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ABSTRACT

The three important aspects, namely (i) accessi-
bility, (ii) matching and (iii) absorption of the lower-
hybrid waves in a thermonuclear plasma are studied under
idealized but physically pertinent conditions within the
framework of linearized theory, After two successive
linear mode conversions--from an electromagnetic to a
plasma wave and from the plasma to an electrostatic
wave, respectively--the energy of the wave is deposited
into the plasma ions in the presence of magnetic field
gradients, The first of these mode conversions occurs
when the radially inward directed electromagnetic wave
(known as the slow or the shear cold-plasma wave)
encounters a critical density which is somewhat below
the lower-hybrid density, It is found that the propa-
gation of the electromagnetic wave as well as the
location of the mode conversion is unaffected by the
presence of cyclotron-harmonic resonances on the path

of the wave, The advance of the radially outward
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propagating plasma wave, on the contrary, is readily
checked by a cyclotron harmonic, thereby preventing

the wave from transporting the rf energy back to the
plasma edge, This results in the second wave conversion
and the resultant electrostatic wave is readily absorbed
on an encounter with an ion-cyclotron-harmonic resonance.
It is shown that linear wave conversion is a very general
phenomenon occuring at every confluence of real and
complex waves in a lossless inhomogeneous medium, Com-
puted values of the plasma surface impedance for a wide
range of the longitudinal refractive index are presented
to facilitate the design of both slow-wave and grazing-
incidence coupling schemes for several existing or
projected machines (WEGA, ATC, W VII, ASDEX, FT, PLT
and the PPPL REACTOR), It is proposed that the diffi-
cult problem of frequency tracking necessary to heat

the flat-topped thermonuclear plasmas near their core
might be circumvented by the deliberate choice of a
frequency well below the maximum lower-hybrid frequency
in the plasma, In this scheme the rf energy introduced
at the top (or bottom) access of the torus is carried

to the plasma middle after both the wave conversions
have already taken place near the edge of the plasma.

It appears that the Buchsbaum's two-ion hybrid resonance
might be the ideal method of heating thermonuclear

reactor plasmas,



1 INTRODUCTION
The dispersion relation obtained by Astrom [1]
for waves in a multi-species, cold, collisionless,

homogeneous, magnetized plasma may be expressed in

the form
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denotes the particle type (suffix j will be dropped unless
an ambiguity exists), S 5 is the sign of the charge carried
by the particle, and zxx = exx —vi. The right-hand
coordinate system is oriented such that the plane of
propagation lies in the x-z plane with the static magnetic
field BO aligned along the z-direction, Unless otherwise
stated, rationalized MKS system of units is employed
throughout the paper., All field quantities are assumed

to possess a space and time dependence exp i (kxx ER kzz

- wt) with no variation along the y-direction, Resisti-

vity correction AE to the dielectric tensor is incor-

porated by using the method given by sStix [2] ,
. 2
Ae = L(wvg [/wpe) (e-1)-(g-1)> (6)

where L is the electron-ion collision frequency and

I is the identity tensor, Corresponding to the four

roots of (1), the x-components of the electric fields

associated with the four waves in the plasma are
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while the remaining field components Ey, Ez, Hx’ Hy, and

Hz may be derived from the Maxwell's equations,
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where J is the total plasma current, P the polarization
vector and M the magnetization vector., Note that we
have employed the symmetric formulation of the Maxwell's
equations in terms of E, H, D and B. The components of
/‘é may be expressed in a form identical to that of __&__:

in (5). For the cold-plasma case, / =

II-

The symmetric formulation possesses the advantage
that the tangential components of E and H are continuous
even whenléé differs from the identity tensor which is
a useful property for solving boundary wvalue problems
in stratified media [3] . In (8) the indices f and s
correspond, respectively, to the smaller and the larger
roots of‘Vi. The first of these will be referred to as
the fast (electromagnetic), oblique-compressional or

the quasi-ordinary mode, The second root is the slow




(electromagnetic), oblique-shear, quasi-extraordinary,
or simply the hybrid wave which encounters the resonance
at the hybrid resanances as exx —=> 0, For a three-
component plasma (electrons, deuterium and tritium) this

occurs when
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For high frequencies, the last two terms on the left

are negligibly small, so that

W = W + @ = Sk (16)

is a solution of (15), This is the upper-hybrid
resonance and has been known since the early ionospheric
research, As > is lowered in (15), then for some
ch < W <& wce , either the second or the third
term in (15) can be made to dominate, and € __ assumes

respectively large positive or negative values, Evi-

dently exx vanishes for some intermediate frequency,

This is the lower-hybrid resonance frequency approximately

given by
W W N B IR B . (17)
Some of the earliest references to the lower-hybrid

resonance occur in the works of Korper [14] and Auer

et al [5] . Using similar arguments it follows that




further lowering of W results in one more root of (15)
in the frequency range wcT < W W, p - This is
the ion-ion hybrid resonance of Buchsbaum [6)] occuring

at

w = (@ep wcT)ilz x Wik (18)

If a plane wave of amplitude ES in vacuum is

incident normally on a magnetized plasma slab of

uniform density, then since kP , DY = kP , ( &
x x x X
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Near the plasma edge E? = Ey so that Ei-?-o as

e - —» 0 and the energy density at the plasma edge
P2 _ 2 0,2
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diverges leading to a strong surface heating.

Since plasmas of practical interest are not homo-
geneous, surface heating is readily avoided by a proper
choice of & so that the hybrid resonance occurs deep
inside the plasma column, The success of such a scheme
depends upon the ability of the rf energy to traverse
the low-density region between the plasma edge and the
resonant density, This would be the case if \Jx is
real everywhere between the antenna and the resonant
layer, From an analysis of (1), Stix [2] concluded

that the propagation condition is satisfied (except in

a narrow region of inconsequential importance near the




plasma edge) if
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where the asterik denotes the value at the location of
the resonance, A somewhat less demanding sufficiency

condition for accessibility, namely

PN = » r B
Vo 2V, = 1 = (wn/wa_) (21a)

was subsequently derived by Parker [7] and Golant [8] .

Another useful form of (21a) may be expressed as

ks
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D

for an equal deuterium-tritium mixture; m and MD are the
electron and deuterium masses, and N=®/¥p is the approxi-
mate cyclotron harmonic for > , Several variants and
refinements of (20) may be found in Refs. [9-11]. Waves
with vz > 1 are referred to as slow or retarded waves,
Due to heavy demands on the label '"slow!" elsewhere in
this paper, we shall adopt the terminology '"retarded"
waves when ‘VZ > 1 . Consequently we shall call the
waves with Vz £ 1 as "unretarded" waves,

Another important contribution made by Parker [7]
and Golant [8] is the recognition that it is the

transverse-magnetic (TM) vacuum wave which dominantly

couples to the slow electromagnetic (or the lower-



hybrid) wave., For the practical realization of a retarded
TM wave antenna, Golant [8] suggested the use of a Mill-
man line (Fig. 1) while barker [7) recommended a mech-
anically less cumbersome method using a waveguide flush-
mounted on the machine wall, More sophisticated variants
of Parker's scheme called a '"phased array" or a "grill"
have been proposed by Karney, Bers and Kulp [12) and by
Lallia [13]. These consist of an array of waveguides
flush-mounted on the torus wall with phasing appropriate
for producing the required retardation (Fig. 2). By
concentrating the vz spectrum in a relatively narrow
accessible region this system could, in principle,
provide superior coupling between the plasma and the

rf source,

An antenna may be regarded as an intermediary
between the plasma and the rf generator. An ideal
antenna must simultaneously fulfil the twin requirements
of wave "accessibility" into the plasma as well as of
presenting a "matched load" impedance into the generator,.
Furthermore it must be "mechanically simple", Of the
coupling configurations hitherto described, the Millman
line promises good accessibility and matching, whereas
the '"phased array" has the advantages of mechanical
simplicity and accessibility,

In yet another approach (Fig. 3), known as the
"grazing-incidence" coupling [14] , optimum matching
and mechanical simplicity are stressed, For this case,

Y _ o 1 and the accessibility condition (21) is not
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fulfilled, The price exacted for simplicity in matching
is that there is a region of evanescence near the plasma
2
)

3
boundary., If (‘-ﬂpe/tﬂC 2¢. 1 or for low values of N,

e
the evanescent region is thin enough to allow tunneling
of the rf energy L15, 16) . This method is suitable for
coupling to relatively low-density plasmas.

