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ABSTRACT

Microwave heating at the electron-cyclotron frequency has been
effectively employed to heat plasmas confined in open and closed mag-
netic confinement geometry where the applied heating frequency was near
or above the plasma frequency. The earliest experimental investigations
demonstrated the effectiveness of plasma electron-cyclotron heating (ECH)
and later theoretical work validated these observations. In this review,
we briefly consider some of the more relevant ECH propagation processes
and heating mechanisms. Results are presented from some of the more
recent toroidal ECH experiments, including tokamaks, but principally
from the ELMO Bumpy Torus (EBT). In the last section, we discuss the
technological considerations so important to successful applications

of ECH to plasma experiments.
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1. INTRODUCTION

The two most commonly used methods for heating plasma electrons in
toroidal geometry are ohmic heating and electron-cyclotron heating (ECH).
Although ohmic heating is a convenient and efficient method of plasma
heating when the plasma electron temperature is below about 2 keV, it

becomes less effective at higher temperatures because the plasma resis-

tivity is proportional to T;3/2 and bremsstrahlung losses scale as
Tl/z. The temperature saturation of ohmic heating makes auxiliary

tokamak heating systems necessary.

A distinct advantage of microwave heating of electrons is the
relative insgnsitivity of heating rate to the electron temperature.
This results from the nature of the basic énergy absorption process in
ECH, which is Doppler-shifted electron-cyclotron damping. However, in
most ECH experiments, both the plasma density profiles and the magnetic
confining field geometries are sufficiently nonuniform that such details
as wave propagation, refraction, and mode conversion are important.

The eaf]iest application of microwave heating of plasmas was the
ECH experiments in simple magnetic mirrors [1-11], in which the applied
frequency was near or above the plasma frequency. The microwave fre-
quency was arranged to resonate with the electron gyrofrequency on
constant-B8 (mod-B8) suﬁfaées chosen so that mirror-trapped electrons
would be effectively heéted. Later experiments also employed ECH in
mirror quadrupole and multipole geometries [10-15]. More recently, the
method has been adapted to toroidal geometry and has been used rather
successfully to heat plasma in the ELMO Bumpy Torus (EBT) [16-17] and

some Russian tokamaks [18-25].



The first experimental investigations of ECH phenomena in mirror
machines considerably predated theoretical studies of the subject and
were principally designed to emphasize the generation of sofca11ed‘hot
electron plasmas having kinetic electron temperatures ranging from 0.1
to 2 MeV. |

Other possible applications of ECH are: control of the current
profile of tokamak plasmas in connectfon with disruptive instabilities,
control of B poloidal independent of the plasma current, microwave dis-
charge cleaning of confinement vessel surfaces, and preionization.
Microwave discharge cleaning simply involves a low power continuous wavé
(cw) source operating at a fixed frequency set low enough that the
toroidal magnetic field could be operated continuously and swept slowly
in time so that the intersection of the ECH resonant mod-B surface and
liner wall would brush over the whole liner surface. Prejonization using
ECH is a very obvious application of the spatially optionaT heating mod-B's

which are possible with microwave heating.

2. GENERAL ELECTRON-CYCLOTRON PLASMA HEATING CONSIDERATIONS
2.1 MICROWAVE COUPLING TO PLASMA

The two dominant heating mechanisms involved in the microwave
heating of plasmas are rather hard to separate. One is the collision-
less damping of microwaves propagating at a frequency near the electron-

cyclotron frequency and the other is the linear conversion [26-31] of



electromagnetic wave energy into longitudinal waves near the upper
hybrid resonance. Cyclotron damping results from the resonant inter-
action between electromagnetic waves and electrons when the frequency is

Doppler-shifted to the electron-cyclotron frequency. At cyclotron
2
w

resonance, w = u., (in the low density 1imit where —%— << 1), the

wce

microwave power absorption coefficient for extraordinary waves is

approximately given by [32]

£2 , 172
p @c_) ) 11 _n -1
u;zﬂfc( T 6 x 10 ———— cm R (1)

fvﬁﬁ;

where n is in (centimeters)'3, T

For n = 10]2 cm_3, f = 18 GHz, and Te = 1 keV, the absorption length is

e in kiloelectron volts, and f in gigahertz.
3 mm. The microwave energy can be absorbed in a single pass through the
plasma when the absorption length is comparable or even smaller than the
scale length of the change in magnetic field as given by AH/H kVth/w.
For ordinary waves, a §_f§/2nfc, which is B (B = v/c) times smaller than
that given in Eq. (1).

