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ABSTRACT

A Monte-Carlo investigation of ion cyclotron
resonance heating of tokamak plasmas is undertaken to
study the effect of finite banana width orbits on the
efficiency of the heating process. For minority heating
schemes with peaked power deposition profiles, there is
a significant reduction in absorbed and transferred
power in the centre of the discharge compared with
zero orbit width calculations. The broader power
transfer profiles give rise to a large reduction of tail
energy in the centre while the total fast ion energy
content and the total thermonuclear yield are less
affected. The reduction of the power absorption in the
centre for fixed wave field profiles arise because of the
broadening of the orbits and the enhanced diffusion
and drift of the heated ions. The importance of these
effects is assessed. ‘

I, INTRODUCTION

High power radio frequency waves in the ion cyclotron range of

frequencies (ICRF) are one of the most promising methods of heating tokamak

* Lappeenranta University of Technology, Finland and National Research Council for Technology, The
Academy of Finland.



plasmas to thermonuclear temperature. The damping of the fast magnetosonic
wave on the minority ion species leads to the development of a non-Maxwellian
velocity distribution which is highly anisotropic with a significant fraction of the
resonating particles trapped in the toroidal magnetic field. In the large tokamaks
currently operating in which the wave fields are strongly focused on or near the
magnetic axis, resonant jons with energies in the MeV range have been
produced. These ions have large Larmor radii, and those particles which move
on banana orbits passing close to the centre of the discharge make large radial
excursions across the minor radius of the torus. This modifies the power
absorption, and consequently the wave fields. Since the transfer of energy from
the ions takes place over the complete orbit and the absorption of wave power
occurs only during its passage through the cyclotron resonance layer, the radial
excursion of the resonating ions also leads to a broadening of the plasma heating
profile. The orbit effects are not limited to high power heating cases only, as
even moderate heating power can provide high enough power density if the
minority concentration is sufficiently low. In present large tokamaks operating
in the high temperature regime the slowing down time is long, typically ~ 1 sec,,
thus favouring the creation of high energy particles by ICRH. On the other hand,
in small tokamaks with low plasma currents, even reasonably low ion energy
can result in significant resonant particle loss from the plasma. The effects of the
finite orbit width are important not only to the theoretical understanding of the
heating process but also in the interpretation of experimental data, and merits a
detailed study.

Hitherto most ion cyclotron resonance heating studies of tokamak
plasmas have been done in the zero banana width approximation limit. The
evolution of the resonant ion distribution function in velocity space due to the
combined effects of Coulomb scattering on the background ions and electrons
and the interaction with the RF wave fields can then be obtained by solving a

quasilinear Fokker-Planck equation. Using this solution procedure the heating



process has been treated extensively both analytically [1-6] and numerically [7,8]
in the literature. These methods become unsatisfactory for the study of heating
systems in which orbit effects are important. To formulate a realistic Fokker-
Planck procedure for the problem which includes finite orbit effects, the spatial
properties of the plasma, and geometry of the vessel becomes difficult. An
attempt to include finite orbit effects on the ICRF heating process has recently
been undertaken [9]. These authors used the Stix model for the energetic particle
distribution function and a simplified system of equations to describe the particle
trajectories within the plasma. This approach is clearly inadequate as it is only
valid in the zero banana width approximation, cannot assess loss-cone effects
and does not include the effect of the E. wave electric field component on the
development of the high energy tail. Furthermore, the important effects of
neoclassical and RF-driven transport processes on the distribution of energetic
particles within the discharge cannot be included in this method of treatment. In
order to rectify this situation an alternative solution procedure, such as that
afforded by the Monte-Carlo method, is required. This method has great
flexibility and can be used to do detailed studies of the heating process which
cannot be readily done using alternative methods.

