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LOWER HYBRID WAVE LAUNCHING AND ANTENNA DESIGNT
- S§. F. Knowlton and M. Porkolab
Plasma Fusion Center

Massachusetts Institute of Technology
Cambridge, MA 02139 USA

ABSTRACT

Slow wave anitennas in the lower hybrid range of frequencies have
been developed to efficiently launch waves within a desired range of the
parallel refractive index for the purpose of plasma heating and current
drive. The theory of antenna coupling 1s reviewed, with particular
emphasis placed on the performance of the phaséd wavegulde array used in
most present-day experiments. Wave launching experiments on 1linear
machines and tokamaks are reviewed and compared with theory. Considerable
progress has been made in reducing rf breakdown at high powers in lower

hybrid antenna structures, and the numerous techniques are summarized.

' This article is to be part of a Nuclear Fusion invited review paper on
rf wave lauchers for coupling to plasmas.



3.1 Introduction

High power lower hybrid wave heating experiments are performed on
tokamaks and other toroidal devices for the purpose of ion heating, electron
heating, and rf current drive [1]. The lower hybrid wave represents the slow
wave branch of the cold plasma dispersion relation iIn the.frequenéy range
Wae 2> W D> weyq, where w/2n 1is the frequency and w.e/27 and wq.i/27 are the
electron and lon cyclotron frequencles, respectively. This branch exhibits

a resonance (i.e., k| > ») at the lower hybrid frequency,
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where wpe/Zw and wpi/Zn are the electron and ion plasma frequencies. The
lower hybrid frequency lies between 0.5 and 5 GHz in present-day tokamaks.
Since in this frequency regime the free-space wavelength is comparable to,
or smaller than the minor radius of the tokamak chamber, open-ended waveguide
antennas located in the scrape—off plasma behind the limiter are a convenient
means of launching lower hybrid waves in tokamak plasmas. As theoretically
predicted by Bfambilla, the phased array of waveguides, or grill (2,3], has
been shown experimentally to couple very efficlently to the sléw wave In
the plasma, and such structures have been used in most major lower hybrid
heating experiménCS to date. Efcellent coupling efficiency is achieved with
the grill (transmission coefficients of 907 are typical) without tuning
devices which are often necessary at lower frequencies to match the antenna
impedance to that of the plasma. Consequently, the standing wave ratio
within the antenna is quite iow. Nonetheless, the major practical problenm
encountered with high power operation of the phased array antenna has been

found to be rf breakdown in thé evacuated portions of the waveguides which



are open to the tokamak vacuum chamber. A considerable amount of research
effort has focused on the prevention of rf breakdown within the antenna. As
a result, a number of diverse techniques developed at different labofatories
ha§e succee&ed in improving the reliability of the grill antenna at the
power levels required for significant plasma heating. Since high power rf
sources in the lower hybrid range of frequencies are commercially available,
tﬁé technology of lower hybrid heating 1s believed to present few major

obstacles to applications on future tokamak experiments, including reactors.

In this paper, we review the design and performance of lower hybrid
wave couplers used in tokamaks. Particular attentlon is paid to the analysis
and operation of the grill antenna. We begin in Section 3.2 with a brief
description of Ehe physics of lower hybrid wave propagation and absorption.
Although the antenna coupling efficiency is determined solely by the plasma
density at the antenna plasma interface, the rf heating or current drive
efficlency in the core plasma is partially dependent on the parallel wave-
number spectrum launched by the antenna. Consequently, constraints imposed
by optimization of the wave damping processes in the bulk plasma strongly
influénce the wave coupling physics and the antenna design. The general
requirements of the lower hybrid antenna design are outlined in Section 3.3.
The theory of mgtching the antenna electromagnetic fields to the edge plasma
wave fields is discussed next in Section 3.4. The Brambilla theory describ-
ing the specific coupling behavior of the g;ill-type antenna is outlined In
Section 3.5. The experimental coupling results from a number of lower
hybrid heating experiments have been found to be in reasonable agreement
with the theoretical predictions; these comparisons will be presented In
Section 3.6. The issues of rf breakdown in the antenna, and its eliminatlion

are discussed in Section 3.7. Finally, in Section 3.8 we describe some



trends and changes in grill coupler design which are planned or contemplated
for future heating experiments and possible reactor heating or current

drive schemes.

3.2 Lower Hybrid Wave Propagation

The particular damping mechanism of lower hybrid waves Iin the plasma
core (ion heating, electron heating, or current drive) is dependent on the
plasma density and temperature, the magnetic field, and is also strongly
affeéted by‘k" = nyw/c, the parallel wave vector of the lower hybrid wave
(wheré ny is the index of refraction along the magnetic field, ky = ; . g/B,
and ¢ is the speed of light). The ny spectrum of the lower hybrid wave
power,~;ﬁich is determined by”the antenna geometry, is important in achiev-
ing the desired heating result. In this section, the basic properties of
the propagation and absorption of lower hybrid waves are summarized in
order that (1) the requirements on the ny spectrum launched by the antenna
be understood, and (2) one. is provided with an introduction to a more
detailed discussion of the coupling physics In the next sections. More
complete and informative treatments of lower hybrid wave propagation can be
found in a number of references [4-6}; in particular, lower hybrid wave pro-

pagation and damping in tokamak plasma geometries are reviewed In Ref. {71,

Wave propagation in a cold plasma is described by the following wave

. >
equation for the rf electric field E:
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where K is the dielectric tensor in a Cartesian coordinate system:



The elements.of the dielectric tensor are written in the notation of Stix
[4]. The magnetic field of the tokamak, B,, 1{s assumed to point in the z-
direction. The plasma density decreases in the x~direction. In the cylin-
drical geometry model of a tokamak, the x-direction corresponds to the
radial direction, the y~direction to the azimuthal (poloidal) direction,
aqd the z~-direction to the toroidal direction. For the lower hybrid
range of frequencies, the inequalify wai << w << wee 1s valid, and the

components of the cold plasma dielectric tensor may be approximated as

2 2
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For a homogeneous plasma, the wave Eq. (2) may be written as
>
> > +> > > >
n(n « E) =n2E+K+E=0, (4)
+ >
where n = ck/w is the refractive index. In a weakly inhomogeneous plasma
the dispersion relation may still be obtained in a WKB sense from Eq. (4).
Since the plasma parameters are nearly constant along the z-axis, and the

grill determines ny at the plasma edge, the WKB dispersion relationship

may be written in the following fofm:



ant +BoZ +C =0 (5)

ni = ni + n§

where

A=S
B = (a2 - S)(S + P) + D?

c =P [(a} - 52 -02].

The dispersion relation has two solutions corresponding to the slow and

fast waves:

, Bt (B2 - 4ac)1/2
'ni = . (6)
2A

The solutions are distinct from one another if B2 >> 4AC. In this limit,

the approximate roots of the dispersion relation are [5]
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where "s" and "f" subscripts refer to the slow and fast branches. A

resonance for the slow wave (n%_s + =) exists at the location where S = O,

or
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In the limit n% }) 1 + ngelwge - wgi/mz's 0(l), the slow wave is essen-

tially an electrostatic wave, characterized by the simple dispersion

relatioh
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In this approximation, the wave energy emanating from the antenna is confined
to so-called resonance cones [8,9], which lie at an angle 9 with respect to

the magnetic field

Mo (w? - “EH) .
tanf = . (10)

which is much less than unity for w <X Wpe * Except near the plasma edge, the

wave energy propagates away from the antenna primarily along the magnetic

field.

If B2 S 4AC in Eq..(6), the solution of the dispersion relation pre-
diects two distinct branches as shown in Fig. l: a slow wave, given by Eq.
(7a), and a fast waQe, given by Eq. (7b). . In general, these roots are
distinct as long as B2 > 4AC. However, for a sufficiently low value of
ny, the condition B2 = 4AC may bé satisfied at two distinct values of the
density, n; and “:’ which are both lower than the density at the lower
hybrid resonance layer. At these critical densities, the slow and fast modes
coalesce, as illustrated in Fig. la. The critical densities are given by
the relagiqnship (10]

Wpi

~= =yt (1 + ad(y2 - 1)1/2 (1
w

where y2 = wz/w The plus sign corresponds to n: in Fig. la and the

ce¥ei”
minus sign to n.. At intermediate densities n_ < n_, < at

e e e e’ there {is

no propagating solution to Eq. (6), since B2 < 4AC. - As n, is increased,

the two roots of Eq. (1l1) coalesce when



r.lzﬂcrit: =TT . (12)

For values of n% > “%crif’ the slow wave can propagate or is "accessible”

to the lower hybrid resonance layer (should it exist in the plasma), as
shown in Fig. lb. If the lower hybrid resonance is present in the plasma,

the accessibility criterion reduces to [5]
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or |n,| > 1.4 for typical tokamak plasmas.
When the lower hybrid resonance does not exist in the plasma (w > wpy),

electron heating and/or current drive may still take place. In this case,

the condition for wave penetration to the maximum density is still given by

Eq. (12) if y2 <1 and “§1<°)/w2 > yZ/(l - yz). Otherwise, accessibility
is determined by the negative root of Eq. (11), and the critical value of
n; needed for the slow wave to penetrate to a given density without mode

conversion to the fast wave is given by

w
pe 1/2
Dyepie = ~~ + S (14)
Wee

For the PLT lower hybrid experiment parameters [l1] (B, = 26 kG, D; gas,
w/27 = 800 MHz) a representative value of the parallel wavenumber during
current drive experiments is ny = 1.3 and the fast-slow wave convergence
would occur at a density of l.l x 1013 cm=3. Waves with smaller values of
ny are "inaccessible” to this’density, and are constrained to propagate in
the low density plasma between the wall and the fast/slow mode conversion
layer, and are commonly referred to as surface waves. This should be com—
pared with the lower hybrid resonant density of n, = 5.2 x 1013 cm—3, for

which accessibility is achieved only for ny > 1.34.



Thé lower hybrid wave may be absorbed in the plasma_by several dif=-
ferent mechanisms. Collisionless damping processes occurring in the plasma '
core are of most interest in a heating experig?nt. Lower hybrid waves are
predicted to be absorbed on ions by "unmagnetized perpendicular ion Landau
damping [12], or by ion cyclotron damping at the high harmonics (w = 40
Weq s typicéll}) [13,14], or by electron Landau damping [15~17]. Ion heat-
ing, at least by linear means, can only occur near the lower hybrid reson-
ance; hence only the slow wave is absorbed by ions. At a density somewhat
below the resonant density, the inward-propagating slow wave 1s predicted
to undergo a conversion to a short-wavelength hot-plasma electrostatic
wave (see Fig. 1b) which travels back toward the plasma edge [18]. Near
this mode conversion layer, the perpendicular wavelength becomes sm;ll
eno;éh such that the perpendicular phase speed of the wave 1s comparable
to the ion thermal speed (w/k;veny = 0(1), where vepi; is the ilon thermal
velocity). Absorption by ions can occur for waves with n, greater than
tﬁe Nyerit 8iven by the accessibility condition Eq. (14), with higher n,
waves being mode—-converted and absorbed at 1lower - plasma densities.
However, 1f anywhere along the trajectory of the wave, ny 1s sufficiently
high such that parallel phase speed of the wave is comparable ;; the elec-
tron thermal velocity, the wave may be absorbed by electron Landau damping
before teécﬁing'the ion mode conversion layer. Significant electrén heat-
ing should take place if [7,17,19]

a
ny s =-—, : (15)
/Te
where a = 5-7 (depending on linear versus quasi-lingar damping) and T, is

the electron temperature in keV.



Electron and ion heating by lower hybrid waves are competitive
processes in a high density plasma; electron heating will generally
predominate 1f the ratio of the electron temperature to the ion temperature
satisfies the following condition, derivable from Eq. (9) and the wave

damping criteria [1]:

e_>
~ > (16)

If the density is low enough such that w Z I.SmLH, this condition 1is

, easily satisfiled.

If the plasma density is too low for fon interaction to occur and if
the electron Landau resonanéé coﬁditioﬁ ié satiéfied, significant abso;é-
tion of rf power on the fast electron population can occur. Subsequently,
electrons diffuse in velocity space to create a suprathermal electron
tail. If the antenna launches a unidirectional spectrum with respect to
the magnetic fileld, the suprathermal electron tail is preferentially
populated in the direction of wave propagation, and an electron current may
by generated in the toroidal direction; this is the principle of rf current
drive [20]. Current drive experiments are generally carried out at low
plasma densities, both to eliminate the possibility of wave absorption by

ions and also to reduce the collisionality of the fast electrons, thereby

minimizing the rf power required to maintain the current.

Based on the accessibility condition (Eq. 14) énd damping criterion
(Eq. 15) described above, the requirements placed on the lower hybrid
antenna design may be summarized as follows: for rf current drive, the
antenna must be capable of launching a wave spéccrum in a preferred

direction with respect to the magnetic field. The ny values Iin the



spectrum must be above the critical value given by the accessibility con-
‘dition, and below that at which absorption near the plasma surface would
dominate. For typical present day tokamak parameters (T, ~ 1 keV), the
appropriate range of n, is 1.3 5 n, 5 3.5. For electron heating, the

conditions (15) and (16) should be satisfied near the plasma center;

waQes with higher ny will be damped closer to the edge with a correspond-
ingly lower heating efficiency. As the density is raised into the regime
given by w S I.SmLH, ion heating should occur. The n, values launched by
the antenna should be low enough to avoid electron Landau damping and/or
ion absorption near the plasma edge. Of tﬁe two branches of the dispersion
relation, only the slow wave exhibits a resonance; hence ion heating can
only be achieved with the use ofvfhis‘ﬁrénch,“at least by'iineér”meqﬁan-
isms. furthermore, tﬁe slow wave branch is also preferable for electron
heating and current drive, at least in present-day plasmas. However, in
high temperature plasmas of the future (Te Z 10 keV), fast wave current
drive may be preferable [21,22]. Electron Landau damping requires that a
component of the wave electric field lie along the toroidal magnetic field.

The polarization of the waves in the lower hybrid range of frequencies

will be discussed in the next section; in brief, however, the z—component

of the fast wave branch is relatively small comﬁared to the x- and y-
componentéwand ‘the fast wave is only weakly Landau damped. Moreover,

fast waves with n% > 1 are evanescent over a wide region in the outer

plasma layers and are therefore more difficult to couple into the plasma

< 1,3) are easier to

~

than slow waves. Fast waves of lower n, (Inn[
couple [23], but are resonant only with very energetic electrons. However,
finite plasma density at the coupler mouth or finite poloidal wavenumber

effects [24] may improve on this problem. To date only preliminary fast
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wave coupling and current drive experiments have been performed [25,26].
Consequently, only slow wave antennas are reviewed in this paper.’

