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Pulsed Operation
Faraday‘s law
Plasma Current d
A v=——|B-ds
dt Js
': » t (s)

CS Coil Current 1

(kA) 4 . Power Supply Limit

» 1 (s)

Inherent drawback of Tokamak!




/ Steady-State Operation

Plasma Current
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Steady—state operation
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Plasma Pressure

i) Advanced Operating Modes

Internal Transport Barrier
(ITB)

(ELMs)

........................... ‘ Edge Transport

Barrier (ETB)
(H-mode)

Normalised radius r/a

Tokamak Operation Modes
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Tokamak Operation Modes

g-profiles

plasma pressure
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Tokamak Operation Modes

g-profiles

plasma pressure

4

e Good confinement

e Poor stability Reversed
3| shear
1 2| weak
:
£ 1 S~ ELMy
H-mode
e Only “weak” RS OO 0.5 1
plasmas are stable
but they require a r/a

delicate active control 5
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e Higher pressure gradient region in
the core with steep edge pedestal

magnetic shear
s=r/q(dq/dr)

e Hollow current profile

e Reversed g-profile

——————— e With negative magnetic shear




/ Reversed Shear Mode
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/ Reversed Shear Mode

Pressure

Internal transport

barrier

0 r/a

Core-improved
Mode with H-mode

Edge transport
barrier




/ Reversed Shear Mode

Pressure

Internal transport

barrier

0 r/a

Core-improved
Mode with H-mode

Edge transport
barrier




Turbulence Stabilisation

®* Formation of internal transport barriers to improve confinement

- Reversed magnetic shear .
- Differential rotation (input power) } Stabilises turbulence

* One reason:
Losses of fast ions at the plasma edge
“— <] = sheared radial electric field

E =» sheared ExB rotation

® _B> =» eddies get tilted and ripped apart
cause turbulence suppression!
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Turbulence Stabilisation

® Formation of internal transport barriers to improve confinement

- Reversed magnetic shear .
- Differential rotation (input power) } Stabilises turbulence
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Turbulence Stabilisation

Gyrokinetic Simulations
of Plasma Microinstabilities

simulation by

Zhihong Lin et al.

Science 281, 1835 (1998)
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H-mode Reversed shear mode
25 [ AR R SRR AR ] 25
= [ ASDEX Upgrade ] % L Internal transport barrier
o 20LA - X 20f ¢ T
% i AA&Q\};A"A "H"-mode o 1 ;'5/ W Ly
S -0 “a 5 | 4 R
15 . - R
% T:I Eth[n o N transport - % E 15 7 / o4 h‘,- Tl
5 0 0 barrier 1§ © | N\l
S 10" Et'n & 2 10} 7L P
e = [
£ 'L'"-mode %% ) | / .
o 5LC c 5__‘_ normal discharge]
s V! Em s 7 >
o [ #85% % ' //. -. S0-agd]
0.0 0.1 0.2 03 0-5 00 02 04 06 081.0

| ASDEX Upgrade |

minor radius [m]

normalised radius

S|

=




Reversed Shear Mode

® Operation at lower plasma current: fgg ~ , ~ |2
— Confinement degradation: 1z ~ Hgg(y,2) 1,%-°
— To get enough fusion power: Hy;(y,2) > 1 (advanced)

Current Density Pressure

Non-monotonic current profile

|

Turbulence suppression

|

High pressure gradients

|

Large bootstrap current

Bootstrap Current

Externally driven
Current




Sustainment of Non-monotonic Current Profile

® Plasma current diffusion into the core from the edge

Current Density Pressure

Current
density

Bootstrap Current

Current

Externally driven

centre _ edge
Plasma radius

Current and pressure profile control !




Current drive and current profile control

Current Density Pressure Non-monotonic current profile

L |

Turbulence suppression

|

High pressure gradients

|

+ Large bootstrap current

L |

Non-inductive current drive

Bootstrap Current 4

Externally driven
Current




Current drive and current profile control

 Bootstrap current

Projection of poloidally Toroidal direction

trapped ion trajectory e —  Fast ion trajectory

Poloidal i
direction / \\ y

i oWl
i ”//////////%

lon gyro-motion

http://tfy.tkk.fi/fusion/research/ - R 20




Current drive and current profile control

 Bootstrap current

Currents due toa"
neighbourings®
bananas /
largely
cancel

Banana
Trajectory

Iy

orbits tighter

@ where field
stronger
\\.\'- ' L
lon gyro-motion A b
e - - - dP
® But more & faster particles on orbits nearer the core Jboot ~

(green cf blue) lead to a net “banana current” dr
® this is transferred to a helical bootstrap current via collisions
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Current drive and current prof

.

