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The Tokamak is the Most Successful Type

of Plasma Confinement Device

Strong magnetic coils confine a ring of plasma

Ohmic

Poloidal Field Transformer

Magnets

ITor B?

BTor

Plasma pol

* Tokamak experiments have produced significant fusion power
— 11 MW fusion power in TFIR (1994)
— 16 MW fusion power in JET (1997)

 ITER — the big step toward tokamak fusion - will produce up to 500
to 500 MW of fusion power
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ITER: The Next Frontier in Fusion Energy Research and

a Grand Scientific Challenge for the World Community

* Primary mission is fo demonstrate
viability of “burning” plasma operation
(i.e., primary heating source is from
fusion by - products)

* Will provide platform for investigation
of key physics phenomena in the
burning plasma enviroment

e Status
- ITER Agreement signed by 7
international partners in Nov. 2006
(United States, European Union, Japan,
Russia, China, Koreaq, India)
- Currently in final design review stage
before construction begins in 2008

 Designed for 500 MW fusion power
production for pulse of 300 s
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Key Performance Requirements in Achieving

Burning Plasma Conditions

e Good Energy Confinement
— Reduce Heat Leakage Rate to a Minimum

e High Plasma Pressure
— Avoid or Conftrol Large-Scale Instabilities

e Shield Chamber Walls from Hot Core Plasma
— Reduce Focusing of Energy on Small Areas

 DIlI-D has demonstrated the ability to achieve all of
these requirements simultaneously

058-07/MWi/jy




DIlI-D is Developing the Scientific Foundation

for the Success of ITER

Mission: Develop the scientific basis for the
optimization of the tokamak approach

to fusion energy production
DIlI-D
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DIlI-D Experiments Have Demonstrated the Capability to

Sustain Stability and Confinement Quality Well In Excess
of the Requirements of ITER

12 I
* Fusion Basics: o[ IiO(MA) > 50 Energy Replacement Times
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Key Performance Requirements in Achieving

Burning Plasma Conditions

e Good Energy Confinement
— Reduce Heat Leakage Rate to a Minimum
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DIlI-D Experiments are Confirming Theoretical

Picture of Turbulence-Driven Transport

e GYRO: 5-D Simulation of the
gyro-kinetic Maxwell equations  Turbulence Dynamics

in toroidal geometry
Pressure
Gradients
Turbulence
—>
Reynolds Stress
(Turbulent

\ / Momentum Transport)

d{vg (r))
dt Zonal Flow
Includes: Dissipation
e Kinetic electrons (collisional) | P. Diamond, S. Itoh, K. Itoh, T.S. Hahm,

in PPCF 47, R35 (2005
* Finite pressure (f) _
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DIll-D Experiments are Confirming Theoretical

Picture of Turbulence-Driven Transport

e DIlI-D diagnostics can
measure turbulence at
all relevant spatial scales

Turbulence Dynamics

Pressure
- Gradients
k (cm 1)
0 l 1 10 100
FIR scattering 1 % Reynolds Stress
_ 1 joids St

Backscattering —» I \ / Momentum Transport)

o ()
m dt Zonal Flow
| pi=0.3 cm |
0.01 0.1 kp 10 Dissipation

| (collisional) | P. Diamond, S. Itoh, K. Itoh, T.S. Hahm,
PPCF 47, R35 (2005)
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Turbulence Measurements at Different Spatial Scales

Show Different Response to Plasma Heating

Low k (ion gyroradius scale) High k (electron gyroradius scale)

low-k FIR scattering

ECH power

=14 ~
E N/Nchorg oW k
c 1.0
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Time (ms) Time (ms)
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Visualization of Core Plasma Turbulence, Now

Possible with High Sensitivity Dlagnoshcs

e 2-D Measurement of Density Fluctuations
Enables Imaging of Turbulence Dynamics

Z (cm)

2
o_o o_o
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Minor Radius (r/a)

fi/n 0.4% 0.7 % 0.9% 2-10 %
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Turbulence Visualization Enables Measurement

of Turbulence-Driven Zonal Flows

Zonal Flows Measured by
Time-resolved Eddy Flows

n(r,z,t) ~
ENER v G
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e
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Turbulence Dynamics

