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Abstract

ABSTRACT

The effect of surface modes of propagation on coupling to fast waves in the
LHRF is studied theoretically and experimentally. The previously reported “up-
down’ poloidal phasing asymmetry for coupling to a uniform plasma is shown
to be due to the properties of a mode which carries energy along the plasna-
conducting wall interface. Comparison of the theory with coupling experiments
performed on the PLT tokamak with a phased array of twelve dielectric-loaded
waveguides at 800 MHz shows that the observed dependence of the net reflection
coefficient on toroidal phase angle can be explained only if the surface wave is

taken into account.
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i. INTRODUCTION

In recent years, efficient non-inductive current drive using the slow wave in
the lower hybrid range of frequencies (LHRF) ; < w < §1. has been demon-
strated in many tokamak experiments{l]. However, the exirapelation of this
current drive technique to a tokamak reactor is not straightforward, because of
the observed current drive density limit for a fixed frequency and the problem of
wave accessibility to the core of a large, hot plasma at high frequencies. For this
reason, several recent experiments have been carried out to investigate current
drive with the other propagating plasma wave in the LHRF: the fast wave[2-7).

1t was shown theoretically in Refs, [8,9] that efficient coupling to the fast
wave with a phased array of open-ended waveguides is much more difficult than
coupling to the slow mode. In this paper, we show that under some circum-
stances, much of the incident rf power from a fast wave antenna in the LHRF
is coupled not to the desired propagating fast wave, but to a non-penetrating
surface mode which carries energy away from the antenna along the plasma
boundary. This surface mode does not correspond to the waveguide-like modes
involving spectral energy in 1 < nf < nj,,,, discussed by Brambilla[10], nor
to the similar mode involving fast waves with nfl < 1 propagating in the low
density edge region studied by Theilhaber and Bers[9]. Both of the latter modes
require a density or magnetic field gradient, while the surface wave discussed
here can exist at the boundary of a plasma with Vn,., VBy = 0 everywhere
in the plasma. The surface mode here discussed is related to the surface wave
in the ICRF discussed by Messiaen, et al.[11], while tl= mode of Theilhaber
and Bers is clearly analogous to the ‘coaxial mode’ in the ICRF also discussed
in Ref. [11]. It is shown that the ‘up-down’ poloidal phasing asymmetry for
coupling to a uniform plasma reported in Ref. [12] is due to the properties of
the surface mode.

We then compare the theory with the results of coupling experiments per-
formed on the PLT tokamak wich a 3 x 4 phased array of dielectric-loaded
waveguides at 800 MHz[6]. The observed dependence of the net reflection coef-



ficent on toroidal phase angle can be explained only if the surface wave is taken
into account. With this caveat, general agreement between the coupling theory

and the experimental results is demonstrated.

2. THEORY OF THE SURFACE MODE

We consider only the phased waveguide array coupler, for which the the-
ory has been exhaustively developed(9,10,12-16], and we shall use the notation
of, and frequently refer to, Ref. {12]. However, our conclusions concerning the
surface mode and its importance apply to other coupler designs; in particu-
laxr, the surface mode may also be important in experiments employing loop
antennas(4,5) or other types of couplers(7].

- Since it was shown in Ref. [12] that many of the qualitative features of
the coupling physics are determined only by the plasma parameters near the
waveguide openings, we first consider the situation in which the plasma adjacent
to the coupler is uniform. (We later will relax this restriction.) For the case
with n, = 1.1 x 10'2 cm™3, By = 20 kG, f = 800 MHz, Fig. 9 of [12] shows(17]
that when the phasing is such that most of the spectral power is concentrated
near n, = —1 {but not n, = +1), n, = 0, very low net reflection coefficients
are found. At this value of density and magnetic field, neither siow ncr fast
waves can propagate in the plasma with this (ny,n.), as the slow lower hybrid
wave must have nZ > 1 to propagate above n, = n. = 8 x 10° cm~3, while the
fast wave with n2 < 1 can propagate only at densities below 7. |cuto pp = 3.47 x
1072 B(1—n2), that is, below n, =~ 5.5x 10'! cm~3 in this case[10,9]. Therefore,
with these parameters the power may propagate away from the antenna only
along the plasma-conducting wall interface.