 Bootstrap current

110 'NATURE PHYSICAL SCIENCE VOL. 229 JANUARY 25 1971

Diffusion Driven Plasma Currents and
Bootstrap Tokamak

by
R. J. BICKERTON, J. W. CONNOR & J. B. TAYLOR

UKAEA Research Group, Culham Laboratory, Abingdon, Berkshire

in what we call a “bootstrap” Tokamak. Such a machine

In toroidal systems of plasma confine- could operate in a steady state, unlike present pulsed designs,
ment the intrinsic diffusion driven becagse refuelling a?d lthermonugl%ar reactionsthprcl:'yide i}
. : . continuous source of plasma to diffuse across the lines o
toroidal current modifies estimates of force.
the maximum ratio of plasma pressure The existence of the intrinsic toroidal current is implicit in
to magnetic field pressure. This intrinsic all calculations of toroidal diffusion and its value may be
current may also make possible a type obtained easily from such calculations, so that only the result
of Tokamak machine which operates need be quoted here. For simplicity we consider the usual

axisymmetric system with concentric magnetic surfaces

in a steady state, unlike present pulsed Bo= Bofh, Bs=@Bo with

designs.

O =¢ ZL L1, h=1+(r/R)cos 8,and r, 6, ¢
n




Current drive and current profile control

Current Density Pressure Non-monotonic current profile

|

Turbulence suppression

|

High pressure gradients

[l

Large bootstrap current

1 5

——
cf. NTM control INon-inductive current drive

Bootstrap Current 4

Externally driven
Current

HW: Which heating & CD sources for fusion reactors?




Reversed Shear Scenario

dos~ O Technique used since mid 1990°'s
Ip
II: Create ITB lll: Performance
, at stable q(r)
" .

I: Reverse q(r) time

I: Heat during current rise, external current drive (reverse q).

Il: Increase heating power to stabilise turbulence (ITB).
Improve plasma confinement, try to increase pressure (By)

lll: Keep going: ITER non-inductive regime: H ~1.6; B,=3.0
(ITER: 9MA, 50% external current drive (73MW), 50% bootstrap fraction)



Reversed Shear Scenario

current hole
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0 B T I I I
3 4 S 6‘ Il: create ITB| 8
JT-60U (R,=3.3m. a=0.8m.) Time [s]

I: Form q(r), |I: create ITB, Ill: But discharge terminates (unstable)

Fukuda T and the JT-60U team 2002 Plasma Phys. Control. Fusion 44 B39-B52
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Reversed Shear Scenario

Plasma current (100 kA)

| Heating power (MW)
perature (keV)

10} lon Tempe!

............................

Stored energy (100 kJ)
Density (1019)

| Confinement factor H89
Normalized pressure By

O -~ MNDWPROPLPONM O

Hq light
from
divertor
(a.u.)

00 02 04 06 08 10 12 14
Time (s)

 ASDEX Upgrade

Formation of an ITB at low n,,
with 15 MW NBI power
T, > T,, high rotation shear

ITBs are relatively short lived,
only few 1

Good, transient performance:
Hgo~3, By ~ 3

ITB not compatible with
H-mode edge barrier and
large ELMs



Reversed Shear Scenario

‘Both Casesatt=1.7s
"ECCD Caseatt=2.7s
SLECH Caseatt=2.7s

Region of
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Negative
Shear

q Profile’
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Wade, Nucl. Fusion 43 (2003) 634646



' Reversed Shear Scenario

« Current density profile control at ASDEX Upgrade

NBI

28




RT Current and Pressure Profile Control

® Simultaneous control of distributed magnetic and kinetic paramters

® Dedicated experiments to identify controller coefficients _

—— Pulse No: 66047
—— Pulse No: 66042 0.04 Measured Output
— Pulse No: 66041 _
25 ulse No: 6604 < 002 — Fit: 68.5%
g 20r aNasanifisms & o
E 1'31 SESpR)iy —0.02F -
o o | | | | | | |
05 0.02 — Measured Output
40 o 0.01 — Fit: 64.95%
§ 30k a
z _
S 10k '
& 0.02 ;
— Measured Ouiput
s 15k o 001 — Fit 60.5%
z o
< 10f g 0
B g O
£ st : —0.01
0 L T
0 1 2 ) 4 5 & 7
Time (s) Time (s)

® Modulation combinations of actuators (NBI, LH, ICRH) to infer
the coefficients of the state space model of the slow loop.
® Two control loops, 4 actuators (NBI, LH, ICRH, PF)

29




D "y aaen & amed Deac | Denfil " n o draa o |
RiI Current and Pressure Proriie Controi
"“::‘ EFDA[-URUPEAN FUSION DEVELOPMENT AG&E&E L PUISE ND. 53697 (contrOIIEd)
Active control Pulse No: - . : _
|.8MA /34T #-------------m-m-omo-m oo » 53697 Pulse No: 53521 (without control) Bo=3.4T
3.0 . Ry (x10'® neutrons/s)
?-0 s I.-'lqupl‘ -JH\‘A"_F'*‘."\"‘ h |II
1 .0 - t ’Jf l‘-
1.0 i
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0 '
15 0 A
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0.050

5
0

0.8

oM P+~ O O
|

0.8

501,554 -3

» Real time pressure profile and

JG01 52420

g-profile control to keep ITB steady

Mazon et al, PPCF 2002




RT Current and Pressure Profile Contro

® JT60-U: Real time q,,;,, control with MSE diagnostics and LHCD

* Transport reduction
att=124s : :
* Time delay in response Jon OF Jes

Of qmin

1
7 8 9 10 11 12 13 14 15
Time (s)
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