The rf wave launched from an antenna situated in
vacuum gradually converts into a slow electrostatic wave
as it advances into the inhomogeneous plasma of ever-
increasing density. Within the cold-plasma approximation,
the wave is collisionally absorbed [2, 17] as it encounters
the lower-hybrid resonance. At higher temperatures, how-
ever, the collisional absorption becomes ineffective L18],
Stix {j8, 19] pointed out that instead of absorption,
the radially inward propagating slow electromagnetic wave
undergoes "linear mode conversion" into a radially outward
propagating warm '"plasma wave'", This important result
has been subsequently confirmed by several authors [9,
20-27] . Possibility of a second wave conversion of the
"plasma" wave into a radially inward propagating "electro-
static" Gross-Bernstein L28—30] wave at low plasma
densities near the plasma edge has been recently con-
jectured by Simonutti [31] and proved by Wong and Tang
[32] .

In this paper it will be shown that the inclusion
of magnetic field gradients adds subtle and interesting
effects with respect to the second wave conversion and

the collisionless absorption processes. Extensive




computed results for the plasma surface impedance of
several representative low-0 torus machines are pre-
sented to facilitate the design of antenna structures,
Difficulties and possible remedies for various coupling
schemes are outlined, whenever possible, in quantitative
terms, Since the coupling schemes are dependent on the
absorption mechanisms, their treatment is deferred till
Secs, IIT and IV, while the problems of wave absorption

in a hot plasma are taken up in Sec, II,
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2. LOWER-HYBRID DISPERSION CHARACTERISTICS IN A
HOT PLASMA

In thermonuclear plasmas of practical interest
either the scale length of the density gradient or the
local value of wavelength is well in excess of the ion-
Larmor radius, In either case, the '"local'" hot-plasma
dielectric tensor description would yield acceptably
accurate results, Anticipating the boundary conditions
to be used in future computations, we shall employ the

Derfler-Omura [33] dielectric and diamagnetic tensors

given by
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In(h ) is the modified Bessel function in the netation of

Watson [34] , z, = z(-gn) is the Fried's function [35]

defined as

o0 qxl
Z (%h) = 1'1'_1/2‘ = dx , Im (gh) > 0, (31)

- n

r, (A) = dr_ (A )/dA  and z;l = dz_/de¢ . Since in
the derivation of the Derfler-Omura tensor, the total
plasma current is subdivided into the polarization and
magnetization currents, the tangential magnetic field at
a boundary is continuous, In every other respect, this
tensor is identical to the forms derived by Stepanov
[36J and Stix [2] . Although the original derivation

of the Derfler-Omura [33] dielectric tensor follows




directly from the Boltzmann's equation, an alternative
method of obtaining it from the Stepanov [36] tensor
is outlined in Appendix A [373 i

Eliminating E and H in (8)-(13) gives the

dispersion relation in the form

a,v: + bv:- +¢ = 0O, (32)
where
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In this section we shall limit our attention to a two-
component plasma in which the electrons and ions (deu-
terium) possess isotropic maxwellian velocity distribu-
tions of equal temperature, Equation [32] possesses an
infinite number of solutions, most of which are complex,
Several useful properties of these solutions follow from
broadly general considerations without explicitly solving

the equation:



(i) For real ¢ and k_  , the imaginary part of k,
may never cross the zero axis for arbitrary parameter
variations, because the addition of an infinitesimal loss
requires that Im(kx) £ 0.

(ii) 1If the rf sources are situated at x & O then
for x» 0O only waves with Im(kx) > 0 may exist in an
infinite, homogeneous plasma, Furthermore, the energy
flow, and hence the group velocity o, aw/akx ,
must be directed along the positive x-direction. It
follows that waves with Re(kx) 7> O correspond to forward
waves while the backward waves are characterized by a
negative value of He(kx). In other words, the forward
or backward character of the wave at any point in the
parameter space can be uniquely determined from a
knowledge of kx at that point.

(iii) For the case of no loss (or negligibly small
loss) an inspection of (32) shows that complex values of
A or kx occur in conjugate pairs, It then follows
from (ii) above that backward and forward waves must
exist in pairs in the vicinity of points in the parameter
space where propagation changes into evanescence,. such
points are commonly referred to as '"confluence" points,.
The preceding arguments imply that all confluence points
involve one backward and one forward propagating wave
turning into a conjugate pair of evanescent waves, In
Appendix B it is shown that a backward wave approaching
a confluence point from the propagation side will con-

vert into a forward wave receding from the confluence




point in the propagation side and vice versa ,

(iv) Even in a fully lossless hot plasma, the
tensors ;S and /;; are non-hermitian in the region
of complex waves, i,e,, losslessness does not neces-
sarily imply hermiticity, Conversely, a non-hermitian
dielectric tensor is necessary but not a sufficient
criterion for the existence of dissipative absorption,
For complex, lossless waves, non-hermiticity of é%
and Ag merely implies that the wave energy is being
redistributed between the Poynting and the kinematic
fluxes,

Of the two cold-plasma modes, the slow electro-
magnetic mode is profoundly affected by the inclusion
of the hot-plasma effects, whereas the fast electro-
magnetic mode takes scant notice of any temperature
changes, This can be seen from Fig. 4 where k is
plotted as a function of plasma density for several
values of the temperature for both the fast and the
slow modes [38]. The dielectric tensor component exx
which plays an important role in the lower-hybrid wave
is shown in Fig, 5, The longitudinal refractive index
LJZ = 0,99 for all these curves which have been ob-
tained through an exact (accuracy exceeding one part
in a million) numerical solution of (32). For low
temperatures, both the fast and the slow modes exhibit
propagation on the low-density side of the lower-hybrid

resonance except near the plasma edge where complex



waves are seen to exist because the value of v; <1
chosen does not satisfy the accessibility condition
(21). On the high-density side of the resonance
(shown by a cross on the density axis), the fast mode
continues to propagate while the slow mode becomes
evanescent, Introduction of electron resistivity
modifies this behaviour somewhat and the resultant

cold-plasma waves are absorbed through collisions at

the nhybrid layer, For the parameters chosen, colli-
sionless ion-cyclotron harmonic damping is quite
negligible,

Observe that the slow mode is a backward wave
(recognized by the opposite signs of the real and the
imaginary parts of kx) wiiich for lower temperatures
transforms into a forward wave upon passing through
the cutoff on the high density side of the resonance,
The fast electromagnetic wave, on the other hand,
remains a forward wave throughout. A confluence of
this pair of backward and forward waves occurs near
np ~ 1 x 1013 cm_3. Yet another confluence takes place
very near the plasma edge for np'v(m/M)n;.

ffor increasing temperatures, collisional absorp-
tion decreases and for T > 10 eV ceases to play any
significant role [18], For still higher temperatures
the ion-Larmor radius becomes comparable with the

wavelength of the slow mode, This has the effect of

inhibiting the magnitude of kx' Also the evanescence




occurs somewhat in advance of the hybrid layer, re-
sulting in significéntly altered appearance of the
dispersion characteristics for T 2' 1 keV, At these
high temperatures E’xx becomes complex in the evanes-
cent region so that .é is non-hermitian, 1This does

not, however, imp}y-energy dissipation L}g]for reasons
already mentioned.