Generally, the microwave power absorption as given by Litvak et al. [25]

and Akhiezer et al.[38] is:

dW(r) | 2 2 w = Suga(r) ‘
dt = K(wpe(r)/w ,0) exp |- K, v.. (r) (2)
il "th /
where wpe(r) is the local, electron plasma frequency, wce(r) is the



electron-cyclotron frequency, s = 1,2,3,--~is the wave number parallel

to the magnetic field, and 6 is the angle between the direction of propa-
gation and the magnetic field. For ordinary mode coupling, where the
electric field is parallel to the magnetic field lines, the absorption
rate is approximately B times smaller than that given by Eq. (2). The
power absorbed in the plasma can be obtained by integrating Eq. (2)

along the ray path. For the lTimiting case where all of the power is

dissipated in the plasma, the increase in plasma temperature is simply
81 = PrefaV -, (3)

where P is the total microwave power input, Tg is the energy confinement
time, n is the plasma density, and V is the volume of the plasma.

A typical ECH application, illustrated in Fig. 1, is the heating of
plasma in a magnetic mirror. This is an equatorial plane cut showing
the magnetic field geometry of one section of the ELMO Bumpy Torus.
Mirroring collisionless electrons travel along flux lines (dashed lines)
and pass through mod-B surfaces (solid lines). In the resonance region,
the electrons gain energy from the microwave field through a stochastic
process. Because the electrons are accelerated to gain perpendicular
kinetic energy with respect to the magnetic field, they tend Lu gather
closer to the midplane of the mirror geometry. At electron-cyclotron
resonance, where n = ck/w+, the microwave field is not longitudinal [33];

however, it is longitudinal at the upper hybrid resonance.
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FIG. 1. Configuration of magnetic field in the ELMO Bumpy Torus. Two
microwave frequencies (10.6 GHz and 18 GHz) are fed from Lhe upening on
the inside wall of the cavity. The wave mode at the injection port is
"ordinary" rather than "extraordinary." The hot electron ring (runaway
electrons) is observed to be a narrow belt encircling the local 2nd
harmonic resonance (for 18 GHz) region in the midplane. The maximum
microwave heating takes place at the cyclotron resonance zone (hatched
in the figure). This makes it conveniently possible to control the
density and temperature profiles in the bumpy torus and also analogously

applicable to tokamak plasmas.



Microwave heating by linear conversion [26-31] of electromagnetic
wave energy into longitudinal waves takes place near the upper hybrid
resonance and is similar to lower hybrid wave heating [26,28-29,34-36].
The resonance region in a plasma is almost a]ways.accompanied by an
evanescent region so that, in coupling to an inhomogeneous plasma, the
" wave must penetrate the evanescent région into the resonance region.
Access can be gained to the tokamak plasma resonance region, where the
microwave heating power is transformed into lTongitudinal plasma waves, by
launching the microwave power from the high magnetic field side of the torus
(that is, from the inside wall region).

The usual extraordinary mode cold plasma dispersion relationship has a

2 2
Wpe ¥ Wce

resonance branch at Wy = , which is the well-known upper
hybrid resonance. The cold plasma approximation, however, breaks down at
resonance when k +» o, or kVth/w - o, but the resonance branch deve1obs
continuously into the thermal plasma wave branch when thermal effects are
taken into consideration.. These plasma waves are not damped if the wave
vector is strictly perpendicular to the magnetic field. Usually, however,
some component of the wave vector is parallel to the magnetic field and the
waves do dissipate their enérgy in the plasha by cyclotron damping where the
condition w = SWea —~k“vth ijs satisfied. Thus, after the microwave radia-
tion has been transformed into ]ongftudinél waves near the upper hybrid
_resonance, these waves will propagate to the region of the cyclotron
resonant surface where the energy will be absorbed by the plasma electrons.
After mode -conversion, Landau damping can also provide an important process

for theAdissipation of longitudinal waves (for s = 0).