3.3 Lower Hybrid Antenna Design Criteria

Because of the requirements on the ny spectruﬁ for the proper heating
results, the slow wave antenna 1s typically a structure periodic in the z-
direction with adjacent elements in the array excited out of phase with
one another. The rf electric field polarization at the antenna-plasma
interface must also be in the z-direction [5]. The phase angle between
adjacent elements and the separation between elements are chosen ‘to
launch a wave with the desired ny spectrum and directionality relative to
the toroidal field. The ny spectrum of the antenna is generally calculaﬁéd
by Fourier transformation of the antenna fields; the representative or
peak value of the spectrum is roughly

c
ny (typ.) = --—- A¢ , (17)

wAz
where Az is the separation between radiative elements, and A in the phasé
difference in radians between elements. Directional waves are launched
for Ad = +£ w/2, and standing wave spectra are launched for A4 = 7. In
phase opérétion'(A¢ = Q) is rarely employed because of the large inaccess-
ible fraction of the ny spectrum excited. From the viewpoin& of maximizing
the rf heating efficiency, it is clear that most of the ny power spectrum
coupled into the plasma should be concentrated in the accessible range.
Moreover, if a significant fraction of the input rf power is composed of
surface waves with ny < ap.pie, impurity influx problems may result ét

high rf power levels because of unwanted edge plasma heating and/or direct
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interaction of the microwaves with limiters or probes. The antenna itself
should.also be designed to present a good match to the plasma; i.e., to
exhibit low reflectivity of tpe rf power from the plasma surface back
toward the rf source. Aside from obvious considerations of overall rf
heating efficiency, the natural match of the antenna to the plasma is
beneficial from the point of view of reduciﬁg the ééanding wave ratio
within the antenna structure and the traﬁsmission line. High electric
fields in the antenna due to reflection of rf power from the plasma can
lead to rf breakdown across the rf vacuum windows. or in the residual gas
within the waveguides. Rf breakdown problems have been encountered Iin
most high' power lower hybrid heating experiments performed thus far.
- Furthermore, the reflection of a substantial fraction of the Incident rf
power generally requir;s thaghﬁﬁé oﬁ:put of tﬁ; rf source be proﬁected
with a circulator. Though variable tuning elements have been used to
improve the match between antenna and plasma in a number of relatively
low power experiments; thelr use 1s generaliy avoided because of the
increased likelihood of rf breakdown due to the high standing wave ratio
in the antenna between the plasma and the tuners, and also because of the
necessity of retuning the antenna for different edge plasma conditions
and different phasing between radiating elements. Consequently, modern
lower hybrid antennas are designed to exhibit minimal reflectivity from a
plasma load. This critérion has been achieved in practice on most lower

hybrid experiments.

In addition to the rf characteristics of the antenna, other design
criteria should be considered with regard to the installatlion of a lower
hybrid antenna in a tokamak. The antenna material must not compromise

the plasma purity; hence the antenna should be protected from energetic

12



particle bombardment (esg., lecated in the limiter shadow). Allamecal
construction is also desirable in this regard. The use of ceramics in
the antenna system is usually restricted to the fabrication of vacuum
windows. inAthe reactor, such materials should be shielded from direct
line of sight of the plasma since the high neutron fluence may degrade any
ceramic material. Given that physical access to the tokamak plasma
- through a port can often be limited, one final practical consideration in
lower hybrid antenna design 1is the ease of installation of the antenna

system into the tokamak.

Broadly speaking, lower hyBrid antennas used in tokaﬁak experiments
~are pf two types. In one, electromagnetic waves propagate in a slow wave
structure aligned parallel to the magnetic field at the plasma edge
(5,27,28]. A generalized slow wave structure is illustrated in Fig. 2.
The period of the system is d and the antenna 1s separated from the
plasma by a vacuum layer of width a. The structure is assumed to be
infinite in the y-direction, and the plasma density increases in the
x-diraction. A slow wave can propagate 1in the z-direction between thel
wall and the plasma; electric fields in the =z-direction -are excited
within the grooves. The rf power is coupled to the slow wave structure
at one end. In principle, such a structure is similar to those used in
traveling wave aube amplifiera. Waves with nj values determined by the
antenna periodicity are weakly coupled into the plasaa; the antenna
structure must be made sufficiently long in the z-direction for all of
the input rf power to be radiated into the plasma. Aside from matching a
transmission line to the slow wave structure, the antenna exhibits little
reflectivity back to the rf source. A vacuum seal can be made within the

transmission line. The physical antenna structure can be constructed by
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rings fixed to the vacuum vessel wall, or by the bellows convolutions of
the vacuum liner itself. Alternatively, the grooves can be replaced with
elements driven by a _transmission‘ l;ne lying along the z-direction.
An example of such an antenna is shown in Fig. 3. Longitudinal slow
wave structures have been used on early experiments on linear machines
[29], on the ACT-1 torus [30], and on the FT—i [31] and Doublet II [32]

tokamak experiments.

In the second type, electromagnetic waves propagating perpendicular
to the external magnetic field are launched directly into the edge plasma
by waveguides, or in some cases, by loops. Lower hybrid waves which
satisfy the accessibility condition are evanescent in the outer. layer of.
the edge plasma where the density is below the critical demnsity given
" by wge‘- wz. However, this region is extremely thin in present day plasmas
and waves may efficiently tunnel through the region between the antenna
and the critical layer; for a given njy spectrum, the coupling efficiency

is roughly determined by the width of this evanescent region. According

to recent improvements in coupling theory, the antenna face should be

2
pe

layer in front of the antenna is eliminated. As opposed to the tangential

placed in an overdense plasma (w > wz) and therefore the evanescent
slow wave,strucpure, the "grill” type of antenna must couple strongly to
the plasma wave fields for efficient launchipg of lower hybrid waves
since the fraction of the rf power that does not couple to plasma waves
is reflected directly back into the waveguides. As discussed in the next
section, the antenna-plasma match is controlled by adjusting the density
and density gradient directly in. front of the antenna; this is commonly
done by moving the antenna radially with respect to the vacuum vessel

wall. The grill antenna consists of an array of phased waveguldes with
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the short sides oriented along the toroidal field, as illustrated in Fig.
4. The antenna face lies in the y-z plane. The plasma density increases
~in the x¥direction. The waveguide height is h, and the guide width is b,
The fundamental TE}() mode carries the incident power; therefore, the elec-
_tric field of the antenna is in the z-direction. The relative phase
angle between adjacent waveguides c;n be varied by phase shifters either
in the high éower feed lines to each waveguide, or in the low power rf
drive if separate klystron amplifiers are used to feed each waveguide.
Thus the njy spectrum and directionality of a given waveguide grill can be
varied, allowing gréatei‘ flexibility than the longifudinal slow wave
structure:. Vacuuﬁ! window seals are made in the waveguides or in the
Awaveguide feeds to the grill; With the exception of the ceramic windows;
both types of anteﬁnas can be made entirely of metal, and located near
the vacuum vessel wall, posing minimal contamination problems to the
plasma. A photogfaph and diagram of the Alcator C sixteen waveguilide array
are shown in fig. 5 as an example of the grill type antenna. Beryllium
oxide ceramic windows are brazed into copper collars which are in turn
brazed to the stainless steel waveguide approximately 10 cm from the mouth
of the grill. The face of the grill is contoured in the poloidal plane to

approximately match the shape of the plasma.

The major practical drawback of the grill-type antenna is the problem
of rf breakdbwn in the open—-ended, evacu&ted waveguides. The nature of
rf breakdown will be discussed later in this paper; however, we remark
at this point that the choice of the location of the ceramic window is an
iﬁportant part of the overall design of the antenna. As rf breakdown can
easily be controlled in the pressurized section of the antenna, it {is

clear that placement of the vacuum windows at the waveguide mouth would
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eliminate the problem of breakdown. Such a solution is not desirable for
several reasons: the bombardment of the window.by the adjacent plasma
would contaminate the plasma and might damage the window, and metallic
deposits due to plasma disruptidﬁs would eventually make the window opaque
to rf transmission. Furthermore, the possibility of neutron damage to the
ceramic windows in future reactor-type plasmas will necessitate placing
the window out of the line-of-sight of the plasma. Consequently, the
vacuium windows in all lower hybrid antennas are recessed from the mouth
of the waveguides. In the Alcator C [33], FT [34], and PLT [35] lower
hybrid experiments, vacuum windows are brazed well inside the waveguides,
but the electron cyclotron resonant layer (w = wcé) is located in the

pressurized section of the guides. Rf breakdown of a low pressure gas is

much more likely to occur if the applied frequency is close to the local
electron.cyclotron frequency [36]. In Alcator A, two similar double wave-
guide antennas were tried: one with the vacu;m windows located in front
of the cyclotron resonant layers, and the other with the windows recessed
such that the cyclotron layer lay in the evacuated part of the anteﬁna [37].
In the latter configuration a power density of 4.5 kW/cm? could be achieved
before rf breakdown occurred, while in the former at least 8 kW/cm? was

attainable, indicating that the presence of the cyclotron resonance was

indeed detrimental to power transmission.

In other lower hybrid experiments, the vacuum windows are located up to
several meters from the mouth of the waveguides. On JFT-2 [38], Wega (391,
Petula B [40], and Asdex [4l1], the windows have been placed in expanded
wavegulde sections with cross-sectionai areas larger than that at the
grill mouth. In this ﬁanner, the average poﬁer density at the window, a

component which is susceptible to arcing and thermal stress, is reduced
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below that at the grill mouth. In JFT-2, Petula, and Asdex, the volume
betwéen the window and grill mouth is pumped to maintain a low residual
'gas pressure within the waveguides during tokghak discha;ges,_thus reduc=
ing the mégnitude of breakdown by ionization. A diagram and photograph

of the Asdex grill are shown in Fig. 6.

" Lower hybrid antennas which combine aspects of both the active grill-
type antenna and the passive siow-wave structure have also been proposed
[42,43] and tested [42]. This type of antenna takes the form of a wave-
guide grill with dummy waveguideé affixed to either side, as shown in
Fig. 7. The depth of the shorted dummy waveguides can be chosen such
that the power coupled into a dummy waveguide is re—~radiated with the
proper phase relationship to adjacent active waveguide, e.g. A¢ = 180°
for a dummy waveguide one quarter of a wavelength deep. Although this
type of antenna lacks the full versatility of the active grill, it affords
the possibility of launching a well-defined n, spectrum 1f the available
port width is limited or if it 1is desirable to reduce the number of
brazed-in windows in a multi-waveguide array. More will be said regarding

the active—-passive array later.

An example of an entire rf system for a lower hybrid heating experi-
ment is'éhdwn schematically in Fig. 8. A high power klystron is used as:
a power amplifier in the lower hybrid frequency range. The output power
from the klystron is directed through a ferrite circulator which protects
the klystron from reflections from the plasma load. The power is split
into separate transmission lines (either coaxial or waveguide) which in
the present example include high power phase shifters for setting the

relative phase angle between adjacent waveguides. Directional couplers
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in each line monitor the forward and reflected power. Each transmission
line feeds a waveguide of the antenna. Vacuum windows are affixed into
each waveguide, efther within the grill itself, or in each transmission
line. fhe Qindows are commonly made of beryllium oxide (BeO) or alumina
(A1703), and are often constructed to be one-half-wavelength thick to
minimize the VSWR in the transmission line. The grill mouth is inserted
through a bellows into a port in the vacuum vessel wgll such that the
position of the antenna face 1is moveable with respect to the plasma
surface. The narrow gap between the grill and port wall may be shorted
electrically.with springs mounted near the grill mouth in order to prevent
arcing due to rf power coupled into thié slit. The rf power system is
isolated electridally from the torus, usdally by myiér DC breaks in the

waveguide feeds to the grill.

An example of a more elaborate setup is the Alcator C system which
utilizes several 4 x 4 waveguide arrays [44]. A schematic diagram is shown
in Fig. 9. Here each of the four 250 kW klystrons operating at 4.6 GHz
feeds one column of the 4 x 4 array. One common master oscillator is used
to excite the klystrons. The oscillator power is split four Ways; ampli-
fied, and passed through electronic phase shifters before being fed to the
klystron drive input. In this way, the phase of the output power from
each klystron, and hence of the power in each waveguide in a given column,
can be set to a fixed value relative to that of the other klystrons. Hence,
effective control of the relative phase angle between adjacent waveguides
in a given row is achieved. With the electronic phase shifters, the phase
angle can be altered during the rf pulse if neea be, thereby changing the
launched ny spectrum to conform to evolving plasmd conditions. Similar

systems in use on other tokamaks have also been described [45,46].
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A diagram summarizing the types of waveguide grills used in recent
and ongoing lower hybrid experiments on tokamaks is shown in Fig. 10. The
choices for window placeﬁenc u;ed in various grill experiments are also
shown in this figure. Single waveguide antennas were tried on early experi-
ments on ATC [47,48] and Alcator A [49]. . External tuning systems were
reduired to match the antenna to the plasma load in these experiments.
Two~-waveguide grills were used on ATC [47,48], Petula [50], and Alcator A
(37,51], a three-waveguide grill on T-7 [52], and four~waveguide grills
have been used on ATC [47], JFT-2 [38, 53-55], Versator II [56], Wr-2
(57,58], Petula [40,59,60], and Wega [39]. Six—waveguiae griils'ﬁave
been used on Versator II [61) and PLT [11,35,62], while eigﬁt—waveguide
grills are in use on Asdex [41] and PLT [63]} With the higher frequencieé
uséd iﬁ high density, high m;énetic field experiments, the vacuum port
can often accomodate several set of waveguides stacked vertically, as in
FT (2 x 2 array) [34,64] an& Alcator C (4 x 4 array) [33,65,66]. On the.
other hand, the lower hybrid frequency in some tokamaks is too low for
the waveguides to fit 1in the available ports; in these cases, other
antenna structures have been used, including the electromagnetic slow
wave structures described earlier. In JIPP T-II, a pair of C-shaped
waveguides have been to couple to lower hybrid waves [67], while a pair
of horizontal loops were employed in early experiments on Wega [68,69].
Other types of antennas were used on the Hybtok-1 [70], Wr-1 [71], and

CSTN-II [72] tokamaks.

3.4 Theory of Lower Hybrid Wave Coupling

In this section, the theory of lower hybrid- wave coupling to the

edge plasma is reviewed using the cold plasma model of wave propagation
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introduced 1in Section 3.2. The general problem of coupling to lower hybrid
waves at the plasma edge has been addressed by several workers [5,73,74].
The coup11ng problem is one of matching the impedance of the launching
structure to that of the lower hybrid wave in the edge plasma. The
Cartesian coordinate system of Fig. 4 is used to describe the geometry of
the problem. The } and z components of the rf electric and magnetic filelds,
E and B, must be continuous in the y-z plane which, for the purpose of

analysis, separates the antenna from the plasma.

