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Abstract

A monotonically decreasing superthermal tail in the distribution of
electron velocities parallel to the tokamak magnetic field is represented
by adding a drifted Maxwellian distribution to a bulk Maxwellian
distribution. This combines a high degreee of flexibility in the set of
tail parameters available with the possibility of obtaining exact analytic
expressions for the dielectric tensor elements. Calculations have been
carried out in the nonrelativistic limit, which restricts its
applicablility to the extraordinary mode away from normal incidence. A
fully three-dimensional ray tracing code which includes the effects of
toroidal geometry is employed. The results indicate that small tails
(tail fraction = 0.5%) can significantly alter the wave absorption
characteristics. These include the integrated absorption, spatial
deposition profile, and velocity space deposition profile. Due to the
presence of tail electrons, significant heating above the high density
cutoff is found for high field side launching with w = Qe(central),
together with strong absorption at low density for low field side

launching with w((Qe(central).
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1. INTRODUCTION

Superthermal tails in the distribution of electron velocities
parallel to the magnetic field have been observed both in Ohmically heated
low density tokamak discharges1 and in discharges supported by lower
hybrid current drive.2 Such tails have also been predicted to arise
during current drive by electron cyclotron waves.3 As shown in previous
publications,‘b7 the tail is a very good absorber of electron cyclotron
waves. In particular, for extraordinary mode ébsorption, which is the
only case considered here, the physical reasons for the significance of
the tail follow from the fact that absorption increases with the electron
temperature.8 The tail is a low-density, high-temperature component of
the plasma which should accordingly be considered in the calculation of
electron cyclotron resonance heating.

At any given time, the distribution in velocity space of the
superthermal electrons in a specified region of real space is determined
by a large number of effects. These include interparticle collisions,
particle trapping, finite particle confinement time, forces arising from
any externally applied field, interactions between electrons and plasma
waves - both internally generated and externally applied - together with
the nonlinear development of the instabilities to which extended tail
distributions are subject. A number of interesting approaches have been

3,7,9-
+7,9=12 however, no general

made to this complex nonlinear problem;
solution exists at present. For this reason, previous authors have

exercised some freedom in their choice of mathematical model for the tail
when calculating its absorption characteristic:s.(']'-7 These models include

flat tails4 and drifted Maxwellians in the weakly relativisitic limit;5 a

7
degree of self-consistency has also been included. However, the



complexity of the calculations tends to restrict the range of parameters
and the geometry which can be considered. In this paper, we have chosen
to represent a monotonically decreasing tail by adding a nonrelativistic
drifted Maxwellian distribution to a bulk Maxwellian distribution. The
distributions considered here are consistent with typical values for the
plasma current and with existing numerical simulations of tail formation;
in addition, they give rise to a soft X-ray spectrum that is compatible
with observations. Subject to these constraints, our model for the
distribution function combines a high degree of flexibility in the set of
tail parameters available with the possibility of obtaining exact analytic
expressions for the dielectric tensor elements and their derived
quantities. We can vary with ease the fraction of electrons in the tail,
the mean tail wvelocity, and its thermal spread - and hence bf/av" - while
the dielectric tensor elements can be expressed in terms of the standard
plasma dispersion function. This relative simplicity allows us to use a
fully three-dimensional ray tracing code.13 We are able to trace a large
number of rays, representing a realistic antenna pattern, in a realistic
tokamak geometry for a wide range of plasma and tail parameters. In this
frequency range, the ray tracing technique is a reliable method for
computing the power deposition profile, both in real space and in
velocity space, of the radiofrequency wave which is undergoing continuous
refraction in the inhomogeneous medium. Ray tracing is particularly
necessary in the high density regime, where refraction effects are
extremely strong.

1
The nonrelativistic approach is valid so long as 4
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where n, is the component of the refractive index parallel to the

magnetic field, L is the electron thermal velocity, Qe is the
electron cyclotron frequency - which we take to be positive - and w 1is
the frequency of the incident electromagnetic wave. We are therefore

* unable to deal accurately with propagation in directions close to
perpendicular to the magnetic field direction, which is a regime in which
absorption of the ordinary mode is much stronger than that of the
extraordinary mode. Accordingly, we restrict ourselves to the case of
X-mode propagation away from the perpendicular. This restriction is the
~price which must be paid for the relative simplicity of the analytical
~expressions employed.

