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A model for current drive by electron Landau damping and transit time magnetic
pumping in the ICRF-regime has been introduced in the global wave code LION [1] to
calculate global current drive efficiency and current profiles. The frequency regime
near the fourth harmonic of the deuterium cyclotron frequency is a suitable regime for
demonstrating current drive in JET. Trapped particle effects are found to be a severe
limitagion for this low frequency regime. They give rise to an even more strongly peaked

current profile than the power deposition profile.

1. Introduction

Non-inductive current drive is essential for achieving a continuous operating fusion
reactor based on the tokamak principle. Current generation by neutral beams and waves
in the radio frequency regime have been proposed [1-3] and tested experimentally [4-5].
Among the suggested method is current drive based on electron damping of the fast
magnetosonic wave in the ion cyclowron frequency range. An advantage with this method
compared to lower hybrid current drive is that accessibility of the waves to the centre of
the plasma is easier to obiain {6-8]. ICRH is a well proved method in largé tokamaks. It is
therefore of inierest to investigate its potential for current drive. Direct damping of the
magnetosonic wave by electron Landau damping (ELD) and transit time magnetic
pumping (TTMP) have already been demonstrated [9-10]. However, any measurable

current drive has not yet been achieved.



Electron damping of the fast magnetosonic wave is usually weak because the parallel
electric field and the gyro radii of the eclectrons are small. To make things worse, the two
forces giving rise to ELD and TTMP are for the magnetosonic wave directed opposite to
each other and of comparable magnitude so that the two accelerating forces nearly cancel
cach other. Thus in order to obiain sufficiently strong damping it is necessary to have a
large fraction of the total electron population in resonance with the wave. This can only
be achieved if the phase wvelocity is close to the thermal velocity of the electrons.
Originally this was thought to be an advantage since accelerating particles with low
parallel velocities is energetically more effective [2]. However, this has evident
drawbacks not only are the electrons relatively rapidly isotropized by collisions but a
large fraction of the elecirons are trapped in the toroidal magnetic field and will

therefore not carry any current [11].

It is an advantage to have strong ELD and TTMP damping since other damping
mechanisms exis{ e.g. ion cyclotron damping at the fundamental resonance and its
harmonics, linear mode conversion at the Alfvén wave resonance, or at the perpendicular
ion cyclotron resonance, and non-linear mode conversion into ion-Bernstein waves and
quasi-modes [12]. For current drive by ELD and TTMP these absorption mechanisms will
then appear as parasitic reducing the overall efficiency. To calculate the total efficiency
and the driven current profiles, the global wave propagation problem has to be solved.
When the wave field is known one can then evaluate the local absorption by ELD and
TTMP and the driven current. In this report we have used a modified version of the
LION-code to calculate the wave field and a model developed by Chiu et al. [8] to
calculate the local current drive efficiency. In the latter model the distortion of the
electron velocity distribution is assumed to be small so that the contribution from the
RF-operator coming from the distortion can be neglected. By using a model operator for
the collisions instead of the proper Coulomb collision operator the current drive
efficiency can then be expressed in terms of quadratures. The model operator used
includes pitch angle scatiering by ions and electrons but no energy diffusion. Drag is
included by a calibration function. The operator is chosen so that the total electron

momentum is conserved for electron-electron collisions.
2. Current Drive Model

The wave field in a {okamak equilibrium is caiculated with the LION-code [13].
Originally the electron damping was introduced into the LION-code by using the local

dispersion relation for the magnetosonic wave to express the total damping in terms of

the Ej-field component [14], where 2 is the direction perpendicular to the magnetic field



and parallel to the magnetic surface. The damping can then be calculated by adding 2

correction ejxto the ejp-term in the dielectric tensor [15]

(1

- '\/;cocopez RES vine aR Y\,
T ad (- (G )
here o, wpe and oce denote the wave frequency, the electron plasma frequency and the
electron gyro frequency, respectively, ng is the toroidal wave number, k; the
perpendicular wave number, R the plasma radius, ¢ velocity of light and vipe the thermal
electron velocity defined as vipe = V2kTe/me. This approximation was obtained under
the assumption /[ ezy ?7el | >> ky ky. I we instead keep the terms neglected by this

assumption we can write the correction terms as
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The coordinates (x, y, z) form a local coordinate system so that z is parallel to. the

magnetic field.

For calculating the current drive efficiency when the local electron absorption is known

we use the method by Chiu ef al. {8]. The local current drive efficiency becomes
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¥ and f are given in Ref. {8]. A few errors appeared in this article. I and K; should be
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3. Current Drive Efficiency and Current Drive Profiles

Since the normalization constant in front of Eq. (3) is proportional to T./n, 2 high

electron temperature and a low density is an advantage for a high efficiency. However,
the temperature does not only enter through the normalization constant but appears also
implicitly in the other terms. For instance, if the phase velocity is kept constant, which
is a typical experimental condition, the number of trapped resonani particles increases
with temperature. This may sometimes reduce the efficiency as can be seen in Fig, 1,

where we plotted the current drive efficiency versus toroidal mode numbers for

different conditions with e€=0.03.
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Fig. 1 Current drive efficiency versus ng Rg = 3.09m.
------- f = 33MHz n, = 3 * 10!%m3, By = 34T, T = 7keV
v f = 33MHz np = 30 1019m=3, By = 34T, T = 15keV

Fig. 2 Current drive effi-

ciency versus inverse

aspect ratio e for =0

———f=33MHzn,=1"10°m"3, By = 34T, T = 7keV
——f = 48MHz n,= 3 10!9m=3, Bp = 14T, T = TkeV

The numbers indicate toro-

idal mode number.