In the low density regime (w S Woe <K “ce) appropriate to the coupling

. problem, the dispersion relation Eq. (6) can be simplified. Specifically,

§ =1 in this regime, and if

o o |
pe

ad - 1> -, | (18)
Wce

which is easily satisfied in the edge plasma unless lnnl = 1, the solutions

of the dispersion relation Eq. (6) are well separated [5]:

a3, = = P(af - 1) (19a)

2 | 2 b2

nje = = (nn -1) + --'Z ----- . (19b)
(ny = 1)

The polarization of the wave elect;ic fields may be found from the full
wave equation. For simplicity, we assume that the wave exhibits no
spatial variation in the y-direction (ny = 0). We note that this f{s
desirable from an experimental point of view, since IHLI = ny as a result,
and the penetration rate of lower hybrid wave toward the plasma center is
maximized for a given density profile. After elimination of the x-
component of the electric field, Ey, the coupled equations for the y and z

components, Ey and E,, are
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a2 E, + (n§ - 1) PE, = in 0, D E (20a)

y
) (n% - l)2 - D2 inl n, D
nt E_ + E, = cocana E . ©(20b)
1
7 (n? - 1) d nd -1 :

The first equation represents the slow wave branch, and the second the
fast wave branch. Using the low density dispersion relationships, we see

that

Ey/Ez|g = 0, and E;/Ey|g =~ O. (21)

Thus if the launcher excites only electric fields in the z-direction,
only the slow wave will lbe generated at the plasma edge and, 1if the
accessibility condition of Eq. (11) is satisfied, the wave will remain a
slow wave in its propagation through the piasma. Regarding the antenna-
plasma coupling problem then, only the slow wave equation 1is considered

in solving for the plasma fields E; and By. According to Eq. (19a), slow

waves with inul < 1 are evanescent everywhere for w? < wge. On the
other hand, waves with |ny| > 1 are cut off only in the relatively thin
region where mz > wge. The width of this evanescent layer in large

part determines the coupling efficiency of slow waves to the plasma.
However, we note that if the inequality of Eq. (18) is not satisfied, the
- solutions of Eq. (6) are not distinct from one anqther, and coupling to
the fast wave can occur. If a substantial fraction of the launched power
spectrum is represented by n, values near 1, the coupling to the fast
wave may be significant, and the antenna reflectivity will not be pre-

dicted accurately by the slow wave coupling model described below [75,76].

In general, the coupling problem must be treated using the differ-

ential wave equation for the electric field, Eq. (2). In the coupling
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region in front of the antenna, the sharp density gradient in the scrape-
off plasma behind the limiter often renders Eq. (20) invalid, and Eq. (2):
must be solved to obtain the electric and magnetic fields in the inhomo~
geneous edge plasma. As iilustrate& in Fig. 11, tﬁe dénsity profile in
front of the antenna is modeled as a density step and a linear density

gradient:

n(x) = ny + no (x/L), (22)

=@ m2/4we2, is the cutoff

where n, is the density at the antenna face, n, e

density for the slow wave, and L is the denéity scale length. The location
of the antenna face corresponds to x = 0. The criterion for the validity

of the WKB approximation is

1 dk;
== =1 < Pi]
k) dx
which is equivalent to
1
Ix/L] > (====)2/3 = (ay/n. = 1) (23)
‘ 2k L

for n% >> 1. The thin plasma layer in which the above inequality is not

valid is known as the coupling region, as it is in this layer that the
matching of the plasma wave fields to the fields in the waveguides must
occur. Since t&pical density scale lengths in the edge plasma are L =
0.1 = 1 cm, and as the grill is found to couple efficiently into overdense
plasmas (no/nc Z 1), the thickness of the coupling region is less than a
centimeter. This is the justification for the treatment of lower hybrid
coupling as a local matching problem, independent of absorption and evan-
escence in the interior of the plasma. We remark that in the original

treatment of the coupling problem, the density at the waveguide mouth, ng,,
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was #ssumed to be low, ng = 0 or ny = n. [17]. Coupling experiménts per-
formed on tokamaks were initially found to disagree with the calculated
coupling efficiencies in which the density gradient was the only free
paraméter in the plasma model. An impértant improvementvin the moéel was
made in which the density at the waveguide mouth was also allowed to be
adjustable [77,78]. The agreement between the experimental coupling data
and the calculated reflectivities 1s quite good with a variable density
step included in the plasma model, which is supported by density profile

measurements in recent experiments.

The slow wave eduation in the coupling region is'obtained from Eq. (2)

by setting Ey = 0 and eliminating Ey:

22, n? 35 E, P
.z, X =P (¥ -DE, =0. (24)
x> a2 -1 ax ox o

Except for P = 0, the second term is small compared to the third one, and

i3 neglected.
Incorporating Eq. (22) into Eq. (24) gives

2 2,2
9 Ez w (n" - 1)

(L(w = 1) + x)E; =0, (25)
ax2 2L

where we define u to be ngy/n., the ratio of the density at the waveguide

mouth to the cutoff density. Making the substitution
)
u(x) = = (=== ===m——-- /3 (L(u - 1) + x) (26)

allows Eq. (25) to be rewritten as
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22E,

-—== = uE, =0 . (27)
du :

'~ The solutions to Eq; (27) are the Airy fuhctions. The particuiat
linear combination of the two solutions thg: we choose 1s dependent on
the far-field radiation condition: from Eq. (19a), the oscillatory solu-
tion is chosen for |ny| > 1, and the evanescent one is chosen for |nj| < 1.
Because the lower hybrid wave is a backward wave in the direction perpen=-
dicular to the magnetic field, the outgoing asymptotic solution should be
proportional to e~1KLX, For this genera; discussion, we will consider only
" the propagating solution, as lower hybrid anténnaé preferentially launch
waves with lny| > L. However, in the numerical solutions, matching of the
fieids is performed over the effective range == < nj < +=, truncated at an

appropriately large value of ny.
The pfopagacing solution to Eq. (27) is
Ey(u) = - 1Ai(u) + Bi(u) , (28)

where Al and Bi are the Airy functions of the first and second type. The
rf magnetic field in the plasma is obtained from Faraday's law:
c ? (af - 1) 3AL(u)  3BL(w)

-3 (-1 + ) . (29)
wa? - 1) &2 L du du

[=e— -

By(u) ="1

The procedure for solving the coupling problem is the matching of the

transverse plasma wave fields of Eqs. (28) and (29) to the transverse

antenna fields in the coupling phase of the antenna face at x = 0:
Ez(Uo) = EZi(O) + Ezr(o)

(30)
By(uo) = Byi(O) - By,_-(O) , :
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where from Eq. (26),

u, =u(x= 0)

and E;4(x) and Byj(x) are the incident electric and magnetic fields
imposed by the antenna, and E,p(x) and Byp(x) are the reflected fields of

the antenna. The field reflection coefficient [E,.(0)/E,i(0)] is

(2p/2o) = 1
I 8 ecwemccwmmae- ) (31)
(2p/24) + 1
where
Ez(u)
Zp 2 cm— (32)
By(u)

is defined to be_the wave impedance of the plasma and
2y, = —=mmm—m——— (33)

is the wave impedance of the antenna. Defining Zp/Zo = IZlei¢, we find
that the power reflection coefficient, |T|2, can be minimized for [Z] = 1,

‘"/2<¢<"/2.

3.5 Spectrum and Coupling Efficiency of the Grill

We now consider the specific coupling behavior of the waveguide grill
illustrated in Fig. 4. The coupling theory for the passive slow wave struc-
ture shown in Fig. 2 is given in Refs. [5,27], while that for an active,
transmission-line type radiator is given in Ref. [28]. The analysis of
the grill antenna in this review follows that of Brambilla {3]. The
antenna fields, both incident and reflected, are superpositions of the
normal modes of the waveguides. The height of the waveguides, h, (},/2

< h < 1Ay, where A\, is the free space wavelength) is chosen such that only
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the fundamental TE]j mode can propagate, while the width of each waveguide,
b, determines the n, spectrum'of the launched wave, as indicated in Egq. -
(17). The spectrum excited by the grill can be varied by changing the

relative phase between adj&cent waveguides.

Although a general theory of coupling from two-dimensional waveguides
of arbitrary cross~section has been formulated [79], for the purpose of
making a tractable analysis it 1s reasonable to consider the wavegﬁides
to be infinitely high because h/b 1is typically large (in the range of

6-20). The waveguide fields may then be written as

N o nn(z - z,)
- P
E¥8(x,z) = ¥ el% 0 (2)[ T (o elkn® + g__e~1kpX)cos - ———] (34a)
Ezr(xz) = 11270 0p() L ] (onpe " + Bppe T Ncos el ()
N ® w an(z - z,)
- p
BY8(x,z) = ei¢p 8 (2)[ ) = === (a elkyx B__e iknx)cos m———————— ] (34b)
y pzl P D.ZO Ckn np np b
c 9B¥E
E:g(x,z) 2 - | ——— —mne (34¢)
' w 9x ’ )

where we have followed Brambilla's notation: p is the waveguide number,
Zp is the z-coordinate of the edge of the pth waveguide, and $p is the
phase factor associated with the pth waveguide. The funétion ep(z) is a
"window”hoéeraﬁor: it is equal t6 unity for zp < z < zp + b and zero else-
where. The sum over the n modes includes both propagating.and evanescent
ones. Evanescent TM modes must be included to ensure realistic boundary
conditions at the waveguide mouth. Speéifically, use of the evanescent
TM modes permits the correct matching to the x-component of the electric
field of the plasma wave. Since this incident electric field is polarized

in the z-direction and coupling to the fast wave 1is neglected (Ey = 0),
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excitation of the evanescent TE modes can be ignored. The coefficients %np
and Bpp are the amplitudes of the incident and reflected nth mode fields
in the pth waveguide, re;pectively. The waveguide wave yéétor of the nth
mode 1is

ky = (w2/c2 - aZa2/p?H1/2 (35)

Because of the assumption of infinitely high waveguides, there is no
spatial variation of the fields in the y-direction; hence there are no m
modes. With this approximation, we also note that in grills comsisting of
more than one row of waveguides, e.g. in the Alcator C and FT systems,
adjacent rows do not couple to one another, and the theoretical analysis
of these arrays is identical to that for a single-rowed grill. - -

Because the incident wave is assumed to be in-che.fundamental TEjop mode,

anp vanishes for n # 0.

The assumption of infinitely high waveguides is not expected to intro-
duce a large inaccuracy into the coupling'calculation. Though rectangular
waveguides launch a spectrﬁm which is finite in ny, the vélues of |ny|
are limited to less than unity because of the minimum waveguide height
required for fundamental mode propagation. Thg cutoff density for slow

waves, given by

A g A 36
> (36)

is almost unchanged by the inclusion of a small value of ny except for
values of |ny| near !, and the antenna reflectivity is essentially
unaffected by the assumption of infinitely high waveguides. On the other
hand, the antenna wave impedance 1s somewhat different for rectangular

waveguides than for parallel plate guides. The impedance of a TE mode in
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an evacuated waveguide is Zpg = - w/ckpp, while the impedance of a TM mode
is Zpy = - ckpy/w, where kp, is the wave vector of the mnth rectangular
wavegulde mode: _
— kmé = (w?/c? - mznz/ﬁ2 - n2"2/b2)1/2 . (37)

Although the coupling physics is unchanged, the higher antenné imped-
ance of the finite height gtill reduces the edge density and density
gradient required for good coupling, as will be shown later.

The matching of the antenna fields to the plasma fields 1is performed
as follows: the forward and reflected waveguide fields at the grill mouth
are matched to generalized vacuum-fields in. front of the grill (written in
terms of Fourier integrals): |

w W

Ep(x,2) = Iw - [o(apelkr® -
c
+ 0 (nm)e'iklx]ei(“’/c)nnz dn, (38a)
o 1 (w/c)
By(x,z) n [ emmem————ae [0(nn)e1k1x

- (nl)e-iklx]ei(“’/C)nnz dn, (38b)

Here, o(ny) is the coefficient corresponding to the field incident on the
plasma and p (n)) the coefficient for the reflected field from the plasma.

For a given ny, the field reflectivity of the plasma 1is
Y(n") | e . (39)

The vacuum region in front of the grill is employed as a mathematical
convenience, and is usually assumed to have zero width. The vacuum wave
fields are matched to the plasma fields of Eqs. (28) and (29). With the

matching of the wave fields at the plasma-vacuum and vacuum=-grill inter-
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faces, the solution of the coupling problem is complete and the unknown
quantities d(ny), o (ny), and Bnp are determined. The reflectivity of the‘
pgg.waveguidevis IBOPIZ/IQOPJZ. The n) spectrum of the rf power launched
into the plasma is obtained from the Poynting flux in the x-direction at

the plasma-vacuum boundary:

Cc
Sy(ny) = - . Re(E,B}) (40)
c lo(ny)|?
- In¥(n,)

4n (a2 - 1)1/2
where the Fourier transforms of expressions Eq. (38) for the vacuum fields
have been used.
As indicated by rEq. (40),1 the célculated power .spécttum becomes
singular at |ny| = 1, and is zero for [ny| < 1 since waves in this spec-

tral range are evanescent for w2 > wz. By including the fast wave in the

pe
coupling analysis, Brambilla has shown that the calculated spectrum near
InII = ] predicts resonant eigenmodes resulting from repeated reflection
of inaccessible waves between the fast/slow mode conversion layer and the
fast and slow Qave cutoffs [75]. However, the total power radiated in
the inaccessible range is not significantly different from the simpler
case in which only the slow wave 1is considered. Moreover, the narrow
spectralﬂféatures of the eigenmodes are likely to be smeared out by
absorption and geometrical effects. Regardless of the details, we note
that the singularity at Innl = 1 can strongly influence the launched
ny spectrum unless the width of the grill in the z-direction is much
longer than the typical parallel wavelength, i.e., for low values of the

phase angle A¢ or for grills with fewer than four elements. The access-

ibility of the low ny portion of the spectrum to the plasma core is poor.
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3.5.1 Numerical Analysis

The numericalkscheme by which the matching of the antenna and plasma
fields is performed may be summarized as follows [3]. The waveguide
electric fields are matched to the vacuum fields across the whole face of
the grill, i.e., across the waveguide openings and waveguide walls. The
grill is assumed to be embedded in a conducting wall which 1s flush with.
the mouth of the waveguides. Thus E, 1s zero everywhere in the coupling
plane except in front of the waveguides. The waveguide wmagnetic fields
can only be mafched to the vacuum fields in front qf the waveguide open-
ings, as currents can flow in the septi between waveguides and in the
conducting plane to either side of the array. Depending on the desired
accuracy of the calculation, the number of evanescent modes retained in
the numerical calculation is typically limited to 3 or 4. However, for a
rough estimate of the reflection coefficient and the power spectrum, it

is sufficient to keep only the fundamental mode in the analysis.