Reynolds Stress
(Turbulent
Momentum Transport)

Observed at Different Radii
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02 (collisional) | P. Diamond, S. Itoh, K. Itoh, T.S. Hahm,
= PPCF 47, R35 (2005)
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Energy Transfer Between Zonal Flows and Turbulence

Has Been Measured - Consistent with Theory Predictions

—— Density Fluctations Turbul D .
—— Non-Linear Energy Transfer Between urbuience Uynamics

Turbulence and Zonal Flows

4

: %0 Pressure

: Gradients

L Reynolds Stress
61 ' ' ' ' ' (Turbulent
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Frequency (kHz) Momentum Transport)
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Zonal Flow

Theory

0 02 04 06 08 10 12 14 Dissipation
Normalized Frequency (Cg/a) (collisional) | P. Diamond, S. Itoh, K. Itoh, T.S. Hahm,
PPCF 47, R35 (2005)

 First experimental demonstration of
interaction of turbulence and zonal flows
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Plasma Rotation Driven By External Torque Input

Can Be Used to Control Turbulence
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BES Turbulence Visualization
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 Example of using plasma conttol to
elucidate key physics issues
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Theoretically Predicted Improvement in Transport as

Rotational Shear is Increased Confirmed by Experiments

Higher Plasma Rotation Leads to
Increased Shear in ExB Flows
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Key Performance Requirements in Achieving

Burning Plasma Conditions

e High Plasma Pressure
— Avoid or Conftrol Large-Scale Instabilities
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Avoiding or Controlling Large-Scale Instabilities

is Essential to Operate at High Pressure

Pressure limiting instabilities

_ Thermal Pressure
Magnetic Pressure

/Stab"“y limit with « Other Instabilities of Importance:

NETETES |/ perfectly conducting wall

=59 -
o — Edge localized modes (ELMs)
q;“ — Fast-lon Driven Instabilities
S
o ~3%
ot
Q- Stability limit
with no wall

0.001 001 01 1.0 10.0 100.0
Explosive Growth Time (ms) Slow

<

Required Response Time
for Feedback Control
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Neoclassical Tearing Modes (NTMs) Are Island Structures

That Form on Internal Plasma Surfaces

Axsiymmetric Flux

Surfaces Structure of m=2/n=1 Island in

DIlI-D Geometry (NIMROD)

Flux Surfaces
wzith "Island"
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If Uncontrolled, NTM Islands Will Grow and Eventually
Cause a Rapid Loss of Plasma Energy ("Disruption”)

04
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e o
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g tothe wall '\ E
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serious risk to ITER achieving optimal performance
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Experiments Have Proven Theoretical Expectation that
Driving Current At Island Location Will Stabilize NTM

* lLocalized current drive
at island location
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Real-time Tracking of Island Location

Required for NTM Suppression

12288« Optimal location for NTM suppression

4F . .
found by real-time searching and
3 maintained by tracking of q=2
2 surface using real-time equilibrium
1 reconstructions including MSE
0 (every 6 ms)
0.80F ' ' ' ] Microwave
0.75F JECCD (p)\ 1 deposition
aQ ' . location L h
0.70F controlled Ma_unc
: Pg=2 by moving icrowaves
0.65F =5 ] 2nd harmonic
: , Lo ] resonance
30E
S ~ Search and —j  Real-time
20; n=1B(G) suppress q=2 tracking
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Real-time Dynamic Control Utilized to Maintain
Precise Alignment of Current Drive with NTM Location

DD Shot: 122883 search&Suppress
| ot 2 cm FWHM
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Resistive Wall Mode Stabilization Relies on Dynamic

Control Via Non-Axisymmetric Coils

* Low-n kink instabilities occur e DIII-D experiments have identified

at very high plasma pressure two methods for RWM stabilization:

— Very fast growth time (~10 us) — Plasma rotation (magnitude

— Stabilized by perfectly dependent on n=1 error field)
conducting wall — Feedback control using

non-axisymmetric coils

Poloidal Field Sensor
e With finite conductivity wall,

Instability is weakly damped
leading to resistive wall modes

— Moderate growth time (~10 ms)
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Real-time Error Field Correction Enables Sustained

Operation Near Absolute Pressure Limit

e Critical Rotation for RWM Stabilization
Sensitive to n=1 Error Field

e With n=1 error dynamically
controlled, high pressure

can be maintained
Critical Plasma Rotation Profiles

200 — 106521 107603
] 4l /Ideal wall limit (approx)
[ ] | A
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- 150 | Error ] B N
- 4
B 0 I . '
> L Small n=1 AR S RN SR R UG
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: No Error Dynamic Error
OF--------- - - - TR Correction Correction
:||q=2|| |: L P T i RS S S
0.0 0.2 0.4 0.6 0.8 1.0 1.0 1.5 2.0 2.5 3.0
Normalized Radius Time (ms)
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Even in Cases with High Rotation, Rapid Feedback Control

System Required to Respond to Transient Events

122929
3.1 '3 N\ ............................ .
 Transient event causes loss of 2+ no-wall N
rotation and desfablllzahon 1- RWM FEEDBACK ON N -
of RWM e
e ?20 Plasma rotation - -
60

. _at =3 (km/s) B

n=1 RWt amplitude (
i __RWM stabilized

Poloidal Field Sensor 0

n=1 I-coil

L . : 500- feedback current (A)
 Using internal coils (I-coils), 95()
high bandwidth feedback "~ NN YY)
system stabilizes RWM ---"""""" 1600 1640 15L30 1720

Time (ms)
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Improved Diagnostics Now Allow Detailed Investigation

of Fast Particle Driven Instabilities

* Small-scale instabilities driven

= e EAE Gap - by fast particle population

= 150;' TAE Gap ap N = 3TAE exist in “gaps” of Alfvén continuum

& 100 N 1,

s b ‘“_a% * Radial extent of instabilities

g 't BAE Gm*" =3 RSAE determined by interaction with
=27 o5 08 10 continuum

Normalized Radius — Not easy to measure with

external diagnostics
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Improved Diagnostics Now Allow Detailed Investigation

of Fast Particle Driven Instabilities

* Small-scale instabilities driven

; . by fast particle population
 n=3 E

o n TAE Gap RAE Gap I n=3TAE exist in “gaps” of Alfvén continuum
R A 1

—

sob ; * Radial extent of instabilities

. BAE Gm‘" =3 RSAE determined by interaction with
=071 06 08 10 continuum
Normalized Radius

Frequency (kHz)
2

— Not easy to measure with

110 122117,t1=410.6 ms external diagnostics
_— &2 _ q

< 100 * New fluctuation diagnostics
T 10 with high spatial resolution
3 %0 3 allow precise measurement
S &0 < of instabilities
S "=
L

70

(=2
o
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Measured Radial Structure Agrees Exiremely Well

with Theory Predictions

n=3 TAE « Theory predictions based on
measured plasma properties
with instability strength scaled
to match measurement

dTe 4(eV)

2
0
-2
-4

(b)

1.0 15 20 1.0 15 20

R (m) R (m)
n=3RSAET n=3TAE T
fexp = 75.8 kHz fexp = 80.8 kHz
fnova =72.3 kHz  fyoya = 73.5 kHz
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Measured Radial Structure Agrees Exiremely Well

with Theory Predictions

* Theory predictions based on
measured plasma properties
with instability strength scaled
to match measurement

n =3 RSAE[

o)A
18 1.9 20 21 22 23 1.8 1.9 2.0 2.1 2.2 23
R (m) R (m)
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Key Performance Requirements in Achieving

Burning Plasma Conditions

e Shield Chamber Walls from Hot Core Plasma
— Reduce Focusing of Energy on Small Areas
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High Confinement Regimes (known as H-mode) Are

Generally Accompanied by Edge Instabilities (ELMs)

(MJ)

(keV)

Core

Impurity Density

lon Temperature

1

 Plasma Energy Builds Up Until
an Instability Causes a Rapid
Loss of Energy

— In this case, 10% of plasma
energy is lost in 100 us

* High time resolution measurements
indicate that the instability only
impacts the edge plasma

— Known as an Edge Localized
Mode (or ELM)
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High Spatial Resolution Measurements Show that the

ELM-induced Perturbation is Localized Near the Edge

Core Edge

(a.u.)

