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The Role of Fusion

 #1 most asked question is:
Will fusion work?
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The Role of Fusion

 #1 most asked question is:
Will fusion work?
* Obviously--it is the energy source
we rely on daily!

MR. FusION®
"'".'.‘,'? NERGY ¢ R

 What is really being asked
is whether we can deliver
on the high expectations
raised by popular culture
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The Role of Fusion

M
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R. FUSION-
VE ENERGY REACTOR

 Between the obvious reality and the high expectations,
we may lose sight of the real role of fusion--to supply the
world’s energy needs in an environmentally sustainable
way using resources distributed globally
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The Role of Fusion

MR. FusiIoON-
VIE ENERG = OR

MO

 Between the obvious reality and the high expectations,
we may lose sight of the real role of fusion--to supply the
world’s energy needs in an environmentally sustainable
way using resources distributed globally

* Progress in steady-state tokamak research makes it a
strong candidate as the core of a fusion power plant
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The Physics Challenges of Steady-State Tokamak

Research Require a Change of Paradigm

o Steady-state tokamak research is exciting and challenging
physics, but how should these challenges be met?
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Research Require a Change of Paradigm

o Steady-state tokamak research is exciting and challenging
physics, but how should these challenges be met?

* Traditionally, fusion research is
divided into areas of
specialization:
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The Physics Challenges of Steady-State Tokamak

Research Require a Change of Paradigm

o Steady-state tokamak research is exciting and challenging
physics, but how should these challenges be met?

e Traditionally, fusion researchis <« Steady-state tokamaks must be
divided into areas of self-heated and self-sustained
specialization: -> Interaction of the elements

Fus\9gc

must be treated explicitly:

qer® sechnlogy

t\a“°

Current Drive
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The Fundamental Challenge of the Steady-State

Tokamak Starts from the Magnetic Configuration

* Toroidal magnetic field eliminates
losses along the field

e Single-particle motion in a purely A~
toroidal field leads to charge
separation
E e
* The resulting electric field gives V=ExB
outward ExB drift
- no confinement \

* Need to short out the electric field
-> use a helical magnetic field
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Two Complementary Approaches to

Toroidal Magnetic Equilibrium Are Being Pursued

Both schemes apply a strong external
toroidal field for good confinement:

o Stellarator achieves equilibrium with
3-D magnets
— Magnetic configuration is inherently
steady-state
— Confinement reduced due to loss of
axial symmetry
— Stellarator research is studying “quasi-
symmetry” to improve confinement while
maintaining steady state capability
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Two Complementary Approaches to

Toroidal Magnetic Equilibrium Are Being Pursued

Both schemes apply a strong external
toroidal field for good confinement:

o Stellarator achieves equilibrium with
3-D magnets
— Magnetic configuration is inherently
steady-state
— Confinement reduced due to loss of
axial symmetry
— Stellarator research is studying “quasi- Ohmic
symmetry” to improve confinement while Jransformer
maintaining steady state capability

Vertical
field coils

e Tokamak uses plasma current to achieve
equilibrium with axial symmetry Toroidal

— Good confinement, but inductive
current drive precludes steady state

— Non-inductive current generation is e |
essential for steady-state operation \ chamber /
ey
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Definition of Tokamak Equilibrium
and Scenario Terms

""" |Helical Magnetic field

Poloidal Toroidal magnetic
magnetic field Plasma current field

Definitions:
* B =2uy,p)/(B?) -- ratio of thermal to magnetic pressure
q = # of toroidal turns/poloidal turn

e Stationary = all plasma quantities are constant
o Steady-state = all plasma and plant quantities are constant
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Definition of Tokamak Equilibrium
and Scenario Terms

""" |Helical Magnetic field

Poloidal Toroidal magnetic
magnetic field Plasma current field
Definitions:

* B =2uy,p)/(B?) -- ratio of thermal to magnetic pressure
q = # of toroidal turns/poloidal turn

e Stationary = all plasma quantities are constant
o Steady-state = all plasma and plant quantities are constant
Plasma physics timescales in a power plant:

Ideal MHD (< 1 ms), Resistive MHD (~ 10 ms),

Energy confinement (~ 1 s), Current relaxation
(=100 s)
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Definition of Tokamak Equilibrium

and Scenario Terms

Particles can be trapped near B,

due to conservation of energy
and magnetic moment:

° un=mv,%/28B
° E=m(V"2+VJ_2)/2

B
NG >
""" |Helical Magnetic field
Poloidal Toroidal magnetic Small R Small R
magnetic field Plasma current field Large R
T Distance Along B
Definitions:

* B =2uy,p)/(B?) -- ratio of thermal to magnetic pressure
q = # of toroidal turns/poloidal turn

e Stationary = all plasma quantities are constant
o Steady-state = all plasma and plant quantities are constant
Plasma physics timescales in a power plant:

Ideal MHD (< 1 ms), Resistive MHD (~ 10 ms),

Energy confinement (~ 1 s), Current relaxation
(=100 s)
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Power Plant Optimization Motivates

Steady-State Tokamak Operation

Tokamak

e Efficient conversion of heat to

Heat Exchanger

electricity requires a constant a

heat source Q

— Lifetime of heat exchangers h

imited if temperature deviates >

by more than a few degrees a

— Time without fusion power b
between tokamak pulses is too Turbine/

long (>100 s) for a thermal Generator
reservoir to be practical

— Probability of unscheduled

outage must be very small
=> high reliability needed
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Power Plant Optimization Motivates