Since the mode that carries most of the power away from the antenna ev-
idently is most important for n, = 0, we shall temporarily consider the case
where n; = 0, n, # 0, corresponding to a poloidal array of infinitely wide
waveguides. This is the opposite limit from that considered by Brambilla[10]
and Theilhaber and Bers(9], where it was assumed that n, = 0, n; # 0. In



the algorithm used in this work, all of the information about the plasma is
embedded in the admittance matrix Y(ny,n,) which connects the transverse
components of the wave electric and magretic fields at = 0*: Br(ny,n.,2 =
0%) = ¥(ny,n.) - BEp(ny,n;,2 = 07), in which Er = E - (1 — 2¢) and similarly
for By. For the uniform case under consideration here, analytic expressions
for Y may be simply derived, and are given in [16,18] for slow and fast wave
excitation, respectively. For our present purposes, we note that Eq. (2) of [12]

gives the denominator of each of the four components of Y,-J- as
EBfot(z = 0%, 0y, n, ) EHOY(z = 0%, niy, )
~ ENe¥(z = 0%, ny,n:) Ef***(z = 0%, 0y, 7). (1)
Also, the approximation Ef%** = 0, which yields the expression of Ref. {18] for

the fast wave admittance of a uniform plasma

B: _nf**(S —n2)—iDn,
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in which n{®** = nf®**(n,, n,) is the index of refraction for the fast wave in the
x—direction, becomes exact for n; = 0. In this case, the fast and slow waves
completely decouple, and are conventionally{19] referred to as the extraordinary
(X) and ordinary (O) modes, respectively. Furthermore, if n, = 0, the dispersion
relation for the fast (X) mode reduces to nf**t = /&L — n2. The appropriate
branch of the square root is determined by causality: for RL/S > .2, the
condition that the mode carry enery only in the positive x-direction (away
from the antenna) implies that n, > 0 (forward wave), while for RL/S < nZ,
the wave amplitude must decay for z > 0, so that n, = +iy/ni — 555. For
the LHRF, §51, D =~ w? /(wfl.), and since RL = 5% — D? identically, for
w < wl, /., nf® is pure positive imaginary for any value of n,,.

Substitution of this X-mode dispersion relation into Eq. 2 with n, = 0 reveals
a simple pole at n, = —+/S, but not at ny = +v/S. Now, it is easily shown that,
in general, if Re(Y;;) =0, the x-component of the time-averaged Poynting flux
vanishes, i. e. the real part of the admittance represents power flow away from

the coupling structure. With w < w3,/{l, and § > 0 (below the lower hybrid
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resonance density), Ys; is purely imaginary, but the causal resolution of the
pole, guaranteed by the inclusion of an imaginary part to ny with the proper
sign[12], yields a spike in the real part of Y5, at the pole. The width of the spike
is proportional to Im{n,) and its beight is inversely proportional to Im{ny), so
that the residue of the pole (the area beneath the spike) is independent of the
size of the imaginary part introduced.

The pole thus implies power flow away from the antenna. Since the plasma
does not support a propagating mode at (n,n;) = (-vS,0), the Poynting
vector must lie in the z = 0 plane as Im(n;) — 0. One can visualize the
introduction of the small imaginary part to (ny,n,) as a slight distortion of the
z = 0 surface so that power flowing along = = 0 eventually passes through this
surface at large z or y. No matter how small Im(n,,n,) is taken to be, all of
the energy leaving the antenna i3 now properly accounted for, whether it flows
into the plasma or along the surface.

This property of the algorithm was pointed out by Brambilla[10]; he showed
that the power trapped between the slow and fast wave cutoffs and the mode-
conversion peint in an inhomogeneous plasma is represented by poles in the
admittance matrix elements, and he resolved the poles in a way equivalent to
the method adopied here. In an earlier report[15], Brambilla considered the case
in which the plasma is replaced by a vacuum layer of finite thickness, bounded
by a perfectly conducting sheet parallel to the z = 0 plane. This stripline can
carry power only in the direction parallel to the walls, so that the real part of the
admittance is composed of a series of spikes corresponding to the eigenmodes
of the stripline. For fast wave launching into a plasma with a low density at
z = 07, the waves with |n,| < 1 can form similar eigenmodes between z = 0
and the fast wave cutoff, and Theilhaber and Bers{9] demonstrated that these
eigenmodes imply poles in the admittance appropriate to their problem.