2. Derivation of the Basic Equations

We consider an electron distribution function of the form

f(VL,v") = (1= u)fB(vl,v“) + ufT(vl,v") (2.1a)
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The small tail fraction p, the drift velocity vo, and the parallel thermal

velocity v characterising the drifted component are all chosen so that

T

f(vL,v") represents a distribution with a monotonically decreasing



superthermal tail, subject also to the constraints outlined in the

Introduction; see, for example, Fig.1. In order to minimise the number
= = nd = = i .

of free parameters, we set Vs i Y vy @ V| Vo Vo in Egs

(2.1b,c), so that fB(v ,vﬂ) and fT(v",v") have no temperature anisotropy.

1l
The plasma is characterised by a plasma freguency uk, and the electric

field amplitude E associated with the radiofrequency wave oscillates as

exp[i k.r - iwt]. We define

x = ()2, v= (°)
= [ - = [ (2.2a,b)

Wave propagation is determined by Maxwell's equations, which take the

general form

kx(kxE) +g.E=0 (2.3)

SV N

Substituting the electron distribution function, Egs.(2.1a-c), into the

1
standard general expression for the dielectric tensor g, 2 we obtain
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Here X and Y are given by Egs.(2.5a,b) and n

the refractive index n

1

and n

[

(2.5a)

(2.5b)

(2.5c)

(2.54d)

(2.5e)

(2.5f)

(2.59)

(2.5h)

(2.51)

are the components of

ck/w perpendicular and parallel to the magnetic
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field direction. The standard plasma dispersion function is represented

by %, and the arguments { and 1 are given by

"o e
Ky

w - Qe w=-%kXv -8
= (2.6a,b)

We are concerned with waves in the electron cyclotron' range of
frequencies, w = Qe. Thus C and 1 will pass through zero at the warm
plasma wave;particle cyclotron resonances arising in the bulk plasma and
the tail component respectively.

We now combine Egs.(2.3) and (2.5a-i) to obtain an expression which

can be written in the form
p° + D" =0 (2.7)

Here the cold-plasma contribution D¢ is given by the standard cold-plasma

dispersion relation for electromagnetic waves:
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It follows from Eg.(2.7) that the imaginary part n, of the refractive

index is given by

W
n, = '12 D (n) - (2.10)
Sl
n on n on

I 1

where nl and n" satisfy Dc(nl,n") = 0. Writing nL = nsinB, n" = ncosB, we
have
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is the Dawson integral, { and mn are given by Egs.(2.6a,b), and Dg, D1,

and Dy are given in the Appendix.



Equations (2.7)=(2.11) are the basis for our ray tracing study of the
propagation and absorption of electromagnetic waves in the electron
cyclotron range of frequencies when the electron velocity distribution has
an energetic tail. We note for completeness that in the absence of a tail

17

(u=0), these equations reduce to those of Akhiezer et al.

3. NUMERICAL RESULTS

The ray tracing code13 has been modified to include the imaginary
part of the refractive index, derived in the previous section, and is used
to calculate the power deposition along the ray path.

Ray tracing, or the geometrical optics approximation, is discussed in
a number of texts, see for example Refs.14,18,19. Provided that the
scale-lengths associated with plasma inhomogeneity are much larger than
typical wavelengths and that dissipative effects are weak, so that little
attenuation occurs within a single wavelength, a group velocity can be
defined which determines the trajectory followed by a wave packet. The
rate at which the local properties of the wave change along this
trajectory can be derived from the local cold plasma dispersion
relat:Lon.18 For a given plasma equilibrium configuration, the ray

equations are

dr du

= = v = — (3.1a)
a9 ek

dk du

—=-— (3.1b)
dt or

Here r is the position vector, relative to the centre of the plasma, of a

point on the ray, and kK is the local wavevector; and u(k,r) = w is the



cold plasma dispersion relation for the mode under consideration, which is

externally excited with frequency w. The power remaining in the ray after

it has propagated a path length % is

P(4) = B_ o ] (3.2)

where

2 Xk
(L) = 2[ k;. d& = 7 (3.3)
o]

is the optical depth.

