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* Recent results aimed at:
- Addressing urgent ITER design issues
- Developing long-pulse and steady-state scenarios
- Advancing the understanding of fusion plasmas

* Present Status
- 2008 Experimental Emphases

* Brief Overview of DIII-D 5-Year Program Plan




ELM Suppression Studies Have Focused on Testing Ansatz of

"Island Overlap” Induced by RMP
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Stochastic Edge Leads to Significant Number of Field Lines that

Escape to Divertor Targets

1
Fraction of Field Liﬂes Loss iT 200 transits

* Field Line Tracing Using TRIP3D
follows field lines until a strike on

the outer divertor or 200 toroidal 04 |
transits 0.2
o
* Increased fraction of field lines 0.

strike divertor target across the Fraction of Field Lines Loss in 2 mfps
entire region.

e Substantial increases in region
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Laboratory Tests Have Shown Promise and Challenges of Using

Thermal Oxidation (O2 Bake) for Tritium Removal in ITER

2.5 T T T T T T 7T ~—
' e 1 £
. —~ 2.0L | Oxidation in air 19 3
* Tests at Univ. of Toronto have shown < 0 | . () 1kPaat 623K |12 3
. N L (5 1w
that a high temperature (350°K), a (1)0.1kPaat 623K|{ &
. c
high pressure (1 kPa) 05 bake 8 0 x. =
efficiently removes co-deposited = it 11£
D in films "q:: T Low Pressure 1 “—E
— . R go]
§ 0.5 T’ .Higr_n Pressure ) -QE’
o I

0 8 16 24 a8

Exposure Time /h

* Further tests of DIII-D internal components indicate:
- Most systems/diagnostics are unaffected
- Mobilization of copper observed when baking components with plasma
sprayed copper surfaces (Cu/C/O coating formed)

e Tests are now being conducted to elucidate the processes leading to this
coating and means to avoid/mitigation it (if possible)




Disruption Mitigation Studies With Massive Gas Injection

Are Identifying Key Dependencies

* Mixing efficiency:
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Recent Experiments Have Demonsirated the Ability to Conirol

the Location of Locked Modes

ECCD
Deposition

* Large m=2/n=1 NTMs tend to lock
to the wall, generally leading to
plasma disruptions.

* High probability that NTM will lock
in a toroidal position such that

its O-point is not accessible
by ECCD (shown on right)

Rotate Island Using
External Coils

 Taking advantage of island coupling
to external fields, external coils can be
used to rotate the island in front of the
ECCD

Poloidal Field Sensor




As O-Point of NTM Island is Rotated in Front of ECCD, Mode
Amplitude is Observed to Decrease

eri saddle loops. Color range: :8.5/8;§2§m_5




DIlI-D Has Responded to Requests for Experimental

Input on ITER Startup Scenario

* Original scenario  New scenario * New startup results
— Small bore at breakdown - Large bore at breakdown in lower /i and later
— Late X-point — Early X-point sawtooth appearance
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Experiments Simulating ITER Startup are Providing Critical

Data for Benchmarking Simulation Codes for ITER

e CORSICA Simulation Consistent with
Profile Evolution
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e Recentresults aimed at:

- Developing long-pulse and steady-state scenarios




Transport and Confinement in Hybrid Regime is Sensitive

o Core Rotation, Consistent with TGLF Predictions

« Co/Counter NBI utilized to assess
impact of rotation on core transport
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Raising Te/Tj Using ECH in Hybrid Plasmas Reduces

Confinement and Increases Low-k Turbulence

00 FIR Scattering K = cm™!

 Hggop decreases by 15% with
injection of 2.4 MW of ECH
at fixed pN and Mach Number
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Pedestal Studies Suggests that the Pedestal Width

Increases as the Pedestal Pressure Increases

* Pedestal height observed to be
senstitive to BN in hybrid plasmas

P me— , , , : * Good agreement with data found using
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The Direction of the toroidal field appears more important
than divertor configuration in radiated power distribution




Steady-State Scenario Reproducibly

Maintained for 1t; at High
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e Recentresults aimed at:

- Advancing the understanding of fusion plasmas




Resistive Wall Mode Rotation Threshold is Small, but

Conirol Still Needed for Transient Events
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e Low rotation threshold for * RWM feedback may still be
RWM stabilization necessary to mitigate the effects
— Low NBI tforque vyields of transient events at high {3
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than previous results with n=1 perturbation following ELMs
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— Applies to all operating
scenarios tested
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Stability Limit for m=2/n=1 NTM Increases Dramatically

as Plasma Rotation Increases

* 50% increase in m=2/n=1 NTM stability
when going from balanced NBI to

%

co-NBI only o g’@
9
.......... ’ Q"Q‘ 6

« Stability limit does not appear to be
Symmefric about zero iorque/roiaﬁon . o Optimal error correction
- more data needed to confirm o Entanced ottor field
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n |
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* Influence of error fields on stability
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Intrinsic Rotation in DIlI-D / C-Mod Similarity Experiment

is Consistent with C-Mod engineering paramter scaling

Experiment. Match C-Mod shape and
px, Vx and  fOo the extent
possible in ECH H-mode

Velocity at C-mod measurement location
10 ——agrees well with Rice's parameter scaling
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Co Plus Counter NBI Capability Has Enabled a New

Research Path in the Study of Momentum Transport

Zero Rotation With Allows Determination of Enabling inferrence of
Finite Torque .... Anomalous Torque... momentum diffusivity
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Power Threshold for L-H Transition Sensitive to Rotation:

Turbulence Characteristics Vary Markedly with Rotation

* A factor of two increase in L-H transition e Phase shift of furbulence reverses

power threshold observed in going from as rotation is decreased with multiple
co-NBI to balanced NBI modes found at intermediate rotation
levels
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Analysis of BES data Indicates Zonal Flow Character in Edge

Region Changes Markedly as Rotation is Redeuced

e Zonal Flow/GAM signatures identified
from time-delay-estimate (TDE) analysis
of BES data 0.30F

Balanced p=0.9 3

At high rotation (all co-NBI), o 0-25 NBI

GAM dominates the vg spectrum - =020
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* As rotation is reduced, prominence > 0.10§
(75% Co/25% Ctr) ]

of GAM decresases

e At low rotation (balanced NBI),
Vg spectrum dominated by
zero-mean-frequency (ZMF) zonal flow

Frequency (kHz)




Correlation ECE Measurements of Tg Fluctuations

Have Enabled Detailed Comparisons with Theory

* Te substantially reduced in H-mode « Radial variation in Te/Te * Radial variationin Te/Te

relative to L-mode and Ohmic observed in L-mode and ne/ne similar
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Localized High-k Turbulence Measurements Show

Strong Correlation With Eleciron Temperature Gradient

* High k (k; = 35 cm-1) measurements
made by mm-wave back scaitering (UCLA)
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 Observed trends consistent with TGLF modeling
e GYRO comparisons ongoing

168-07/MW/jy




RSAE Stability Found to Be Highly Sensitive to Eleciron

Heating Near pgmin

* TAE activity in all cases; RSAE activity

* Pure !qd'ql heating by ECH at various changes markedly as ECH deposition
locations ) ;
is varied
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NOVA-K Analysis Indicates Importance of Low-Velocity

Energetic Beam lons on AE Stability

« Significant AE activity observed with * NOVA-K indicates many higher order
Vp/VA << 1 resonances exists as beam ions slow
128556 down
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é6th harmonic FW absorption on beam (90 MHz, 2 T) weaker

than 4th harmonic (60 MHz, 2 T); core heating by
direct electron absorption strong for both
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* 4th harmonic absorption results in partial sawtooth
stabilization; no such effect in 6th harmonic case
* FIDE system shows strong beam ion acceleration in 4th
harmonic case, only weak in é6th harmonic case
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* Present Status
- 2008 Experimental Emphases




DIlI-D Status and New Capabilities

= DIII-D physics operations started January 8, 2008
— Three month shutdown in fall 2007
— Startup phase completed in Dec. 2007

< New tools available for 2008 experiments
— Increased ECH power (5 gyrotrons)
— All three fast wave systems at full capability

— New diagnostics: BES linear array, fast divertor
thermocouples, fast IR TV (late in year)
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Initial 2008 Experiments Highly Focused on ITER

2.0

1.5 L Plasma current (MA) I/aB=1.34 (ITER target1.41)=| - More 'l'hqn 2 /3 Of experimen 'l'S
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< |- Divertor D, -
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High Priority Research Topics Emphasize ITER and