Tq provide physical insight into the computed predictions of the
antenna reflectivity, the conditions for optimal coupling can be estimated
analytically for a number of limiting cases. For simplicity, the rf power
spectrum launched by the‘grill is replaced by a single representative n)
value (lﬂi[ > 1) which is determined by the antenna dimensions and the
relative waveguide phasing. The plasma'fields are matched directly to
generalized antenna fields of impedance Z,. For this analytic treatment,
only the fundamental TEjj waveguide mode 1s considered; therefore from Egs.

(33) and (37) the antenna impedance is simply

z, = = [1 - (en/un)?]71/2, 41)
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Note that typically h = 0.84 and hence Z, = - 1.2. For comparison, Z, =
= 1.0 for parallel plates of infinite extenﬁ. The cases considered below’

are: |ug| D> 1 with ug < 05 |ug] < 15 and |ug| >> 1 with ug > 0, where u is
“given by Eé. (26). -

>> 1 and u, < 0, which is valid for n? >> 1 and y

The case of |u "

U, |

>> 1, corresponds to the presence of an overdense plasma at the grill

.

mouth. The appropriate asymptotic expansions for the Airy function

solutions are [80]
- 1A1(u,) + Bi(u) = v Y2 u |V hexp (-112/3 |uy|¥/2 + w/4D) (42a)

dAi(uy)  dBi(ugy)
e g ——m . 9
du - du

10712y [Voexp (=112/3 |ug|3/2 + n/4]). (42b)

This approximation is equivalent to that of WKB valid;ty at the grill
mouth, i.e., the inequality (23) is satisfied. In this limit, the plasma
wave impedance is
(a2 - 1)
1
A AT (43)
(u = 1)
In the high density approximation the quantity Zp/Zo is real and positive,

and is independent of the density gradient. Optimal coupling for a given

value of ny is predicted for Zp/Zo = 1, or for [77,78]
e l* [l = (en/un)?lad = 1. (44)

This relationship determines the density at the grill mouth, ng = ung for
perfect matching for a given value of nj. Non-zero antenna reflectivity
in this 1idealized model 1is due to the finite width of the spectrum.

Clearly, the dependence of the minimum reflectivity condition on the
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launched n, spectrum is strong. The optimal density increases with ny;

thus for best coupling at A¢ = 180° we expect the grill position to be at’
a higher densitylthan for lower phase ahgles between waveguides. Further-
more,-we note that 1f the grili is movéd-furthet into the»plasma from the
optimal coupling position for the dominant n; value, the plasma impedance
decreases and the reflected signal is, in this ideal approximation, 1806
out of phase with the incident power. Conversely, if the grill mouth is
retracted to a density lower than the optimal one, the plasha impedance
becomes higher, and the reflection coefficient 1is in phase with the
incident signal. Thus the phaée of the reflected power in the antenna is
expected to undergo a significant shift as the antenna is moved through

the optimal coupling position.:

The original Brambilla theory [3] wa§ performed in the limit of ]uo]
<< 1l corresponding to u = 1. In this limit, we use the series expansions

for the Airy functions, keeping only the lowest order terms [80]:

3-2/3 A
-1A1(u,) + Bi(u)) = 2 ———-—- e~in/6 (45a)
rqz2/3)
dAf(u,)  dBi(u,) 3=4/3
-i 2 + 2 2 2 cm———— eiﬂ'/6’ (45b)
du du r(4/3)

where P‘is the Gamma function. The plasma impedance is then [5]

r(4/3)
Z, = = =====s (9uL/e)/3(n2 - 1)2/3717/6, (46)
rqz/3)

The impedance is partially reactive, and an ideal match cannot be obtained

for any value of nj. As before, however, an optimal coupling condition
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can be found. The reflection coefficient is minimized for |Z,/Z,| = 1, or

for

3
dn r¢4/3) . 9m_w
— = [ 13 (==2—=2) 11 = (er/u) 213202 - D2 )
dx r(2/3) 4wce

The density gradient required for good coupling in this approximation is

also strongly dependent on the value of ny.

Finally, for the case of uy > 0, |ug| >> 1 (grill density near zero
and shallow derisity gradients), the appropriate asymptotic expansions of

Bi and dBi/du give the following results [80]:

- 1Ai(uy) + Bi(u,) = w‘llzugl/4 exp (2/3 “03/2) R (48a)
dAf(ug)  Bi(u,) |
-1 + ® w’l/zué/4 exp (2/3 “03/2) s (48b)
du du :
and the plasma impedance 1s
z, = - 1(af - D2, (49)

In this limit, the antenna 1is totally reflective because of the purely
reactive impedance. To summarize the three limits, the best coupling
should be achieved in the first case for which the grill mouth is situated

in an overdense plasma.

3.5.2 Examples

Computed ny spectra of the power radiated into the plasma are shown
in Fig. 12 for the grills used in lower hybrid experiments on the Versator

II and Alcator C tokamaks. The spectra 1l1lustrated in Fig. 12a are those
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excited by the Versator four waveguide grill. The waveguldes are 2.45 cm
wide, 24 cm high, and separated by 0.6 cm thick walls. The rf frequency
is 800 MHz. The incidgnc power 1s taken to be identical in each guide.
The ny spéctra shown are calculated for' relative phas.e angles between
adjacent waveguides of A¢ = 0°, 90°, and 180°, For this example, we have
taken the density gradient to be Vn = 5.3 x 1011cm™% and density at the
grill mouth to be n, = 8 x lolocm'3 (ten times overdense). The Versator
plasma 1s relatively cold (Tg = 400 eV, Ty = 150 eV) by major tokamak
standards, and the power spectrum was designed to peak near ny = 5.5
for A¢ = 180°., In Fig. 12b, the corresponding ny spectra of the four
wavegulde Alcator C grill are depicted. The frequency is 4.6 GHz, and
the waveguideidimensi'qns are 0.8 cm in width and 5.75 cm in height. The
septa between waveguide openings are 0.2 cm thick. 'I'hev assumed density
gradient is Vn = 1,3 x 1013cm=4 and the density at the grill=-plasma inter-
face 1is n, = 2.6 x 1.012 cm'3 (also ten times overdense). The n, spectra
for the Alcator experiment are characterized by lower values of the
parallel wavenumber than those for the Versator gtfill since the Alcator
plasma 1s considerably hotter (Tg = 1.5 keV, T3 = 1.0 _keV) than that of
Versator. The spectrum of the Alcator grill for A¢ = 180° exhibits a
fundamental peak near ny = 3. As with the Versator grill, this peak
correspon'dé to the peak in the Fourier spectrum of the antenna electric
fields that one ’would expect from the grill geometry (see Eq. 17). For
Ad = 90°, the power spectra are asymmetric in ny, with approximately
70% of the power flowing in the positive z-direction and the remainder In
the opposite direction. Consequently,’ this phasing is suitable for current

drive experiments. Also note that the power flowing in the positive

z-direction 1s represented by relatively low nj values characteristic of
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the grill geometry, while the power in the negative direction is radiated
in sateliite bands at higher values of ny. The presence of the sidebands
in the spectrum results from‘the square wave, or gap, excitation of ther;fl
fields atrthe plasma surfac;. As the currenc“drive efficiency is predicted
to be proportional to 1/n%, the effect of a significant fraction of ‘the
incident rf poweé radiated with relatively high ny vélues in the "wrong”
direction may not be serious. In fact, a toroidél Qaie propagation
analysis predicts that the higher ny values launched in the negative z-
direction are absorbed near the plasma surface [7]. For the Alcator C
current drive experiment with typical plasma parameters of a central den-
sity of ng, = 1 x 10%cn™ and a torotdal field of B, = 8 T in deuterium,
the critical value of n fdf'acéeséibility—t§ the center is 1.43. For the
current drive spectrum illustrated in Fig. 12b (A¢ = 90°), approximately
38% of the spectrum in the positive z-direction, or 247 of the total radi-
ated power, 1is inaccessible to the plasma centér. The critical value of
accessibility can be lowered by increasing the toroidal field: for the
same central density as above and a toroidal field of 10 T, the value of
Nycrit 1S reduced to 1.32, and only 19% of the total power is inaccessible.
The current drive efficiency, referenced to the total‘powet injected into
the plasma, may then be expected to be higher for this latter case. Indeed,

this has been observed experimentally on the Alcator C tokamak [65].

For A¢ = 0°, the ny spectra shown in Fig. 12 are again symmetric and,
as expected, concentrated near lnn! = 1. A large fraction of the launched
power is 1naccessible, and as we will see shortly, the reflectivity of
the grill is high because the electric field spectrum of the grill is con-
centrated near ny = 0. Consequently, this phasing is rarely used 1n

heating experiments.,
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The inaccessible part of the spectrum can be reduced by several
methods. The number of waveguides in the grill may simply be increased
while keeping the periodicity, or individual waveguide widtﬁ, constant.
The pbwéf spectra at 4¢ = 90° for two, four, eighf, and sixteen waveguide
grills for Alcator C parameters i1s shown in Fig. 13. As expected, the
‘power spectrum is narrower for grills with more waveguides. At 10 T, the
inaccessible fraction of the total power in each case is 21%, 19%, 15%,
and 42 respectively. However, the total grill width 1is usually limited
by the available port size, hence the number of waveguides in the grill
is often fixed by port geometry considgrations. As mentioned earlier,
the number of waveguides could be effectively increased by adding passive
waveguidgg to the sides of the active array. The dummy waveguides could
be mounted on the vacuum vessel wall to either side §f the port opening
such that they would not add to the width of the hardware which must be
able to fit through the port. Altérnatively; the fraction of .power
radiated in the low ny portion of the spectrum can be reduced by increas-
ing the incident power in the central waveguides relative to that in the
outer ones [8l]. For the Alcator C four waveguide grill phased at A¢ =
90° and plasma parameters such that ny.pq¢ = 1.32, the inaccessible
fraction is reduced from 19 to 16%Z of the total radiated power if thé
incident power 'in each of the outer two waveguides 1s one-fourth the
power in each of the central two. However, for a given Qéximum power in
a waveguide, the total power injectedfihto the tokamak 1is reduced com—
pared to the usual case of equal powers in each‘waveguide. Since the
maximum power carried in a waveguide is usually limited by rf breakdown,
the power which can be coupled to the plasma is always smaller for this

technique of unequal powers; consequently, it is rarely used in present
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day experiments. We also remark that the calculated directionality of
the antenna 1s not significantly changed by the above techniques to’
] obtain a narrower n; spectrum. Generally though, we conclude that the
predicted n, spectra launched by the waveguide grill sati;fy the general
requirements of the lower hybrid antenna described in Section 3.3.

We consider next the ﬁredicted coupling efficiency of the waveguide
grill. 1In Fig. 14, the calculated reflectivity of a four waveguide grill
with the same dimensions as that in Fig. 12b is plotted versus the density
. at the. waveguide . mouth - for several different values ofv the density
~gradient. The phase 1s taken to be A¢ = 180°. As predicted earlier, the
reflectivity is seen to be relatively insensitive to the value of the
density gradient when the grill mouth is located in an overdense plasma.
gdreAimpottantl;: the reflectivity exhibits‘a Sroad ninimum, indicacing
that good coupling should be relatively easy to achieve in practice.

The reflectivity versus density at the grill mouth 1s plotted in
Fig. 15 for A¢ = 0°, 90°, and 180°. The antenna reflectivity for 4¢ =
0° is predicted to be relatively high for all densities, as the electric
field spectrum of the grill is similar to that for a single waveguide,
i.e., peaked near ny = 0, and plasma waves with such parallel wave
numbers are evaﬁescent in the plasma. The optimal coupling density Iis
higher for A¢ =-180° than for A¢ = 90°, which is in accordance with the

prediction of Eq. (44).

A scan of the reflectivity versus phase angle between waveguides 1is
illustrated in Fig. 16. The plasma density at the grill mouth is taken to
be five times overdense and the density gradient is 6.6 x 1012¢p=4, The
reflectivity exhibits a minimum near 4¢ = 135°, which agrees well with

the analytic estimate of A¢ = 145° given by Eqs. (17) and (44).
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In conclusion, the multi—waveguide grill can be expected to launch

2

n, spectra which largely satisfy the accessibility criterion n% > Nierpiee

The coupling theory predicts that there exists an optimal coupling posi-
tion for the grill at densities typical of scrape off layer plasmas, and
that this coupling position is not overly sensitive to variations in the

edge density or its gradient.

3.5.3 Validity of the Model

Before turning to the experimental results and their comparison with
the coupling theory, we briefly discuss some of the limitations of the
coupling theory presented. Thus far, the effect of plasma curvature,
both in the poloidal and toroidal directions, has not béen inciuded in
Ehe.analysis.v We-cén expect that the plasma curvature 1in the poloidal
direction does not significantly change the calculated coupling efficiency
as the rf power in a rectangular waveguide 1s peaked on the midplane.
Moreover, in experiments for which the grill height is comparable to the
plasma diameter, the grill mouth is usually contoured to conform to the
outer surface of the plasma; therefore tﬁe plasma density at the grill

mouth is nearly uniform along the poloidal extent of the grill.

The effect of toroidal curvature on the coupling should also be
small. Because'the coupling 1s not extremely sensitive to variations in
Ehe density in front of the waveguide, the small difference in density
from one wa;eguide mouth to the the next (An = bz/R° dn/dx where R, is
the major radius of the outer wall of the tokamak) should not significantly
affect the coupling. Furthermore, the mouth of the grill can easily be
contoured in the toroidal direction to conform to a constant density, as

illustrated in Fig. 6a.
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Though the density gradient in the edge plasma has been taken to be
linear in the plasma model, the edge density profile in most tokamaks has
been found to be roughly exponential, and can be expressed in the form

o n = noe’X/l | (50)
where n, is the density at ghe grill mouth, and 2 is the.density scale
length. The value of % is obtained from density profile measurements. The
result is usually consistent with the simple analytic estimate

¢ = (aLD,/c)1/? (51)
where AL is the toroidal separation between limiters, cg is the local ion
sound speed, and D}, the particle diffusion coefficient in the edge plasma,
is given by Bohm diffusion; Typi;al values of £ range from 0.2-1 cm.
Bellan and Porkolab have solved the wave equation for the slow wave in an
exponential gfadient- [82], and thé solution .of the waveguide coupling
problem for such a profile has been obtained by Romanelli and Santini
[83]. The reflection coefficient differs by iess than 15% from the value
calculated using the linear gradient. This finding is not surprising, as
we have seen that the coupling is relatively insensitive to the gradient,
especially ﬁhen the grill 1is located in an overdense plasma for optimal

coupling.