In absence of trapped particle effects the efficiency is lowest for ng= 14, for the
parameters: f = 48MHz n,= 3 1019m"3, By = 14T and T = 7keV used in Fig. 2. For low
toroidal mode numbers the phase velocity becomes high resulting in a low Coulomb

cellision frequency and a high efficiency. For large toroidal mode numbers the phase



velocity becomes small and the wave interacts then with electrons with low parallel
velocity for which it is energetically more effective to increase their momentum [l1].
However, the Iatter effects are only effective near the magnetic axis where trapped
particle effect is less important. For larger inverse aspect ratio, €, the efficiency

reduces significantly as originally suggested by Bickerton [11].

For outboard location of the antennae, like in the JET-machine, the wave interacts at the
first transit at a poloidal angle 8= O for which the trapping is at is maximum, For weak
absorption the wave field fills up the whole plasma and the absorption occurs at all
poloidal angles. For 6=mthe trapped particle effect is at is minimum. The variations of
the efficiency versus poloidal angle g, as definite in Ref, [13], can be seen in Fig. 3 for

ng =30. For large ¢ the variation of kj; along the magnetic surface becomes so large that

the efficiency decreases with .
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Fig. 3 Current drive efficiency versus poloidal Fig. 4 Fraction of power
angle y. The parameters are the same as absorbed by TTMP/ELD
used in Fig. 6 except np (o) = 3 * 10/9m=3, versus ng.

To increase the efficiency by increasing T./n, at fixed ratic between phase velocity and
thermal velocity is not always feasible. When optimising the current drive efficiency
one can not only optimize the current per watt absorbed by TTMP/ELD but one has also
to take into account the power absorbed by other absorption mechanisms which may not
contribute to any current drive. To do so one has to avoid scenarii with strong ion
cyclotron ciasnping. There are in principle three regimes one can choose.r Either to work
at a high multiple of the cyclotron frequency for which the cyclotron damping becomes
weak, or to work below  the fundamental ion cyclotron frequency, or finally to work at
the fundamental cyclotron frequency with a large concentration of resonant ions. The
first frequency range has the disadvantage that absorption by o-particles is still strong

for higher multiples of the cyclotron frequency. The last two regimes have the




disadvantage of the presence of the Alfvén wave resonance at the plasma boundary on the
inboard side. A suiiable scenario to demonstrate current drive in JET is the frequency

regime close to the fourth harmonic of D.

To compare the efficiency for various condition we choose two different equilibrium
profiles: One with a strongly peaked density profile as obtained with pellet injection
ne = 3.04 - 1019 ( 1-22 )02 4 6.0+ 1019 exp ( -7.67 52 )m~3
T=12exp (-7 eV
The other profile is one with rather low density with a flat profile and high electron
temperature
ne =20 1019 ( 1-0.99 52 ) 0.55p-3
T = 12.0 ( 1-0.9952 PkeV

where s labels the flux surfaces s = V¥ ¥. Both have the parameters By = 14T and
f=48 MHz. Here we have assumed electron and ion temperatures to be equal. Since a

small amount of hydrogen is usually unavoidable we have assumed hydrogen to be the
only impurity with the ratio ngy/np = 0.05.
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Fig. 5 Giobal current drive effi- Fig. 6. Full lines J{s) and dashed lines P(s).
ciency versus ng Full lines The numbers indicate toroidal mode numbers.
JiP,-and dashed lines J/P,. P and J are normalized to I ats = I.

For ng>12 more than 90% of the power is absorbed by TTMP/ELD see Fig. 4. The
remaining power is absorbed as cyclotron absorption at the second harmonic for
hydrogen or 3th, 4th and 5th harmonics for deuterium. Hydrogen absorption dominates

for these parameters over deuterium absorptions.



In Fig. 5 we compare the total efficiency. J/F, for the two scenarii. A maximum of 0.45
A/W is obiained. The total current drive efficiency decreases rapidly for low toroidal
mode numbers mainly because of a smaller fraction of the total power is absorbed by
TTMP/ELD. The equilibrium corresponding o pellet injection has a lower efficiency.
This is due to the higher density.The trapped particle effects give rise to even more
peaked driven current profiles than the power deposition profiles. In Fig. 6 we have
compared
J(s) = dev and  P.(5) - jpg dv
Vis) Vis)

for different teroidal mode numbers for the flat profile. The higher toroidal mode
numbers show a broader power deposition profile but a more narrow current profile. The
half width for the total driven current is about 10% of the minor radius. The peaked
density profile has a more peaked power deposition profile. This will partly offset the

effect of trapping and gives rise to a broader maximum, as can be seen in Fig. 5.

4. Conclusions and Discussions

Curreni to power ratio of the order of 0.45 A/W can be obtained in JET for heating near
the fourth harmonic of deuterium cyclotron resonance. Discharges with peaked density
and temperature profiles as  obtainable with pellet injection have a lower efficiency

compared to broad low density profiles with a high electron temperature.

Best efficiency is obtained for intermediate toroidal mode numbers. Trapped particle
effect is a severe restriction for current generation by large toroidal numbers. However,
it has recently been shown that about half of the current lost by trapped particle effects

can be regained via an inverse Ware pinch effect [16].

The main limitation of the current drive efficiency comes from the difficulty of using
low toroidal mode numbers. In principle this is an ideal regime for reaching a high
efficiency because of the low coliisionality, since the wave interaction take place with
high energy electrons. The disadvantages with the low toroidal mode numbers comes
from the weak TTMP/ELD which makes other absorption processes more important. The
approximation of ky by n¢/R for low toroidal mode numbers becomes less relevant. The
correction of the parallel wave number for a finite poloidal magnetic field and a finite
peloidal wave number becomes important. The absorption will then occur at a higher

parallel wave number [14]. which will reduce the efficiency.
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