Fusion Science Research

- |ITER demonstration discharges (task force)
< ELM contirol and pedestal physics (task force)
= Rotation physics (task force)

- Steady-state high-beta operation

< Transport model validation

e Thermal transport in the plasma boundary
< Hydrogenic retention

= ITER startup, shutdown, and vertical stability

v

AT

Fusion
Science

v
v

NS
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2008 Experimental Plan Addresses Important ITER

Issues While Maintaining Strong Emphasis on Science

Area/Task Force Total days ITER AT Fugon
Science

ITER Physics 10 10
Steady State Integration 11 11
Fusion Science 12 2 10
Integrated Modeling 1 1
Plasma Control 3 3
Rotation Physics 8 2 6
ITER Demo Discharges 4 4
ELM Control & Pedestal 7 7
Totals 56 28 11 17

Run Time Allocation (15 weeks)

Science
30%
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* Brief Overview of DIII-D 5-Year Program Plan




The DIII-D Research Program Has Three Research Goals

 ITER support: Enable the success of ITER by providing Fusnor{:g?monsjiiatlon

physics solutions to key issues

 Advanced tokamak: Establish the physics basis for Attractive Energy
steady-state high performance operation for ITER Source
and beyond N
Scientific Understanding
e Science: Advance the fundamental understanding of "’
fusion plasmas along a broad front
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The Focus of DIlII-D Research Will Evolve with

ITER’s Changing Needs

Review Machine Day 1 Day 1 H&CD Control Plasma
Core Set PFC Set And Diagnostics Set
2007 2008 2009 2010 2011 2012 2013 2014 2015 2016
Resolve
short-term
design issues
for ITER

Resolve medium-
term design issues
for ITER

Address operational issues for
commissioning and high-gain operation

Validate high-beta steady-state scenarios

Implement integrated plasma control:
shapes, profiles, stability
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Near-Term ITER Program Focused on Resolving Key

Issues for Built-lIn Components

ELM Control Coils for ITER
T ———

ELM and RWM control:
— Establish physics basis for choice
of ELM and RWM control coils in ITER

Hydrogenic retention:
— Quantify techniques for mitigating/removing
frifium from carbon PFCs in ITER Non-Heated Mirror Heated Mirror

Disruption mitigation:

— Evaluate capability of various delivery systems
in producing necessary density for runaway
suppression

NTM control: Medusa
— Validate requirements for ECCD for Valve
suppression of NTMs; test viability of
using internal coil to control locked modes




ELM Control Studies Will Focus on Identifying Best Means

for ELM Mitigation in ITER
RMP ELM Suppression Pellet Pacing QH-mode

114950
2.4 1.5
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§i+ [ Fra |
o /\ o | e |
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7  Characterize penetration ¢ Identify mechanisms
Nl o requirements responsible for EHO
* Determine physics * Assess impact of * Expand operating
mechanism(s) leading successful ELM space to balanced
to ELM suppression mitigation on pedestal and co-NBI
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Scenario Development, Validation, and Characterization for

ITER Will Continue as a Primary Emphasis of the DIll-D Program

e Conventional ELMing H-mode
- Evaluate impact of low rotation, Tg =T, on extrapolation to ITER and

address limiting processes (e.9. NTMs, ELMs) Advanced
Inductive

e Hybrid
— Establish validity of hybrid regime in
burning plasma conditions

* Low rotation, T = T; af ITER collisionality,
ELM suppression, radiative divertor

» Steady-state high performance
— Provide proof-of-principle
demonstration of steady-state high
performance operation
— Assess capability of ITER to achieve
steady-state with chosen H&CD tools

3.0 1.57

181-07/MW/rs




DIlI-D Will Address Operational Issues Specific to ITER as

Identified by the Development of the ITER Research Plan

 Hydrogen operation
— Characterize L-H tfransition, confinement in H plasmas

e Current ramp simulation
— Develop comprehensive data set on proposed ITER startup scenarios
through simulations on DIII-D

e Disruption avoidance
— Develop and validate methods for real-time stability control

e Error field correction
— Develop and test methods for determining the necessary error
correction on ITER

e Diagnostic development
— Develop and test ITER-prototype diagnostics

002-08/MRW/jy




Steady-state Scenario Development is Staged to

Successively Achieve the Performance Requirement
of Future Devices

2007 2008 ' 2009 2010 2011 2012 2013 | 2014 2015

Steady-State
ITER Scenario for ITER

fgg ~55%, By ~ 3.5

tDUR ~1000 s fNI = 100%, tDUR ~bs,
LSN ITER Shape

FDF Steady-State

Scenario for FDF

AT for DEMO foa ~ 70% ~4

Net Tritium BS oo’ PN

Blanket Testing fi = 100%, tpyg ~ 10's,

Iy — 2 MW/m? High 5, DN Shape
Establish Physics Basis for
Steady-State Powerplant Optimization