Steady-State Tokamak Operation

Tokamak

o Efficient conversion of heat to
electricity requires a constant
heat source

— Lifetime of heat exchangers
imited if temperature deviates
by more than a few degrees

Heat Exchanger

WYAVAVAY/\VS

— Time without fusion power
between tokamak pulses is too
long (>100 s) for a thermal
reservoir to be practical

Turbine/
Generator

— Probability of unscheduled
outage must be very small
=> high reliability needed

 Pulsed tokamaks can be used in
pairs to yield constant heat
source = capital cost increases
for fixed power
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e Introduction (completel)

* How is current generated
in steady-state?

Current Drive

How does stability
depend on
transport and
current profile?

e Are transport
and current
profile related?
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e Introduction (completel)
Current Drive

* How is current generated
in steady-state? Transport | Stability

~

* Integration of the
elements into a
stationary core
scenario

Current Drive

How does stability
depend on
transport and
current profile?

e Are transport
and current
profile related?
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e Introduction (completel)
* Integration of the

core scendario
into an atiractive

energy system

\ <echnolog,,

Current Drive

Current Drive

* How is current generated
in Stequ'Siqie? Transport Stability

~

* Integration of the
elements into a
stationary core
scenario

Current Drive

Transport Stability

%

X
Un da ry P“‘Jg

How does stability
depend on
transport and
current profile?

e Are transport

and current
profile related?
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e Introduction (completel)
* Integration of the

core scendario
into an atiractive

energy system

\ <echnolog,,

Current Drive

Current Drive

* How is current generated
in Stequ'Siqie? Transport Stability

~

* Integration of the
elements into a
stationary core

Current Drive

Transport Stability

scenario
eolln P\\‘]é\oo
e How does stability S
 Are fransport ﬁgﬁse;grto:n d ‘
Cl:l;lﬁlcéurr:gifed7 current profile? * Near-term challenges
p : e Conclusions
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Steady-State Tokamak Operation by Non-Inductive

Current Drive Has Been Clearly Demonstrated

Sustaining the plasma current by non-inductive means is essential to
steady-state tokamak operation

0.6 I, (MA)
3 e 0.4 T

Tore Supra (2004)

R P >300 sec

e | T 50 100 150 200 250 300 350

% ) \\nm ‘L . Time (s)

PLT (1982) TRIAM-TM (2003)
>3 sec >18000 sec

Time (hour)

All of these results were achieved with lower hybrid waves, but at
conditions far from those required in fusion power plants.

Current Drive
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Physics of Current Drive Methods Used Routinely

In Scenario Development Has Been Validated

0-D validation 1-D validation

. us , — E036736 7.9s
e Injection of neutral beams ~ ™A' O]~ ST T orne
Nep=1x10"° A/m2/W ' —_—
(Epeam >>T)  (ex. JT-60U) = 4l 1€ - Exp. |
— Current deposition likely x < ~ error
fixed in power plant 2 fvises S :
environment = Ul e z
@ Te(0)<5keV )
0 @ .nCD<0.6x1(.)‘9A/m2NV 0 . . . “s_
0 05 1 15 0 0.2 0.4 0.6 0.8 1
L (calc.) (MA) r/a

Current Drive
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Physics of Current Drive Methods Used Routinely

In Scenario Development Has Been Validated

0-D validation 1-D validation
. 2 , , E036736 7.9s
e Injection of neutral beams ~ ™A' O]~ ST T orne
Nep=1x10"° A/m2/W ' —_—
(Epeam >>T)  (ex. JT-60U) = 4l » 1€ - Exp. |
— Current deposition likely x / < error
fixed in power plant B g brioss gn,n 05
environment = Ul e z
@ Te(0)<5keV )
0 ,‘ .11CD<0.6x1(319A/m2/w 0 ) ) . ~~.
0 0.5 1 1.5 0 0.2 04 0.6 0.8 1
lus (calc.) (MA) r/a

e Injection of waves to the 0-D validati
electron cyclotron resonance -L vafidation

150 :

1-D validation

. o200
DIll-D i I
(ex. D|||-D) N < 100 j 5ol <«Theory
— Current deposition could E o " —
be varied in power plant s J M §100~
environment & S 50
§ 501 +  eL-mode | o 3 Experiment
"5 1004 . # H-mode 0 —
150k ' 00 02 04 06 08 10

150-100 -50 0 50 100 150
lec From CQL3D Code (kA)

Current Drive
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Physics of Current Drive Methods Used Routinely

In Scenario Development Has Been Validated

* Injection of neutral beams

(Ebeam >> Ti) (ex. JT'6OU)
— Current deposition likely
fixed in power plant
environment

* Injection of waves to the
electron cyclotron resonance

(ex. DIII-D)
— Current deposition could
be varied in power plant
environment

 Both methods require only
line of sight and no structures
near the plasma

(MA) 1.5

e (€XP.)

lec From Experiment (kA)

0-D validation

" Y2000

¥ )
. Te(0)<5keV
0 ‘ .1]CD<0.6x1(3‘9 A/m3W
0 0.5 1 1.5

Iune (calc.) (MA)

