIUS FOR STEADY STATE

® E, measured; with assumption
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Overview of Recent Experimental Results from the
DIlI-D Advanced Tokamak Program

DIII-D "AT " research goals are to optimize Tokamak Operation:
 We have made progress since the last IAEA in:

Performance [3yHgep ~9 for16 tg,
~ 7 sustained
New QDB regime with Core ITB, Quiescent edge
with density control in Counter NBI

Development of AT control tools
e Particle control with Divertor-2000
e RWM feedback control
e ECH stabilized NTM, Core ITB

e Other ITB tools - impurities, pellets
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