The plasma equilibrium is represented by the following profiles for

the electron density, the electron temperature, and the toroidal and

poloidal magnetic fields:

rza
n (r) = n_(0) (1 - ;;] (3.4a)
2 B
- - ES
T (x) = T_(0) (1 az) (3.4Db)
- X
Bp(x) = BT(O)/[1 + Ro) (3.4c¢)
. g2 1 5
B (r) = By(a)] [1- (1 - ;;) ] (3.44)



where r? = x2 + y2 and a and R.0 are the plasma minor and major radius,

respectively. The total magnetic field is given by
B(r) = B_(r)é + B (r) (3.5)
= == —p

In our ray-tracing calculations, the parameters are chosen to
represent the DITE tokamak: sz 1.17m, a = 0.26m, and ¢ = B = 1. Unless
otherwise stated, the toroidal magnetic field intensity is determined by
assuming w = Qe(o), so that for an electromagnetic wave with w = 60 GHz,
we have BT(O) = 2.14 T. The central electron temperature is kept

constant,

Te(O) 1.5 keV. The central electron density is varied from

2 x 10! m~3 to 1.4 x 1020 mf3; we note that for

ne(O)
ne(O) > 8 x 1012 m~3 the X-mode high-density cutoff is present in the
plasma.

The rays are launched from the plasma edge with initial wavevector

EO (the wvacuum wavenumber k0 = w/c) which are given a conical distribution
in order to represent a typical antenna pattern. In all cases, the full
cone angular aperture was taken to be 10°. As mentioned in Section 1, our
analysis is carried out only in the nonrelativistic limit. It follows
that the analysis is not appropriate for launch angles close to the
perpendicular, see Egs.(1.1a,b). For this reason, we have not dealt with
O-mode absorption, which is known to be greatest for launch angles near
the p«ar;_:.c_-nd:i.c:v.llar.14 We have restricted our treatment to the X-mode,
whose absorption increases from zero as the launch angle moves away from
the perpendicular.14 To simulate typical experimental arrangements, we
have in most cases chosen a launch angle of 120°, for which our
nonrelativistic analysis remains wvalid.

The parameters p, vo, and TT characterise the deviation of the

-10-



electron velocity distribution from a single bulk Maxwellian. The
identification of these mathematically convenient parameters with physical
properties of the tail is to some extent dependent on the definition of
the tail. It should be noted that if we define the tail as consisting of
all those electrons with parallel velocities exceeding some value v, the
number of tail electrons will depend on all three parameters. Thus, as
TT is increased at constant p and v, a greater proportion of the
electrons in the drifted Maxwellian acquire parallel velocities below V.
This reduces the number of electrons in the tail at the same time as the
high-velocity end of the drifted Maxwellian distribution, penetrating to
higher values of v", extends the range of the tail. On the other hand,
the fraction of electrons in the tail is proportional to L at constant %
and TT. We have therefore chosen to discuss tail absorption in terms of
the parameters y, vo and TT, and draw attention to the effects outlined
above as they occur. The range of parameter values considered has been
chosen to be consistent with the results of numerical simulations of tail

1420 In addition, there are two further constraints. Firstly,

formation.
we consider only tails that are monotonically decreasing. Secondly, the
asymmetry in the parallel velocity distribution arising from the tail is
responsible for the current, and the current must take values which are
reasonable for the tokamak plasma considered. Subject to these
constraints, we have attempted to sample a wide range of tail formations.
Typical values are p = 0.005, vo = 3VB, and TT = 13.5 keV; this
corresponds to a plasma current of IP = 200 kA when ne(O) =4 x 10903,
The corresponding v, = 0 cross section of the velocity distribution

L

function is shown in Fig. 1.

=-11-



3.1 LOW DENSITY CASE

For ne(O) < 8 x 10lg m‘a, the X-mode has no cutoff in the plasma, and
the electron cyclotron resonance is accessible to the radiation. This
case is similar to that investigated by Fidone and co—workers5 in slab
geometry.