150
100
50-
0-
-50-
~100]

0-D validation

+ ¢ L-mode
. # H-mode

150-100 -50 0 50 100 150

lec From CQL3D Code (kA)
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1-D validation
s E036736 7.9s

T OFMC
— EXp.
B error 7

0 2 2 2 Py
0 0.2 0.4 0.6 0.8 1
r/a

1-D validation

200
150 <«Theory
100
Experiment

vﬂﬁ. %"‘?L L
0.2 0.4p 06 08 1.0

Current Drive




External Current Drive Schemes Lead To High

Recirculating Power Fraction

* Both neutral beam and electron cyclotiron current drive
efficiencies under fusion conditions yield ~ 0.05 A/W

* Recirculating power fraction is given by:
_ frecirc = I:)CDe / Pplon’r, where I:)(ZDe = (ICD /YCD) /ne
— Take I =12.5 MA and n_,=0.5
— For Pyant = 1000 MWe, the recirculating power fraction
fecire = 90% => much too high for a practical power plant

* To make the target of f. ;. = < 20%, it is necessary to find a

factor of 2.5:
— Increase in I/P, or
— Reduction in the demand for external current drive

Current Drive
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Tokamaks Have the Amazing Capacity to

Generate Their Own Toroidal Current

Tokamak Top View with
lon Orbits (Schematic)

 Duvue to gradients in density and
temperature, more trapped Curent
particles are moving in the
direction to drive current at "
any location

>

e The asymmetry in trapped
particles (which can’t carry

Curreni) is transferred to the Trapped particle Trapped particle
passing particles by collisions v v

 “Bootstrap current” theory TSN/ e ™

gives:
jps © Pe 9 f(¥In/n, M]T/T) v Vi
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Bootstrap Current Theory Has Been Validated

on Several Toroidal Devices

 Clear experimental verification of
bootstrap current in tokamaks
— Verification also on toroidal multipoles

and stellarators
1.0

- 'I ——— Ohmiconly f.':?”:‘r“‘-;
t [ ——— Ohmic+NB e ]
£ T —— Ohmic+NB+Bootstrap 1 TFIR
% 05 = \easured § .
m ™ -
2 I [ :
% : . .l ,rL}-I'l» ‘-*\‘rl-,j FI.::II 1
é 0.0 i I..I? !';’“_‘..,T‘:“u L™, o ..‘-,'JI | y
S L gl
w L

_0.5 1 1 1 1 1 I ]

5.0

Current Drive
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Bootstrap Current Theory Has Been Validated

on Several Toroidal Devices

e Clear experimental verification of 0-D validation TCV
° 50FfF---"""=~ E
bootstrap current in tokamaks 1 prasma curont o) _ R
— Verificatfion also on toroidal multipoles SV ' ' os
Ond STG”OI’OTOI'S _Loop voltage (V) __Fully non-inductive |}1-0.5
1.0 —t f f f f i f LR T N 2
- ' ———-Ohmic only e AL
- : ~ " Jhmic onh !h[ug: of ECRH power (MW) No ECCD I
£ T —— Ohmic+NB+Bootstrap 1 TFIR _!W_'M'““ e e los
= 05+ m— |\leasured i ke . Line—averaged density (10" m™) O.
TR & | i 0 0.5 1 15
= i A . f 7 Time (s)
S I h R S| |
8 0.0 ey of
‘::u ! *'t'___“:“,‘, Lhes d
a | " i
-0.5 i I | I I ! ]

4.0 4.5 5.0
Time (s)

e 100% bootstrap current demonstrated

under two very different conditions
— Balanced EC wave injection

Current Drive
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Bootstrap Current Theory Has Been Validated

on Several Toroidal Devices

e Clear experimental verification of 0-D validation TCV
bootstrap current in tokamaks "1/ Prasma current (e ]
— Verificatfion also on toroidal multipoles T ’ ‘ os
Ond STG”OI’OTOI'S _Loop voltage (V) __Fully non-inductive |}1-0.5
1.0 f Ir 1 i t t t 1 1 L BN 2F
- ———-Ohmic only o — wer o
- : ' ~ " Qhmic ony !h[ug: of ECRH power (MW) No ECCD I
2 T —— Ohmic+NB+Bootstrap 1 TFIR -WWW-os
= 05 Measured 1: Fa _ Line—averaged density (10" m™) O.
S i ! . 0 0.5 1 1.5
% 8 % i E/ : Time (s)
Boof g il - 1-D validation JT-60U
© i 5 T & 3 4
3 I & - 1 E046687 P
I 3 03 |-@4.:6s L% T—
-0.5 | | I l | / tOt;;éMkiE \
4.0 4.5 5.0 &
Time (s) é 0.2 / \
e 100% bootstrap current demonstrated = o // P
under two very different conditions N o P A
— Balanced EC wave injection |7 S bamhog&c
_ . -0.1 L
— Balanced neutral beam injection 0 02

Current Drive
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High Booistrap Current Requirement For Steady State

Links Strongly The Current Profile and Transport

* Physics of external current

drive is well understood, but:
Current Drive

e External current drive has

low efficiency

= fgs > 0.6 required
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High Booistrap Current Requirement For Steady State

Links Strongly The Current Profile and Transport

* Physics of external current
drive is well understood, but:

