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. introduction: toroidal magnetic confinement
. parameter regime of magnetic fusion
» temperatures, pressures, nTz
* the dimensionless parameters of magnetic fusion
. the non-local nature of thermodynamic equilibria

saxisymmetric (tokamaks)
egeneral toroidal (stellarators)
. frontier physics issues of magnetic confinement
sturbulent transport - transport barriers
fast particle driven global instabilities

. conclusions:
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end losses avoided by nested, closed toroidal
flux surfaces

magnetic field reduces drastically
perpenticular mobility of particles

balances the plasma pressure (O(10atm))

produces thermal insulation ( 200 Million
K)

k(n.T, +n,T)

p= B*/2u,

3k<neTe +nT)V,
Tg = 2 =H- 2-E,s,caling

P

heat
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the need for a ,,rotational transform® : iota

build-up of charge separation
field leading to radial drift

superposition of poloidal field component allows particle motion along field
lines to cancel out charges ,Rotationstransformation”:  iota= 1/q

can be produced either by a
toroidal net current, or by
giving up axi-symmetry
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parameter regime of magnetic fusion 5
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the push to ignition (high Q ~nTx) S

progress not only size and time, but also
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time scales of a of fusion plasma physics

Time [s]
Electrons lons
1]
confinement 10 confinement
both particle species are well thermalized
102 - although not necessarily at T, = T;
10° F Particles complete many orbits between
90° deflections
10° F -
10° L - Fusion plasmas can be generally
considered quasineutral
107"° plasma frequency

Cyclotron frequency
plasma frequency 10"
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basic science aspect of magnetic fusion plasmas

A quasi-neutral plasma (for given geometrical configuration) characterized
by 3 dimensionless parameters - 4 dimensional ones: n,B,T, R

-> allows for ,dimensionless identity experiments®

finite orbit effects .~ 13109 X B
= p/R=0.0032/1.T /(RB,) 7 [_2 _2]
p* = Rq//lmfp ~1072 Rneq/T2 collisionality B —1.1x10 (RL ﬁ]
v
B, =8x10% nT/B; Plasma pressure modification of - 00011(_/1 i]m
magnetic field R wp

BaSICI: sc_lence - plasma Applied (energy

physics interest: Lx B 1 science) interest:
*nearly collisionfree p* aT? fusion temperatures
*orbits small compared confinement

to dimensions
seffective use of

-plas_]l;na ptressure magnetic pressure
significan
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novelty of plasma physics regime of a reactor (ITER)

(ASDEX-Upgrade/DIlI-D; JET/JT60-U are
geometrically similar, scaled versions of
ITER)

(examples EUV)

SN NN

ASDEX-Upgrade

R=1.6m RJ_E;%rm
B - ITER
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novelty of plasma physics regime of a reactor (ITER) W

We can define also dimensionless ,machine properties” (known a priori)

P*

| ITER B+ BaS'"
/ / P _ I:,mata‘sm

¥

Bt

JET

1 - ITER (and a reactor):

AU -will have similar B, n*
0z 04 o6 08 1 12 g * p*, v* significantly smaller

Fig 3: Lines of constant p* (blue),v4red). S(green) respectively, with
contours a factor of two apart (for fand p*decreasing from left to right, v=

decreasing from bottom to top).
at constant n*, for ITER98(y,2)
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consequences of the nonlocal equilibrium distribution W

finite orbit size, different orbit classes + steep gradients

L~ /// - \\\\ \\\\\\ i
It T W N e B I N N VHL N B M N |
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Rlm]

In rigorous axisymmetry (ideal

2
tokamak): p=mv */(2]8))
conservation of generalized ~ &=m(v{ +Vv;)/2+Zed
toroidal momentum (in P, = R(v¢ + ZeA¢)

addition to magnetic moment

and energy) RA, = #...poloidal flux function

f(e,P)~e /T
equilibrium distribution: f(g P)z o -%/kT(P)

collisions tend to reconcile conflict between
g(P) and »(¥P) .... -> ,neoclassical” transport

For tokamak:
*neoclassical transport resolved in 60ies
*broad range of implications: - off-diagonal terms
*bootstrap-current (a pressure driven current)
*Ware-Pinch (an E-field driven inward drift)
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classical transport in a stellarator Lol W

absence of ,ignorable coordinate® <->
no momentum-like constant of motion

collisional tansport in ,non-
optimized"® stellarator

i /\
14
=

Banana  Flateay regime Plirsch-Sochlugter
regime | ragime

-l )
o 1 [Tt

NERTE
Mo Zee

collisional tansport in tokamak

(typical level of)
turbulent tansport
in tokamaks

gyration-averaged motion of particle on ,loss-orbit*
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In ,,drift-approximation® (gyro-averaged motion): particle motion dependent
only on variation of /B/ on flux-surface ...“quasi-symmetry*

Boozer/Nuhrenberg: otimized stellarator

In quasi-symmetry: gyro-centers
remain on closed surfaces
-> “tokamak-like” neoclassical
transport

e.g.: quasihelikale Symmetrie
B = B(s, 6—0¢)
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optimised stellarators: IR W
a field of vivid research on configurations S

strict quasi-symmetry“ not needed for sufficient collisional confinement

W7X

freedome can be used
to satisfy additional
requirements

- [N .
Dl 2.2 2.4 2.6 2.8 3.0
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optimised stellarators:
a field of vivid research on configurations

strict quasi-symmetry“ not needed for sufficient collisional confinement

~adequate collisional
confinement

*high stable g

ssuppression or utilisation of
bootstrap-current

echaracteristics of turbulent
transport
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most active magnetic confinement physics areas:
(1) turbulence and turbulent transport