The CMA diagram [37], which faci]itates‘theAdiscussion of the
propagation of microwaves in a plasma, isvshbwn in Fig. 2(a). 1In simple
mirror machines or in a vacuum bumpy torus} the magnetic field radially
increases from the wall towards the plasma center except in the region
of the mirror throat, so that propagation of the extraordinary wave requires
transmission through the cyclotron cutoff region before it reaches the upper
hybrid resonance region as a plasma wave, Fig. 2(b). Thus, this type of
coupling is generally very inefficient. Since this cutoff region is almost
always locatcd outside the cyclotron resonance region, wave energy usually
ends up being dissipated in the plasma periphery. The preferred tokamak
plasma heating scheme, as indicated in Fig. 2(c) of the CMA diagram, employs
upper hybrid resonance via linear conversion of microwave radiation launched
from the inside wall where both conditions wce/w > 1 and wpe/w <1 are
satisfied.

When the plasma is transparent to ordinary waves (w=>wpe), it has
been often demonstrated experimentally that effective ECH coupling
results from radially introducing microwaves in the dominantly ordinary
wave mode, by means of a waveguide simply flanged to the metal wall of
the plasma vacuum vessel, although more power efficient matching circuits
are to be preferred (see Seclion 4.2). The microwave radiation into
such cavity coupled plasmas is usually a mixtire of both ordinary and
extraordinary modes. For example, in EBT-I, the microwave feed is through
24 openings, each consisting of two ports from a hybrid coupler. The
electric field at the port openings is arranged to be parallel to the

magnetic field, thereby emphasizing the ordinary wave mode coupling.
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FIG. 2{(a). CMA diagram for cold plasma. (1: electron-cyclotron resonance;
2: upper hybrid resonance; 3: plasma frequency; 4: cyclotron cutoff.)

FIG. 2(b). CMA.diagram for plasma in magnetic mirror or in bumpy torus
(top view) in the high density case. Straight lines delineate the cavity
wall and magnetic field lines are parallel to the page.
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FIG. 2(c). CMA diagram for tokamak plasma (cruss seclion). The maynelic
field 1ines are normal to the sheet.
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In tokamak experiments [19-25], the interaction between the ordinary
wave and the plasma has been observed to be an order of magnitude or
(B ;;Vth/c) smaller than that for the extraordinary wave coupling. It has
been reported [25] that ordinary wave power absorption is much smaller than
that of the extraordinary wave when the power injected into the tokamak is
in the direction of increasing magnetic field; i.e., from the outside of
the tokamak, with less than a 60° angle between the wave vector and the
magnetic field at the plasma boundary. However, for injection angles of
65° to 80°, it is estimated that absorption is of the same order for both
types of waves. As alluded to earlier, however, ordinary mode microwaves
launched perpendicular to the surface of a fairly dense plasma can be
absorbed almost as efficiently as extradrdinary waves because refraction
and reflection of multitransits can effectively alter polarization to
again permit plasma heating by cyclotron damping. Alikaev et al. [24]
conclude that when the wave vector is at 60° to the magnetic field, the
damping for extraordinary waves is so large that their energy will be
almost entirely dissipated in heating the periphery of toroidal plasmas,
while the energy of thg ordinary waves goes mainly into bulk heating.
As the electron temperature is increased, it is necessary to launch the
wave at larger angles to avoid shifting the heating region toward the
plasma surface. It is worth emphasizing that the evanescent layer
difficulties with the extranrdinary wave launch can be avoided by employing
the previously mentioned ordinary wave launch. So that it can be argued

that whatever illumination scheme is employed the dominant process for
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converting microwave energy into plasma heat is the mechanism of cyclotron
damping; i.e., the wave energy in both the ordinary mode and the extraordinary
mode is ultimately deposited in the region of fundamental or harmonic
cyclotron resonances, and the amount of increase in the plasma energy is

simply given by Eq. (3).