Minor cross section projections of the three-dimensional ray
trajectories are shown in Fig. 2a (tail parameters p = 0.005, vo = 3.0 ve,
TT = 13.5 keV). It can be seen that in the presence of a tail, a
significant fraction of the absorption takes place well away from the
electron cyclotron resonance w = Qe(x). This is due to the down-shifted
with

v

resconance with the high—vI electrons in the tail, w = Qe + k

| [

k" < 0 since we have a launch angle of 120°. The associated radial and
velocity space power deposition profiles are shown in Fig. 2b and Fig. 2c.
In both cases the effect of the tail can be seen in the substantial
increase in absorption at large radius (high v“) and corresponding
decrease in absorption at small radius (small v"). The resonance
condition relates vy to position : v, = [w - Qe(x))/k". In the high
temperature bulk plasma considered here, absorption is so effective that
power deposition exceéding 90% is achieved before the rays reach the
resonance W = Qe(x). In Fig. 24, the quantity EP(v") denotes the power
absorbed by electrons having parallel velocity above v,r as a percentage

x

of the total power absorbed. With no tail, absorption for A 23.0 Vg is
negligible. 1In the presence of a small tail, approximately 35% of the
absorption occurs in this high velocity domain.

We now examine in detail how the absorption as a function of v"/vB
varies with the tail parameters and launch angle. It should be stressed
that v"/vB can be mapped to the x-coordinate through the nonrelativistic

resonance condition. In particular, v"/vB = 0 corresponds to the position

of the fundamental cyclotron resonance (w = Qe(x)), while v"/vB = +@ (= @)

-12-



corresponds to the high field side plasma edge for a launch angle larger

(smaller) than 90°.

In Fig. 3 the parameter varied is the fraction p of electrons in the
drifted Maxwellian. For values of p as low as 103, approximately 10% of
the incident power is absorbed in the tail, while for u = 10=2 the tail
absorption rises to 60%. It is interesting to noﬁe that for p =5 x 10-2,

almost 100% of the incident power is absorbed by the tail.

The fraction of electrons with parallel velocity exceeding a value v_
is given by

By = {(1 = pcerf(u,)+ p[1 £ erf(i

nl=

T)]} R (3.6)

where u, = V*/VB ¢ B, = VO/VB, BT = VT/VB, erf(x) is the error function

o
and cerf(x) = 1 - erf(x) is the complementary error function.

It follows that when we vary v, or TT while keeping cther variables
constant, a number of factors influence absorption by the tail. In
Fig. 4, the drift velocity Vo is varied at constant (p,TT), subject to the
constraint that the tail is monotonically decreasing. As L is increased,
(i) o increases, (ii) a plateau region begins to form, reducing the mean
value of af/av", (iii) the Doppler-shifted cyclotron resonance moves
towards the edge of the plasma, where density and temperature are both
lower, and (iv) the number of electrons at high v" increases. These
effects combine to produce the steady increase of tail absorption with Vs
shown in Fig. 4. 1In Fig. 5, the thermal spread of velocities in the tail
is varied at constant (u,vo). As VT/VB is increased, the number of

electrons at high values of v, increases, Ko decreases, and the gradient

I
of the velocity distribution function in the parallel direction decreases.

It can be seen that absorption by the tail occurs at larger v, for higher

-13-



values of vT/va However, integrated absorption by the tail decreases as

vT/vB increases; this is due to the associated decrease in the value of
pTand of the mean velocity gradient.

We note that in general, as the launch angle increases from 90°, so
does the right circularly polarised component. The wave is therefore
absorbed more efficiently by the electrons. Since the wave interacts
first with the tail electrons, these absorb an increasing proportion of
the incident power. The effect of reversing the orientation of the wave
vector with respect to the toroidal magnetic field direction is shown in
Fig. 6. Since at resonance v“ = (w - Qe)/k“, for k" > 0 the tail
electrons interact with the wave only on the low field side of the
resonance W = Qe(x). However, the wave is incident from the high field
side; It has therefore undergone strong attenuation by the bulk electron
distribution before it reaches the tail electrons. Conversely, for k" <0

the wave interacts first with the tail electrons. The residual absorption

by the tail electrons for k, > 0 can be compared to the stronger

I

absorption for k" < 0.

3.2 HIGH DENSITY CASE

For ne(o) > 8 x 101? m-al

the X-mode has a high-density cutoff, so
that the rays are strongly refracted away from the centre of the plasma.
The electron cyclotron resonance of the bulk thermal electron distribution
is therefore inaccessible to the waves. However, some pail electrons may
be sufficiently energetic for their Doppler-shifted electron cyclotron
resonance to lie in the outer region of the plasma which is crossed by the

waves before they are refracted away from the high-density cutoff. It is

clear that the employment of ray-tracing techniques is indispensable.