Current Drive

/

e External current drive has

low efficiency
= fgs > 0.6 required

e The bootstrap current
profile is determined by the
current profile (« q) and the

scale lengths (< (¥)n/n, ¥]T/

T
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High Bootstrap Current Requirement For Steady State

Links Strongly The Current Profile and Transport

* Physics of external current
drive is well understood, but:

Current Drive

/

e External current drive has

low efficiency
= fgs > 0.6 required

e The bootstrap current
profile is determined by the
current profile (« q) and the

scale lengths (< (¥)n/n, ¥]T/

T

* At high f,, the current profile depends strongly on transport =
motivates study of the dependence of transport on the current profile
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Basic Picture of Transport in Tokamaks

* Cross-field transport in fokamaks is
larger than predicted by collisional
theory
= Transport is due to plasma
turbulence

* Fluctuations likely responsible for
transport are strongly aligned with the
magnetic field and have a
“ballooning” character
= Transport may be sensitive to
current profile

 Transport of density, momentum, and
temperature are seen to depend on
each other--further challenge for
optimization, but not discussed here
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Dependence of Transport on g Is Well Documented

e Llinear scaling of global confinement
with plasma current has been known
for decades (tp « 1)

 Dimensionless parameter scaling
experiments show a strong q
dependence (y x g?)

* Theoretical explanation of this
dependence is challenging since the
basic equations depend on |B|

— Leading explanation is that the linear

damping terms have a 1/qg
dependence
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Transport Depends Sirongly on Magnetic Shear

Radial perturbations are strongly | o = normalized
inhibited by magnetic shear s pressure
(variation of g with radius) gradient

Reverse‘d—‘ High
0_01. BIIEAT, oo o poma nus o pn s Shear,

0, 1 2
S-Q
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Transport Depends Sirongly on Magnetic Shear

* Radial perturbations are strongly | o = normalized
inhibited by magnetic shear s 2 pressure
(variation of g with radius) g1s gradient

R 10

 Reduced transport at high and low
magnetic shear have been routinely ™. i -
demonstrated experimentally 0.0y S oo S8

5 0 S-a TCV

.| Points represent pulses
.. inasystematic scan

.
-
*‘
.
\
S

Y
N
A
.
.
N
-
-
.
.
.

B
o O

Confinement Quality
w

3.0 N
2.5,

. . 4
2'(13 -2 -1 0

Magnetic Shear
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Transport Depends Sirongly on Magnetic Shear

* Radial perturbations are strongly | o = normalized
inhibited by magnetic shear s pressure

(variation of g with radius) 8 gradient
R

o
T

 Reduced transport at high and low

magnetic shear have been routinely -~ i
demonstrated experimentally 0.0y S oo S8
5.0 S-a _ICv
* At low shear, the steepening profiles .| Points represent pulses
(larger a) can lead to positive a3 T, InEEpsiemsticiscan
feedback, called an Internal 0l $..

Transport Barrier (ITB) +
 Velocity shear can play the same i
role, but a means for control in a
power plant is unknown
-> opportunity for breakthrough

(=)
4
4
4
/7
’
4 ®
’
4

Confinement Quality
N W W A~ A

. . ¢
-2 -1 0 1
Magnetic Shear

N
| ©
w
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Connection Between Transport and Current Profile Is
Key to Optimization of the Bootsirap Current

 Experiment clearly shows response
of temperature profiles to changes
in the current profile
— Profile shape responds to g and
shear in the core
— Profile height responds to total
current through the pedestal height

—amin ~2,q95=4.5 .
— qmin =2, 995 = 6.5

=

N
T T

Electron Temperature (keV)

e At high fg,, there will be a strong " — qmin ~1,995 = 4.5
interaction of the transport and the - — dmin =1,q95=6.5
resulting equilibrium current profile

00 02 04 06 08 10
Normalized Radius

- Optimization of the bootstrap current requires an accurate model
of the transport dependence on q, §
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Optimizing the Bootstrap Current For Steady State

Must Include Stability of Current and Pressure Profiles

* Transport sets the

bootstrap current profile
e The current profile Current Drive
strongly affects fransport

4
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Optimizing the Bootstrap Current For Steady State

Must Include Stability of Current and Pressure Profiles

* Transport sets the

bootstrap current profile
e The bootstrap current

Current Drive magnitude (c p) is
ultimately limited by
stability

e The current profile
strongly affects fransport

4
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Optimizing the Bootstrap Current For Steady State

Must Include Stability of Current and Pressure Profiles

* Transport sets the
bootstrap current profile

Dri * The bootstrap current
Current Drive magnitude (= p) is

ultimately limited by
stability

e The current profile
strongly affects fransport

* To obtain high f;, the dependence of stability on the current and
pressure profiles must be considered
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Tokamak Pressure Is Usually Limited by

Long-Wavelength Kink Modes

Cylinder (g = 0)

e Basic kink in a cylinder is unstable
because the higher magnetic energy
on the inner bend reinforces the initial
displacement

£
Py

H ini xm\:‘\"h\x‘ ”}‘ % ‘4/”/&//79,
* In a torus with finite pressure, the mode f ( \
! l I

structure is more complex ”g | ) \/
— Mode structure is strongly concentrated |+ i
to the low-field side RERRIS
- Mode is not radially localized a*

N\
W
N

Torus (p > 0)
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General Trends in Pressure Limits Are