In this work, the finite-orbit width effects have been studied using the
orbit following Monte-Carlo code HECTOR [10] which includes the usual
Coulomb collisional processes and wave-barticle interaction by ion cyclotron
heating. The results are compared with a semi-analytical model [6] in which the
power deposition and velocity distribution are calculated self-consistently in the
zero orbit width limit. The structure of this paper is as follows. In Section 2 we
discuss and classify the orbit topology of the ICRF heated minority ions. The
numerical model is described in Section 3. The results of the numerical analysis,
showing significant deviation in minority ion density, power absorption and

transfer to the background plasma and mean energy profiles, among others,



compared with the zero orbit width limit calculations, are presented and

discussed in Section 4. Finally, Section 5 contains the conclusions.

2. PRELIMINARY PHYSICS CONSIDERATIONS

As an ion passes through the cyclotron layer and undergoes resonant
interaction with the wave fields an incremental change in velocity takes place.
The sign and magnitude of the velocity increment depends on the phase
between the gyro motion of the ion and the wave fields. If the wave propagation
vector has a component parallel to the magnetic field, then the resonating ion
will acquire a change in the velocity parallel as well as perpendicular to the
magnetic field.. However, the former change is much smaller than the latter,
thus resulting in a strongly anisotropic velocity distribution with a large
population of highly energetic trapped ions. When the ions in the passing
region of velocity space are scattered by the RF wave fields into the trapped
particle region a neoclassical type diffusion occurs.

If we neglect the change in parallel velocity due to pitch angle scattering
and cyclotron absorption, it follows from the conservation of the toroidal
angular momentum Py, the magnetic moment y and the particle energy E, that
as the perpendicular velécity increases the turning points of the trapped ions are
driven closer to the cyclotron resonance. From these invariants we can derive
the intersection points of the drift orbit withA the cyclotron resonance layer. Thus,

we have

mR:B
V=Y, + qu’ 2 Viis (1)

where v is the poloidal flux function, m and q are the particle mass and charge,
respectively, R is the major radius, By and B are the toroidal and total magnetic
field strengths, respectively and v, =i[~r2;(E-—uB)}m is the parallel component of
the particle velocity. Subscripts i and t refer to the intersection points and the

turning point (vy = 0), respectively. This equation shows that the intersection



points of the inner and the outer branch of the drift orbit are within the same
distance from the turning point in flux coordinates. However, as the flux
function is related to the radial coordinate by y ~ r2, the radial displacement of
the inner and outer intersection point from the turning point is not the same.
Thus, when the particle energy increases the inner branch takes longer steps
towards the small radius rj than the outer branch takes outwards. When the
wave field has a peaked profile the effect is substantially increased. Although
particles initially in the central region contribute to the density mainly further
out, more particle orbits further out will expand and increase the central density.
Furthermore, as the turning points of the trapped particles are driven close to the
resonance layer, the fraction of time spent in this layer compared to the time of
completing the whole orbit is increased and more power is absorbed. Thus, a
substantial increase in power absorption and minority density near the centre
region will occur, unless the banana drift and the diffusion due to finite orbit
effects limit it. The banana drift arises from particles being in different parts of
the velocity space on the inner and outer branch of the orbit. The parallel
velocity vy undergoes a sign change as it moves from the inner to the outer
branch, and the average value of |v,| is smaller on the inner branch. Thus, for a
given change in the particle velocity Av, the change |Av;| and consequently IAP¢]
are smaller on the inner than on the outer branch of the orbit. As the increase in
Py on the inner branch of the orbit is not ‘iarge enough to compensate for the
decrease of Py on the outer branch, a radial drift of the banana orbit occurs.
Banana drift exists even when temperature and density profiles are flat. The
profile gradients further enhance this process due to the different slowing down
rates on the inner and outer branches, and as the distance between the turning
points of the orbit is shorter along the inner branch the total change in Py is
substantially larger on the outer branch.

Let us now consider the processes which could lead to further depletion of

the minority density near axis. If the toroidal wave number is different from
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zero the resonating ions also receive a change in their parallel velocity
component as they pass through the cyclotron resonance layer. The change in
the toroidal angular momentum is

APy =mR;ByAv, [B. (2)
The displacement of the turning points for trapped ions can then be obtained
from
i 3

q

Ay, (3)

and the corresponding change in the other intersection points with the cyclotron

resonance from

mR;B

Ay; = Ay, + 2 Avy. 4)

The random displacement of the turning point and the intersection points with
the cyclotron resonance leads to spatial diffusion. In cases of an asymmetric
wave spectrum there is also spatial drift.