However, none of these waveguide-like modes can occur when the plasma is
taken to be uniform for z > 0. But under some circumstances, a true surface
mode{20,21] can exist at the interface between two media with different dielectric

or ferromagnetic properties. Suck a mode is evanescent in both media in the



direction pormal to the interface but carries energy along the interface. Perhaps
the best-known exampie of this phenomenon in plasma physics is the Trivelpiece-
Gould mode[22] that exists at the interface between an unmagnetized plasma
and a vacuum or dielectric. Another surface mode exists at the interface between
two magnetized cold plasmas or between a magnetized plasma and a vacuum or
dielectric[23,24] with the static magnetic field parallel to the interface. A similar
surface wave at the interface between a cold magnetized plasma and a perfectly
conducting sheet was described by Seshadri[25,26). The boundary conditions at
a perfectly conducting sheet imply that the electric field of the mode must be
normal to the interface; it results from a surface charge on the plasma. In the
absence of a surface charge of magnetic monopoles, the magnetic field in the
plasma must lie in the plane = = 0%, so that the Poynting vector of the mode
also lies in the plane, as required for a surface wave, Next, we explicitly show
that such a mode can be constructed using only plasma modes decaying away
from the interface; simple reflection at z > 0 mimics the surface mode, but is
clearly not a causal solution in the situation under consideration.

The superposition of the two causal solutions in the uniform cold magnetized
plasma permit us to satisfy the tv;.'o boundary conditions

E-,(z — 0+) — E;luw +E§nat = 0
E;(¢ — 0+) E;luw + E{alt -~ RIIOWE;MW + Rf'"tE!‘:n“ =0

i

where the ratio R = E,/E, for each of the two modes is determined by the
plasma parameters, ny, and n,. These two equations are satisiicd if Ryjon =
Rjq,t, which is also exactly the condition that the denominator of the ¥ matrix
elements (Eq. 1) vanish. Thus we see that the existence of a pole in the Y matrx
elements for the uniform plasma implies the propagation of the surface mode
along the plasma-conducting sheet interface. It is also now clear that no surface
wave exists in this situation as Bg — 0: the two cold plasma modes become
degenerate in this limit and R,i0w = Rjas. trivially.

As shown above, the case of n, = 0 so that the suwface wave propagates

normal to Be can be treated simply, because the two cold plasma modes com-



pletely decouple. Then we may satisfy the condition E: = 0 by exciting only
the X-mode. For the X-mode{19], E,/E, = (nZ - §)/(nyn, — iD), or

B, S - ni) (3)

E, nv\/n§+z§£__p

where, again, we have chosen the causal root of .. Now, E, = 0 is satisfied by
ny = £V, but if we substitute n, = +v/ back into Eq. 3, we see that both
numerator and denominator vanish for this choice. Therefore, the only proper

root is

Ny == \/5, (4)

and we once again arrive at the dispersion relation for the surface wave with
n. =0.

The surface wave exists only for densities below the lower hybrid resonance
density, at which § = 0; for densities much lower than this limiting value, such
as is characteristic of edge plasma in a tokamak for the LHRF, the surface wave
dispersion approaches that of a vacuum wave propagating poloidally along the
plasma surface (n, = 0, ny = 1). For the parameters of Ref. [12], Fig. 9, a
surface mode propagates with n. =0 at n, = —0.995 .

It is natural to attempt to construct an O-mode surface wave for n, = 0,
as this mode satisfies £, = O identically. But an O-mode decaying in the
positive x-direction cannot satisfy E; = 0 nontrivially, so that an array of
waveguides oriented to excite the slow wave cannot couple directly to a surface
wave. This explains why for slow wave cases the code described in Ref. {12]
agrees with simpler codes that cannot model this phenomenon. Anotker way to
see that there is no O-mode surface wave is to observe that O-mode dispersion
is independent of magnetic field, so that a hypothetical O-mode surface wave
wounld exist as By — 0. But it has been shown above that no surface mode
exists on a perfectly conducting sheet as By — 0.

We may generalize the surface mode dispersion relation for n. # 0, as was

done for the similar surface mode at a magnetized plasma-vacuum interface in



Ref. [23], by setting Rsiaw = Rfart, or

n:[llom(s - "gltlou - ni) - ny(ngnal-low + iD)
(nynzlllow + "'D)(P - nglnlow - nS) - nyngn:]nlaw

z)past(S =13 tase = 17) — ny{nyTz|tast +1D) (5)
{nynzlfast +iD)(P —nZ|tas — "’%) = nyn2ne|fast '

in which nz|,ow, Tz|fas: are the solutions of the cold plasma dispersion relation
with positive imaginary part. This equation is sufficiently complicated that
solutions must be found numerically. Such a solution for the parameters of
Ref. [12], Fig. 9 is shown in Fig. 1; a surface wave exists for ny, 7. near the unit
circle for 530°, where tanf = n, /n,.