Characterized Well by Ideal MHD

DD~

* Theoretical studies in the early 1980’s 10
showed that global stability limit on 8
pressure was characterized by a 6 / JET
single parameter g, = p; / (I/aB) = 3.5 ] e
2
0

By =3.5

< PBX-M
JET

. . . Lo 7 I8X-B
— Maximum I/aB in experiment is limited | T80y

b;//,'/ﬂﬂ ASDEX
by the kink limit at low safety factor g il
° /2B (M/f/m/T) ’
* Improvement beyond g, = 3.5 can be s ]
attributed to several effects: TR hees 4 s
— Optimized cross-section shape g " Gonventiona E
— Optimized current profile g 15 Data 2 -
— Optimized pressure profile ém ]
— Wall stabilization S 1
-

4 6
| /aB; (MA/mT)
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Conducting Wall Near the Plasma Allows Access to

Higher Pressures

Conducting Wall

e A perfectly conducting wall stabilizes
the kink due to higher magnetic

energy between the wall and the
mode
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Conducting Wall Near the Plasma Allows Access to

Higher Pressures

Conducting Wall

e A perfectly conducting wall stabilizes
the kink due to higher magnetic
energy between the wall and the
mode

e Resistive wall allows magnetic field to
“leak” through
-> the instability is slowed, but not Resistive Walll
stabilized
— Resistive wall can be made Yperfect”

by moving the plasma relative to the
wall

— Slower growth due to resistive wall
opens possibility of feedback control
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Operation with Pressure Above the No-Wali

Limit Has Been Confirmed in Several Tokamaks

 Wall stabilization works in rotating plasmas

1.0 I T T ‘ T 1 T ‘ T i T T i T 1-0 " ” T =
I - | Ideal-wall -
| JT-60U [ taea DIlI-D
0-8 j i 0-8
0.6 P . 0.6 2
2 |
: | CB 2
0.4 s e 0.4 5
0.2 E . 0.2
| No-wall
: | timit B
0.0 F— — T S— 0-0 "
-60 -40 -20 0 20 -20 0 20 40 60
V,(km/s) at q=2 Vlg=2 (km/s)
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Operation with Pressure Above the No-Wali

Limit Has Been Confirmed in Several Tokamaks

 Wall stabilization works in rotating plasmas

LH e — T — 1.0 ‘ ‘ ‘
| JT-60U |1deal-wall DIlI-D
0.8 T 0.8 NSTX
0.6:— © : 0.6 P | sF | i | i | —
g E CB § 5L BN i - - l (b)_
0.4 2 e 0.4 s A A TR
? 3L e A ' . .
0.2 - 0.2 == f Nowalllimit | ! !
1 No-wall 2L ' _
: 1 timit B— 20 : .
0.0 e — S — 0.0 : E Plasma rotation frequency at p = 0.7-0.8 (c) 1
60 40  -20 0 20 -20 0 20 40 60 | - 130em) 3
V,(km/s) at q=2 Vylg=2 (km/s) kHz b m ;
S U . Y
o 04F | I | | |
* Key is control of - lrmercoiss | : -
non-axisymmetric
external fields

which the plasma
can amplify
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Operation with Pressure Above the No-Wali

Limit Has Been Confirmed in Several Tokamaks

 Wall stabilization works in rotating plasmas

1.0 1.0 :

‘ T 1

| JT-60U |1deal-wall DIlI-D
0.8 T 0.8 NSTX
0.6k o : 0.6 © lares | ‘ |  (b)]
g E CB § 5 N BN i o7 . o i (b)—
04 2 . 0.4 £ Y S ____k:_____ -
. ] ST e | | :
0.2 : = 0.2 zes i No-wall limit | ! !
1 No-wall 2. | =
: 1 timit B— 20 : .
0.0 — — — 0.0 : s Plasma rotation frequency at p = 0.7-0.8 () :
60 -40  -20 0 20 -20 0 20 40 60 [ (Re1300m) ]
V,(km/s) at g=2 Vylg=2 (km/s) kHz b m E
Before After 05— 7 . . . . ;
. error correction 04F ' | ! ! ' §
* Key is control of Manearserasrases B UL LRI (@)
non-axisymmetric | A i
external fields g | 2 7 o
. = 10f 1 ok
which the plasma = | 7 s | o 12
can amplify o[ PP 0 I NSTX
0 2 4 6
Ip / aBy, (MA/mT)
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Active Feedback Control May Be Required To

Operate Above The No-Wall Limit Without Rotation

Edge Safety Factor, g(a) HBT-EP

* Active feedback control allows 4 | ——2276d

22780 _|

operation at the ideal-wall limit N R o

without rotation B

C L : 2 i
— Application of active feedback Flux Penetration rate (V/m2)

has the same stabilizing effect as - | Feedback OFf
a highly conducting wall 2 Aishelisin | o -
- Nofte that active control of the 1 ,
n=0 mode is roufine
0 \

|~=—Wall Mode—==—|
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Active Feedback Control May Be Required To

Operate Above The No-Wall Limit Without Rotation

Edge Safety Factor, q(a) HBT-EP
e Active feedback control allows 4 | ——27763

operation at the ideal-wall limit NI v _

without rotation |
— Application of active feedback Flix Penetration rate (V/m2)
has the same stabilizing effect as ] — | Feedback OFf
a highly conducting wall - misnelisin | o g
— Note that active control of the
Nn=0 mode is routine