Nonlinear processes in the edge plasma, e.g., modification of the
density gradiené in front of the grill due to the ponderomotive foéce
have been considéred by a number-of workers [84-90]. In these treatments,
the ponderomotive force due to high power rf injection is predicted to
depress, or in some cases, spatially modulate the plasma density at the
grill mouth. Nonlinear effects are expected to become important if the

rf energy density becomes comparable to the local plasma energy density
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.......... =~ 0(l) . (52)
8wn(Te+Ty)

Numerical results show that the reflectivity‘incfeaseslwhen the pondero-
motive force becomes significant, as the plasma is pushed away from the
grill mouth along the field lines. The radiated n; spectrum is also
modified. However, experimental gbservafions during high power grill
coﬁpling on tokamak plasmas have not yet provided conclusive evidence for
such nonlinear modifications of the coupling. Since typically Nygd ~

10 n., ng << 8mn (Te + Ti) and hence the experimental findings are not
surprising. Furthermore, ionization of residual gas by the strong rf
fields in the scrapé-off layer could easily £111 up the density cavities
in front of the grill mouth. We will discuss the experimental results in
more detail in the-next -section, but it appears th#ﬁ the linear theory
of coupling adequately represents the rf coupling physics of present-day

lower hybrid heating experiments.

3.6 Experimental Coupling Results

In general, results obtained from experimental studies of lower hybrid
wave coupling and propagation are in relatively good agreement with the
theory of lower hybrid wave launching discussed in the last sections.
Measure@ehté performed on linear plasma machines have shown that slow
electrostatic waves are indeed launched. by waveguide grills and other
such slow wave structures, as measured directly with rf probes in the
plasma [29,42,91-94]. Measurements of the parallel wavenumber are more
difficult to make in tokamak plasmas because probes cannot be used in the
plasma interior; however, laser scattering techn;ques have been utilized

recently for detecting the density fluctuations associated with lower
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hybrid waves propagating within the plasma, and the ny spectrum of the
waves may be infefred from these measurements [95-99]. Regarding the"
coupling efficiency of lower hybrid antennas, the results from many exper-
1;ents indicate that the waveguide grill exhibits reflection coefficients
which are also in reasonable agreement with the theoretical predictions.
Maximum coupling efficiencies 1in the range 85-95%7 have been relafivély

easy to achieve in practice.

3.6.1 Coupling Experiments on Small Devices.

The Basic aspects of lower hybrid wave-propagation were first inves-
tigated in small plasma machines; Fisher and Gould verified the existence
of rggqnancé coﬁes for electron plasma waves_L§j;*Briggs and Parker showed
that lower hybrid waves, which represent the low frequency end of the elec~
tron plasma wave branch, also propagate along resonance cones [91]. In
both of these experiments, the waves were excited by a point, or dipole,
source which launches a very broad spectrum of n) values. Belian and
Porkolab experimentally verified the lower hybrid wave dispersion relation
by launching waves with well-defined values of n;, (and hence n;) [29].
The rf antenna in their study was a slow wave structure periodic in the
z-directiqn consisting of a set of rings mounted on the vacuum vessel
wall. The ring§ were actively driven by an rf source; the relative phase
between the adjacent rings was 4¢ = 180°, Probe measurements confirmed
that waves with wavelengths defined by the dimensions of the slow wave

antenna were Iindeed launched into the plasma.
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Multi-waveguide grill coupling was first investigated by Bernabeii
et al. [92] on a linear plasma device. The theoretical predictions of the
launched ny spectrum and coupling efficiency of jgveguide grills were
borne out by this study and subseque;t studies. In this experiment,
electron plasma waves (w >> wpy) were launched by a two-waveguide grill
with.thé waveguides excited 180° out ,°f phase with one another. The
dominant ny value of the grill was calculated to be about 2.2, while the
ny value measured with probes in the plasma was 2.l1. There was little
. evidence -of a surface wave propagation albng the plasma periphery in this
case; thus a large fraction of the incident rf energy was coupled into
electrostatic plasma waves. When the grill was withdrawn a small distance
from the chamber wall, the reflectivity was found to increase and evidence
of a surface wavé was detéctea, indicating éhﬁt the evaﬁescéﬁt layer in
front of the antenna indeed regulates the coupling efficiency and influ-

ences the launched ny spectrum.

Further confirmation of the grill coupling behavior was provided by
Bernabei et al. [93] and Motley et al. [94]. The coupling efficiency of
single, double, and quadruple waveguide arrays were investigated and found
to be in reasonable agreement with the Brambilla calculations for input
power densities up to 0.1 kW/em?. In Fig. 17 the measured reflectivity of
a double wavegﬁide array is plotted versus A¢, and is seen to compare
favorably with the theoretical prediction.. The directionality of the
phased array was verified with the quadruple array. The phase between
waveguides was set to A¢p = 60°, and rf probe measurements on opposite
sides of the antenna along the z-axis showed a 5 dB asymmetry in the
received power. For a two-waveguide grill, plasma waves were found to be

excited most efficiently for an adjacent waveguide phasing of A¢ = 180°;
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for A¢ = 0°, the resonance cone as detected by probes was absent and the
grill reflectivity was high. Interferometric measurements with probes’
showed the penetrating plasma waves to be of short wavelength (ny = 2~2.5)
and the surface waves to have lonéef wavelengths>(ni = 1). The accessi-
bility condition was verified by lowering the magnetic field; below a
threshold value of the fiéld, little of the wave power of the twin wave-
guide grill (n' S 3) satisfied the accessibility condition, and the
ratio of the detected surface wave signal to the penetrating wave signal
was found to increase strongly with decreasing magnetic field. It is
interesting to note that in this experiment, the antenna reflectivity did
not change significantly as the magnetic field, and hence the accessibiiity
condition, was varied. This result provides confirmation of the conjecture
that the lower hybrid wave coupling depends only on the nﬂrspectrﬁm of the
antenna agd.the evaﬁescent region immediately in front of the waveguide

and is 1insensitive to reflections occurring further in the plasma.

Motley et al. [42] have compared the performance of a two-waveguide
array with that of a six-waveguide array with the same waveguide width
(i.e., two grills with the same axial periodicity but different numbers
of radiating elements). The amplitude of the surface wave component
radiated Px the six-waveguide grill was found to be about a factor of 3
below that for ;he two—waveguide‘grill,,indicating that.the ny spectrum
was indeed narrower and better_defined by the former than thé latter. In
this experiment, only the central two waveguides of the six-waveguide
array were actively fed; the outer two elements on each side were passive
waveguides, each one-quarter wavelength long and electrically shorted at
the rear, as shown in Fig. 7. In this manner, the rf power coupled into

a dummy waveguide 1is ‘re-emitted 180° out of phase, and the grill is
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similar to a six~waveguide array phased at A¢ = 180° with reduced powers
in the outer waveguides. Regardless of the details, it is clear from the.
experimental data that the nj, spectrum launched into the plasma is
indeed narrower for grills with more waveguides, ié prediéted ‘by'"tﬁe

coupling theory.

Nonlinear effects due to high power injection have been studied in
several experiments dn linear machines [100,10l1]. With the injection of
sufficient rf power, (Eg/SwnT = 1), the plésma density in the thin layer
(width ~ 5 mm) immediately in front of the grill was depressed below the
value seVgral centimeters away from the antenna along the magnetic field
[100], in accordance with nonlinear coupling theories. Conyective eddies
dqé to-localvhé;ting-iﬁ-frégt Qf tﬁe grill have ais;Abeen obser?ed,_and
gave rise to asymmetric up—down density prbfiles facing the antenna [101].
For normal operating gas preésures, however, the reflecﬁivity ‘of the
antenna did not increase as the power was raised, as increased ionization
and cross~field convection during the rf pulse were found to increase the
average plasma density in the vicinity of the grill. Consequently, though
nonlinear coupling effects are indeed observed, their relation to tokamak

experiments is not straightforward because of other factors affecting the

density in front of the antenna.

3.6.2 Lower Hybrid Coupling Experiments on Tokamaks

Similarly to the linear machine studies described above, coupling
measurements performed during high power lower hybrid heating experiments
on tokamaks‘have shown that the grill exhibits good impedance matching to

the plasma and that the coupling is reasonably &ell described by the
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Brambilla theory. Though this result 1is not surprising, it was not
considered unlikely that lower hybrid wave launching into toroidél plasmas-
could prove to be somewhat different than that observed on small linear
machines. In particular, the edge plasma i; a tokamak 1is known to be
turbulent, with density fluctuation levels of Sn/n = 5-100% being typical
[102-104]. It is possible that these density fluctuations could scatter
the incident lower hybrid wave and reflect a significant fraction of rf
power back into the antenna. Furthermore, the (n;, nj)spectrum launched
by the antenna may be altered by scattering from density fluctuations
with significant ng components [105-107]. Subsequent modifications by
toroidal effects and magnetic shear could substantially change the.initial
ny spectrum [7,108-113]: Thus the wave spectrum reaching the damping
region may be siQnificantl&r différent from the célculated Brambilla
spectrum. Consequently, optimization of the grill design for devices with
strong toroidal features, i.e., low aspect ratio, and with significant

edge turbulence may be difficult.

Reflectivity Measurements

Results from grill coupling experiments performed at relatively low

<

powers (Prf N

_ 10 kW) have been found to be in re#sonable agreement with
the ﬁrambilla tﬁeory. Depending on the density gradient in fromt of the
waveguides, the antenna reflectivity exhibits a maximum for A4 = 0° and a
minimum for A¢ = 90°~180°. For comparison of the measured reflectivities
with the theoretical predictions, measurement of the density profiles in
front of the antenna have been performed in a numbér of tokamaks. The

density gradient in Alcator C has been measured with ‘moveable probes

attached above the grill [33], in PLT with a probe placed in an adjacent
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port [114], and in Versator II with probes inserted through the waveguides
(wifh no rf applied) [115]. Microwave interferometry has also been used

oq'Wega and Petula to measure line~averaged density of the plasma in
front of the grill during rf injection [40,116]. In general, quantitative
comparisons of the theoretical and experimental ;oupling‘ coefficients
versus density gradient were not parﬁicularli 'goo& when the original
Brambilla theory (zero density at the waveguide mouth) was used. However,
experimental measurements of the density in the vicinity of thé waveguide
mouth showed the plasma to be overdenseA(wge >> mz)t With the inclusion of
a finite density step in the plasma model, the calculated and measured
reflectivities have been found to be in fair agreement for most experiments
in which the edge density profile was measured. In Fig. 18, the experi-
mental reflectivity of the Versator grilimfot A¢ = 0°, 90°, and 180°'is
plotted versus the position of the antenna. The horizontal axis represents
the location of the grill face along the major radius of the tokamak; the
plasma density increases to the left ‘in the figure. The calculated
reflectivities represented by dashed lines are also shown in the figure.
The density and density gradients in front of the grill were measured by
probes in the absence of rf power. For 4¢ = 90° and 180°, th;—calculated
coupling behavior is similar to the obserQed coupling. Both experimental
and theorétical -reflectivities exhibit minima near the same location, and
as expected, the minimum for A¢ = 90° occurs at a lower density than
for A¢ = 180°, For 4¢p = O‘, the correspondence between the calculated
and observed coupling is not as good, although both‘are seen to be higher
than that for the other two phasings. However, we remark that the coupling
theory is not expected to be valid for this phasing, as coupling to the

fast wave may be significant. Moreover, with the larger surface wave
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component expected to be launched for 4¢ = 0° the details of the port
geometry near the waveguide (gaps between the grill and port walls,
nearby limiters, etc.) can be'expected to influence the coupling. For
the other phasings, however, the observed reflectivity is quite similar
to that calculated from the Brambilla model.

A comparison of'individual  waveguide reflectivities for 4¢ = 180°
from the Petula B experiment is shown in Fig. 19. Again, there exists a
qualitative similarity between the data and the theoretical calculation.
Coupling experiménts on Wega in which only the central waveguides of the
grill were fed (to better simulate the boundary conditions in the theoret-
ical model) also obtained good agreement with the Brambilla calculations
[11?1. Morgover, the phase of the reflected signal was measured .in the
Wega coupling experiment, and was observed to undergo a large phase shift
as the grill was moved through the optimal coupling position. This
indicated that the grill was indeed coupling into an overdense plasma in
which the wave impedance was resistive (see Eq. 43). In summary, the
modified coupling theory appears to explain the observed grill-plasma
coupling behavior on tokamaks. It is possible that the density step
modification was not needed in the basic verification of the coupling
theofy performed on linear machines. In particular, in these low density
experiments the frequency used (2.45 GHz) was high so that w >> wry(o),
and therefore the plasma densities at the waveguide mouth were not over-
dense. It 1is worth noting that early versions of the coupling theory .
predicted that the grill could not couple well to waves of high n, because
of the surface evanescence; however, with the verification of the modified
Brambilla theory, the conclusion is that it is possible tb efficiently
launch waves of any n, excited by the antenna by merely adjusting the

position of the grill within the edge density profile.
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In high power.rf experiments performed on tokamaks to date, little
clear evidence of nonlinear grill coqpling efficiency due to ponderomotive
effects has been noted. Although nonlinear coupling behavior has been
reported in soﬁé studies [38;116], rf breakdown may have been responsible
for the variation in grill reflectivity with incident rf power [55]. 1In
lower hybrid experiments on Alcator C,'the rf power was varied such that
the power density ranged from .05 W/ cm? to 9 kW/cm?, and no significant
difference in the coupling efficiency over this span was observed [33].
Similar results  were obtained on Petula B up to a power density of 3.4
kW/cm? [59] and on Alcator A up to 4.5 kW/em? [37]. These findings are

perhaps not surprising as the edge densities in tokamaks are relatively

high; hence the quantity E2/8mT is substantially less than unity even at

the highest power densities achieved. In additionm, strohg ionization of
‘the background neutral gas in the presence of rf power may maintain rela-
tively high densities at the waveguide mouth, as suggested by the results

obtained on a linear device [100].

Measurements of the ny Spectrum

As mentioned earlier, measurement of the nj; spectrum launched by the
grill into a tokamak plasma is more difficult than in a linear, steady-state
machine. Moreo%er, toroidal ray tracing and wave scattering theories predict
that the launched nj spectrum of the antenna may be substantially modified
during wave propagation towards the plasma interior. However, there {is
substantial indirect evidence to suggest that, at least near ﬁhe plasma edge,
the grill indeed launches the ny spectrum predicted by the Brambilla theory
and that the launched spectrum shifts in the proper direction when the wave-

guide phasing is altered. For example, since the grill reflectivity depends
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strongly on the n), spectrum of the waves excited by the antenna (see Eq.
43), the qualitative agreement between theory and the experimentally ob-
served coupling efficiency suggests that the grill launches the predicted
wave number spectrum. Furthermore, the directionality of the grill
antenna has been verified in a number of rf current drive experiments:
the current drive efficiency Qas found to be much higher with the grill
phased ﬁo launch waves in the direction of the electron ohmic drift
~rather than in the opposite direction [54,61]. The effect of changing
the ﬁaveguide widths to alter the n; spectrum for a given phasing has
been checked on a number of tokamaks. In éarticular, experiments on Wega
showed that when a grill with relatively wide waveguides (ny(typ.) =3
for A¢ = 180°) was exéhanged for one with narrower waveguides (nn(typ.)
= 6 for 44 . i80°) the lower hybrid waves were found to interact with
lower energy ilons in the latter case [39]. A similar effect was observed
in the Versator experiﬁent [115]. These findings are consistent with
slower waves being launched by the narrower waveguide grill, which is .to

be expected from the general coupling theory. .