Existence of complex waves under almost iossless
conditions does, on the other hand, demand the exis-
tence of a complex conjugate solution with a propaga-
ting counterpart beyond the confluence point, This is
the so-called "plasma" wave which joins smootinly to
the lower-hybrid wave at the confluence point as shown
in Fig. 6., Since the slow electromagnetic wave is a
backward wave, it follows that the plasma wave must
be a forward wave, The energy of the lower-hybrid wave
upon reaching the confluence point completely converts
into the plasma wave and starts to propagate towards
the plasma edge, This important mechianism known as
"linear wave conversion'" was discovered by Stix [j9]
who used singular-turning-point techniques to solve
the fourth-order differential equation in the vicinity
of ekx = 0. Although exx never vanishes for a hot
plasma, the results obtained by Stix remain valid in
tiie light of the arguments presented in Appendix B.

The plasma wave travelling towards the plasma edge,

in its own turn, becomes evanescent for low densities,
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Evidently the existence of yet another wave, this time
a backward one, is necessary, This is the so-called
"electrostatic" wave (Fig, 6) studied, among others,

by Gross [28], Bernstein [29], and Fredricks [30}.

The joining together of the "slow" wave, the '"plasma'
wave, and the "electrostatic" wave is depicted in a
qualitative manner by Stix [12], while quantitative
plots for the warm-plasma approximation are given in
Pegig [24]. The possibility of a second wave conversion
from the plasma wave to the electrostatic wave has been
conjectured by Simonutti [31] and proved by Wong and
Tang [32] in a derivation containing significant modi-
fications of the techniques used by Stix [19]. The
complete dispersion curve of Fig., 6 has been computed
without any simplifying assumptions.

Collisionless wave absorption occurs when the
particles feel the electric field in phase for an
extended duration, This occurs when %n in (29) is in
the neighbourhood of unity. It will be shown later that
coupling considerations dictate that ‘Q;S 2 for effi-
cient energy transfer from the antenna to the plasma,

2

Also (c/v , ) ~10 _10% so that collisionless absorp-
i

tion is possible only in an extremely narrow vicinity
of' the cyclotron-harmonic frequencies, In a practical
situation using a uniform magnetic field, it would be

difficult to maintain the field to such a close toler-

ance, Consequently, in a typical situation the electro-




static wave will propagate right across the plasma column
where, after an inverse series of wave conversions suc-
cessively into plasma and slow electromagnetic waves, the
rf energy will eventually escape into vacuum as shown in
Fig. 7. This signals the necessity of having magnetic
field gradients for the absorption of the lower-hybrid

wave,

3. EFFECT OF MAGNETIC FIELD GRADIENTS

In an actual thermonuclear device like a torus, the
wave of frequency €3 launched near the plasma edge is
obliged to traverse through several harmonics of the
ion-cyclotron frequency before it arrives at the hybrid
layer, A radical modification in the wave behaviour in
the vicinity of the cyclotron harmonics cannot be apriori
ruled out. In case the cyclotron harmonics are not
transparent to the wave, the rf energy will be deposited
close to the plasma edge and the entire concept of acces-
sibility to the plasma core will have to be revised.
This, fortunately, is not the case [38] as may be seen
from the dispersion characteristics (fig. 8) obtained in
the presence of magnetic field gradients., The dispersion
characteristics for both the fast and the slow waves are
scarcely affected and completely ignore the presence of
the seven (9th-15th, shown by circles on the density axis)

cyclotron harmonics on their path,




The reason for the above behaviour may be understood
by noting that for the values of A (in the neighbour-
hood of unity) for the lower-hybrid wave In().) becomes
extremely small for 9 g n g 15 thereby precluding the
possibility of a large contribution to the summations
(22)-(28) by the rried's function 2 in the vicinity
of the harmonics,

The effect of the magnetic field gradient in the
computations of Fig, 8 has been simulated by a fictitious
d-c current in the y-direction such that Bo decreases
LMOJ linearly with increasing density from the value
Bo = 150 kG at the plasma edge to Bo = 100 kG at the
hybrid layer, As before, "local'" dielectric tensor
approximation is employed under the stipulation that
either the wavelength or the scale length of the gradi-
ent sufficiently exceeds the ion-Larmor radius.

Subsequent behaviour of the lower-nybrid wave is
dependent on the magnetic field gradient and the fol-

lowing four cases arise,

3.1, Couplineg from the Quter Circumference of Torus

The radially inward propagating slow electromagnetic
wave encounters positive density as well as magnetic field
gradients (Fig, Ya)., At a density somewhat below the
lower-nybrid density, it converts into a radially out-
going "plasma'" wave, Unlike the lower-hybrid wave, the

plasma wave is sensitive to the magnetic field variations
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and is unable to pierce through‘the cyclotron harmonic,
Instead it converts into the electrostatic mode which
propagates radially inwards until it encounters the next
cyclotron harmonic, where it is absorbed through the
collisionless damping processes (Fig. 9b), the wave
energy going into the perpendicular ion motion, Observe
that the magnetic field gradients effectively trap the
radio frequency energy between the adjacent harmonics

which enclose the region of the first wave conversion

Ca1] .

3.2, Coupling from the Inner Circumference of Torus

In this case the radialiy inwards advancing wave
front encounters a positive density gradient but a nega-
tive magnetic field gradient, The lower-hybrid wave
then smoothly joins the plasma wave Lh1] whicn in turn

converts into the electrostatic wave (Ffig. 10) as it

approaches a cyclotron harmonic, The electrostatic

wave is eventually absorbed, as before, on an encounter
with the cyclotron-harmonic resonance (Fig, 9b),

Thne typical thermonuclear requirements for the
ignition of low-i3 plasmas using supplementary heating
is to raise the temperature of the ohmically heated
plasmas from approximately 1 to 10 keV., An examination
of fig. 4 reveals that the density at the first wave
conversion region reduces by about 20% as the plasma
temperature changes from 1 to 10 keV, For the steep

density profiles predicted in thermonuclear plasmas
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[h2], the wave conversion, and consequently the heating,

might move uncomfortably close to the plasma edge as the

temperature of the plasma increases, Density profiles
for several values of p are shown in Fig. 11; p =1
corresponds to linear profile, p = 2 to a parabolic

variations, etc.

An even more difficult problem must be faced in the
selection of the rf frequency itself, For a steep density
profile an exceedingly accurate control of the plasma
density, as well as the profile shape, will have to be
exercised to insure heating near the plasma core, since
it will not be possible to change the frequency after an
investment of several tens of millions of dollars towards

the purchase of the rf equipment.

3.3. Coupling from the Top or Bottom of the Plasma Column

One method of overcoming both the difficulties men-
tioned above would be to inject the rf energy from the
tép or bottom of the plasma column deliberately at a
frequency somewhat lower than the lower-hybrid frequency
at the center of the plasma column, Due to the steep
density profile both the wave conversions occur close to
the plasma edge., After the second wave conversion, the
radially inward propagating electrostatic wave tends to
bend in the direction of the magnetic field gradient in
an attempt to orient itself along VYV , orthogonal to the
surfaces of constant refractive index (Fig. 21a), It is,

as before, absorbed at the cyclotron-harmonic resonance.