The diffusion problem was recently studied in the small banana width
approximation by solving a diffusion equation in real and velocity space. Results
indicate a pump out of ions from the central regions of high power density and
the formation of hollow resonant ion density profiles [11,12]. In these
investigations, as well as in the present study, it is assumed that the different
changes in velocity at the cyclotron resonance are uncorrelated. This will be the
case if the gyro phase of the ions are decorrelated through Coulomb scattering on
the plasma ions and electrons during consecutive passes through' the cyclotron
layer. For high temperature plasmas of low density this is not always fulfilled
and there results a superadiabatic behaviour of the ions characterised by a
transfer of power between the ions and wave field without power absorption.
However, if the wave field is sufficiently high the superadiabaticity is destroyed

and stochastic heating occurs [13].



3. NUMERICAL PROCEDURE
HECTOR is an orbit following code for the study of charged particles in
axisymmetric tokamak plasmas in which the particle trajectories are traced in the
invariant (Py, 4, v) space. Collisions are taken into account by calculating new
values of the particle velocity, the magnetic momentum, and the toroidal
canonical angular momentum after each time step.
v—o v+ Av
H—ou+Au 5)
Py — Py + AP,
where
b =2 (2vav+ (av) - 2vidv — (Av,)’)
AP, = mRB,Av, /B ©)

are the incremental changes in magnetic moment (Ap) and toroidal canonical
momentum (APg) due to the cumulative effects of dynamical friction, pitch
angle scattering, energy diffusion, and RF-wave interaction, and Av and Av) are
the incremental changes in particle velocity and it's parallel component,
occurring during the time step. In order to achieve energy conservation it is
necessary that the second order differentials appearing in Eq. (6) are included in
the numerical procedure.

Following the analytical treatment of_the-Fokk'er—Pianck equation by Stix
[1], one can write the change in particle velocity due to friction occurring during a

time interval At,

Av= -;(cf %G(f fv)AtJ, ©)

where
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and the subscript f designates the background field particles, ions and electrons.
The change in the parallel velocity due to this change in velocity is then given by
Avy = EAv, an
where £ is the pitch, the cosine of the pitch angle.
Boozer and Kuo-Petravic [14] give a simple Monte-Carlo equivalent
Lorenz collision operator. The change in the parallel velocity due to pitch angle
scattering during At is Avy = vAE, where

AE = vALE + 61[(1 - gz)vm]m, (12)

81 = £ 1 with equal probabilities, and the collision frequency v given by Spitzer

[15]is

i
v =-2-;;zf:cf[¢(zfv)-c(z ! (13)

These authors also give an energy scattering equivalent of the Lorentz

scattering operator. The change in particle energy during At is

3 E dVE 1/2
AE =-2 E-|24+22E ir\4+5,]aTE 14

where 82 =+ 1 with equal probabilities, and T is the background Maxwellian

temperature. The energy scattering frequency is [15]

vy = ;g.zf;[cfa(e ey (15)

The change in particle velocity then becomes



. ) 1/2
Av=|Vv +=AE| -—v, (16)
m

and the corresponding change in the parallel velocity is given by Avy = EAv.

In order to calculate the effect of ICRF interaction on the particle
trajectories we proceed as follows. Each time the ion passes through the ion
cyclotron resonance layer and undergoes resonant interaction with the wave
field there is a random change in the perpendicular component of the particle
velocity. This incremental change can be readily obtained by integrating the

equations of motion over the unperturbed particle trajectories and is given by [1]:

12
q|2=x -L72 kivy | E kivy
Av, == =5 E Zicosa| J, | —= [+—J \ 17

4 m(|9|] | +I'2 g( ) {n 1[ o, E+ n+l w,; 17)

where E is the electric field strength with + and - designating the polarized left-
and right-handed components, respectively. L is the electric field profile
parameter, Z is the distance from the median plane in the vertical direction and
o. is the phase angle. g(Z) is a function which is used to provide a flat power
absorption profile when L = 0. Jp, is the Bessel function of order n and k| is the
perpendicular wave number. The time variation of the cyclc;tron frequency seen

by the drifting ion as it passes through the resonance layer is

G=Yin®iBy o o (18)
BR-
and
o= 27553, (19)

where 83 is a uniformly distributed random number between 0 and 1.
The incremental change in the parallel velocity component can be

expressed in terms of the change in the perpendicular velocity component as [1]

Avy= kv Av, [nay;, (20)



where k| is the parallel wave number. For an asymmetric wave spectrum the
change in v results in an inward or outward drift for positive and negative sign
of ky, respectively. For a symmetric spectrum the drift terms cancel and only the
diffusion term remains.

The ability of the Monte-Carlo code to reproduce the relevant velocity
distribution was tested by comparing it with the semi-analytic model [6] which
has previously been tested with the bounce averaged Fokker-Planck code BAFIC
[16]. To exclude the orbit effects in HECTOR, flat power absorption, plasma
density and temperature profiles were used in the tests. Agreemént, within 10%,
was found for the minority ion energy content, the mean energy, the
participation of the power transferred to background electrons and ions, and the
fusion yield. These and other test results can be found in Ref. {10].

Tracing particle orbits using the Monte-Carlo method is computationally
expensive. As the minimum orbit following time is determined by the tail
formation time, the number of test flights needed becomes important for
optimizing CPU time. In peaked profile cases this is particularly difficult due to
the introduction of the spatial coordinate in the distribution function which is
obtained by integrating the particle trajectories in a finite size y grid. To have
statistically satisfactory results in a grid expanding over the whole plasma cross-
section would require an unreasonable large number of test particles. Thus, in
order to have a good resolution in the éentral region of the discharge we
establish the particles initially in the region 0 £ y < 0.3. The sharp gradient in
minority ion density at the y = 0.3 boundary results in an enhanced outward
diffusion. However, provided the particle following time is not excessive, an
accurate simulation in the very centre of the discharge, ¥ < 0.2, which is of the
greatest interest in terms of ICRF heating efficiency, can be done with a

reasonable amount of test particles.
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4. RESULTS AND DISCUSSION
4,1 Numerical Considerations and Assumptions

The finite orbit width effects are investigated here using 3He minority
scenario in deuterium plasma for JET relevant parameters (Table 1). The
electron temperature profile is taken as Te =T, (1 - 0.9 w)pT and the density
profile as ne = n, (1-0.9 y)Pn, and no impurities are included. To separate the
effects on the power absorption profile caused by the finite orbit width and the
change in the toroidal angular momentum from that caused by the increase in
the Doppler broadening due to increased parallel velocity, we assume the power
absorption to take place at @ = (.

The wave field along the cyclotron resonance is chosen in such a way that
at time t = 0, before the orbit width has expanded, the power deposition profile
agrees with the zero orbit width calculations with the PION code [171].

Since the power absorption and transfer profiles are obtained by following
test particles in a fixed spatial wave field profile the results can be scaled to other
minority densities by keeping the ratio of the total coupled power to the minority
density constant. The choice of the minority species is not critical for the
modelling of the finite orbit effects, since different species have the same

qualitative behaviour.

4.2 Banana Drift and Orbit Effects

To establish the banana drift effect for central ions we first calculated the
change in the toroidal angular momentum representing the radial drift (Fig. 3).
In this particular case we had the minority ions initially distributed in a region of
0.0 <y < 0.02. The energy of these particles starts to increase very quickly due to
strong heating, resulting in a widening of the banana orbits and in a rapid
decrease in Py. As the banana drift moves particles to regions with a lower wave
field strength and a shorter slowing down time, the rate of increase in the mean

energy and consequently the decrease in Py is reduced. Eventually the mean
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energy will reach its peak and starts to decrease. The change in Py due to RF
induced diffusion is initially small but will increase when the mean energy
reaches the MeV range. However, the fact that the minority ions are no longer
in the regions with high wave field reduces strongly the effect from RF induced
diffusion. Pitch angle scattering has little significance for ICRF heated high
energy ions, but it is important at the early stages of the tail formation. Here, the
banana drift effect was demonstrated using reasonably small peaking factors for
the temperature and density profiles while with higher peaking even stronger
effects would occur.