=-14=-



The results of calculations in this regime for typical tail
parameters (L = 5 X 10‘3, vo/vB = 4'5'7TT = 13.5 keV) are shown in
Figs. 7a=-c. For the bulk plasma parameters shown in Fig. 7a, power
deposition is localised to the edge of the plasma and is due exclusively
to tail electrons, see Fig. 7b. Significant integrated absorption = 38%
occurs even for this small tail (Fig. 8c). It should be noted that in
this high-density regime, the plasma current associated with given values
of (u, vo, TT) is proportionately greater than in the low-density case;
typical values lie close to 1 MA.

The dependence of absorption on a range of parameters is shown in
Figs. 8-10. 1In Figs. 8 and 9, the parameters U and vo are varied. The
absorption has only weak dependence on TT' It should be added as the
plésma density increases, the X-mode cutoff moves outwards, shielding the
position of the Doppler-shifted cyclotron resonance for electrons of

increasingly high v The possibility of wave-particle resonance is

n*
therefore increasingly confined to the high-energy tail of the
distribution, where the number of electrons falls steadily. 1In Fig. 10,

the increase in tail absorption with angle of incidence is shown. This

increase is due to two factors. As lkul increases, the resonance moves

outwards into a region of increased wave energy; at the same time, the
wave remains within the resonance region for a longer period.

These results show that significant power deposition can occur for
high-density plasmas in which the X-mode cutoff is present, provided that
the electron velocity distribution has a superthermal tail with
L 25 % 10~3. This suggests that the presence of a small tail should be
examined as a possible explanation for the recent experimental results on
Doublet~III21 and FT-122 ; where significant absorptioﬁ was observed for

dénsities above the X-mode cutoff. In addition, we note that in this
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regime the wave energy is deposited exclusively among the high—v" tail

electrons, which are the most efficient targets for current drive.

3.3 LOW FIELD SIDE LAUNCHING

In this Section we examine a heating and current drive scenario
proposed by Fidone and co—workers.4 Suppose that the gyrotron source has
a frequency w << Qe(O), so that the resconance w = Qe(x) lies outside the
torus. In this case, a launch position on the outside edge of the torus
is located on the high-field side of the fundamental cyclotron resonance.
The resonance condition v, = (w - Qe}/ku shows that only high-vu electrons
will interact with the wave. Heating is therefore confined to any
superthermal tail electrons that may be present, and this would be
particularly effective in current drive. This method is additionally
attractive for engineering reasons. Firstly, a lower-frequency gyrotron
can be used than in the usual case where w = Qe(O); secondly, access is
easier for a launch position on the outside of the torus.

The results of the ray-tracing calculations for a typical set of
parameters (p = 5 x 1073, VO/VB = 3, TT = 13.5 keV) are shown in Figs.
11a-c. In Figs. 11a,b it can be seen that power is deposited uniformly
around the centre of the plasma; this is probably advantageous in terms of
plasma stability. The absorption profile in velocity space is strongly
peaked (Fig. 11c), and the integrated power deposited for this small value
of p is 70%. Such large absorption by the tail can be explained in terms
of the polarisation of the wave, which is propagating away from the
fundamental cyclotron resonance on the high-field side. As the wave
approaches the centre of the plasma, the right circularly polarised

component is substantially greater than would be the case if the cyclotron

. resonance were located at the centre.
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The variation of absorption with tail parameters is shown in Figs.
12-14. In this heating regime, unlike that discussed in Sections 3.1 and
3.2, V"/VB does not map uniquely to the spatial coordinate x. This
problem arises because of the spatial variation in Vet which tends to zero
at the edge of the plasma. However, the graphs display clearly the total
absorption in each case. The power deposition profile in velocity space
is given by the derivative of the curves in Figs. 12-14, so that the width
of the resonance region in velocity space can be seen. In Fig. 12, the
variation of absorption with tail density | is shown. As the tail density
increases, so does the integrated absorption, while the resonance regiocn
in velocity space narrows. There is a large variation in the integrated