Since the actual frequency used is no longer criti-
cal, the choice of frequency and the planning for the
rf equipment required can be carried out in advance of
the knowledge of the ;ctual plasma parameters, A sub-
sequent change in the plasma parameters, e.g., the
center density, would not involve any alterations of
the rf equipment,

If the adjacent harmonics are spaced %sufficiently
apart, the rf energy might be fairly evenly deposited
along the plasina radius, The spacing between the harmon-
ics can, or course, be increased simply by using a lower

frequency, as shown in fig., 12b,

3.4, Coupling to Very Low Cyclotron Harmonics

The process of lowering the frequency can be con-
tinued, in principle, till & equals the ion-cyclotron
frequency, below which the lower-hybrid resonance dis-
appears, For w ;< w < 2 wc:l. , it is possible to
choose the frequency in such a manner that no cyclotron-
harmonic (or cyclotron) resonance occurs between the
outer plasma edge and the resonant region occurring
near the major radius of the torus, Under sucih circum-
stances it is advantageous to revert back to launching
tinie rf waves from an antenna situated at the outer torus
circumference, Coupling from the inner edge is not
possible because the incident wave travelling against

the magnetic field gradient will be reflected rather

than absorbed at the cyclotron harmonic,



An interesting semantic question comes up concerning

the nomenclature "lower-hybrid heating'" when referring

to such low harmonics of the ion-cyclotron frequency.

The label "ion-cyclotron heating", on the other hand,
could be confused with the approach in wnich the com-
pressional wave coupled into the plasma by a TE antenna
is absorbed due to the presence of a finite left-hand
component in the electric field polarization [43, 44].
Perhaps an appropriate description for the present method

would be "shear wave ion-cyclotron harmonic heating",

L. MATCHING AND ACCESSIBILITY

Irrespective of the method of coupling, the pertinent
quantity for evaluating antenna performance and design is
the surface impedance of the plasma defined as o‘s =
- (Ez/Hy) for TM waves and 07 = Ey/ﬂz for TE waves,
The most powerful technique for dealing with such prob-
lems is through the use of the WKB analysis which assumes
that the wave propagates without reflection if the refrac-
tive index is a slowly wvarying function of position.
Although wvalid in the intermediate region, the so-called
adiabaticity condition is severely wviolated both at the
vacuum-plasma interface and near the resonant layer in
the interior of the plasma, Using singular-turning-point
analysis, Budden [1?] and Stix [21 have shown that the

wave propagages from the intermediate region to the




hybrid layer in a cold plasma and is completely absorbed
without reflection, This is also confirmed through com-
putations described in Sec. 4,1, In a hot plasma, adia-
baticity is wviolated near the region of absorption of the
electrostatic wave at the cyclotron-harmonic resonance,
The conditions prevailing are practically identical to
those treated in [ 2] and [17] for the cold-plasma case
and one may safely assume that n6 reflection of the rf
energy occurs from the absorption region in spite of the
breakdown of the WKis assumptions.,

The crucial question of a possible mismatch at tne
vacuum-plasma interface has been treated by Parker [7]
and Golant [8]. A pivotal assumption in their analysis
requiring the absence of reflected waves beyond the low-
density cutoff occurring near bope = & 1is, however,
not borne out by the exact computations to be described
in Sec, 4.1, for even the largest plasmas of practical
interest., An elegant improvement over the WKE approach
has been recently introduced by Wong and Tang [32] who
treat the boundary between propagation and evanescence
as a confluence point which can then be treated using
extensions of the familiar wave conversion techniques,

Previously we have described computational tech-
niques capable of yielding almost exact results for the
plasma surface impedance [14,15,45] for plasmas of small

transverse dimensions., In this paper these results will
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be extended to plasmas of arbitrarily large sizes, We
shall take advantage of the fact that, except for a
relatively narrow region near the plasma edge, the WKB
requirements of complete transmission are justified,
The width "t" of this region determined f{rom numerical
computations is in no case found to exceed 10 cm, The
plasma surface impedance is, therefore, not materially
. affected if the plasma column beyond the depth t from
the plasma edge is replaced by a plasma of uniform
density existing at t. Since only a thin shell of a
reactor plasma of several meters diameter determines
the surface impedance, use of a slab instead of a toroi-
dal geometry for the determination of T will give
reasonably accurate results, Two cases of interest
using the retarded and unretarded waves, respectively,
are treated in the following sections, 3Since the dis-
persion characteristics near the plasma boundary are
unaffected by temperature effects (see Fig. 4), con-
siderable simplification is gained by using the cold-

plasma model

4,1, Coupling using Retarded Waves

The slab model used for determining the plasma
surface impedance consists of a plasma half-space
extending from x = 0 to x = e The axes are oriented

such that the static magnetic field BO is along the




z-direction and the propagation vector Kk lies in the x-z

plane (Fig. 13). Tie slow wave TM antenna situated at
X = -b consists of a magnetic sheet current

T o= T, exp i(k,z-wl) (36)
of aiplitude J_ =1 W s~V e’ a0 shHat £, has a dis-
continuity at x = -b, Such an antenna is an ideal repre-
sentation of a Millman line, The plasma density is

assumed to possess the Torm
g (.3;;5-)P -{ov X S 8-

L S i g

Ne 1 -{—(JY x 7 8/ (37)
ffor reasons outlined earlier the density will be trun-
cated at x = t well ahead of the hybrid layer without
significantly affecting the outcome of the computations
so far as the determination of d‘s is concerned. The
actual value of t to be used is determined by trial,
During the computations t is gradually increased till

G'S attains a stable wvalue, It is found empirically

that t equal to h/2 or 10 cm (whichever is smaller) is
sufficient for the purpose, The density profile is
taken into account using a stratified model., The
region O ¢ x ¢ t is stratified into 99 slabs, while
x » t forms the 100th slab, The plasma density is
assumed to be uniform in each slab, The model becomes
exact as the number of slabs tends to inflinity and the

thickness of each slab tends to zero. In practice, an



acceptable approximation is obtained by making each
plasma slab much thinner than the local value of the

. . 1
wavelengtly, There are tfour waves of amplitudes bxzz

in each plasima siab except in the slab to the right of
X » t which has only two waves, one fast and one slow,
each of whichh decays for increasing x, tliere being no
sources at infinity., In the vacuum region -b £ x < 0
between the current sheet and the plasma boundary there
are, in general, four waves, two TE and two TM, while

in the region x £ -b to the left of the current sheet
tnere are only two waves, one TE and one Tr, both of
wilich decay for decreasing x,

It can be readily wverified that the number of unde-
termined quantities equals the boundary conditions re-
quiring the continuity of the tangential components of
the electric and magnetic fields, The resultant set of
400 complex, linear, algebraic equations is solved using
standard computational routines, In order to maintain
the maximum computational accuracy, the slab widtihis AX
are adjusted so that the phase change A¢= \ki bx} in
each slab is approximately equal, Typically A¢ f27r
£ 1/30 in each of the slabs., A large concentration
o slabs is introduced near tie plasma edge in the
vicintiy of the low-density cutoff where the departure
from the WKP conditions is most pronounced, Checks
performed on the continuity of the normal, components of
the roynting vector 1/2 (E_x ﬁ?)x , electric displaceinent
X

GO (i + £)_ and magnetic induction /kbux across eaclh ot
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the slab boundaries indicated a computational accuracy
exceeding one part in a million, Similar accuracy exists
in a more stringent test establishing in each plasma slab
the equality of the divergence of the Poynting vector,

* -
V . [1/2 (E_x ﬁ_i] with the rate of change of stored

O
)— e i .