2.2 ELECTRON-CYCLOTRON HEATING RATE

Although the earliest ECH experiments were accompanied by primitive
attempts at quantitative description of the heating processes, it was
considerably later before even idealized calculations gave insight to
the rather intricate nonlinear problem of the interaction of spatially
complex electromagnetic fields and anisotropic damping media.

In the subsequent theoretical studies of these plasmas [39-47],
electromagnetic propagation into the plasma from a single frequency
source was assumed and the main efforts were directed to computing the
electron heating rate by the applied time-varying electric fields.
Because the time-varying electric field is usually at a single frequency,

- and because the confining fields were magnetic mirrors, the theories
were concerned with the randomizing processes that caused heating. In
this stochastic heating process, the electrons interact with the oscillating
electric field E for a time At during each bounce interval T between

the mirrors. The heating rate was estimated to be

2
AW 1 ek -1
R =M 1 ) - ()

where W is the electron kinetic energy. This is a general form of the

heating rate for trapped electrons in a nonuniform magnetic field. The
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bounce time T, Mmay be a circulating time in a toroidal configuration, and
the interaction time At depends on the nonuniformity [39].

Thus, in mirror machines and in the bumpy torus, electrons resonantly
interacting with the microwave field gain perpendicular energy, thus
changing their reflection points in the magnetic mirror field after
every pass through the local cyclotron resonance zone. Stochastic
acceleration of particles does not necessarily require turbulent electric
fields with a wide frequency spectrum. Periodic nonrandom forces can
lead to stochastic acceleration, two typical examples uf which are Termi
acceleration [48] and ECH in a magnetic mirror field. Randomness in
phase between the electron and the microwave fields can be introduced in
each successive interaction by processes such as nonadiabatic drifts
across the magnetic field or by an equivalent broadening of the w spectrum
such as a diffused K spectrum in the actual system sampled by the electrons.

It is rather commonly obscrved that a small fractinn nf particles
can be accelerated to high energy by stochastic heating. For ECH in
magnetic mirror geometry, it is generally assumed that electruns unly
gain energy perpendicular to the external magnetic field. If the
change in the energy AW in an interval of time At is such that (AW) and
(sz)contain terms linear in At and all higher products have expectation
values varying as higher powers of At, then the time evolution of the
distribution function can be described by the Fokker-Planck equation
[49] to give a qualitative picture of the stochastic heating of energetic

electrons by microwave fields in the aforementioned geometry

(@) 2@ ) . e
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where f(t,W) is the time-dependent energy distribution function. By

using the relations

(AW/At) = R and  (MWZ/At) = 2WR (6)

we can rewrite the equation by introducing both loss term and cold

plasma source term, Q, as

%:ng(w%)—afmws(m : (7)

whose stationary solution is obtained with a constant heating rate, R,

and decay time, T, as
floW) = &k (VERT) . (8)

where Ko(z) is the modified Bessel function of the second order. From

this equation, the average kinetic energy of the electron is given by

%E— Rt for t<«t ,
eo
W) =

Rt for t>> 1 , (9)

where Neo is the initial density of the cold electron source.