DEMO-AT Develop Boundary fgg ~ 90%

PlantQ > 1 Solutions By — 5
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Proposed Hardware Upgrades Are Aimed at Providing

Capability to Demonsirate gN ~ 5 for Extended Duration

2007 2008 2009 2010 2011 2012 2013 2014

Heating NB: 12.5 MW co, 5 MW ctr +2.5 MW co Off-Axis 10s
& CD EC: 4 MW 6 MW 9 MW 12 MW
FW: 3 MW new antenna
Tools Inner Wall RMP Div. Coils
ITER
Q=5 Demonstrate 3y >3, Evaluate scenario at Evaluate potential
tpyr ~1000°s fy=1for> g T = T;, low torque input boundary solutions
FDF
AT for DEMO Shape, bootstrap Demonstrate B =4, Integrate boundary
Net Tritium current optimization fyy=1for>tg solution
Blanket Testing
FN — 2 MW/m2
DEMO-AT Transient exploration of Develop advanced Demonstrate By — 5,
PlantQ > 1 routes to By — 5 current profile for >5 1
control techniques

Edge Integration ELM mitigation in Evaluate heat flux

advanced performance reduction techniques

plasmas
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Proposed Hardware Upgrades Are Aimed at Providing

Capability to Demonsirate gN ~ 5 for Extended Duration

2007 2008 2009 2010 2€ 2012 2013 2014
Heating NB: 12.5 MW co, 5 MW ctr Off-Axis 0s
& CD EC: 4 MW 6 MW 12 MW
FW: 3 MW New Antenna
Tools InneNWall RMP Div. Coils
ITER
Q=5 Demonstrate ) > 3, | Evaluate scenario at Evaluate potential
tpyr ~1000°s fyy = 1 for >t T = Tj, low torque input boundary solutions
FDF
AT for DEMO Shape, Bootstrap Demonstrate B =4, Integrate boundary
Net Tritium Current optimization fyy=1for>tg solution
Blanket Testing
FN — 2 MW/m2
DEMO-AT Transient exploration of Develop advanced Demonstrate By — 5,
PlantQ > 1 routes to By — 5 current profile for >5 1
control techniques

Edge Integration ELM mitigation in Evaluate heat flux

advanced performance reduction techniques

plasmas
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Providing Required Off-Axis Current Drive for Sustained

High Performance is a Key Component of 5-Year Plan

Off-axis current drive required to maintain favorable current profile
for high § operation near the ideal stabililty limit

DIlI-D 5-Year Plan:
— Upgrade of ECCD system to 12 MW

— Off-axis neutral beam (10 MW)

/T~
\\\\\

.........

y

Range of
Positions

NBCD (A/cm2/ MW)

Comparison of Off-Axis
and On-Axis CD Efficiency

..................
O‘. \‘
04 .
4 .
4

L Left Beam

1 Off-axis: 45 KAIMW |
X On-axis: 39 KA/IMW
A3

Low n, case

0.2 0.4 0.6 0.8 1.0
Radius, p
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Fusion Science Research Program Seeks to Advance

the Understanding of Fusion Plasmas Along a Broad Front

* Primary goals of fusion science
program on DIlI-D

— Test and validate models of
important physical processes

— Discover and characterize new Boundary Physics

physics phenomena

— Seek out transformational
breakthroughs

* Basic research strongly supports
both ITER and Advanced Tokamak
missions of DIlI-D