(= L

e S e

|~ Wall Mode—m=|
MISK

0.6 - Unstable ¢ Thermal ions only
I m With energetic ions

A
Y

-0.2

 Emerging theory indicates that

kinetic stabilization may allow
kink stability without rotation

— Ciritical to validate this theory,

including scaling to smaller

normalized gyroradius 04 stable

00 02 04 06 08 10 12 14 16 18 20
Normalized Rotation

Normalized Growth Rate
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Theoretical Pressure Limits Are Sensitive to

Cross-Section and Pressure Profile Shapes

 Optimized cross-section shape
allows much higher g with similar

pressure profiles
— Due to higher I/aB and higher B

F\\ k=18 5=07
\_/

 Broader pressure profiles allow 61
higher pressure at all radii

(o]

Yirg = 0.36

C

gy a Y

)
. \_/

2 3 4 5 6
Py / (P} (Pressure peaking factor)

By (%-m-T/MA)
=
o O
[ J
O:-. o
e

®
.
L
.
“
.

N
; T .
ace

o stable
e unstable

0.0 0.2 0.4 0.6 0.0 0.5 1.0
Half width W|yg (flux space) Normalized Radius 2
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Experiments Validate Ideal MHD Prediction of

Variation of the Pressure Limit with Pressure Peaking

® AUG

© DII-D
JT-60U

® JET

* Lower pressure limits with
peaked pressure profiles | o o
is confirmed | onaS
experimentally on %

several tokamaks <
— Limit is lower because the
mode couples weakly to 2]
the wall

unstable

2 4 86
Pressure peaking: p,/<p>
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Insights from Studying the Individual Elements Need

To Be Integrated Into the Steady-state Scenario

Current sustained in steady-state with minimal external sources
 Key metric: f;¢ > 0.6

Current Drive

Broad pressure and
current profiles for

Good alignment of wall stabilization

bootstrap current
profile with total

current profile * Key metric:

By > 3.5

e Key metric:
Stationary profiles on
te fimescale
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Integrating the Individual Elements Into a Solution for

the Steady-state Scenario Is Essential

 Each of the elements has a clear connection with the other two elements
=> strong interaction implies integrated empirical optimization is needed

Current Drive
Current Drive

Transport Stability

 Demonstration of integrated solutions stationary on times approaching
the resistive timescale is the area of greatest progress in the last decade
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Simple Power Balance Provides Insight Into

Optimization Priorities
e 0-D formula for fusion gain Q based on fransport losses:

Q x By H/ qy5?
— His the ratio of the confinement time to a multi-tokamak
database projection (IPB98y,2 scaling used in this talk)
— Equal weight to improving pressure limits and confinement
— Emphasis on high current

e 0-D formula for fusion gain based on self- L. J. Perkins, “It's Beta Stupid!”
. Seminar, March, 1993
heating and self-generated current: 0
,CC_D [ —PBN<25
Q o By* / [ (1- fgs) | Mps o By Qes E L e / :
— fg is the ratio of the density to the empirical & ,4¢ —Bn<es  /
. . . = -
density limit I/na? 5 | /
— Weights strongly improvement of the 3 15 A
pressure limit =5 /S
— H absent because the formula assumes no 0 2 4

power required beyond that for external Maximurm H Allowed in Optimization

current drive

Transport  Stability
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Tokamak Operational Landscape Shows

Clearly the Different Optimization Strategies

e Atlow q,; high fusion power
is possible, but not in steady-
state operation

* At high q;, steady-state
operation is easier, but at
low fusion power

Fusion Power

* Achieving steady-state while
maintaining high fusion
power implies operating
near the pressure limit at
modest gy

Equilibrium Limit

* Figures of merit for
steady-state operation:

l3N>3'5'H>‘I'fBS>0-6'q<;5=4-6
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Fusion Power > 8 MW Was Achieved Transiently

Using An Internal Transport Barrier

« Strong ITB leads to high ion JET

temperature and significant g, =1.9, H=1.5, f;;=0.15, q,.=3.9

fUSIon power Pulse No: 42746 (DT) B=3.4T

20
10
0

0.4
0.2
0
10
5

0
40

20

40 Pulse No: 42940 (DT)

Power (MW)

JG97.56324c

3.0 32 34 3.6
Major radius (m)

T Ngp (1019 m3) -

B

e Active control of the pressure Peusion (MW) /—\‘
peaking on the fransport timescale , _— ! 1
0 7.5

would be very difficult at high fusion  °° 5.5 6.0 6.5 7

O b~ 0= W 0O

Time (s)
0 .
power (x p?) and gain Gormezano, PRL 1998
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Stationary ITB Regime Has Been Achieved With

Non-Inductive Current Sustainment

By=1.7, H=1.8, f,;=0.75, q1,:=8.3
JT-60U

~7.4's (~167¢, ~2.715)
20
P

(keV)

E4304 <

Deeply reversed q profile may
be a problem for energetic e 5
Time (sec)

particles

Transport  Stability
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Broadening of the Pressure and Current Profile

Led to Higher g, in JET

 Broader pressure profiles
allow higher g in both the
ITB and non-ITB regime

_ ‘Hybrid’ regime (qq~1)

