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o1 Transport (ASTRA transport code)

7 Wave propagation in inhomogeneous anisotropic media including refraction
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Some definitions

Toroidal direction: the long
way around the donut

Poloidal direction: the short
way around the donut




Current drive efficiency

A photon carries momentum and

energy E=hw p=nhk

Absorption (wave vector along the
magnetic field) generates an

electron energy and momentum Jp
Ek = mv”Av” Pr = mAv”

This momentum source generates a

current that is reduced by the

electron ion collisions |

0 Vv Parallel velocity
dv _ dN o
mna - Epk — mnve;(Ue — ) Figure: Schematic picture of the
Current drive efficiency dependence of the current drive efficiency
J/P as a function of the parallel velocity.
_ €eDPk dN € p Both low as well as high resonant velocities

= mv,; dt M| |Ve; can lead to high efficiencies.
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The problem: trapped particles

Magnetic moment and kinetic
energy are conserved

2
muvy 1 .1
B E = Emv” + Emvl

In a tokamak the magnetic
field strength increases
towards the inside of the torus

Some particles are trapped
and bounce back and forth in
the magnetic well = They do
not carry any net averaged
momentum
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Most resonant particles are trapped

Trapped particles occupy a

region in velocity space for which Perpendicular velocity
the parallel velocity is small \ /
compared to the perpendicular N \TRAPPED y /
velocity 3 /
Because the phase velocity of the \ /
Alfven wave is small compared b /_Aliven wave
. \ ;/resonance

to the thermal velocity, most of _

. Passing N Passing
the resonant particles are ! N
trapped. v, Parallel velocity
These particles can not carry the Figure: Trapped particle domain in velocity
parallel current the wave is space. In red is indicated the Alfven wave
supposed to generate. resonance. Most of the particles that absorb

energy from the wave are trapped.



Current drive efficiency reduced

Assuming the trapped particles

can not carry any current one \
finds a strong reduction in the

current drive efficiency =2 Alfven e
wave current drive is not an

acceptable scheme

Is this correct¢ What about the

transferred momentum. Is it 0 v Parallel velocity

i e
simply lost? Figure: Schematic picture of the

dependence of the current drive efficiency
J/P as a function of the parallel velocity
including the effect of trapped particles.
The efficiency at low resonant velocities is
strongly reduced.



Radial excursion of the

Besides the motion along the
magnetic field there is a small
drift perpendicular to the field
generated by a perpendicular
force

The mirror force leads to the
grad B drift

F=—-uVB

FxB u BXVB
~ ZeB? Ze B?
The drift leads to a small
excursion from the surface

Vg

orbit

Flux surface

Banana
orbit
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Figure: Schematic picture of a trapped
particle orbit. Shown is the poloidal
projection of the orbit.



Width of the orbit

Width of the orbit can most

. . . Flux surface
easily be estimated using the

conservation of canonical
toroidal angular momentum

Do =mv||R —eY

Banana

It follows that if you change the orbit

parallel velocity of the particle it g ©
shifts radially.

Figure: Schematic picture of the trapped
mR article orbit. When the parallel velocity is
A = — Av), = RByAr P o i
e increased on the outboard side the orbit
drifts inward.



The plasma is quasi-neutral

If electrons are moved inward a

second flow of charge is Flux surface
necessary to maintain quasi-
neutrality
Electrons q—-= ExB drift

. e . lons g -
This is provided by the Eloctric
polarization of the ions field

Banana
_ _EXB Orbit
_ mB % a_E o m OE, Figure: Inward motion of electrons must be
B%2 ot pol ™ oB2 gt balanced by an inward motion of ions to

Demanding neutrality one can preserve quasi-neutrality

solve for the radial electric field



Toroidal rotation trapped orbit

The ExB velocity is (mostly) in the
poloidal direction

For a trapped particle this
however leads to toroidal
rotation

Simple derivation from force
balance

qE+qvXB =0
Demand that the velocity is in the
toroidal direction

E;
Er = U¢Bp U¢ = B_
p

Flux surface

Bounce point Aagnetic field

lDrift

/ Bounce point

Toroidal direction

Particle orbit

Poloidal direction

Figure: A poloidal ExB drift for trapped
particles leads to a toroidal rotation (that is
in fact larger than the ExB velocity itself)



Parallel momentum to trapped electrons

0 Is transferred to a global motion of trapped ions and electrons
around the torus

Toroidal
Direction

Separatrix

Banana
Trajectory

Projection of Trapped lon \
Trajectories is Banana Shaped
(for illustration only) N

lon gyro-motion

Divertor

Targets



Momentum conservation?

Using the above no momentum

conservation is obtained. The Flux surface
polarization must be modified c =CSECIFON] /pagne“c field
] B
The averaged parallel velocity £ St
rl
. . S
of trapped particles is nonzero S = ricle orbit
S
E o
<v¢> SN Vg / Bounce point
Bp Toroidal direction

Averaging the canonical

momentum over the orbit Figure: A poloidal ExB drift for trapped

particles leads to a toroidal rotation (that is
mR OEy = e a—l/) = eRprNC in fact larger than the ExB velocity itself)
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Momentum conservation

Transfer momentum to a trapped electron leads to a radial shift of the orbit

meAv”

meAv — Ar = <5,

An electric field builds up that moves trapped ions in the same direction

NC \/EminiEr meAv”
em;n;| v, dt = =
\/— { lf pol eBg e Bp

The electric field that follows from the neutrality equation above
corresponds to a total toroidal momentum in the trapped ion population of

Pi — \/Eml-ni B—T — meAv”
b



Conclusions

Trapped particles reduce the current drive efficiency

Parallel momentum given to trapped particles lead to a shift of the orbit in the
radial direction

An electric field builds up which can be calculated from the polarization if one
demands neutrality

The electric field rotates the trapped ions (an electrons) in the toroidal direction

The momentum intended for current drive goes into an toroidal rotation of
trapped ions

On longer timescales collisional exchange between trapped and passing
particles must be considered.

To obtain exact momentum conservation one has to consider neo-classical
effects in the polarization drift.