10'3, a figure of 20% is obtained,

absorption: for a very small tail, p
while 100% absorption occurs for p =5 x 1072, The effect of variations
in vo and T , which produce a number of changes in the characteristics of
the tail as discussed in the preceding sections, are shown in Figs. 13 and
14 respectively. Both the integrated absorption and the width of the
resonance region in velocity space increase with the tail drift velocity.
An increase in the tail temperature has little effect on the integrated
absorption, but causes a large increase in the width of the resonance
region. 1In Fig. 15, the integrated absorption is seen to decrease as the
bulk plasma density increases. This decrease is due to the diminution in
the right circularly polarised component of the wave as mp increases. The

integrated absorption has been found to increase with the launch angle, as

expected. For a tail characterised by p = 5 X 1073, vo/vB = 3 and
TT = 13.5 keV, integrated absorption is 70% for 6 = 120° and 98% for
8 = 1359,

-17-



4. CONCLUSIONS

We have represented a monotonically decreasing superthermal electron
tail distribution by adding a drifted Maxwellian distribution, which is
parametrised by suitable values of (|, vo, TT), to a bulk Maxwellian
distribution. The range of tail formations which can be described in
terms of (|, Vo' TT) is very large, and it would be difficult to justify
the use of further free parameters in a study of this kind. This
representation gives rise to relatively simple analytic expressions for
the absorption of waves in the electron cyclotron range of frequencies in
the nonrelativistic regime, which have been used in conjunction with a ray
tracing code to study X-mode absorption away from normal incidence. By
varying the three basic parameters, the dependence of absorption on the
nature of the tail distribution and on the launch angle has been
quantified over a wide range of values. The results obtained include ray
trajectories showing absorption along the ray, real space and velocity
space deposition profiles, and integrated absorption profiles.

We conclude firstly that even small tails (p = 5 x 10"3, vo/vB = 3,
TT = 13.5 keV) can absorb a disproportionate fraction 2 30% of the
incident power at low density; this fraction exceeds 90% for
p=5x 10-2, Secondly, we have shown that a similar small tail can
absorb significant amounts of radiation in a high-density plasma in which
the X-mode cutoff shields the cyclotron resonance of the bulk thermal
electrons. Finally, we have considered the case of a low-frequency
gyrotron, w << Qe(O), for which the cyclotron resonance lies outside the
torus. In this case, a small tail alone can absorb upwards of 80% of the
incident X-mode radiation which is launched from the outside of the torus;
the absorption remains high for a wide range of parameter values. This

arrangement appears well-suited to current drive, since the heating occurs
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in a broad region around the centre of the plasma and is concentrated
exclusively on tail electrons. It is additionally attractive due to
engineering considerations. Firstly, a gyrotron with a frequency
substantially lower than the central plasma cyclotron frequency can be
employed; secondly, access is easier for a launch position on the outside
of the torus.

The results presented in this paper deal with the essentially linear
problem of the absorption of electron cyclotron waves by a given
distribution with a superthermal tail. In the longer term, it will be
necessary to address a general self-consistent nonlinear problem of the
type outlined in the Introduction. It is known that the absorption of
radiofrequency waves by a bulk thermal plasma can produce a tail; the
waves will then interact further with the tail, and their absorption will
in part determine the continued evolution of the tail.

We conclude by remarking that in general, small tails have a
disproportionately large effect on the absorption of cyclotron waves, both
in low-density and in high-density regimes. It is hoped that some of the
information presented in this paper will give an indication of how
anomalous absorption effects can be interpreted in terms of tail
structure. Conversely, independent information on the presence and extent
of a tail in the electron velocity distribution will be helpful in
interpreting experimental absorption data.
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Appendix

The quantities DO,D , and D2 arising in Egs.(2.11b,c) are given by

1

Dy = sin?6 n"* -[2(1-2¥?)sin?6 +(1-X)cos?6]n? + 2(1-X) (1-2¥?) (A.9a)
Dy = [(1-Y2)sin29 +(1—X)cosze]n“
-[(1-¥2) (1-%X) (1+cos26) +(1-2¢Y2)sin?6]n? +(1-X) (1-2¥2) (A.9b)
. 2
D, = & sin?0 n?(n2-142v?) + 1X 208l 4, 0082012 - 2(1-2v2) ]
4 Y2 cos?e