Transport & Confinement

¢ Turbulence Characterization
* Electron Energy Transport

* Momenteum Transport

* Particle Transport

* Transport Barrier Physics

MHD Stability

Long Pulse and

* Edge Stability

* Resistive Wall Mode

* Neoclassical Tearing Mode
* Disruption Avoidance

* Sawteeth

* Error Field

* Extended MHD

Steady State ITER
Scenarios

¢ Divertor Heat Flux
* Scrape off Layer Flows
* Plasma Wall Interaction

* Resonant Magnetic
Perturbation

Advanced Tokamak
Development

Heating & Current Drive

* Electron Cyclotron
* Fast Wave RF

* Neutral Beam

* Bootstrap

Energetic Particles

* Linear Wave Properties
* Nonlinear Saturation

* Transport

* Scaling

The knowledge gained is most enduring contribution of the DIII-D program

002-08/MRW/jy
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Transport Research is Entering a New Era of Detailed

Comparisons of Experiment and Theory

* Previous 5 years marked by tfremendous advances in both
measurement and simulation capability of transport processes
— Diagnostics
* Denisity fluctuation measurements over a wide range of spafial scales
* Detailed measurements of zonal flows
* Te fluctuations
* High temporal and spatial resolution profile diagnostics

— Simulation
* Gyrokinetic codes (e.g., GYRO) capable of computing fully nonlinear

saturated turbulence state
* Reduced transport models (e.g., GLF23, TGLF) used to predict kinetic profiles

consistent with the power and particle sources

* Next 5 years will seek to validate transport codes
— Direct tests of GYRO predictions of turbulence characteristics through detailed

comparisons with turbulence measurements
— Test tfransport models through steady-state and modulated transport studies
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New Capabilities Will Enable Multiple Research Activities

Hardware
NBI: 10 MW, off-axis
20 MW, 10 s
ECE (12 MW, 10 s)
FW (6 MW, 10 s)
Inner Wall RMP

Divertor control coils

Divertor and vessel armor upgrade

Hot wall operation
Custom pellets, inverse jet, liquid jet

RWM amplifier/network

Improved and new diagnostics

Research Elements

J(p). energetic particles, Tor/Pol rotation
Long pulse AT

J(p). NTM, T, ~ T;

J(p~0), To ~ T;, energetic particles

ELM control, heat and particle control
Heat and particle contirol

10 s high performance, physics

of heat removal

Hydrogenic co-deposition and removal
Disruption mitigation

Dynamic error field control,
n=1, 2 RWM stability

Fusion science, control, optimization
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DIlI-D Five-Year Plan Hardware Schedule

FY 2007 | 2008 | 2000 | 2010 | (2011 | ‘2012 | (2013 | 2014
Operating Periods |12 15 21 21 21 21 21 21
EC A 6MW ] R&D 1.5 MW Tube L19mw L112mMw
/A Inst. Launcher #4
FW /\ Source Refurbish __| Design New Antenna
(4MW10s,2 MW 2s) (1 New Antenna (6 MW, 10 s)

NBI 8th Source A 20MW 4 s

Off-Axis L1 5MW 110 MW

Long Pulse Capabilities A 10MW10s /A 20MW 10's
Non-axisymmetric Prototype | RMP Coil ] Inner Wall RMP
Fields (1 30° TF Feed
Long pulse A Complete beltbus A\ 12.47 kV Transbrmer

/\ 138 kV Transformer (Aux Pwr 30 MW, 10 s)

First Wall LI Div & Vessel Armor Phase || Div & Vessel Armor

Phase Il 30 MW, 10 s
] Div Flux Suppression

Coils
High Priority A Upgraded BES A ACECE, Doppler Scattering
Di . HF-CHERS
iagnostics A Fast IR Camera A PCI
A Fast Thermocouples (11D Neutrals [] 3D Magpnetics [] 2D Neutrals

[]1 Div/SOL Flows
o /\ FIDAUpgrade A ECEI
A =Completed [ = Budget Proposed A Runaway Electrons [] Surface Station Analysis
A\ = Will be done under guidance budgets y [_| Main lon CER

[ Escaping Fast lons

» Capabilities will provide excellent platform for ITER support, advanced tokamak
development, and fusion science for the next decade
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DIlI-D 5-Year Plan: An Exciting Opportunity for Significant

Scientific Advances Aimed at the Success of Fusion Energy

Increased Confidence in
Success of ITER
.‘;'#g%:/ 5 o :I__:i_.:r:

ImproVéd Basis for
Steady-state Tokamak

Progress on DifI-D
in 5-Year
Will Lead

Improved Scientific

Understanding
of Key Issues
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