We can demonstrate that the surface mode dominates the coupling behavior
shown in Ref. [12], Fig. 9 and in the inhomogeneous case shown in Fig. 8, op
cit. by setting Re(Y;;) = 0 for |n;| < nlcpie = 1.16 (minimum accessible 7.
for n. = 1.1 x 10}2 em™?, By = 20 kG) and recomputing them. This does not
permit the surface wave to carry energy away from the antenna. The contours
of constant reflection for the two cases are shown in Figs. 2 and 3. Comparison
of these plots with the corresponding plots in Ref. [12] in which the surface
wave is taken into account shows that essentially all of the power leaving the
antenna for phasings near 0° toroidal, —90° poleidal is coupled to the surface
wave. No significant up-down asymmetry remains in the uniform plasma case,
and the optimum toroidal phase angle is now such that most of the spectral
energy is between the accessibility (|n.| > 1.16) and cutoff (|| < 1.73) limits.
The remaining up-down asymmetry in the inhomogeneous case is attributable
to the effect of the density gradient discussed in Refs. (8] and [27].

We next describe a simple calculation which makes these numerical results
plausible, by analytically demonstrating the good impedance match which can
be obtained between a waveguide array and the surface mode. We take the
case of a single, infinitely wide, dielectric-filled waveguide as an idealization of
an infinite (in the toroidal direction) array of waveguides excited in phase, and
assume that only the reflected fundamental mode of the waveguide is impor-

tant. By carrying out the matching procedure of Brambilla[13], we obtain the



following expression for the reflection coefficient p:

l—p__A= tkoa 5\/"2'*'9_"5 ny D [sm Eu_n )] ()

1+p  2nyeJo S —ni (5g2n, )2

in which e is the height of the waveguide, kg = w/c and € is the dielectric
constant of the material filling the waveguide, and the integral is to be computed
over the contour shown in Ref. [12], Fig. 2b. The power reflection coefficient is

given by
_ [1—Re(A) + [Im(A)P?

2
o= T Re() + (G (A)
and we see explicitly that if D? > §2, the only power transmitted is due to the

surface mode at ny = —/8. If we assume that the contribution from the pole

a D ¢sine

is much larger than the the principal value, we find A =~ v T)::’ where
a= %koa\/g. If we evalunate this for the plasma parameters of Ref. {12], Fig. 9,
and take @ = 5.4 cm, € = 8.0, we obtain |p|® = 0.30. If a = 0.5 cm instead, we
estimate |p|? = 0.89. Using the code described in Ref. [12] to model a single
row of four waveguides 8.6 cm wide by 5.4 or 0.5 cm high, separated by 0.67 cm
in the toroidal direction, radiating into a uniform plasma with the parameters
of Ref. [12], Fig. 9, we obtain [p|? = 0.33 and 0.92, respectively, when the four
guides are excited in phase. These are the power reflection coefficients for the
inner pair of guides; the guides on the ends are calculated to have a somewhat
higher [p]2. Considering the simplicity of the estimate, the agreement between
the numerical result and the analytic estimate is excellent. We may thus con-
clude that the low reflection coefficients found in Ref. [12] result from the good
impedance match between the wavegnide and the surface mode. Unfortunately,
this implies that the regime of low reflection coeffici=nts discussed in Ref. [12]
is of no use in fast wave current drive experiments, since almost none of the
launched power penetrates the surface of the plasma. This is in agreement with
the direct computation of the power spectrum that reaches the plasma core
reported in Ref. (12].

The effect of a vacuum layer between the plasma edge and the conduct-

ing wall on coupling and propagation of the surface wave may be assessed



by computing the phase change of the wave in propagating across the gap:
A = iky f:’ ng dz, in which n =1 -n2 - n?, For the X-mode surface wave
with n, = 0, {Ag| = kozp[l — S|¥? & z,(wpi/c)|l — (w/wgmg)?|*/?, in which
the geometric mean gyrofrequency wom, = +/$1:{l¢. Under typical conditions in
the LHRF, this phase change is negligible compared to unity; for the example
considered above, the gap would have to be about 60 cm to produce |Agd| ~ 1.
Generally, a gap large enough to significantly affect the surface mode would also
preclude efficient coupling to propagating fast waves (n? > 1), due to the long
tunneling distance. In the experiment discussed in this paper, the gap between
the plasma edge and the conducting vacuum vessel was less than 10 cm, and
the other parameters were such that the effect of the gap on the surface mode
was negligible.