The most definitive measurements of the launched wave spectrum were
carried out recently by using microwave and laser scattering techniques.
In these experiments, the perpendicular wave ve;tor of the lower hybrid
wave is measurea by the scattering of an incident microwavg or laser beam
from dénsity' fluctuations associated with the lower hybrid wave. The
beam passes through the poloidal plane of the tokamak. The parallel wave
number is inferred from this measurement and from the use of the lower
hybrid dispersion relation, for which the plasma density in the scattering
region must be known. Lower hybrid waves have been detected by 2mm

microwave scattering on the Versator [119] and Wega [120] tokamaks. On
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the Alcator A [95,96] and C [97,98] tokamaks and on the ACT-1 toroidal
device [99] the wave spectrum of lower hybrid waves was actually measured
by CO2 laser scattering techniques. A spectrum measured by CO; laser
scattering in the Alcator C tokamak is shown in Fig. 20. The scattering
volume for this measurement was a vertical chord through the plasma
located at a radius of 0.7 ap to the outside of the magnetic axis, where
a, is the limiter radius. The ny values were obtained from the n; measure-
ments by assuming the scattering volume to be located near the midplane,
i.e. at the maximum density along the vertical chord. The calculated
Brambilla spectrum exhibits good agreement with the experimental data,
confirming that the correct spectrum is 1ndeed.1aunched by the grill into
a tokamak plasma.

3.6.3 Conclusion

In summary, the results of low power coupling experiments have demon-
strated that lower hybrid waves can be launched efficien;ly by grill
couplers and other types of antennas without resorting to external tuning
hardware. The grill antenna has proven to be a versatile and convenient
means of coupling to lower hybrid waves: the launched spectrum can be
varied by simply changing the phase angle between adjacent waveguides and
the coupling efficiency can be maximized by the appropriate placement of
the grill mouth within the edge density profile. Although the grill is
strongly coupled to the plasma, both the calculated and experimentally
observed reflectivities are only weakly dependent on the value of the
density at the grill mouth. Conéequently, it is generally not difficult

to achieve a low antenna reflectivity for a variety of discharge conditions
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even if the plasma parameters evolve during the shot. Therefore, "mode-~
tracking” to maintain good coupling efficiency has not been required in
any experiment to date, and is not envisioned to be necessary for future

ones.

3.7 High Power Operation of the Grill and Rf Breakdown

Although the grill has been shéwn experimentally to couple well to
the plasma even at high power levels, rf breakdown in the evacuated
portion of the grill was observed in most experiments to cause sudden
jumps in the reflectivity. Such problems appear.to be endemic to w#ve-
guide couplers in which all or part of the antenna is open to the vacuum

chamber. The elimination of these breakdown problems is a major concern

for grill design and construction.

In lower hybrid antenna systems, two types of breakdoﬁn are dis-
tinguished. The first is characterized by sudden (At S 10 psec) in-
creases in individual waveguide reflectivities. This breakdown is asso-
clated with arcing in the waveguides which may be due to either a series
arc between two sections of a waveguide wall which have a po;; electrical
contact between them, or more commonly, due to an arc across the waveguide.
Examination of .the arc tracks show that the arcs travel back toward the
vacuum window. The ceramic windows may be damaged as a consequence of
metallic deposition due to'arcing, and continued high power operation may
not be paossible. In most lower hybrid systems, the formation and propaga-
tion of arcs is inhibited by an arc detector circuit which automaticall}
shuts off the rf power in the event of a sudden increase in reflectivity

in any of the waveguides.
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The more common occurrences of breakdown are related t§ plasma
formation within the evacuated waveguides, both during operation into
vacuum and into the tokamak plasma. The formation of plasma in the
waveguides 1s inferred from the observed variations in the reflected power
and phase during the rf pulse. The reflected phase typically shifts in
the'negacive direction over a multi-hundred microsecond time scale when
breakdown and plasma formation take place. These gradual shifts in the
reflected phases are interpreted as a change in the dielectric constant
of the waveguide due to an increasing plasma density within the waveguides.
Unlike'arcs, the plasma generated during the rf pulse does not appear to
damage the antenna; however, powér transmission of the grill is reduced

by the presence of this waveguide plasma, and phase control is lost.

In the last several years, a gréat deal of progress has been made in
the understanding of rf breakdown in this application. The high power
coupling results of early lower hybrid heating experiments and subsequent
_breakdown investigations performed on rf test stands under controlled
conditions have shed light on the processes contributing to rf breakdown
[121-130). The results obtained from these studies have aided in the
design of modern grill couplers capable of operating reliably at relative-

ly high power densities.

AIt has long been known that the plasma formation observed in lower
hybrid antennas is related to fhe surface condition of the walls of the
evacuated waveguides. The processes by' which the waveguide plasma is
created afe likely to be electron multiplication by secondary electron
enission (SEE), electron-stimulated desorption (ESD) of contaminants on

the waveguide walls, and impact ionization of the residual neutral gas in
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the waveguides. The power to maintain the discharge 1s supplied by the
oscillatory energy of the electrons in the rf electric field in the -
evacuated portion of the waveguides between the vacuum windows and the

antenna mouth. The maximum kinetic energy of these electrons is

L)

e
€q = === (53)

mez
where E is the peak rf electric field in the waveguide. In several lower
hybrid antenna systems on tokamaks, the vacuum windows are located up to
several meters from the vacuum vessel. In this case, the electron cyclo-
tron resonance layer due to the magnetic fields of the tokamak must be
~ within the evacuated part of the antenna. At or near the resonance,
eiecﬁrohs will gain eneféy at the expense of the rf eleétfic field. The

typical energy with which an electron strikes the wall is [36]

e2g2 cosla

€e = (
2mw? (1 + v2/wl)
sinla 1 1
+ ( + Y1 (54)
2 (1 - mce/m)2 + vz/m2 (1 + wce/w)2 + vz/w2

where a is the angle between the magnetic field and the rf electric field,
and v is the electron-wall collision frequency (this being the largest
electron collision frequency to this physical situation). During rf
injection into the tokamak plasma, the présence of electron cyclotron
resonance in the guides enhances the plasma formation because electrons
gain energy above their maximum rf oscillatory energy, increasing the

magnitude of both SEE and ESD.
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The soﬁfce of electrons to initiate the breakdown is the waveguide
wall. If Fhe secondary electron emission coefficient, § (defined as the
ratio of the number of secondary electrons escaping the sqrface to the
number of incident electromns) of the wall is greater than one, as ”is
usually the case for most metals without extensive surface cleaning, elec~-
tron multiplication will occur as electrons accelerated in the electric
field strike the wall. As the secondary electron emission coefficient is
an increasing function of electron impact energy up to 400-500 eV for all
impact angles relative to the wéveguide surface [131,132], SEE increases
‘with the incident rf power. The threshold level of the rf power at which
electron loading effects are noted is probably determined by the multi-
pactor phenomenon [133-135]. Multipactor is a form of resonant vacuum
breakdown in which secondary electrons released from oné wall driftmﬁw
across the gap and strike thé opposite wall. If § > 1, electron multipli-
cation occurs. In theory, the multipactor b?eakdown threshold is deter-
mined by resonance of the electron trajectories within the waveguides:
the onset of multipactor occurs when those electrons which are reieased
with the proper phase relationship to the rf field strike the opposite
wall with close to their maximum oscillatery energy for a given rf fleld
and release secondary electrons with the same initial phase with which
the primaries were emitted. If a magnetic field with a component perpen-
dicular to the rf electric field is present, the electron trajectories
are curved, and multipactor may occur along a single wall of the waveguide
[135]. The presence of a magnetic field leads to more complicated electron
trajectories [127]; magnetic fields less than or on the order of the
electron cyclotron resonant value tend to lower the power threshold for

multipactor breakdown. Because § increases as the angle of incidence
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between the primary electron and the metallic surface is reduced, the
curved electron trajectories in a magnetic field lead to an overall
increase in the secondary electron emission. Moreover, the electron can
gain energy from the rf fieid i1f the magﬁetic field is near the cyclotron

resonant value [36].

Multipacting modes are often characterized by the number of half-
cycles of the rf field that an emitted electron completes before striking
the opposite wall. The fundamental 1/2 cycle mode was experimentally
identified in early multipactor work [137]. The breakdown field in these
experiments was depetltdent on wall cleanliness, with cleaner walls giving
rise to lower values of the secondary electron emission coefficient.
Regarding the occurénce of brelakdown in waveguide grills, it is generally
believed that the discharge is initiated by the multipactor effect. The
threshold power levels for breakdown in uncleaned or ‘partially-cleaned
waveguide grills are 1in rough agreement with those predicted from
multipactor theory [121]. More importantly, the presence of resonant elec-
tron trajectories in lower-hybrid waveguides has been confirmed in a
number of magnetized test stand experiments in which rf breakdown was
observed when the value of the applied magnetic bfield corresponded to the
even cyclotron harmonic: Wwge = W, w/2, w/b4... In these experiments,
which have sixm'lat:ed the experimental conditions of a grill on a tokamak,
it was conjectured that the breakdown arose from the single surface

multipactor effect [128,130].

During rf breakdown in the waveguide, the average plasma density
measured by the interferometric technique is found to increase with the

incident rf power. Densities on the order of the cutoff density in the
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waveguide have been observed [115,121]. Gas 1is also evolved during rf
breakdown, probably resulting from desorption by electron impact on the’
- waveguide walls. In the cases in which the gas has been analyzed, it was
found to be hydrogen 1125,138]; ‘Althéugh the ;lec;ron mean free path for
impact ionization is considerably longer than thg waveguide width,vioniza-
tion of ;he neutral gas in the waveguide is believed to be the responsible
mechanism for creating the high plasma densities in the waveguide. This is
supported by the observation that the threshold power for breakdown during
antenna tests typically decreases as the gas pressure in the waveguides
1s raised from the 10~7 Torr level té 104 Torr [115,121,123]. Although
the formation of ff-generated plasmas in cavities, or "plasmoids”, is not
‘well understood, they have been observed for ﬁany'yeéfs in a‘number of
experiments. The consequeﬁée of plasma formation 1is strong attenuation
of rf transmission by as much as 10-20 dB [135]. Substantial absorption
of rf power during breakdown is also believed to take place in waveguide
grill antennas. In experiments in which one waveguide in an array was
fed and the power coupied iﬁto the others (which should be proportional
to the transmitfed power) was monitored, it was usually found that the
transmissivity decreased by a factor of 2-3 during rf breakd;;n. At the
same time, only relatively small changes in the reflected power of the
fed waveguide was observed [56,124,125]. The waveguide plasma apparently
is responsible for absorbing a large fraction of the incident rf power.
In the event of an rf break&own, the associated uncontrolled phase shifts

between adjacent waveguides may be detrimental to the performance of

grill and couplers.

56



3.7.1 Suppression of Rf Breakdown

Most efforts to eliminate breakdown and plasma formation in waveguide
Aantennas.ﬁave centered on reducing the effective value of the secondary
electron emission coefficient below unity so that electron multiplication
is eliminatéd. It is well known that the composition and finish of
metallic surfaces have a strong influence on the secondary electron
emission coefficient of the metal. In particular, clean surfaces free of
hydrocarbons and water vapor generally exhibit lower values of § than
~dirty ones [131]. Also, surfaces with microscopic roughness also have
lower secondarf electron emission coefficientsnthan smodth ones [125,127,
139]. The preparation of wavegu;de gri;ls for high power are thus oriented

towards the waveguide surface cleanliness and -finish.

Rf Conditioning

The most common technique used to suppress rf breakdown in waveguide
grills, and in high power rf systems in general, is rf conditioning, also
known as rf processing or aging. In this method, rf pulses of short
duration are repetitively fed into the evacuated grill, and the power is
raised until breakdown is observed. With continued pulsing with short rf
pulses near or below this level, the breakdown usually ceases, and the rf
power may be raised until breakdown recurs. The process 1is repeated
until the desired power level is reached, or until rf conditioning is no
longer effective in eliminating the breakdown. The mechanism of rf con-
tioning is not particularly well understood; however, recent surface
physics studies {140,141] suggest that the improvement in high power oper-

ation due to rf processing results from polymerization of a hydrocarbon
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layer on the metallic‘surfaces of the waveguides, tathef.than a cleansing
of the surface by electron stimulated desorption. The unsaturated carbon
polymer surface produced during rf conditioning 1s believed to absorb a
large fraction of the Qecondary electrons emitted from the metal below.
At temperatures abpve 300°K, the polymer is known to be unstable, and
exposure té air or other contaminants can destroy the polymer layer,

necessitating reconditioning.

To reach substantial rf power densities (1-10 kW/cm?) in vacuum, the
number of conditioning pulses required for most waveguide antennas is on
the order of a thousand. In some.casgs,.rf\conditioning has been carried
out in a vacuum test stand to reduce the amount of conditioning time on
the tgkamak. Extenéive reconditioning of the érill is often required
following.ptolonged vacuum breaks, and some processing into plasma dis-

charges at the beginning of a day's run is usually necessary to achieve

reliable high power injection into the plasma.

Cleanliness

Most grills are vacuum—baked to reduce outgassing once they are
installed on the tokamak. Vacuum baking is known to reduce the electron-
stimulated -desorption coefficient [142]. The bake-out temperature of the-
assembled grill is typically limited tb no more than 400°C to avoid
warpage of the antenna. After installation on the tokamak or in an rf
test stand, the grill is often baked to 150 - 200° C for at least 24 hours.
Standard degreasing procedure is also applied prior to installation.
Glow discharge cleaning with electrodes inserted through the top of the

waveguides after the grill has been mounted to the tokamak has been found
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to be very effective in suppressing breakdown in the Wega and Petula B
antennas [124-126]. Auger spectroscopy performed on surface samples in the
Petula B test stand hasvshown that argon glow discharge cleaning greatly
reduced the amount of carbon and oxygen on the metallic surface [158].
Moreover, the glow discharge leaves the surface with a microscopically
rough finish., As discussed in the next section,’such a surface exhibits
a low secondary electron emission coefficieﬁt for all angles of incidence,

and permits a higher rf power transmission without breakdowm.