In Section 2 we discussed how the inner branch of the banana orbit moves
faster towards the high wave field region than the outer branch moves towards
the weaker field due to an increase in the perpendicular velocity component, and
how the fractional time spent in the resonance layer increases. This would lead
to an increased power absorption in the absence of banana diffusion. Figure 4,
however, demonstrates that these effects are smaller than that from the banana
drift, the net result being a substantial decrease in power absorption, in case C
from 40 MW to 20 MW, in a constant wave field compared with zero orbit limit,
i.e. Paps(t = 0). The power transfer to the background plasma is also shown to
exceed the absorbed power. This occurs because the large fast ion energy content
generated at the early stages of heating is later delivered to the outer regions of
the plasma where absorption is weak but tﬁe slowing down rate fast. Whether
the power transfer can become larger than the power absorption depends on the
power deposition profile and the amount of coupled power.

Even at moderate heating power levels there is a reduction in the absorbed
power due to orbit effects, although this occurs only in a small region in the
vicinity of the highest wave field (Fig. 5). However, increasing the power will
expand this region and, furthermore, substantial broadening of the power

transfer profile will occur. This results in significantly more power transferred
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in the outer region of the plasma than is absorbed there, while in the centre of
the discharge less power is transferred than is absorbed.

The behaviour of particle orbits during ICRH was discussed in Section 2.
Further information to explain the power absorption and transfer profiles can be
obtained by examining the minority ion mean energy and density profiles.
Because of the finite width of the banana orbits, locally absorbed power produces
a radially spread mean energy distribution with a lower high energy tail
temperature than that obtained in the zero orbit width limit. Thus, the usual
assumption that the mean energy is proportional to the absorbed power density
is no longer valid even in the absence of orbit drift and diffusion. The mean
energy of the local velocity distribution for different wave field strength is
compared with the zero orbit width approximation in Fig. 6. It is to be noted,
that the two curves also correspond to different amounts of coupled power since
the wave field strength was kept constant.

By studying the evolution of the density profiles in case C (Fig. 7) we
found that, at the early stages of heating, the density of minority ions first
decreases in the centre of the discharge and consequently increases further out
due to orbit broadening. The process continues in time except in the very centre
where the density starts to increase again. This increase appears because particles
initially further out can reach sufficiently high ‘energy, provided power
absorption density is strong enough to forrﬁ fat banana or D-shape orbits. The
inner branch of these orbits can then pass the central region. The density in the
centre would indicate substantially higher power absorption density than was
obtained. Although some of the ions in the centre region are scattered onto
orbits that intersect the resonance layer increasing the power absorption, the
majority of these D-shape particle orbits only pass through the centre of the
plasma on the low magnetic field side. Thus, they will contribute to the central
density, but the interaction with the resonance layer occurs further out in the

region of reduced RF power absorption. Similarly, in the outer regions of the
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discharge, ¥ > 0.1, the reduced minority ion density results in less power
transferred to background plasma, compared with that obtained with the zero
orbit calculations, than the local mean energy would indicate.

A useful quantity which can be calculated, and measured experimentally is
the fusion yield from He3 + D — Li® + y reaction. The fusion yield has here been
expressed in terms of the yield from the reaction He3 + D — p + He4. The latter
reaction has a cross-section which is about five orders of magnitude larger but
the energy dependence of the two cross-sections is similar. The fusion yield
calculated with HECTOR all peaks on the magnetic axis (Fig. 8a). The yield in the
zero orbit width limit, also shown in Fig. 8a, peaks off-axis for high power levels
due to the particle energy level exceeding the maximum cross-section. Although
the spatial distribution of the fusion yield is different for the Monte-Carlo and
Fokker-Planck calculations,” the total yield for the same amount of coupled power

agrees better as can be seen in Fig. 8b.