0 —- =

»
energy, - (iw/2) € (E + K-
) o ‘= =

I=

For small h & 5 em it was found tinat O‘S remains
essentially unchanged as t is wvaried from C,5n to 1,3h
confirming the wvalidity of the WKL assumption near the
hybrid layer, On the other hand, increasing t beyond
the low-density cutoff produces substantial changes in

o*s underlining the inadequacy of the WKB analysis in
this region.

figure 14 snows the computed values of surface
impedance normalized with respect to the free space
impedance o—s/r\ = - [EZ/Hy] - for V _ ranging
between 1.2 and 5.0 for two different plasma profiles
using the parameters of the Princeton conceptual reactor
Lh6]. The real and the imaginary parts of ojyfq are
approximately equal and vary between 0.1 and 2,0 as 'VZ
increases from 1.2 to 5, Effect of a steeper profile
either by an increase in p (Fig. 14) or by a decrease in
z (Fig. 15) results in a reduction in the value of G'S.

In a practical application the antenna is not
located in direct contact withh the plasma surface, As
such, the quantity pertinent to antenna design is

the surface impedance presented by the plasma at the




position x = -b of the antenna, Figure 16 shows the
variation in O'S as a function of b, Whereas the reac-
tive component of O"S remains fairly constant, the resis-
tive part changes by several orders of magnitude for
changes in b of only a few centimeters except for the

case WV _ = 1.2, Therefore, in order to avoid serious
matching problems in the presence of relatively minor

displacements olf’ the plasma column, the minimum value of

VZ

consistent with the accessibility condition (21)
must be used, The decrease in the surface resistance for
increasing b is a straightforward consequence of the re-
quirement that the x-component of the Poynting wvector has
to remain constant, while the electric field increases
almost exponentially as the antenna is approached.

For VZ off the order of 1,2, the normalized sur-
face impedance presented by the plasma at the antenna is
rougiily 0,1, The normalized surface impedance of a
rectangular waveguide operating in the fundamental TE1O

mode is given by

- 4/2_

%&_ _ L1 - (;_A;‘szl (35)

where agis the larger of the two transverse dimensions

of the waveguide, The minimum value of G'g/?] in (38)

occurs for az-? e©0 , when

/Ml =1 €2




Since the minimum waveguide surface impedance is about
10 times larger than the surtace impedance presented by
the plasma, one has to contend with reflection coefficients
off the order of 0,9 when using a phased array for coupling
the rf energy into the plasma, Exact matching and com-
plete transmission, in principle, are stiil possible by
using stub tuners (or other reactive devices like posts
or irises) provided energy densities near the plasma
surface over a hundred times larger tiian for the case
of a perfect match can be tolerated, An important modi- %
fication to these considerations will occur if a rela-
tively tenuous plasma of density of the order ofl
(m/M)n, ~extends till the reactor walls so that b is
effectively zero, It would then be advantageous to
use larger value of ))4 offering more I'avourable
matching possibilities, ;
The surface impedance computations of iigs., 14-16
assumed an antenna of infinite extension in the z-
direction, In practice it suffices for the antenna
to be long enough such that the bulk of the rf energy
nas been transferred from the antenna into the plasma,
The absorption lengtn, Labs’ defined as the distance
over which (1 - e—1) or approximately 64% of tine ini-
tial energy of the antenna las entered the plasma,
depends on b’z, b and tne plasma surface impedance,
Derivation of lahs/x o, is given in Appendix C while

the computed wvalues for tlie Princeton reactor are




shown in Fig, 17, The antenna length necessary to
effectively transfer the rf energy into the plasma
increases rapidly with b (or b/?\o). This is not sur-
prising because the retarded wave tends to "stick" to
the antenna surface and the electric field at the plasma
decays exponentially with b, As previously pointed out,
it is always possible to match the "phased array" to

the plasma using suitable reactive devices, irrespective
of the length of the array, One must, however, pay the
price with a reduction in the plasma surface impedance
and an increase in tne reflection coefficient and the
voltage-standing-wave ratio (VSWR).

The real part of the surface impedance for several
other maciines listed in Table I are shown in Fig, 18
assuming a linear density profile, As already pointed
out, somewhat smaller values of o's are to be expected
for steeper profiles, The imaginary part of o's (not
shown in the figure) is for all practical purposes equal
to the real part. The general trand is towards a de-
creasing ag for the smaller machines, The resultant
increase in the VSWR and the reflection coefficient may
be acceptable due to the lower power levels involved,
Other considerations similar to the ones discussed for

the reactor are applicable,




- 34 -

4,2, Grazing Incidence Coupling

For @ corresponding to the low harmonics of the ion-
cyclotron frequency, effective coupling to the hybrid-
resonance is possible using grazing angle incidence with

P’Z ~1, Once again plasma surface impedance completely
specifies the antenna design. Tihe geometry for deter-
mining a’s is similar to tihe one used for the case of
retarded waves except that inst ¢ag of a current sheet
excitation, the rf energy is carried by a unit amplitude
TM wave, incideni on the plasma surface at an angle g’ as
shown in Fig. 19, rart of the incident energy is trans-
mitted into the plasma half-space, the remaining being
reflected partly as a Tk and partly as a TE wave with
amplitudes RTM and RTE' respectively,

The normalized surface impedance for a linear plasma
profile is shown as a function of ¢ (rig. 20) for the
parameters of the Princeton reactor for three different
values of N = (UJ/‘QcD). The resistive part of ( ¢;/r])
is of the order of 10-2 and as expected decreases steadily

with increasing N, This tendency is also confirmed in

Fig. 21, where the fractional transmitted power 1—R2 *
here R2 = R2 + £ is plotted as a function of
wher = Rpy Rrg p g .

For the unretarded waves an improvement in accessibility
is to be expected for steeper density profiles, There is
also a small capacitive reactive component of the surface
impedance shown magnified by a factor of 10 in Fig, 20,

To appreciate the significance of these results, let



us consider the boundary wvalue problem of the grazing
incidence coupling, The geometry of Fig, 3 may be ide-
alized to admit of analytical tractability without loss
of essential physics, The cylindrical geometry will be
replaced by a slab model (Fig, 22) and variations in
the y-direction will be ignored, we assume that only
the dominant mode is present in the coupling waveguide.

For the TM mode in the plasma waveguide

A . ;
H = Hy = HY cos(kxx) exp L(Rzz): (40)
where the time dependence has been dropped. From (40)
and (9),
A .
E, = Hy kz/weo cos (k,x) exp t(k,2)s (41)
and

A _ .
E, =-h,tk,/we, sm(kxx)expu(kzz). (42)

z

The form (40) for H_ was selected in anticipation of

" the boundary condition E, = 0 at x = 0 in the plasma

waveguide, The second boundary condition —EZ/Hy = G'S
at X = b yields the dispersion relation
Yy tan (v, 2h /A )= -l 0 /n. (43)

Note that in this case b is the separation of the plasma
boundary from the machine walls, Since G}/r] << 1 for
the unretarded waves (Fig., 20), one of the solutions of

(43) is given by




vioe -t (J) 2 (ish)

Using G'S/yl & A . A, /2T b = 1 , we obtain from
the identity vi + \Ji =1,
Y, ~1 + L 0.005%5 (45)

2.

which is in fact one of the modes found in our treatment
of the plasma parallel-plate waveguide [h? i Since this
mode resembles the TEM-like configuration of the coupling
waveguide, almost all the incident energy will be coupled
into this mode, i.,e.,, impedance matching presents no prob-
lems in this approach, It is not necessary to know the
exact value of g’ corresponding to )/z given in (45)
because the plasma surface impedance is relatively insen-
sitive to the precise value of q7 in a sufficiently broad
region,

From Appendix C the absorption length, 1 for this

i_l.] S !

case is given by
-1 |
Labs/b = ld‘s‘/"]‘ (46)

and is typically one hundred times the separation between

the plasma and the torus wall, Requiring that la may

bs

not exceed the torus circumference gives an upper bound

on b of



- FT =

-2
b ¢ 10 2mTA (47)

where A is the torus major radius, For the Princeton
reactor this requires that the separation between the
plasma and the inner wall should be kept below 60 cm,

There are undoubtedly further solutions of (43), as
well as another class of normal modes oif the plasma wave-
guide, with TE or mixed TM-TE character, Altnouph very
little rf energy is initially coupled to these modes,
some is bound to be scattered from the TiM to these modes
due to discontinuities invariably present., In case one
of these modes happens to fulfil the accessibility con-
dition and has a relatively high surface impedance, the
TEM wave coupled through the grazing incidence could be
absorbed over a shorter distance, Studies to explore
such a possibility are presently in progress,

A pictorial appearance of grazing-incidence coupling
to low ion-cyclotron harmonics in the Princeton reactor
is depicted together with the transmission coef'ficient in
#ig. 23. In these computations the magnetic field gradi-
ents due to the finite aspect ratio have been included.