A substantial vacuum region between the plasma and the conducting wall
permits the propagation of the ‘coaxial mode’{11], which is also the limit of the
mode discussed by Theilhaber and Bers(9] in which the linear density profile is
replaced by a vacuum regibn and a step. This mode is not a true surface wave;
rather, it corresponds to a strip line with the plasma and the conducting sheet
forming the two walls.

The relationship between the coaxial mode and the surface mode considered
in this paper can be quantified by calculating the dispersion relation for the
case where the plasma density is zero for a distance 0 < = < @, in front of the
conducting sheet, then uniform for z > z,. Matching tangential electric and
magnetic field components at the plasma/vacuum boundary, and tangential

electric fields at the conducting sheet, we obtain the dispersion relation for

ni-§
/1~ n2tan(kozpy/1 — n2) = Y . (7)
! TV s fm2 - RL/S - Dn,

If the gap is small, koz, < 1, and the dispersion relaticn for the surface mode

ne, =0:

is given approximately by ny = ~v/5 — koz, D(1 — S). As kozp, ~ 7, new pairs
of solutions appear, which correspond to the coaxial modes mentioned above.

It can be shown that the lowest order pair of coaxial modes occurs when the
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gap is between Ag/4 and Ag/2 wide, where the vacuum wavelength Mg = ¢/ f.
For the case of Ref. [12)], Fig. 9, except now permitting a vacuum gap, we find
the lowest order coaxial modes appear at z, > 15.3 cm (2p = 0.41A).

In situations where the vacuum gap is large enough to permit both the
surface mode and the coaxial modes to propagate, and the antenna spectrum,
contains energy in the ranges of (ny,n,) where these modes can propagate, both
types of modes will be excited. We may evaluate the partition of energy between
the coaxial modes and the surface mode by comparing the residue at the peles
of Yz; which correspond to those modes. Again considering the only analytically
tractable case, where n, = 0, we find that the admittance is given by

Sy/nZ—RL/S—Dny — (5§~ nZ) tan(kozpy /1 — ng) ©

S —nf + /1 - n2tan(kozp /1 - nd)(Sy/nd — RL/S ~ Dny)

Yoo =t

The residue can be easily evaluated at .a pole, where the denominator of Eqn. 8
vanishes (Eqn. 7 is satisfied), by evaluating the quotient of the numerator of
Equn. 8 and the derivative with respect to n, of the denominator at the pole.
In Fig. 4, we plot the residue of 13, at the poles as a funciion of the size of
the vacuum gap, normalized to the residue with z, = 0, which is equal ta D.
The plasma parameters are again those of Ref, (12}, Fig. 9. For z, > 15.3 em,
the coaxial modes (one propagating in the positive y direction, the other in the
negative y direction) are more important power sinks than the surface mode.
Finally, we consider the effect of a smooth density gradient on the surface
mode. In the foregoing, we showed that for 2 uniform plasma, the residue at the
pole of ¥3;{ny,n.) that represente the surface mode is equal to D for D? > §? ~
1. We therefore might expect that the residue of ¥ at the pole with a density
ramp regplacing the density step would be smaller, since D ~ wge /{w8le) ~ ne.
However, because /S is very close to unity throughout the edge region in the
LHRF, the value of n, at which the pole occurs would not be expected to be
strongly affected by finite dn,/dz. These qualitative expectations are borne out
by numerical caleulation of Y21(ny,,n, = 0) with a linear density ramp. The

location of the pole and the residue of ¥, there were computed as a function
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of the density gradient scale length @, with ne(2} = (1.1 x 10'? em~3)(z/a) for
0 <z <an. =11x 10" cm™® for z > a. The magnetic field was 20 kG, and
the ion mass 1 = 2m,. As mentioned above, ior a = 0, the resicue is D ~ 2.0;
we plot the residue of Y3; normalired to this value in Fig. 5, Though the level
of the coupling between a given antinna and the surface mode dapends on the
density gradient in front of the anternw, the gross properties of the mode are
unchanged by finite dn./dz.