(MJ)

otal Plasma Energy ‘

Impurity Density Core

Edge

lon Temperature 0:5 0.6 0.7 0.8 0.9 1.0
E Normalized Poloidal Flux

(keV)

2.90 2.95 3.00 3.05 3.10
Time (s)
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Measured Perturbation is Consistent with Predictions of

Expected Radial Structure of Peeling-Ballooning Instability

. Core Edge
Eigenmode structure calculated

by ELITE (n = 6)

Normalized Poloidal Flux
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High Speed Camera Images Confirm Predicted
Filamentary Structure of ELMs

_JI-IJJ.._T_II_
e A
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Typical H-mode Plasmas Characterized by Large Pressure

Gradient Near the Plasma Edge

* Peeling-Ballooning theory suggests that ELMs
are highly sensitive to both the edge pressure
gradient and the edge current density

> ()
= 5
2 , :
[ Peeling . o
al JTUF e o
— Unstable _— /e S

o
= g
O Ballooning °
) Stable Unstable =
2 é
L o

c

Edge Pressure Gradient
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DIlIlI-D Experiments Have Demonstrated That ELMs Can

Be Controlled Using 3—-D Magnetic Fields

Ani Vessel
I-coil 9_00"
Poloidal Field Sensor
S8 Island widths 14
50F — 4.0 kA 122346 .
- Total 14/3
4.5 [ pressure -13/3 m—]
T 40f 78
[ =
3.5;—
r-9/3 ]
25 o 0'E U
Normalized Flux (v N )
"COl'e" Edge

Normalized Radius

3-D fields generate a stochastic
region in plasma edge, causing
increased transport

123301 att=3.0s

1.0 Edge of
Plasma

0.9

0.8

0.7

0 90 180 270 360
Poloidal Angle (degrees)
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DIlIlI-D Experiments Have Demonstrated That ELMs Can

Be Controlled Using 3—-D Magnetic Fields

126006

010 ... EA( ________________________
E ted :
XL o range n =3 RMP applied;

0.0 L__inITER

3

4

* ELMs suppressed immediately

Normalized Radius

—
o

o
©

o
oo

0.7

_— when 3-D fields are applied

123301 att=3.0s

Edge of
Plasma

0 90 180 270 360

Poloidal Angle (degrees)
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Applying 3-D Fields Reduces the Edge Pressure Gradient

and Enables ELM-free Operation

* Increased Transport due to 3-D Fields Moves
Pressure Gradient Slightly Away from Stability
Boundary, Leading to ELM-free Operation

\

Peeling
Unstable

Ballooning

Stable Unstable

© o o ©°

Edge Current Density

normalized pedestal pressure

Edge Pressure Gradient
* Required perturbation for ELM
suppression is only 10-4 of
background magnetic field !l!

093-05/RDS/rs




Improved Physics Understanding and Control Capabilities

Provide Confidence that ITER will Succeed

e Good Energy Confinement
— Reduce Heat Leakage Rate to a Minimum
= Many Aspects of Turbulent-Driven Transport Now Understood

= |[ncreased Confidence in Confinement Exiroplations to ITER

* High Plasma Pressure
— Avoid or Conftrol Large-Scale Instabilities
= Pressure Limits Well Documented; Methods for Controlling

Major Instabilities Demonstrated
= Developed control tools included in ITER baseline design

 Shield Chamber Walls from Hot Core Plasma

— Reduce Focusing of Energy on Small Areas
> Methods for Reducing Transient Heat Fluxes Demonstrated

= 3.D magnetic coil set being considered for ITER design

o Successful demonstration on DIlI-D of "advanced" scenarios
provide significant performance margin
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