Apparently & = 2 u% is the most convenient frequency

dy
requiring the smallest waveguide access, Similar com-
putations have been carried out ior several other repre-

sentative machines and the recommendatious for the grazing-

incidence coupling for each of the machines are listed in




Table IT, Note that, except for the three large machines,
i,e,, Princeton reactor, JET and PLT, waveguide coupling
is not feasible and a TM coupling loop has to be used,
Ironically this means a return to the problem of matching
which we had sought to avoid in the first place using the

grazing-incidence method!

5. DISCUSSION

The linearized treatment followed in this paper
tacitly assumes that the energy density E - in the rf
wave is small compared to the thermal energy density. For
the parameters of the Princeton reactor, if we assume that
the rf energy is uniformly injected over the entire plasma
surface and is responsible for supplying the entire heat-

g
ing in one second, the maximum of ({vv T =10 °K)
-5
/
0
£,/ €, ~ o) (48)

occurs near the region of the minimum group velocity which
has been taken to be of the order of ion-thermal speed,

In evaluating (48) an increase in & o by a factor of ten
has been included to account for the magnification in the
energy density because of the cylindrical effects. A
further increase in E_W is to be foreseen because
in practice the rf energy is coupled by an antenna of
finite size rather than being introduced over the entire

plasma surface, This enhancement in the field strength
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is linked with the "resonance cone" effect of Kuehl [48).
Whether the field enhancement is sufficient to trigger
parametric and non-linear effects can be decided only
when accurate theories including the effects of plasma
inhomogeneities become available, A review of the para-
metric instability theory is given in a recent paper

by Porkolab [49].

Otihler possible absorption mechanisms not included
in our treatment are due to stochastic [24,4“] and mag-
netic field gradient effects [503. The mechanism respon-
sible for both these types of absorption is apparently
Landau damping produced by an amnesia in the particle
regarding its relative phase with respect to the electric
field,

Returning to the question of coupling, some work is
required to accurately estimate the extent of difficulties
in the impedance matching of the '"phased array". Also,
since the phased array derives its property of wave retar-
dation from mutual coupling and feedback among the array
elements (waveguides), a stability analysis of this system
with respect to perturbations in the plasma surface is
needed,

The "grazing-incidence'!" coupling, as cited already
has a rather long absorption length, Also due to the
relatively low frequencies used, the lower-hybrid reso-=
nance and, consequently, the region of wave conversion

lies close to the plasma edge, In the presence of cold




= M) -

gas near the plasma edge, collisional effects would dissi-
pate the wave leading to a wasteful heating of the plasma
boundary,

One possible means of overcoming these objections
would be by using Buchsbaum's two-ion-hybrid resonance
in which case the resonance lies deep in the interior of
the plasma and the wave conversions occur ifar from the
edge, Since the problem of wave penetration is quite
trivial, the grazing incidence method will simultaneously
fulfil the matching and accessibility requirements at
least for reactor size plasmas where waveguide coupling
is still possible, T1n smaller plasmas wiere Tri-loop
coupling has to be employed, the problem of matching
returns but perhaps in a form less serious than the other
known techniques,

In a sense the increasing complexity of the tlhieore-
tical analyses for answering the still outstanding prob-
lems becomes an exercise of ever-decreasing returns., The
time is ripe for a vigorous experimental attack on lower-
hybrid heating, The first laboratory experiments on
lower-hybrid absorption were carried out by Schluter [51]
and later by the Austin group. The trajectory of the wave
in a long non-uniform plasma and its eventual absorption
at the hybrid layer was demonstrated by Briggs and rarker
(523, The wverification of the cold-plasma dispersion has
been done by Bellan and Porkolab [27j while resonance
cones have been observed both by Bellan and Porkolab [27]

and by Javel, Miiller, and Weynants [531. Parametric decay
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has been observed by several authors cited in the review
paper of Porkolab [hw]. Actual demonstration of ion
heating by lower-hybrid frequency ias been made by
Golant [ 54], Glagolev [557], as well as in the LIWEREX
experiment currently in progress in Garching, Llmportant
new results slhiould soon be forthcoming irom the ALCATOR,

ATC, and WEGA machines,
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APPENDIX A

The symmetric formulation of the Maxwell's equations

(8)-(14) is identical to the more familiar form

__\_ﬁ‘xg._ = w_B__ (A1)
k x% s =ah € BVE (a2)
e

V-e E= [ (43)
V- -Ié '.:O (A"-#)

and
T = -iwe, (K-1)-E (a5)

in the sense that all macroscopic observables £, b and J

i is the familiar form oi tihe dielectric

—

are the suine,

tensor [2,361. From (6)-(14) and (25) we obtain

YoE v+ kx[X: (kxE)
u;hp _ J

i

_.j;:-—l.'weo(__?__"'

(a0)

-

3.

L
+

= = W B e -

=

comparing (A5) and (A6) gives

[ex(exb)] )

P
K - é’ == ._..C—-
- = o3 ®



which finally gives €

x

X X

APPENDIX B

#rom (8)-(13) one obtains Ey’ E_, H_ , H

in terms of Ex

y

Bz
Hy

Hy

and F‘l

= (AA /&) Ex

= (bg /A) Ex
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and 2& in terms of K

= - sz/(Vsz_) '
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- Ky =
= K\tl +

K
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xz »&'/’Vz ’

zZ X

det'ined as the wave amplitude,
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(65 /0) B

"
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where

A= N, €&, (exx/*"'ﬁ/kzz.-é")’/qu/‘t"z"n:/‘lt-#h:/ux") VB

-
I

ﬂlezz/“"zz (exx/’lxy + é)-ly/""xx) (B7)

>
"

S [ kS +

2= M (™ €xx Mxx + Nz Exx Maz™ Sux Fxx Uzz~ Exy Mxy Mzz) (B8)
2 * L X

B3 = €an (Nx ©xx Muy = Exx Muy Mra ™ Cxy Moy M2z ~Pz Exy M2z ) (59)

- * =
by = €5, (G-xyj'lux/*z; + &xg/«,.,,/h-;-,_ -n;‘ c-,,y,,.“. -n: &xx/"‘xx) (810}
and

As = Y\xht é—z‘_ (&xy/-‘.xx + &XX/'D'V) (B11)

Let x = O be the boundary (Fig. 24) separating the
lossless regions, 1 and 2, such that a propagating for-
ward wave and a propagating backward wave can exist in
region 1, while a pair of evanescent complex conjugate
waves are to be found in region 2. Consider a forward

wave of amplitude F originating at x = - @@ incident

14



on the interface at x = 0, Part of the wave energy will

be reflected as a forward wave of amplitude F Another

1e*
part of the wave energy will be reflected as the backward
wave of amplitude B1r' Since the backward wave, too, has
to transport the energy away from the boundary, its cor-

responding wave vector must be directed towards the inter-
face, The rest of the incident energy is transmitted dinto
region 2 as a forward wave (Re k »0) of amplitude F and