Materials and Surface Finish

As discussed earlier, lower hybrid antennas must be placed in the
edge plasma to achieve good coupling. Consequently, they should be made
of material similar to the vessel wall or limiters to minimize contamina-
tion of the plasma. Most grill antennas to date have been constructed of
stainless steel. To reduce secondary electron emission within the wave-
guides, however, different grill materials and surface coatings have been
experimented with. Clean pure titanium is known to have a value of § below
one, and grills constructed of solid titanium have been tried on JFT-2
(143], Versator II [115], Wega [39], and Petula B [40]. Titanium has also
been sublimated onto stainless steel grills on Versator II [56] and T-7
[52], and onto' a copper coaﬁed stainless steel grill on JFT-2 [55].
Tests of a titanium carbide coated stainless steel grill at JAERI have

also been planned [123].

After a brief initially successful operation, the titanium launchers
become prone to rf breakdown, and it appears that the pure, low=§ titanium

surface 1s difficult to maintain once inside the tokamak. Other procedures,
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such as additional pumping of the waveguides and glow discharge cieaning
have helped to reduce bréakdown in these launchers. On JFT=2, a power den-'
sity of 1.8 kiW/cm2 at £ = 750 MHz into plasma was achieved with a titanium~

coated aﬁd differenti#lly pumped grill to ensure low gas pressure within
the guide [55]. After poor power handling was initially encountered with
the Wega solid titanium grill, titanium was evaporated onté the waveguide
surfaces at a rapid rate in a low pressure gas atmosphere to produce a
rough, or “pulverized” surface [124]. With glow discharge cleaning, the
grill was capable of transmitting power densities as much as 2 kW/ cm?
into plasma. Similar beneficial results with glow discharge cleaning
have been obtained with an all-titanium grill on the Petulé B tokamak
[60]. The glow discharge cleaning procedure is carried out at a préésu;enN;
of about 102 Torr in argon. The bombardment of the surface by the argon
ions impacts to the surface a microscopic graininess with a several
micron scale length. The measured reduction of the secondary electron
emission coefficient from this type of surface [127,139] is believed to
result from geometrical effeéts, namely the rough surface acts as é traé
for escaping secondary electrons. The rough surface is especially effec~
tive in reducing the normally high secondary yield of grazing incidence
electrons which are the primary cause of breakdown when a magnetic field
is present in the evacuated portion of the grill. Following glow discharge
cleaning of the Petula B grill, few instances of breakdown occurred
during tokamak operation, even though the cyclotron layer is located in
the evacuated portion of the grill. In Petula B an incident power densityv
of 3.4 kW/cm? has been achieved at f = 1.3 GHz in both a titanium grill
with differential pumping, and a stainless steel grill with no additional

pumping [60]. 1In the event of a breakdown in one of the waveguides,
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several minutes of glow discharge cleaning in that waveguide was usually

sufficient to prevent recurrence of the breakdown [129].

The stainless steel PLT grill was coated with a thin carbon layer after
investigations showed that such a surface exhibited a secondary electron
emission coefficient below one [122]. The layer was 5pplied by soaking
the grill in a carbon=-rich varnish and pyrolizing it in a vacuum furnace.
The several hundred Angstrom thick carbon layer so obtained was strongly
adherent to the stainless steel surface which was previously prepared by
sanding and electropolishing. With this coating, the PLT grill has been
operated at a power level of 1.6 kW/cm? into plasma witﬁout breakdown.
An antenn; system on Versator II was also _treated in this manner and
achieved similar results [115]. However, the carbon layer was also found
to be easily contaminated, and extensive reconditioning was generglly

required after vacuum breaks and discharge cleaning.

The waveguides of the Asdex lower hybrid coupler have been coated
with gold using a special procedure [127]. Gold is deposited on the sdrface
by an electrochemical process, creating a rough-textured, polycrystalline
surface which exhibits a low secondary electron emission coefficients
(8§ < 1) for all angles of incidence. The effect of the gold coating is
similar to that.of surfaces treated by glow discharge cleaning. Gold was
chosen for the Asdex'experiment because of its resistance to chemisorption
of residﬁél gases in the tokamak. The coating has been shown to be stable,
and is also effective in suppressing multipactor breakdown in the presense
of a magnetic fiel&. Power densities of 5.4 kW/cm? have been achieved

during rf injection into the Asdex plasma [41].
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Magnetic Fields

The use of an auxiliary magnetic field to eliminate the cyclotron:
resonance layer in the evacuated portion of the grill has beeﬁ tried on
the Versator II antenna in which the vacuum windows are located two meters
from the end of the waveguides. The application of the additional field
was found to suppress Breakdown in the untreated stainless steel grill
when the magnetic field was at least 25% above the cyclotron resonant value
everywhere in the evacuated portion of the waveguides. A power density

of at least 1 kW/ecm? into plasma was attainable with this method [144].

High Frequencies

At present, the highest power density at thé>grill mouth obtained
during plasma operacipn in any lower hybrid experiment is 9 kw/cmz,
achieved. in the Alcator C 4.6 GHz experiment [145]. The Alcator C grill
is constructed of electropolished stainless steel with the cyclotron
resonant region located on the high-pressure side of the windows. The rf
frequenc} of this exﬁeriment is also the highest of any lower hybrid
facility presently in operation. The imﬁrovement in the po;;; threshold
for breakdown with higher frequencies is expected because the oscillating
electron energy-is a decreasing function of frequency (see Eq. 53). The
dimensions, specifications, and power—-handling  capabilities of lower
hybrid waveguide grills frbm a number of experiments are summarized 1in

Table 1. Note that there is indeed a trend toward higher achievable rf

power densities with increasing frequency.
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Conclusion

As evidenced by the above discusgion, the methods employed to increase
the power handling capability of the grill antenna have been quite varied,
and many have proved to be fruitful. Though rf breakdown has been a major
concern in every lower hybrid heating experiment, the improvements made
on the grill antenna have enabled the rf power levels in most experiments
to be raised to the level of the ohmic power input and above; on Asdex, an
injected power level of 800 kW has been achieved for 1 second through a
single eight-waveguide array, while on Alcaﬁor C, 1.5 MW has been coupled

to the plasma with three arrays. The use of novel surface preparation

techniques and extensive pumping of the waveguides has suppressed the -

occurrence of multipactor and cyclbtron resonance breakdown in the evacu-
ated grill even in antennas in which the vacuum windows are located
several meters from the grill mouth. The use of."in situ” glow discharge
cleaning in the Wega and Petula B grills has shown that the antenna clean-
liness can be maintained even in the tokamak environment. Therefore, the
implementation of grill couplers on future multimegawatt experiments is

believed to be technically feasible. _

3,8 Future Trends in Lower Hybrid Couplers

Large scale lower hybrid heating and current driﬁe experiments are
presently planned for severél large scale tokamaks. A 24 MW, 2 GHz systenm
is under construction for use on JT-60 [138,146,147], and major lower
hybrid systems have also been proposed for current drive experiments on
Tore-~Supra (f = 3.7 GHz, P = 8 MW [148] and electron heating experiments

on FTU (f = 8 GHz, P = 8 MW) [149,150]. The important issues of lower
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hybrid coupling especially relevant to these future experiments are the
power handling capability of the launchers and the n; spectra required

for highly efficient performance in these high temperature plasmas.

3.8.1 Power Requirements of Future Couplers

With the increasing size . of tokamaks of the next generation, the
available port area for lower hybrid couplers is also expected to be
larger. Therefore, although the total rf power inputs in future experi-
ments-wiil be touéhly an order of magnitude higher than in present ones,
the power density at the antennas is expecte& to remain the same as in
present experiments. The maximum power dgnsity in the JT-60 lower hybrid
grill is expected to be 4.5 kW/cm?, which is céﬁparable to power.densities
already achieved in current experiments. Of greater importance is the
need to design couplers with the ability to .-operate into long pulse or
steady state diécharges. Active cooling of the waveguide grill will
probably be required to solve this problem. The waveguide array designed
for JT-60 incorporates a nitrogen gas cooling manifold within the grill
structure for this purpose. Hot gas may also be passed thréugh this
network to bake the grill to a temperature of 400°C in situ. The inner
surfaces of the stainless steel waveguides will be copper coated to
reduce resistivé heating of the grill during rf pulsing. The rf windows
will be located in individual waveguide sections 7 meters back from the
antenna mouth, allowing for relatively easy window maintenance. As in
JFT=2, the antenna section between the plasma and the windows will be

differentially pumped.
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The-rf frequencies selecﬁed for upcoming experiments aré generally
higher than those used in earlier studies, both because of the higher
magnetic fields of new tokamaks, and because of the emphasis placed on -
electron heating and.curfent drive studies. Such-experimentsiare performed
at frequencies typically'a factor of two above the central lower hybrid
frequency.' Since wﬁ;eguide dimensions are reduced with increasing fre-
qqeﬁcie;, the number of waveguides in a grill will be quite large if the
power density is to be kept at levels close to those in present day
experiments. The JT-60 grill consists of four rows of waveguides with
eight waveguides in each row, while a proposed 8 GHz electron heating
experiment on FTU incorporates a design in which 128 waveguides (16 rows
of 8 waveguideg)vare installed through a single port. The grill structure
fof arrays with so many waveguides can become complicated, however,
especially for those with internal windows, as is envisioned for the FTU
grill. Ome simplification of the present grill structure 1s an array in
which the power is split by passive elements into waveguides in the
evacuated section of the grill, i.e., after the rf has passed through the
vaccum window [151-154]. An examplg of such an antenna is the "multi-
Junction™ grill [153] which is shown in Fig. 2l1. Two rf sources feed an
eight-waveguide array launching a travelling wave spectrum (A¢ = v/2).
The advaqtgge of such a scheme is that only one vacuum window per grill
is required, théreby greatly reducing the fabrication difficuity of the
nmulti-waveguide array. On the other hand, the £elative phase control
between waveguides is less flexible than in present experiments. Such a
grill has been constructed and tested.on Petula B [153]. The phase shift
between adjacent waveguides is set by reducing the heights of the indivi-
dual waveguides. -The reflectivity of the multi-junction grill is found

to be only slightly higher than that of a similar conventional grill. The
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maximum power attained in the new grill 1is about 70Z of that in the con-
ventional grill due to higher rf electric fields in the reduced height

sections ofvthe multi-junction grill.

3.8.2 Wave Spectrum Considerations

Lower hybrid experiments performed on the higher temperature plasmas
in the next generation of experiments will require the launching of a
well-defined ny spectrum. In order to prevent electron Landau damping or
mode conversion to the hot ion plasma wave branch from occurring in the
outer layers of the plasma, the wave spectrum must be concentrated at
relatively low values of the parallel wave number, e.g., I“'I i 2.2 for a
10 keV plasma. The acéessibiiicy condition Eq. (11) must still be satis—
fied; therefore the launched ny sﬁectrum should be constrained to a
narrow range above |ny| = 1.5 for efficient heating and curreng drive.
This may be accomplished by increasing the number of waveguides in the
grill along the z-axis, whigh will be relatively easy to do as the avail-
able port.size in the new machines will be largef. Another method of
narrowing the spectrum around an optimum value is with the use of dummy
waveguides or a corrugated vacuum vessel wall on either side of the
actively fed grill. An experimental test of the dummy waveguide concept
was described e;rlier in Section 3.6, and the findings were encouraging
in that the spectrum indeed exhibited a smaller surface wave component

than that of the grill without the dummy waveguldes.

As the plasma is heated toward ignition temperatures, the optimal
value of ny for central heating will decrease, and it will be necessary

to actively change the launched n, spectrum or rf frequency over the course
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of the discharge. This 1is relatively eésy to perform 1n actively fed
grills with electronic phase shifters in the rf drive units for the
klystrons. In the PLT lower hybrid current startup experiments, the
phase b;tween waveguides was shifted during the plasma initiationhand rf
startup to obtain adequate coupling while the edge density was rapidly
changing [61]. In the JT-60 lower hybrid rf system, both the phase and the

frequency (f = 2.0 + 0.3 GHz) can be altered during the long rf pulse.

3.8.3 Lower Hybrid Couplers in the Fusion Reactor

In a reactor, the lower hybrid wave may be used for bulk electron
heating and current drive. The high electron temperature (Te = 15-20
. keV) of a thermonuclear plasﬁa gtrongly favors’eleccron Landau dampiqg
over direct ion heating for the range of accessible values of ny in the
lower hybrid frequency range. Only for low frequencies (w < wpyg) and lo;
values of ny is ion damping expected to be significant, and this only near
the plasma periphery [155]{ Because the electrons and ions are closely
coupled in a reactor, efficient electron heating will be sufficient to
heat the ions to ignition temperatures. In addition, the engineering
advantages of a steady state tokamak reactor are significant, making rcf
current drive on a reactor an option worth investigating [156,157].
However, a numSer of physics 1issues need to be resolved in order to
determine thé suitability of lower hybrid heating of a reactor plasma and
what the appropriate co;pling structure should be. In particular, the
penetration problems of lower hybrid waves are expected to be more severe
in high density, high temperature thermonuclear plasmas than in present
day discharges. To avoid ion heating near the edge and the possibility of

parametric decay of the incident power, the slow wave frequency should be
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chosen to be several times the lower hybrid frequency (w Z 2wy p), or

f > 4 GHz, typically. Lower hybrid waves which are accessible (n' Z 2)
in a reactor plasma in which “ge/”ge = 0(1) will be Landau damped at
temperatures Ty = 10 keV, i.e., outside the centr#l core. Because of its
Qeaker damping, the fast wave branch may prove to be more suitable for
reactor applications than the slow wave. However, both branches are
predicted to be strongly absorbed by a small population of fusion-produced
alpha particles [155]; therefore, no heating or current drive can be
expected to take place in the core of a burning plasma, e.g., r/a S 1/72,
where the alpha concentration will be significanc. Nonetheless, central
power deposition in a reactor may not be necessary for efficient heating
if the plasma current and tempetatdré profiles are "consistent” [158] and
>indepen&ent of heating profiles. In recent neutral beam [159] and ECRH
[160] hgaging studies the global confinement time and increase in plasma
energy with auxiliary heating power was found to be constant over a wide
range of deposition profiles. In current drive, the plasma hard x-ray
emission from the superthermal current-carryipg electron is always found
to be peaked on—axis [65] while the calcuiated tfvabsorption profiles are
hollow [161]. Finally, recent results from JET indicate that central
heating may lead to unacceptably high sawtooth activity [162]. Therefore,

off-axls electron Landau damping may be suitable, and perhaps desirable,

for heating of reactor plasmas.