& 1 X(1-Y) sin?0 [

cos 2@ n* -(1-Y2)(1+c0526)n2 +(1—2Y2)]
2 y? cos 28

(A.9¢c)
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Fig.1 Example of the velocity distribution function used in the

calculations. The dashed line represents the bulk Maxwellian.
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Fig.2(a) Minor cross section projection of ray trajectories in the presence of a tail. The plasma
parameters are displayed. Each cross on a ray marks a 5% decrease in the power carried by the ray.
The vertical dashed line marks the position w= Qe(x). Rays terminate at the upper hybrid resonance.
(b) Power deposited per unit radial coordinate interval and (c) per unit parallel velocity interval. The
dashed curve shows the result in the absence of a tail. (d) Integrated power diposition. The rays are
incident from the right, and are absorbed first by the high-¥, electrons. The dashed curve shows the
result in the absence of a tail.
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Fig.3 Integrated power deposition profile. The rays are incident
from the right. 7.(0)=4x 10"*m™, T,(0)=1.5keV, launch angle
120°, Tail parameters: vo=3.0 bg, Tr=13.5keV and (a) x=0.0,
(b) 1=0.001, (c) £=0.005, (d) p=0.01, (e) x=0.05.
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Fig.4 Plasma parameters and launch angle the same as in Fig. 3.
Tail parameters: p=0.005, Tr=13.5keV and (a) v0=0.0,
(b) vo=1.5vg, (c) vg =3.0vg, (d) vo=4.575.
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Fig.5 Plasma parameters and launch angle the same as in Fig. 3.
Tail parameters: p=0.005, 20=3.0vp and (a) no tail,
(b) Tr=1.5keV, (c) Tr=13.5keV, (d) Tr=150.0keV.
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Fig.6 Integrated power deposition profile for (a) k;, > 0 (8p=60°)
and (b) ky; <0 (fo=120°). n.(0)=6x10""m™, T,(0)=1.5keV,
#=0.005, vo=3.0vp, Tr=13.5keV.
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plasma. The plasma parameters are displayed. (b) Power deposited per unit radial coordinate interval
for the configuration of (a). (c) Integrated power deposition profile for the configuration of (a).
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Fig.8 Integrated power deposition profile. The rays are incident
from the right. n7.(0)=1.2x10*m™, 7,(0)=1.5keV, launch
angle 120°. Tail parameters: vo=3.0vp, Tr=13.5keV and (a)
p=0.0, (b) p=0.001, (c) p=0.005, (d) n=0.001, (e) p=0.05.
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Fig.9 Plasma parameters and launch angle the same as in
Fig.8 . Tail parameters: p=0.005, Tr=13.5keV, and (a)
V0=78, (b) 'ZJQ=3.0'DB, (C) vo=5.0v3.
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Fig. 10 Integrated power deposition profile, with launch angle as a parameter.
Tail parameters w=0.005, v¢=3.0bs, Tr=13.5keV. Plasma parameter
ne(0)=12x10*m™, T, (0)=1.5keV, and launch angle is (a) 105°, (b) 120°, (c) 135°.
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Fig. 11(a) Minor cross-section projection of ray trajectories in the presence of a tail for an X-mode
launch position on the outside of the torus, with w < Q. (0) and the cyclotron resonance outside
the torus. (b) Power deposited per unit radial coordinate interval for the configuration of 11(a).

(c) Power deposition profile in velocity space. Parameter values are given in 11(a) and (b).
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Fig. 12 Variation of absorption with tail density
p for the configuration of Figs.11(a),(b): (a)
#=0.005, (b) ©=0.001, (c) p=0.01, (d) p=0.05.
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Fig.13 Variation of absorption with tail drift
velocity vo for configuration of Figs.11(a),(b):
(a) vo=1.5Vp, (b) vo=3.0vs, (c) vo=4.5v5.
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Fig. 14 Variation of absorption with tail thermal
Velocity vt for the configuration of Figs. 11(a),
(b): (a) vr =102z, (b) vr=3.0vs, (c) vr=5.00p.
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Fig.15 Variation of absorption with bulk
plasma density n.(0) for the configuration of
Figs. 11(a),(b): (a) n.(0)=2x10"m™, (b)
n.(0)=4x10"m™, (c) 7.(0)=6x10""m™,
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