2t

a backward wave of amplitude B The four unknown quan-

2t°

tities F I and B

1p B1r’ P 2t can be uniquely determined

from the four boundary conditions requiring the continuity
off the tangential components of Ey’ Ez’ Hy, and HZ at

x = 0,

{ 1
StF (Fi+ FW) v gm B

4 1 ¥
= 51 Flt + 82 th (312)

2. x 2 R
51; (Fﬁ."‘:w) 4'81[3. By = ¢ Far — S:- B,¢ (B13)

4 = 4 ~4 )
g-‘F (Fﬂ: L3 r1?') + 813 B = d F — 8; B‘rt (B11+)

5 5 . § %
g“: (F‘!L - F4T') +51& B"Y. = (SL r-z-t - SL BL‘t (515)

where on the RHS we have used the property that the S 's
for the complex conjugate k's are also complex conjugate,
This can be seen by inspection of (B6) till (B11) together

with (22)-(30). Solving (B12) to (B15) for B we obtain

ir




Bw-/F'H'— = -3 (1316)
where
[-s' s. &, 5"
b G 52 6"
-6 Sy & &
\_. 8; 515;- Sf é—:'*
45 - (817)
P A A
S 5"
T U & "
A A 5" J

n B and

Similar expressions may be obtained also for 1p' Fopr

B2t' Observe that

L ) . ‘
s—?‘l ) ©os 8-1F -7 816 P r=21 b5 5, (B18)
Also,

which is precisely the case near a confluence point.

i i | i : " i .
as (8 . 1) ] )=» 0, it can be shown that f, —»0, i.e.,
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all the energy in the forward wave has converted into the
backward wave, Similarly, starting with a backward wave,
it can be shown that the incident energy will be trans-
ferred into a reflected forward wave at the confluence
point,

This proof can be extended to inhomogeneous plasmas

using the stratified model described in Sec., 3. Since in
a hot plasma €& and h. are slowly varying functions of

" position including the confluence point itself, we may
safely conclude from the above arguments that complete
wave conversion from a forward to a backward wave, and
vice versa, will transpire at every confluence of the
propagating and evanescent regions,

A confluence point, however, does not have to be a
region of wave conversion, If an oscillator was buried
in region 2 of Fig, 24, it would simultaneously excite
both the forward and the backward waves in region 1
propagating away from the boundary, Such a situation
exists, in practice, near the plasma edge during the
excitation of the fast and slow waves by an antenna

placed in vacuum,

APPENDIX C

The absorption length, defined as the distance
over which the power flowing in the vacuum region be-
tween the plasma and the coupling structure (Figs, 1,2,

22) reduces to 6—1, is given by
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L&bs = — P () clx (c1)
(o]
where Px and Pz are the components of the Poynting vector

in vacuum along x and z directions, respectively. [From

(40)-(43) for the TM coupling

&
Yabs | 4 ve 1 sen(zk,b)(1—‘:'é-‘)
%
AO 81* vx G_S'f' vx
(c2)
2 a. =
- o (co_, zkxb—1)+2.kxl:(1 + la—il)
Y
X x

which gives the absorption length normalized with respect

to the vacuum wavelength in free space. The real and

imaginary part of the plasma surface impedance G are

denoted by d—sr and G;i’ respectively,



REFERENCES

10,
11

12,

L B

ASTROM, E., Arkiv Ffysik (1950) 443,

STIX, T. H., Theory of Plasma wWaves, pdMcGraw Hill,
New York (1962),

DERFLER, H,, private communication,

KORPER, von K., 4, Naturforsch.12a (1957) 815,

AUEZR, P, L., HURWITZ, H, Jr,, Miller, K. D., Phys,
fluids 1 (1953) 501,

BUCHSBAUM, 5. J., rhys, Fluids 3 (1960) 418,

PARKER, R,, QPR No, 102, Res, Lab, of Electronics,

MLT, Cambridge, Mass, 97 (1971). Ln Parker's version
f (2 w w i
of (20), the term ( pe/ ce) is not squared.

GOLANT, V. E., Zh, Tekh, Fiz, 41 (1971) 2492; sov.
Phys., Tech, Phys. 16 (1972) 1980.

GLAGOLEV, V, M,, Plasma Physics 14 (1972) 301,

v_ / i
PESIC, S.S., Phys, Letters 38A (1972) 283,

ARTICO, G,, S3PIGLER, R,, Plasma Physics 16 (1974)1104,

KARNEY, C,F.F., BE&RS, A., KULP, J, L. AFS3 Bulletin 18
(1973) Paper 2215,

LALLTA, P,, Symposium on Plasma Heating in Toroidal

Devices, Varenna (1974) 120,

PURI, 3., TUTTER, M., Z. Naturforsch. 23a (1973) 438.

PURI, S., TUIT&R, M., Z. Naturforsch, 28a (1973) 1432,

v_ s
PeEsSIC, 3.3., Second International Congress on waves
and Instabilities in Plasmas, Innsbruck (1975)

Paper H5,

BUDDEN, K. G., Proc., Roy. Soc, A227 (1955) 516,

3TIA, T. H., pPhys. Fluids 3 (1960) 19,

STIX, T. H., Phys. Rev, Letters 15 (1965) 878,




20,
21,

22,

23.

27.

28,
29.
30.
3.
32,

33.

3,

35.

36,

37.
38.

KUiHL, H. H., Phys. Rev, 154 (1967) 124,

GORMAN, D., Phys. Fluids 9 (1966) 1262,

PILIYA, A, D.,, F£DOROV, V., I., Zh, Lkksp., Teor, Kiz,
57 (1969) 1198; Sov. Phys. JETP 30 (1970) 653.

MOORE, B. N,, OAxK&s, M, £., Phys., Fluids 15 (1972)
144,

v _/ .
PESIC, S. S., Plasma Physics 15 (1973) 193,

SIMONUTTI, M., Pin.D, dissertation, Massachusetts
Institute af Technology (1974).

FIDONE, I., PARLS3. R, B,, Phys. Fluids 17 (1974)
1921,

BELLAN, P, M., PORKOLAB, M., Phys. #luids 17 (1974)
1592,

GROSS, E. Y., Phys. Rev. 82 (1951) 232,

BERNSTEIN, I. B., Phys. Rev. 109 (1958) 10.

FREDRICKS, K. W., J, Plasma Phys, 2 (1968) 365,

SIMONUTTI, M., private communication,

WONG, K. C., TANG, T., second International Conference
on Waves and Instabilities in Plasmas, Innsbruck

(1975) Paper H7.

OMURA, M,, Electrostatic Waves in Bounded Hot Plasmas,
Stanford University IPP Rep. 156 (1967).

WATSON, G, N,, Theory of Bessel Functions, Cambridge

University Press (1922),

FRIED, B, D., CONTE, S, D., The Plasma Dispersion

Function, Academic Press (1961),

STEPANOV, K, N,, Sov. Phys. JETP 7 (1958) 892,

LEUTERER, F,, private communication,

PURI, S., TUTTER, M,, finite Temperature Effects on

the Lower-Hybrid Dispersion Characteristics, Max-

rlanck Institut fir Plasmaphysik, Garching, Report
/74 (1974).



39.