A number of different scenarios have been proposed for current drive
in a reactor: fully-driven steady state operation [20,156], low duty-cycle
maintenance of the plasma current in a low temperature plasma phase between
fusion burns while the ohmic transformer is reverse-biased and "recharged”

[156,163,164], and stabilization of sawteeth or m = 2 instabilities by
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localized current drive [165]. The achiévement of the first may require
upﬁards of 100 MW of rf power if theoretical current drive efficiencies
for the optimal n; spectrum can be attained. The second method is compar-
abl? to current drive e#periments on bresent generation machiﬁes, though
again, considerably more power would be required. The suppression of MHD
instabilities in a fusion plasma will also reéuire a great deal of rf
power which must be deposited in the vicinity of thé éppropriate rational
surface; thus the launched ny spectrum must be well d;fined. The succes-
ful applicatiqn of any of these heating or current drive schemes in a
large, high density plasma will require a large fraction of circulating
power, hence it will be critical that the antennﬁ couple efficiently and

" selectively to the optimal power spectrum.

From a practical point of view, the phased array of waveguides is
particularly well suited fér use in a reactor environment for the same
reasons that recommend its application in present day experiments; all-
metal construction, location we}l behind.the limiter radius at the chamber
wall, ease of installation and removal, and the possibility of placing
the vacuum windows in regions shielded from the neutron flux. A number
of technical developments must be pursued. High power long pulse or CW
operatiqn~w111 require active cooling of the arrays by gas or liquid
manifolds. Mofeovef, the installation of ceramic windows outside the
blanket adds additional complexity because of the problems of preventing
breakdown in the long evacuated sections of the waveguide. However, the
problems of heat loading and many-waveguide arrays with exterior windows
are being addressed in present studiés, e.g., JT=60, and are not considered

to be major impediments to the development of a phased array for a reactor.
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Based on present perceptions of the parameters of a reactor plasma
~discussed above, the grili should launch a narrow n, spectrum concentrated

at low values of n; just above the accessibility limif in order to take
" advantage of the high current drive efficiency of high phase velécity
waves., If the m = 2 instability is to be suppressed, the spectrum must be
shaped to provide maximum absorption near the q = 2 surface. For current
drive, the spectrum should also be uni~directional. As discussed earlier,
the n; spectrum can be made well defined by employing a grill with many
waveguldes along the axial direction, although the overall grill reflec-
tivity is predicted to increase with more waveguides. A multi-junétion
grill with a single window could be used to simplify the feedthrough
prqb;em“for a 10-20 waveguide array. Dummy waveguides may also be of use
in sharpening the spectrum without increasing ﬁhe teflected power. The
directivity of the antenna depends in part on the details of the electric
field at the grill mouth, and m;y be improved with further studies. Some
of the power traveling in the wrong direction may be reflectéd by a grid
or plate in the edge region adjacent to one side of the grill [166],
although the heat loading and impurity generation problems associated

with such a structure needs to be investigated.

In qonclusion, the lower hybrid antenna in a reactor will probably
look similar to'those in contemporary experiments, except that it will
include many more radiating eleﬁgnts to sharpen the spectrum. For ease
of maintenance, the ceramic vacuum windows may have to be placed a con-
siderable distance-from the plasma, and rf breakdown must be prevented
using one (or more) of the techniques discussed. To prevent tritium leak-~
. age, it may be necessary to use more than one window in a given waveguide

line. Finally, due to the large temperature ranges encountered during a
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pulse, the n) spectrum may have to be adjusted by changing the relative
wavegulde phases, so as to track the temperature during the heating or

current drive pulse.

3.8.4 Conclusion

The efficiency and versatility of the multi-waveguide grill has been
demonstrated in numerous lower hybrid heating experiments performed in the
last decade. The question of the reliability of the grill under high power
" operation has been successfully addressed by a number of groups, and it
appears thaﬁ the power densitiesrtequired in the next generation of exper-
iments will be possible to achieve. Consequently, while further improve-
ments are expected, the multi-waveguide array, or grill, 1is expected to -
remain the leading concept for slow lower hybrid wave launching. ’Develop- _
ment of fast wave lauﬁchers, consisting either of dielectric-loaded
phased array of waveguides, or arrays of ridged waveguides, may be required

for current drive in reactor grade plasmas.
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Figure Captions

Fig. 1 (a) nf versus density, n, for n; < ny .4, The densities

and o' represent the fast/slow mode conversions.

n e

e
(b) nf versus n, for n, > Ryaric®

Fig. 2 Sketch of a passive slow wave structure. The wave propa-
gates in the z-direction between the ribbed structure
on the right and the plasma surface represented by the
sheet on the left. Longitudinal electric fields are

~ excited in the slots between the ribs.

Fig. 3 ‘ The Doublet II slow wave antenna, fed By gfripli;é.
Top: view of the antenna from the plasma. The toroidal
‘field 1ies in the vertical direction. Bottom: cross
secti&n of the antenﬁa looking along the magnetic field.
Each radiating element is one~half wavelength long.

After Ref. [28].

Fig. 4 Diagram of a grill launcher inserted through a port in
the vacuum vessel wall. The electric field strength at
the face of the grill is shown for relative phase differ-

ence of A = 180° between adjacent waveguides.

Fig. 5 (a) Diagram of the Alcator C array. After Ref. (1].

(b) Photograph of the Alcator C sixteen-waveguide grill.
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Fig. 6 (a) Diagram of the Asdex eight-waveguide array. The standard
window sections at the bottom left are attached to the
waveguide vacuum flanges. The grill tip at the right
is demountable to allow for installation of grills of ”
different dimensions.

(b) Photograph of the Asdex grill and pumping manifold.

After Ref. [46].

Fig. 7 (a) Schematic of twin waveguide launcher on H-l.. .
(b) Twin waveguide with dummy waveguides attached to improve

the spectrum. After Ref. [42].

Figj 8 » Schematic diagram of a lower hybrid heating system.

After Ref. [115].

Fig. 9 Schematic diagram of the Alcator C lower hybrid rf

heating system. After Ref. [l].

Fig. 10 Summary sketch of the grill couplers and window arrange-

ments used in lower-hybrid heating systems on tokamaks.
Fig. 11 Idealized density behavior near the grill mouth.

Fig. 12 . (a) Calculated ny spectrum of the Versator II 800 MHz four-
waveguide grill (waveéuide_width of 2.45 cm, septum
thickness of 0.6 cm) for A¢ = 0°, 90°, and 180°, The
density at the waveguide mouth is 7.9 x 1010 em3 and

the densiﬁy gradient is 5.3 x 101l cm™4. After Ref. [115].
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Fig. 14

Fig. 15

Fig. 16

(b) Calculated ny spectrum of the Alcator C 4.6 GHz grill

(waveguide width of 0.8 cm, septum thickness of 0.2 cm).

"The density at the waveguide mouth is 2.6 x 1012 cp=3 and

the density gradient is 1.3 x 1013 cp™4,

Calculated n; spectrum for a two-waveguide grill (dotted
line), four-waveguide grill (dot-dash line), eight-wave-
guide grill (solid line), and sixteen-waveguide grill

(dashed line): at A¢ = 90°. The waveguide dimensions

and edge plasma conditions are identical to those in

Fig. 12b.

Calculated reflectivity of the Alcator C gfilivve?éus'
the density at the grill mouth for density gradients of
Un = 1.3 x 1012 co™4 (solid line), Vn = 1.3 x 1013 cm4
(dashed line), and Vn = 6.6 x 1013 cm™% (dot=-dash line);
A¢ =180°., The density axis is labelled in terms of u =
ng/nge | ‘ |
Calculated.reflectivity of the Alcator C grill versus
the density at the grill mouth, for A¢ = 0° (solid
line), A¢ = 90° (dashed line), and A¢ =180° (dot-dash
line). The density gradient is taken to be Vn = n, /L

where L = 0.2 cm.

Calculated reflectivity of the Alcator C grill versus

Ap for u = 5, 'n = 6.6 x 1012 cm4,

85



Fig. 17

Fig. 19

(a)

(b)

Reflection coefficient versus phase difference between
waveguides of a teflon-loaded double waveguide array on
the H-l l;near device. The points represent experimental
data and the solid line is the theoretical result derived

using the measured density gradient. After Ref. [93].

Comparison of the theoretical and measured grill reflec-
tivities in the Versator II lower hybrid experiment.

The solid lines represent the fits to the experimental
data (open symbols) and the dashed lines are the calcu-
lated reflectivities (solid symbols). The plasma density

increases to the left of the figure.. After Ref. [l15].

Calculated reflectivities for individual waveguides in
the Petula B grill for A¢ = 180° using the measured
density profile in front of the grill mouth. The
plasma density increases to the right in the figure.
Experimentally measured reflectivities of the individual

waveguides of the Petula B grill. After Ref. [40].

The measured lower hybrid power spectrum S(ni*) in

the Alcator C tokamak for A¢ = 180°., The solid circles
represent the measured spectrum S(n:) where n,* is
deduced from the measured k; « The midplane density) is
used for the calculations. The laser beam is at x/a =
0.7, and the plasma parameters are B, = 8T and Ee =
1.5 x 1014 g3 iﬁ deuterium. The solid curve is

the calculated Brambilla spectrum. After Ref. [97].
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Fig. 21

(a)

(b)

Top view of an eight-waveguide multi-junction grill
designed to launch a travelling wave spectrum (A¢ = x/2).
The grill is fed by two standard waveguides excited out
of'phase with one another. Vacuum seals would be made
in each of the large waveguides. ‘The labeled blocks in
the small waveguides represent passive phase shiftefs.
Sections éf reduced height w#veguides act as phase
shifters to set the relative phase difference between
adjacent waveguides at the grill mouth. The gradual
reduction of waveguide height reduces the mismatch of
the phase shifter to the rest of fhe line. After

Ref. [154].

87






ION PLASMA

ni WAVE
)
My < Myerit (@)
o .
SLOW |
{WAVE !
FAST/ |
" WAVE !
:
! L1 oq
! e e

Figure la



ION PLASMA
WAVE

(b)

Figure 1b



Figure 2



P
C ° D)
C ° D)
C ° D)
- . e ~
W—ﬁ—i—z:
C ® D)
W
C ° D)
LIMITER FIN

RADIATING ELEMENT\

5

STRIP LINES

Figure 3



Figure 4



eg 2an3tg

M3IA pu3 . ~ M3IA 9pIS
| / TIVM
4 13SS3IAN
"43dd0?D N | WNNJVA
NIOOYLIN
. f / A \
| N i

[

[r—amm]
[ o] [

—

i

i -
SAVHYV SMOANIM O?d 1331S \

SSATINIVLS HO¢L



a¢ 2an3tg

AVYYY 3AINS2AY of

it
o B A <0




- (AYVSS3ID3N 41)

2g 2i1ndtg

SMOGNIM LNOYS,
— - — 431dN0D
72 | 4 90G9 YM
¢="u X L |
< e (QYVANVLS) = SIONV 14
- - b MOANIM v_o<m\.\\|_ _\ WNNJVA
431dN0D |
TYNOILD3YIC L\.hrﬂw.. .
T = T .
e X , -~ 3340i1d
e _ O1OHd
140d HIWHOISNVYHL
, 9NIdWNJ - d31S
i
d343dvl
.Vn__c

/




qg @an814

|
G

it
v \.‘\.ﬂ!.‘\-.\.-

i




Siaunj yiim aping uim|

q

o o
°
°

apIng uim]
D

2
.o DW
e

s

Did: e

Ly
e o

. .
.
.

Figure 7



) Ty,
Bo\ PLASMA /ID\LIMH_ER

VACUUM
WINDOWS

‘-———7DIRECTIONAL
'E' 1 % - COUPLERS

N

1

r-_ll

—e
4

,V{ ,(’f ; . ’”’ '“’ PHASE SHIFTERS

Q@

Q

°

POWER SPLITTER

LOAD &
CIRCULATOR
Jr
RF
KLYSTRON HV GRID_ __ SWITCH TUBE

VWA~
RF
DRIVE

Figure 8



Diode

Figure 9

Switch TWT =T To
RF l>
ey, IF i thef
Source| 4 g # Tt Klyst
gl I ystrons
A
Klystron wgd Array Plasma
o R 7
:.
£ ©
3 8 i r Window
<
-
[ ]
h-] L
g Q
Control :_“_';'i_f s 2
. ol | e .
i |l
o | vy
Term
| 4
R.[S -
Fiber 4, 'P°‘“' "
Tape |eg-|Disc PDP |Optic Link w
iz AzLo =




w5 O 1 T

__i |

ATC ATC ATC VERSATORII
ALCATORA  ALCATOR A JFT-2 PLT
PETWA  VERSATORII
PETULA B
B W
WEGAII
HEEE
1 1 | e o = L
ASDEX
+—— P L,T
FT L
ALCATOR C
Plasma W=Wee Layer  Vacuum Window
e 45 - ALCATOR A
s =t F == == = — VERSATOR II
b L f { WEGA III
m+" o ,
oot 4 JFT-2
e e PETULA B
v 13 2 ASDEX
‘e o t P o~ I ‘ l
Pumping System
Y TOTN ATC
2 PLT
> i ALCATOR A & C
S ET

Pressurized Waveguide

Figure 10



x¥

GRILL MOUTH

Figure 11



e
- Ad¢=0°
- A¢ = 900_
== Ad=180°

(a)

(stun qip)(Nu)g

b

10

=g - =8

=18

n
!

Figure 12



€1 2andyg

L7

(ssun quo) ('u)s




py @anfry

00! ol , _ g
. 0

b WO, 01X €] = UA




§T 2andyy

ool o w a
. O




i 1 I T
p=3
Vn=6.6x10"2%cm™¢

0 e :
0° 45° 90° 1357 180°

AP

Figure 16



062

_ {1 2an31yg

($334930) 319NV 3SVHJ

002 o 00l 08 0 0S-
a_ | ] ] 1 ]
x\lwl&/ |
X
2N
; :
4 E s o ,w..\ 3
K108y | DjjIquDp.ig o
3 M 002l x T
M00Z e

Mz o 4

0¢

0]

09

08

00]

(%) 031037434 43IMOd



expt. theory
o e Ag¢=0°
~e & & Adager
% = @  A¢ =180°

. -
WA¢:O°
\ — i
\
' A
- \

A$p=180°

I
|
|
|
[N
l
by« | i
|
|
I
|
| | | L ‘ ' '
Port €dge  Grill Position (cm)
Limiter

Figure 18



Error Bar]

\ ' Limlter

. R

Grill Position (cm)

Figure 19

~oL'



Figure 20



/////m_SW////
HHHHH -

m ™

t t
$=0 p=w
WR 284 WR 284
(a)
O N LENRV RN NN

=SS AN A ANNANNNNTY S
H plane transformer

(b)-

Figure 21