3. COMPARISON OF THEORY AND EXPERIMENT

The experirrents were performed usiug a ? x 4 array of dielectric (e == 8.8)
filled waveguides; each waveguide w&: 8.25 cm wide (in the toroidal direction)
and 5.08 cra high (in the poloidal direction). The guides were mounted in a steel
frame which maintained a distance of 0.7 cm between the guides in ths toroidal
direction and 2.9 cm in the polnidal direction(28]. The array was mounted in
an cutside midplane port on the Princeton Large Torus (PLT)[29], o circular
cross-section tokamak with :t = 132 cm, a = 40 cm. The limiters were placed at
minor radii in the range « = 39 to a = 43 cm dusing these experiments; a pair of
graphite limiters were fixed at cicher side of the wavegnide array at ¢ = 43 cm.,
The plasma current, and line-averaged censity were varied over the rangzs 200
- 400 kA and 1 x 1012 em™? - 3 x 10'? em™?, respectively. Deuterium gas was
used. Rf power at 800 MHz was suppled by the same set of klystrons as had been
used for lower hybrid slow wave current drive experiments on PLT[30,31); the
rf system was duscribed in detail in Ref. [32]. Further information concerning
the waveguide array, the tokemak, the rf system, and diagnostic techniques is
given in Ref. [33].

The experimental results on waveguide array-plasma c¢oupliLg may be sum-
marized as follows. With fixed plasma conditions, the net reflection coefficient R
2s a function of toroidal phause angle A¢r always had a minimum at A¢y = 0°,
and a broad maximur. at A¢r pear 130°, as is shown in Figs. 6 and 7a. As the

line-averaged density i, was raised with A¢r fixed, R dropped substantially
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(Figs. 7 and 8a). Both of these dependences are in sharp coatrast to the behav-
ior observed in experiments with slow wave arrays (Fig. 6b, for example). As
has been shown in Refs. [34-36] and others, the observed behavior of slow wave
arrays is in good agreement with the well-developed coupling theory.

To compare results from the coupling theory to the experiment, one must
have information on the density profile in the neighborhood of the coupler.
Langmuir probe data[37] provided a measurement of the density profile in the
range ¢ = 42 — 45 em, though the absolute value of the edge density was
not calibrated, and these measurements were not performed under conditions
precisely identical to those under which the waveguide coupling data was taken.
Absolute values for the edge density and its dependence on 7i, were obtained by
fitting the results of 2.45 GHz lower hybrid slow wave coupling measurements
to the theory of Ref. [16}; this procedure has been shown to give values of edge
dexsity in agreement with detailed probe measurements38).

For simulation of the phase scan shown in Fig. 6, in which #, = 1,5 X
10" cm™%, I, = 400 kA, Br = 31.3 kG, and riim = 40 cm, we take n (r =
43 cm) = 1.3x 10" cm™?, and (Vne)legge = 4% 10! cm™*, This linear profile is
assumed to extend to the limiter radius, and the profile inside the limiter is taken
to be parabolic. The predicted contours of constant net reflection coefficient{12]
for this case are shown in Fig. 9. As discussed in Sec. 2, the effect of the surface
wave is to predict a strong up-down poloidal phasing asymmetry, which was not
observed. Furthermore, the dependence of R. on Adr at a fixed poloidal phasicg
of 0° (the conditions under which the data of Fig. 8 was taken) is unlike what
was seen in the experiment, with R predicted have a meximum at A¢r = 0°.
Rather, the observed dependence was more like that predicted for near-optimal
poloidal phasing, so that the surface wave with n, = 0, ny, ~ —1 is strongly
excited with Agr = 0°. A simple error in poloidal phase calibration is ruled out
by the fact that we found no significantly better coupling at any other poloidal
phasing.

If the poloidal phasing were for some reason ineffective, so that the array
acted like three independent 1 x4 arrays, then the width of the launched poloidal
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spectrum would increase by a factor of ~ 4. The surface wave loading would
be strong only for toroidal phasings near 0°, and the up-down asymmetry of
that mode would not be observable from reflection coefficient data alone. The
toroidal phasegdependence of the coupling under these circumstances can be
computed simply by using a 1 x 4 array in the code. The dependence of R
on A¢r thus calculated is shown in Fig. 10, where it is compared with the
analogous curve obtained from the full 3 x 4 case at A¢p = 0°. The qualitative
behavior observed (Fig. 6a) is clearly much closer to that predicted by assuming
that the rows of the array are effectively decoupled.

There is, in fact, a good reason to expect that the poloidal phasing might
be considerably less effective than the toroidal phasing in our experimental
configuration, where the spaces between the rows were somewhat more than
half the height of the guides, while the toroidal spacing was < 10% of the width
of the guides. The theory described in (12}, like all theories of the Brambilla
type, assumes that a perfectly conducting sheet fills all the spaces between the
waveguide openings and the remainder of the z = G plane. The surface currents
that flow on the conducting sheet in the idealized model permit discontin?uity in
the transverse magnetic field at z = 0; this effect is quite important{15]. Bench
tests with single{39] and double waveguides[40] have shown important differences
in the fields in the plane of the waveguide openings between situaticns with and
without a ground plane. As pointed out by Greene[39], currents flowing on
the outer surface of the waveguides can be substantial; these currents would be
expected to produce sharp peaks in the electric field at the edges of the guides,
and consequently to spread the launched spectrum to higher |ny| than predicted
by the idealized theory. In our experiment, arc tracks which were observed on
the top and bottom surfaces of the waveguides are evidence that strong fringing
fields existed in the gaps between the rows of guides.