40..

b,

h7.
48,

49,

An incorrect association of non-hermiticity of

é; with dissipation is responsible for the wrong
conclusions in tile paper presented by the authors
in the 1974 vVarenna Conference on Plasma Heating in

Toroidal Devices,

Reversing the sign of V¥ Bo does not affect the

present conclusions,

Some exceptions to this picture will be discussed

in a future communication dealing with computed ion-
cyclotron harmonic dispersion curves, The results
of' this paper, hnowever, remain substantially un-

changed,
DUCHsS, D,, private communication,

ADAM, J., SAMATN, A., EUR-CEA Report 579, Fontnay-
aux-Roses (1971).

STIX, T. H,, Symposium on Plasma Heating in 7Toroidal

Devices, Varenna (1974) 105.

PURL, S., TUTTER, M., Nuclear Fusion 14 (1974) 93;

The imaginary part of G'S for THM waves is incorrect
due to an error in the program, It was pointed out
to us by Dr, T, Tang and Dr. K. C, Wong that the

reactive component of G'S should not be capacitive

but inductive for this case,

RIPE, F, L,, fusion Reactor Systems , Los Alamos

Scientific Labs, Report LA-UR 74-753,

PURI, S., TUTTER, M., Nuclear Fusion 13 (1973) 55.

KUEHL, H, H,, Phys, Fluids 5 (1962) 1095,

PORKOLAB, M
Toroidal Devices, Varenna (1974) 28,

., Symposium on Plasma ileating in

PER3, A,, private communication,

SCHLUTER, H., Z. Naturforsch. 15a (1960) 281,




D2.

53.

BRIGGS, R. J., PARKER, R. R.,, Phys, Rev, Letters 29
(1972) 852.

JAVEL, P,, Miiller , G, , Weynants, R,, Second Inter-
national Congress on Waves and Instabilities,

Innsbruck (1975).
GOLANT, V. K., 5tih Conference on Plasma Physics and
Controlled Nuclear fusion, Tokyo (1974).

GLAGOLEV, V, M., 5th Conference on Plasma Physics
and Controlled Nuclear Fusion, Tokyo (1974),

BARPFERIO-CORSETTL, Calculations of Plasma Dispersion

Function, Princeton University Rep. Matt-773 (1970).



- 53 -

TAHRLE CAPTIONS
Table I Parameters of several representative low-l3 tori.

lable I1 Possible frequency and coupling geometry using

grazing incidence,

FIGURE CAPTIONS

Fig, 1 Millman line coupling to the lower-hwybrid

resonance,

Fig, 2 Phased array or the "grill",
Fig, 3 Grazing-incidence coupling.
Fig, 4 Real (solid curve) and imaginary (dotted lines)

parts of kx versus density for both the fast and
the slow waves as a function of temperature,

The pair of curves for the slow mode are readily
recognized by the resonance characteristics near
the lower-hybrid density (shown by a cross on
the density axis). 7The dashed lines in (d-f)
correspond to the location of the reciprocal
ion-Larmor radius (\ercil = 1). rfor all these
curves V , = 0.99 , w ok chD = 13,25 and

Bo = 100 kG, The vertical scale is compressed
quadratically to facilitate the representation

near the axis,

fig. 5 Real (solid lines) and imaginary (dashed lines)
parts of e:xx vs, density for the parameters
of fig., 4. Ffor higher temperatures 6xx no
longer vanisies at the hybrid layer shown by a
cross on the density axis, The imaginary part
of e-xx arises from collisional dissipation at
low temperatures (T % 1 eV), For higher tem-

peratures (T > 10 eV), on the other hand, the




Fig,

Fig,

Al

g,

Mg,

Fig,

7

3

9

10

_.5}4_

imaginary part of € _— is due to evanescent
waves notwithstanding the fact that & is no

longer hermitian,

Composite dispersion characteristics of the
fast (electromagnetic), the slow (electro-
magnetic), the plasma, and the electrostatic
waves for [ = 1 keV, VZ = 0.99, B, = 100 kG,
and %/ MJCD = 13.25. The real and the imagi-
nary narts are shown by the solid and the

dashed curves, respectively,

In the absence of magnetic field gradients,
the lower-hybrid wave moves througih the plasma
column with four successive wave conversions

but practically no dissipation,.

&ffect of magneitc field gradient (Bo is 150 kG
at the plasma edge and 100 kG at the hybrid
layer) on the dispersion curves of rig. 4 for
case T = 10 eV, Ion-cyclotron harmonic numbers
9 to 15 are shown by circles on the density axis
axis, For these curves, too, lJZ = 0,99 and

-
=1 5
w/ch 3,25,

(a) Modification in the ion-cyclotron harmonic
dispersion curves for VZ finite and of tne
order of unity in the presence of density and
magnetic field gradients, These qualitative
curves are drawn for the case of the antenna
located near the outer torus circumference, so
that both the density and the magnetic field
increase as the wave advances into the plasma

center. The path of the wave is shown in (b).

Same as Fig. 9 except that the wave encounters
a negative magnetic field gradient if launched

from the inner edge of the torus circumference,



Fig.

Fig,

v

Mg,

rig,

fig,

N

rig,

Fig,

gy,

FJ'_A

H.
0y
.

Fig,

Fig.

1.2

13

14

16

17

18

19

20

21

22

Shape of the plasma profile for several value

of p defined in (37).

Qualitative appearance of the ray patih if tne
rf energy is introduced into the plasma from
the top or bottom accesses of tlie torus, The
general appearance changes trom (a) to (b) as

the frequency is lowered,

Geometry used for computing tue plasma surface

impedance for retarded waves,

G'S/r\ versus YV, for two difrerent values

of p for the Princeton reactor parameters,

gffect oi reducing g from 3 wm to 3 cm leads
to a reduction in G'S by roughlv one order

of' magnitude,

Variation in 0'3 with b, the separation be-

tween the antenna and the plasma surface,

Absorption length determining the minimum
antenna dimensions along the torus circum-
ference for which the computed surface im-

pedance values of tihis paper are applicable,

Re( O'q) versus 'VZ for the parameters of

the machines listed in Table 1,

Geometry for determining the plasina suriace

impedance for unretarded waves,

o"s versus Q for three different wvalues of

No= ol S o The parameters of the ¥Frinceton

D.
conceptual reactors were used for the compu-

tations,

Power transmitted into the plasma as a func-
tion of q7 for the parameters of the Frinceton

reactor,

Idealized geometry for grazing-incidence

coupling,




Mg,

Fig,

23

24

Grazing incidence to the low cyclotron iiarmonics
in the Princeton reactor. Tie effect of tie
magnetic field gradients is included in the
computations of the transmission coefficient.

The insets are drawn approximately to scale,

Reflection of a forward propagating wave into
a propagating backward wave from a region of
confluence between the propagating and evanes-—
cent waves, The propagation vector of tie
reflected backward wave in region 1 is directed
opposite to the direction of the energy propa-

gation indicated by the arrow,
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Table II

HARMONIC
COUPLING | ACCESS ¢ A,
] USED MHz cm
3
oriNe. |WAVEGUIDE|  ToP Swep | 229 130
REACTOR | \WAVEGUIDE| SIDE | 2weq 9f 330
WAVEGUIDE| TOP 13Wep 300 100
JET oo b ] I
TM LOOP | SIDE |Wep,2Wep | 22,45
WAVEGUIDE | TOP 15Wcp 572 58
PLT b —— — b oo SR
TM LOOP | SIDE | Wep,2Wep | 38,76
WAVEGUIDE!| TOP 5wep | 1140 27
=5 SR R SR S e
TM LOOP | SIDE | wep,2wep | 76,152
ASDEX | TM LOOP | SIDE | wew,2WeH | 46,92
WYI | T™ LOOP | SIDE | Wew,2Wen | 61422
ATC | TM LOOP | SIDE | wech,2wen | 30,61
WEGA | TM LOOP | SIDE |wew,2Wen | 23,46
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