4.3 Plasma Current Dependency

The deviation of the drift orbit from the magnetic surfaces depends
strongly on the plasma current. For low plasma currents (= 1 MA) a significant
fraction of the energetic ions will intersect the wall. Thus, the plasma will
constantly lose the high energy ions are they are heated up. As the plasma
current is increased the losses are strongiy reduced, and at 5 MA they are
negligibly small. ICRF heated high energy particles are strongly trapped and,
thus, much less likely to escape the plasma than particles with the same energy
in a isotropic distribution. In spite of this, as we saw earlier, the power
absorption density in the centre of the discharge is strongly reduced due to orbit
effects. In Fig. 9 we compare the total absorbed power for 5 MA and 2 MA plasma
currents with the zero orbit calculation which represents the case of the infinite
plasma current. The g-profile was kept constant by changing the toroidal

magnetic field strength proportional to the plasma current. Even at moderate
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input power levels the 5 MA case shows significantly lower absorbed power than
that obtained in the zero banana width calculation, and the difference in 2 MA
case, is further increased. In the 2 MA case for input power levels exceeding ~ 20
MW the losses of high energy ions is significant and leads to a strong reduction
in absorbed power. Projected to future high current ialasmas a substantial
decrease in absorbed power is indicated. Bearing in mind the flattening of the
coupling profiles and the fact that in the experiment situation the absorbed
power is kept constant by changing the wave field strength, strong heating
outside the centre of the discharge can be anticipated. This is not necessarily a
drawback as was demonstrated in the (3He,d) yield calculations, where evenly
distributed high power RF heating produced less ions with energy beyond the
maximum yield and resulted in higher yield than was obtained by the zero orbit
width approximation.

Using a low plasma current, on the other hand, has clear disadvantages.
Whereas 5 MA plasma current produced little difference in the fast ion energy,

Wtast (= W1 - 3W)), compared with Ip = e case, the energy content was

significantly smaller with the 2 MA current (Fig. 10). Furthermore, although the .

particle losses out of the plasma were small there was a significant deterioration

of the minority ion density in the centre of the discharge (Fig. 11).

44 RFInduced Diffusion and Drift

The stochastic change in the resonating ions toroidal angular momentum,
due to absorption of toroidal wave momentum, results in a corresponding
stochastic change in the minor radius location of the turning points. This
random displacement of the turning point was predicted to lead to a spatial
diffusion by ICRH [18,19]. The simultaneous diffusion in real and velocity space
with more energetic ions diffusing faster in real space, would result in a pump
out of high energy ions from regions with high power density. In Section 4.2 we

already established the ratio of the effects from banana drift and the RF induced
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diffusion and found the latter to be significantly smaller. The comparisons made
with the zero orbit width limit represented the combined effects of orbit trapping
processes and the banana drift, the latter being difficult to quantify on its own, as
it exists even in plasmas with flat temperature and density profiles. The RF
induced diffusion and its effects, on the other hand, can be studied by comparing
cases with different toroidal mode numbers, the same plasma cﬁrrent, and
assuming the position of the absorption to be at ® = @ in order to exclude the
Doppler broadening effect. The density profiles for the toroidal mode numbers
ng = 0 and ny = 30 are shown in Fig. 12. The results confirm the earlier
predictions that the finite toroidal mode number leads to further pump out of
resonating ions from the centre of the discharge. The RF induced diffusion
becomes effective only after the high energy tail has been formed as was seen in
Fig. 3. Thus, diffusion due to finite mode number primarily affects the high
energy ions. In the 2 MA case, where the confinement of high energy ions
already is poor, fewer df these ions are present to undergo diffusion and a
smaller effect occurs. The decrease of the maximum mean energy is shown in
Fig. 13. This decrease, however, is significantly smaller than that due to orbit
effects. The consequent flattening of the power transfer profile and the power
absorption profile is shown in Fig. 14.