JET A/ Steady-state scenario
without ITB

3 / @ 4— Highest By with ITB
e
stationary /'6

plasmas
(duration~10tg) / ‘

transient performance
with ITB limited by disruptions

Bn

0 1 2 3 4 5
Po/<p>

Challis, APS 2007

Transport  Stability
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Broadening of the Pressure and Current Profile

Leads to Higher

« Broader pressure profiles * Pn 24 achieved with broader
allow higher g, in both the pressure profiles in 2008
ITB and non-ITB regim
and no egime ; Py (X10 MW). 6, 4 x|, JET
‘ A reqi Pulse No: 74915 (1.2MA/1.8T !
" _ ‘Hybrid’ regime (qg~1) 4 "¢ \ S )
JET / Steady-state scenario 3
0 without ITB 2
3 / @ o Highest By with ITB ;
/' 5"’0\ 4=
. stationary v s, 3
4 2 plasmas N \ ,
(duration~10tg) / : 1
' | transient performance/v AL <\
with ITB limited by disruptions 3: onset of
2/1 mode
0 2k :
0 1 2 3 4 5 1+ B
Po/<p> 0= 1 : : . .
. Time (s)
Challis, APS 2007 Challis, EPS 2009

Transport  Stability

133-09/jy 2009 APS Meeting/TCL/2009




Stationary Performance Above Maximum 3 With ITB Is

Obtained With Broader Pressure and Current Profiles

e Active control is applied only JET
to the total stored energy, Bn=2.9, H=1.2, f;3=0.3, q,;=4.8
not the profile Pulse No. 70199 (1.2 MA/18T)

20

5
 Optimization of the current 10 WMWWLA

profile was carried out by

varying the current ramp Ag D,
rate and the heating power 0 Y
and timing =~ 4*|

2 /[;

 Performance is stationary on
the energy confinement
timescale and duration
approaches the resistive
time scale 0

2 4 &ime (sP
Rimini, IAEA 2008
133-09/jy 2009 APS Meeting/TCL/2009




Non-Inductive Sustainment with Good Plasma

Performance Has Been Achieved in JT-60U

Bn=2.4, H=1.0, f;;=0.45, q,.=4.5
e Performance achieved with
weak shear and no ITB

E44104 J.T!:&‘. }ilsl (~2I6TE,I~2.§TR)\I| |

N
o

=
2
o 2

t=12s
1 T T T T

i caly; cal
Jep " *lBs

L 06}

—~
Q0
c

~

<

N
O_2ANWIAO 20 aN
L L LI

0

0 0204 06 0.8 1 5 7 9 11 13 15
r/a Time (sec)

* Note that JT-60U could not take advantage of wall stabilization for
these experiments = higher B, is possible
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Wall Stabilization Allows Higher Performance

Non-Inductive Discharges in DIlI-D

By=3.7, H=1.5, f,=0.65, q1¢5=6.3

1.0E ()]
D"I-D Total
4 0.8f
B N & r Experimental
5 06F Analysis
2 e 5o HlllHHHI
C ~ 0.2 i
) - g
04 0.0¢ Bl -
02 Surface Voltage (V) 02} i
0ol (Geal=0Y) ___\_. /N
1.2

1000 2000 3000 4000 5000
Time (ms)

 Nearly non-inductive operation sustained 7% TRadiusp
approaching the resistive time scale

Stability
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System Studies Project Present Understanding

To Future Applications

* Systems studies integrate “real-world” considerations

into the optimization:

— Cost implications of design choices

— Closed fuel cycle

— Readlistic wall loading and lifetime estimates

coolant manifolds (d

(permanent)

Is

176 blanket
> = - modules (a)
(5-6 yrs. lifetime)

(modules)

ccccccccc
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Systems Studies Indicate the Performance

Gaps from Present-Day Experiments

JT-60U | DIlI-D | Slim- | EU ARIES

Present-day f,=1 |fy=1|CS |PPCS |-AT

experiments need:
« Operation at higher |Bx 2.6 37 |43 |4.0-45|54
By (Will close gap in

fzs also) H 1.0 1.5 |13 [1.2-13|17
e Push to higher (98y2)
density fos 0.5 0.65 |0.77 |0.63-0.|0.91
76

e Confinement
improvement does
not seem to be a
. s fo, 0.5 0.5-0. [0.98 |[1.5 0.9
significant need 4

des |45 |63 |55 |45 3.2
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Two Machines Have Been Commissioned

To Fill The Gap To a Steady-State DEMO

 ITER is a joint project of 7 global
partners

* A primary physics objective is to
achieve Q=5 in a steady-state
scendrio
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Two Machines Have Been Commissioned

To Fill The Gap To a Steady-State DEMO

e ITER is a joint project of 7 global
partners

* A primary physics objective is to
achieve Q=5 in a steady-state
scendrio

e JT-60SA is a joint project of Japan and
the EU

 The goalis to extend the physics basis
of single-null and double-nuli
approaches to steady-state scenarios
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Developing Accurate Methods for Projecting Existing

Scenarios to Future Tokamaks Is Essential

* Prediction of the pressure profile is the key uncertainty
in the projections

* 0-D projections
— Unlikely that conventional database analysis can be done
(small number of tokamaks, diverse scenarios)
— Dimensionless parameter scaling accounts for profile effects,
but assumes the sources are similar
— Essential to imitate the characteristics of self-heating (dominant
electron heating without fueling or torque input)