We conclude that a reasonable model for the coupling is to assume that the
3 x 4 array acted as though it were composed of three independent 1 x 4 arrays.
The excited n,-spectrum is thus about four times as broad as it would have

been in the true 3 x 4 case, so that though the spectrum is peaked at n, = 0,
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the surface wave at ny, ~ —1, », = 0 is still strongly excited for toroidal phase
angles $S90°. To explain the minimum in R at A¢gr = 0°, we must invoke the
surface wave — Fig. 10a also shows the R(A¢r) predicted for the 4 x 1 array
with Re(Y;;) set equal to zero for n2 < 1, so that the surfacqwave is not allowed
to carry energy away from the coupler. Comparison of these curves with the
experimental data (Fig. 6a) shows that the X-mode surface wave appears to
dominate the loading for phase angles near Agy = 0°.

We model the two-guide density scan of Fig. 7a by assuming proporticnality
between 7, and (Vn.}|cdge, as suggested by the edge density measurements,
that n|edge is fixed at 1.3 x 10! cm~3, and that n.o = 1.5%,, as is appropriate
for a parabolic profile. We compute the “scattering matrices” for a 1 x 4 array,
but then treat the outer pair of guides as passive when computing R — in the
experiment the outer guides were terminated. The results of this computation
are shown in Fig. 7b. Given that the magnitude of R was not absolutely cali-
brated in Fig. 7a, the qualitative agreement between the model results and the
experiment is rather good.

The same scattering matrices were used to predict the reflection coefficient
as a function of fi, with a fixed toroidal phase angle of 180°, for comparison
with the data shown in Fig. 8a. In this case, all four guides were powered.
The observed reduction in R as fi, is raised is accurately reproduced by the
theory but the magnitude of R found in the experiment was about 0.2 lower
than the theoretical value for all densities. A similar offset is seen comparing
the theory and experiment for the phase scan at fixed density (Figs. 6a and
10a). The simplest expianation for this discrepancy is that some fraction f'bf
the power is lost in the coaxial lines connecting the directional couplers and
the waveguide array. Since this loss is squared for the reflected power, the
true reflection coefficient would be (1 — })“ times the value measured at the
directional coupler. The experimental data of Fig. 8a is replotted in Fig. 8b
with an assumed loss of f = 25% (1.25 dB), and compared with the theory.
This ‘\f- has been chosen to give the best fit to the data.

Though the agreement between the theory and the experiment is quite good,
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assuming this fairly large loss in the lines, in view of the differences between
the experimental configuration and the idealized model, suck good agreement
must be regarded as somewhat fortuitous. In particular, the gaps between the
guides are not modelled l;roperly, poloidal curvature effects are not included
in the model, and the density profile is not known well encugh for a precise
comparison of theory and experiment. The fast wave coupling region extends
much farther into the plasma than does the region that determines slow wave
coupling. Stevens, et al.[16] showed that for most experimental situations, the
slow wave coupling efficiency depends only on a single parameter: the density
at the face of the coupler, while fast wave coupling relies on tunneling through
the outer few centimeters of the profile and is thus dependent on the density
profile in a much larger region. The effect of density fluctuations on coupling
is an unsolved problem, but one might expect that when the cutoff layer is
located near the limiter radius, where fluctuation levels are highest, any such
effect would be maximized. These fluctuations may have a decisive effect on the
nature of the power that actnally penetrates the plasma{41,42], so it is perhaps
reasonable to expect some effect on the coupling.