Turbulence (and nonlinear MHD) imply 3-d structures:

differences stellarator - tokamak diminish 1/t frequency unit: sound

wave transit
L mode scale unit; ion

gyroradius
‘IO2 §
CRt ETG-mod
unstable driving modes span S5 10!
. ITG modes
broad range of space and time o0 | MHD modes
scales: PR
orbit effects and orbit o TE modes
classes of particles
i 102 f < >
important
(generally) kinetic 03k fini?e Lamor
description needed (only radius effects!
gyromotion can be treated 1074 | >
by averages) o5t Finite drift
f TERS orbit effects!
10-6 . |* L T BT A A A AR ET] B AR TTT| B R RTTY
1% 10% 102 407 1% 10" 102
pL/ﬂ—L
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turbulence and turbulent transport:

(important) example: drive by ion-temperature gradient -

instability
compression produces an
Drift due to inhomogeneous magnetic field is temperature E-field
dependent ~ -
_E"=_-I-V_r.Ie

en,

2 2 E-field gives rise to a drift
N AR g0 vi=Y

—»

_,
BxE

VE=_

C
B2

magnetic
surfaces

which on the “outer” side
of the torus brings hot

Initial temperature perturbation causes density perturbation plasma from the core

(90° phase shift)
- in phase with original

perturbation
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ITG turbulence predictions: £ W

kinetic vs. fluid modelling: “critical gradient” R/L; and
cyclone benchmark case steep rise of y(R/L;;) produce
stiff logarithmic T-profiles
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the effect of sheared rotation:

turbulent Reynold stresses can self-generate

macroscopic sheared _ _
macroscopic rotation*)

rotation squeezes /breaks
radially extended eddies

Gyrokinetic Simulations
of Plasma Microinstabilities

simulation by

Zhihong Lin et al.

Science 281, 1835 (1998)

radial transport proportional to
radial eddy-size (~ correlation
length)

Matter under Extreme Conditions  *) also fast-particle losses & neoclass. effects
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spontaneous formation of (narrow) zones of sheared rotation -> localized transport barrier

edge transport barriers
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Internal transport barriers W

variety of transport barriers also in plasma interior (also in combination with H-mode edge)
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most active magnetic confinement physics areas:
(2) fast particle interaction with global MHD modes

« fusion a-heating unique; isotropic, V, > Vajsen
* loss would imply loss of heating

Detailled particle kinetics
important for global mode
interaction:

*mode amplitude radial
gradients over size of
particles orbit

sresonance with particle
motion

displacement vector
for m=1/n=1 mode

8.0=0b
Large gradients in field perturbation

;; i q=‘|

| fast particle banana orbit

(4 |fast particle gyro orbit
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modes driven by resonance with particle motion: W
Alfvén-type modes

* resonance with existing, marginally stable mode realistic situation

» energy for mode growth from expansion energy
* not accelerated slowing down but confinement loss

cylinder:
econtinuum of localized modes

*phase mixing -> continuum
damping

TAE ....toroidicity
EAE ... ellipticiy

NAE ... triangularity
induced Alfven
eigenmodes

KTAE kinetic
toroidicity...

CLM core localized
TAEs

£=0.3

toroidal (or other) coupling:

*gaps _ Matter under Extreme Conditions 22
global modes - excitable Brijuni, Sept.1, 2004



theoretical understanding & experimental verification W

500

#40328: Log(18Bedge )

 frequencies very precise (diagnostic tool) 5 ::\\:811
« competition between stabilizing (other fast particles) - : =,
destabilizing terms good: g0

dependence on detailed particle distribution

. . . . . s
Manipulation of distribution gon e e
function by heating method gesp ¢ S
S — ICRH (H-minority) ‘
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explanation and modelling of nonlinear = S
splitting as function of instability drive M
by E 1 I i | i
330 335 340
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theoretical understanding & experimental W
verification

observation of a-particle produced TAEs in

deuterium-tritium experiments on TFTR 30. B
Pe 20 f | a)
. _ (MW) 10.
x10° Damping by NBI 04— : : :
2.0 2.5 3.0
0.06 1.0 supresses TAE x10-3( : =
« (b)
0.03 05 _ Bﬂ-(ﬂ) 0.57 Dy
¢ n :
[rad] o N oc-pa_rtlcle 0.5%
‘ : ‘ slowing - down x10-2
\
008 \ n=4TAE |05 slower BO) 5 _
T TR T N N T N M T N O T M A N A N |
-1.0 -05 0 05 1.0 g-aﬂ
rfa A "]
0 q(0)
0.08 0.8
0.04 04 _ TAEs appear
¢ n in phase with
[rad] 0. o. N still o, but no
-0.04 n=2TAE = |.04 N3
T TN TN T N N TN N T T |
40  -05 0 05 10 Measured structure
r/a correspond well to
FIG. 9. Simulation of reflectometer phase measurement (solid line) of TAE S|mU|at|On
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Summary & Conclusions

in physics:
basic science interest the laboratory realization of plasmas, which are/have
nearly collision-free,
strongly magnetized,
high kinetic/magnetic pressure ratio
and

requirements for realization of a burning plasma

g1
p* aT?

are practically collinear y*~

we are currently preparing construction/building two exciting, very different experiments:

ITER & W7-X
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from science fiction to the
blueprints of a test reactor

ITER
(scaled)
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