* 1-D projections
— Combine theory-based transport models and empirical

information
— Essential that transport models have precise accounting for

dependence on current profile
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Theory-Based Models Can Be Applied to Find

Self-Consistent Solutions for Future Tokamaks

 Example is an ITER steady-state scenario based on DIlI-D data

e Simulations solve for fluid variables self-consistently in time
— Temperature and current evolution can be predicted, but electron
density and toroidal rotation generally are not predicted
— Helium ash from fusion is tfreated self-consistently
— Boundary conditions taken from empirical scaling

40 ITER Day-1 heating mix:

T(keV) | 4f x(m2/s)
30:“ |, Pugi = 33 MW, Pec = 20 MW,
20 ' —
2 oo Pc= 20 MW
10t 1 ik *e S
0 Ol T -
1_2 6 v v . . ﬁN — 2.9
1.0} q H=1.4
0.8 1 4} ] :
0.6 - fas = 0.57
0.4 . i 2l - _
0.2f 7 -0 BS—/ ] Qos .0
0.0b . TN T 1| fe = 0.91
00 02 04 06 0.8 1.00.0 02 04 06 0.8 1.0 _
r/a r/a Q — 4.6

Transport  Stability
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System Studies Emphasize Integration of the Core

Scenario Into the Power Plant Environment

* A very significant conclusion from
both experiments and modeling is Qe
that scenarios exist that are

Si‘dﬁondl‘y Transport  Stability
— No active profile control required on the
pressure evolution time scale

* Physics issues that arise from
integration with the power plant

environment
— Design of appropriate coil and divertor ]
locations Current Drive
— Compatibility of divertor solutions with
core scenario Transport Stability |
— Availability limitations because of ‘
disruptions

qechnology

S &
oandary P“"g
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Optimizing the Boundary Shape May Be Ciritical for

Realizing Steady-State Scenarios

T¢ () averaged for 1s

0.115— ¢ 7S

DIlI-D

2-5-1

Squareness C
133-09/jy

025 —0.20 015 -010 —-0.05 000 0.05

2009 APS Meeting/TCL/2009

* Plasma shape strongly
affects pressure limits

and confinement

— Variation in “squareness’
not included in standard
scalings

 Important to consider
for design of divertor
and poloidal field coil
locations




Compatibility of Methods To Handle Steady-State

Heat Flux With Advanced Scenarios Is Being Tested

o Steady-state scenarios optimize at |, #23888 3.8s AUG

higher q,; and lower density
-> higher siress on the divertor

* Impurity seeding in the divertor is
proposed to distribute the heat

flux by radiation
— Inifial experiments are mostly in
conventional tokamak scenarios

* Note that the radiation is occurring
at the inner divertor leg, while the
dominant heat flux is at the outer

leg
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Direction of the ExB Dirifts in the Divertor and SOL

Strongly Affects the Radiation Patiern

 Drifts toward the outer strike
point give better heat flux
reduction and help avoid
detachment of the inner
strike point

 Not clear that ExB drifts will
still dominate in power plant
divertor conditions

e There are many potential

consequences
— Not possible to have the
drift direction the same in

double-null
— Change in shape and field o
direction will affect core Red arrows indicate

confinement and stability direction of E x B flow
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Disruption Occurrence Data From DIlI-D Indicate

Steady-State Scenarios Are More Robust

 ARIES-AT design goal: 1 unplanned outage per year

— This is a hardware and software reliability requirement--stationary
plasmas are stablel

 Occurrence of disruptions in DIlI-D steady-state scenario is now
much lower than the general database

— General database: 13.7% (>3500 discharges)
— ITER baseline demonstration: 16.7% (186 discharges)
— Steady-state scenario (1997-2002): 15.2% (1700 discharges)
— Steady-state scenario (2003-2009): 4.2% (1853 discharges)

30
Fraction of discharges disrupted in current flattop (steady-state scenario)
Total number of shots shown in each column

s o * Steady-state scenarios are
significantly less likely to disrupt
,_ - — Data indicate the relative

DIII-D ITER baseline scenario demonstration dlscharﬁ .
5 39 response of scenarios to faults
. General DIlII-D database .
and disturbances
— Magnetic energy is also
reduced by 2x

20

101

0 1997 1999 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009
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Physics Milestones for Near-Term Steady-State

Tokamak Research

Three critical physics issues can be addressed in present-day
tokamaks with modest upgrades:

* Performance with dominant eleciron heating without core

fueling or applied torque
— Will approach the dimensionless parameters relevant to the power

plant core

« Demonstration of stationary performance without active profile

control
— Necessary condition for feasibility and attractiveness of next step
— Definition of access conditions and development of feedback

control methods to obfain them

e Test of compatibility of heat and particle flux handing solutions

with high performance core scenarios
— Most difficult step from the physics perspective
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Conclusions

 The quest for steady-state tokamak operation is a rich
scientific endeavor
— Theory and experiment working in concert have yielded

greater understanding of magnetized plasmas, which in turn is
used to design and optimize attractive steady-state solutions

* The fremendous progress in understanding and optimizing
steady-state scenarios gives us hope that steady-state
tokamak operation can be realized for fusion energy
production
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