We conclude that given the greater sensitivity of fast wave coupling to factors
not well characterized, either theoretically or experimentally, the level of quanti-
tative agreement between coupling theory and experiment seen in the slow wave
case is not to be expected. However, the extent of the qualitative agreement
that we do find shows that the basic coupling physics of the dielectric-loaded
waveguide array fast wave coupler is reasonably well understood. In particular,
the antenna could not have launched a large fraction of the incident power i-
rectly into the slow wave branch without qualitatively changing the dependence
of R vs. i, and vs. Adp. Carrying out the spectral analysis described in [12]
for the case where Agr = 180°, i, = 5 x 10'2 cm~3, we find that < 5% of the

power that escapes the coupling region is on the slow wave branch.
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4. SUMMARY AND CONCLUSIONS

We have mads a detailed comparison between coupling measurements using
a 3x4 dieleciric-loaded waveguide array and a complete linear coupling model
including both slow and fast modes in the lower-hybrid range of frequencies. We
have shown both analytically and numerically that the poloidally asymmetric
coupling characteristics described in prévious theoretical work are largely due to
the excitation of surface modes. Moreover, these waves can dominate the cou-
pling properties over a wide range of plasma edge conditions and toroidal phase
angles. The experimental results indicate a coupling dependence on toroidal
phase angle the we can explain only by involing the presence of such surfauce
waves, Good qualitative agreement between theory and experiment was ob-
tained; although certain nonideal conditions in the experiment, such as the
presence of sizable gaps in the ground plane between adjacent waveguides and
losses in the transmission lines, give rise to a plausible absolute discepancy be-
tween our idealized model and the experimental results. We conclude that these
surface waves are likely to play an important role in attempts[43] to couple to

the fast wave in this frequency range.
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Figures

Fig. 1. The solution of Eq. 5, plotted as r = ,/nZ +n? as a function of § =
ny/n:. The plot for 90° < @ < 270° is obtained by reficating the plot around
8 = 90°.

Fig, 2. Contours cf power reflection coefficient for uniform plasma with n, =
1.1x10'2 em™3, By = 20 kG, with surface waves not allowed to carry energy,
to be compared with Ref. [12], Fig. 9.

Fig. 3. Contours of power reflection coefficient for the ‘standard’ fast wave array

case of Ref. [12], Fig. 8, with the surface waves removed.

Fig. 4. The residue of the admittance Y5; at the poles, with n, = 0, with
a vacuum gap and a deuterium plasma with density 1.1 x 10*? ¢cm™3 for
z > zp; By = 20 kG.

Fig. 5. The residue of the admittance Y3, at the surface wave pele, with n, = 0,
as a function of the density gradient scale length a, normalized to the residue
with 2 = 0. The density at the end of the ramp is 1.1 x 10'2 cm~3; By = 20
kG.

Fig. 6. Comparison of observed toroidal phase dependence of net reflection co-
efficient with slow and fast wave 800 MHz couplers. (a) Net reflection co-
efficient for 3 x 4 array vs. toroidal phase angle. By = 31.3 kG, #, =
1.5 x 10'? em™3, forward power 190 kW. (b) Similar curve obtained with
1 x 6 slow wave coupler[38]. By = 28 kG, %, = 1.85 x 10** cm~3, forward
power 12 kW.

Fig. 7. Relative net power reflection for 2-waveguide subset of the 3 x 4 array
vs. toroidal phase angle at six different line-averaged densities. Py ~ 1
kW. The curves are fits of the form a + bcos . These curves are a relative
measure of the plasma loading, and were calibrated by assuming that the
minimum in R for the vacuum occurs at A¢dr = 0°, and taking the max-

imum reflection in the vacuum to be R = 1. [The dielectric filling makes
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the waveguides a poor impedance match to the vacuum, so that the pair
of guides with A¢r = 180° are predicted to have a reflection coefficient
of 0.93 in a vacuum, as shown in (b).] Having established the calibration

with the vacuum curve, the phase scan was repeated at each value of 7.
o = vacunm % = 0.5 x 10 cm~3 A=11x10" ¢m—3
0= 1.5 x 10" ¢m™3 o=20x10'3cm~3 0=26x10"3 ¢m~?
(b) R(A¢r) predicted for two-waveguide density scan. Line-averzge densities
of fie = vacuum, 5x10°2 cm™?, 1x16% em™2, 1.5x 10 cm™3, 2x 102 cm 3,

and 2.5 x 10*? em™3,

Fig. 8. {a) Observed net power reflection for 3 x 4 fast wave array as a function
of . with Agp = 180°, I, = 500 k4, Br = 31.3 kG. (b) R(7.) predicted for
density scan with A¢p = 180°, and compared to experimental data, where

a loss in the coaxial lines of 25% has been assumed.

Fig. 9. Contours of power reflection coefficient for modeling of phase scan of

Fig. 6a.

Fig. 10 Comparing the predictions of R{£:¢1) for three models. (2) 1 x 4 array,
with surface waves allowed (solid) and forbidden (dashed). (b) 3 x 4 array
with Agp = 0°.
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