As future experiments may introduce an asymmetric wave spectrum, we
here also demonstrate briefly the associated effects. Again, only the central ions
initially distributed in the region of 0.0 < y < 0.02 in case C are considered.
Compared with the banana drift RF induced diffusion was shown in Fig. 3 to be
small. In the asymmetric wave spectrum cases the additional inward or outward
drift for the positive and negative sign of the toroidal mode number may be large
and even exceed the banana drift (Fig. 15). For symmetric spectra the banana drift
and the diffusion from pitch angle scattering are outwards. However, in the ny =
-30 case, an inward drift is obtained. If the pitch distribution is displaced towards

negative pitch values, friction for passing particles may produce a change in the
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toroidal angular momentum large enough to compensate the outward banana
drift and a net inward drift occurs. Similarly the pitch angle scattering leads to
the formqtion of an isotropic distribution in pitch giving rise to an increase in Py.
For given particle energy the change in Py is larger than that produced in the case
of a symmetric wave field spectrum. However, it is significantly less than that
due to friction and RF interaction. Though the cases of high power density and
large toroidal mode number, considered hére, may not be typical, nevertheless
the introduction of a asymmetric wave spectrum clearly could have significant
effects on ICRF heating. A more detailed study of this topic will be presented in a

later paper.

5. CONCLUSIONS

A Monte-Carlo code HECTOR has been used to study the effect of finite
orbit width on the efficiency of the ICRH in tokamak plasmas. These effects
cause a significant reduction in the absorbed power near the magnetic axis where
the maximum in the wave power deposition occurs compared with the
calculations in which the resonant ion distribution function is obtained from the
Fokker-Planck equation in the zero orbit width limit. Furthermore, the power
transfer profile becomes substantially broader than the absorption profile.

The finite orbit width also curtails the development of the high energy tail
during ICRH. The very high tail energy prédicted by Fokker-Planck calculations
with zero orbit width is not reached and the mean energy tends to saturate at the
centre of the discharge. Although the mean energy profile is significantly flatter
than that obtained in the zero orbit width approximation, the total fast ion
energy content and the fusion yield for the He3 minority heating in a D-plasma
appear to differ less. However, the chosen parameters were those analysed in
Ref. [20], where zero orbit width calculations are compared with JET experi-
mental results showing a good agreement at low power levels. This is somewhat

surprising in view of the results obtained here. The finite orbit correction of the
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total anisotropic energy content and the total fusion yield is in the direction of
decreasing the previous error in the zero orbit width calculations.

Due to the complex nature of the kinetic effects, formulating the orbit
correction in the zero orbit approximation is very difficult even in the simplest
model cases. One such formulation, a Large-Orbit Model, obtained good agree-
ment with the experimentally measured fast ion energy content [9]. This is again
surprising as the correction indicated is substantially larger than the real one
calculated with HECTOR using the same plasma parameters. Furthermore, the
agreement with the experimental data was reached with HECTOR only after the
inclusion of the E. component of the electric wave field which was neglected in
the Large-Orbit Model.

The spatial diffusion due to absorption of waves with a finite toroidal
wave number could be confirmed by comparing the density profiles of cases with
zero and finite toroidal mode number. However, this effect is strongly reduced
by the banana drift which effectively moves high energy ions away from the
centre of the discharge. For small plasma current the deviation of the density
profile between cases with and without zero toroidal mode number was smaller
due to an already poor confinement of high energy ions in the centre region in
the absence of toroidal propagation of the waves. An example of an asymmetric
wave spectrum indicates the existence of a strong RF induced drift.

The existence of the finite orbit width effects is not limited to large
tokamaks with high RF power, these effects also exist in situations where
moderate power is coupled to a small minority ion concentration. Finite orbit
effects will be in evidence in future large machines where their correct

optimisation is vital for the effective heating regimes by ICRF.
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TABLE 1

Plasma Parameters for the Reference Discharge

Major radius, Ry
Minor radius, a

Electron density on axis, n

€5

Electron density profile parameter, p,,

Electron temperature on axis, T

Electron temperature profile parameter, pr
Magnetic field at R = Ry, By

Plasma current, I,

3He minority concentration, nzpy./ne
Electric field profile parameter, L
Perpendicular mode number ny

Toroidal mode number ny

Frequency, f

The input power, Pin:
Case A
Case B
Case C
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