In accordance with this stochastic heating model, the heating rate
was determined experimentally [50] by measuring the time-dependent
energy distribution function of energetic electrons generated by ECH in
a simple mirror machine. The heating rate for a microwave field of 30

V/cm was determined to be 10 MeV/sec, which is quite common [11,51] in most of

the ECH experiments in mirror machines for the case where w > wpe’
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Whether ECH results only in the generation of energetic electrons
or in heating of the plasma as a whole, the final electron temperature
is determined by a combination of three parameters: heating rate,
confinement time, and plasma energy tranéfer rate. In relatively Tow
density plasmas, common in ECH mirror experiments, the heating rate is
relatively large and the particle confinement time for energetic elec-
trons is shorter than the time for energy transfer between electrons, so
that the plasma is usually composed of both a hot and cold electron
distribution. In steady state, the hot electron temperature (average
kinetic energy) is determined by Eq. (9). For R = 107 eV/sec and T = 10
msec, welfind (W) = 100 keV. Although one would expect the'plasma to be
heated as a whole to the energy (W) ~ Rt, when the confinement time is
longer than the collisional energy transfer time, Tas the bulk of the
microwave power is dissipated in cold plasma throughput and, depending
on the heating configuration, in enhanced mirror losses via micro-

instabilities.

2.3. MICROWAVE HOT ELECTRON PLASMA INSTABILITIES

A significant effect of high ECH rates is the production of
anisotropic electron distributions which result in anisotropy-driven
microinstabilities. Several microinstabilities |9,52-54] driven by
anisotropic electron distributions caused by high heating rates have
been observed in microwave-heated magnetic mirror devices. Since these
instabilities usually result in a rapid pitch angle flips into the loss
cone, they may cause little or no increase in plasma losses in toroidal

devices. Also, in some tokamak experiments [561, electron-cyclotron
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heating has generated runaway electrons at low plasma densities, causing
an instability which increased the plasma column transverse energy.

This increased. transverse energy was accompanied by a decrease in longi-
tudinal energy of the runaway electrons and was rapidly lost to the
wall.

Some other instabilities, of concern, which derive their energy
source from the anisotropic energy distributions possible in mirror-
confined ECH plasmas are curvature drift instabilities [56] and the
cyclotron instability [57]. The curvature drift instability can be
stabilized by cold electrons if their population is above a certain
critical density. This stability condition is rather easily satisfied in
high beta, hot electron plasmas which can produce a minimum-B (min-B)
field self-consistently and which also can have a large inherent drift

frequency, ka >> w_., resulting from very high electron temperatures.

ci
The cyclotron or Whistler instability [57] has a characteristic

<
frequency at w g Weg

(1 —-T”/TL), where T} and T; are the parallel and
perpendicular electron temperature relative to the magnetic field. This
fnstabi]ity is also stabilized by the presence of a cold-electron compo-
ncnt which has an isotropic temperature. This instability was artificially
excited by radiating a short microwave pulse into the plasma and then
observed by scanning across magnetic field lines with an anteﬁna sensitive
to circularly polarized electromagnetic waves [54]. The instability was

observed to drive the hot electrons into the mirror loss cone within a

few microseconds.
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3. MICROWAVE HEATING EXPERIMENTS

3.1. MICROWAVE HEATING IN MAGNETIC MIRROR GEOMETRY

Experimental results from plasmas generated by ECH in both simple
and min-B mirror machines have been extensively reported in the past and
therefore are not discussed in detail here. These plasmas are character-
ized by rather low density and cold ions. Because of the low density,
the collisijonal energy transfer time is 1ongér than the confinement
time, so that ECH in magnetic mirrors usually results in the generation
of energetic electrons with an average kinetic energy of several hundred
kiloelectron volts or more. The plasma beta can be on the order of 50%
so the electrons can be internally stabilized against flutes by their
self-generated min-B configuration as long as the surface is stabilized
by cold plasma [56,58]. Because these energetic electrons are highly
anisotropic in velocity space, they are trapped in the midplane of the
magnetic mirrors and form very high beta plasma rings [6,7]. Further-
more, this ring-shaped structure encompasses the constant mod-B surface
at w = che [8-10,16-17]. This shell structure ié a peculiar but common
feature of m1crowave-produced hot electron plasmas in simple mirror
traps, where the microwave field is strongly coupled to harmonics of the
relativistic electrons. The EBT concept employs such high 8 rings for
macroscopic stabilization.

It has also been experimentally observed [53] that the application
of microwave power at frequencies above and below w__ can have useful

ce

plasma heating effects. In the lower frequency case, w < w the

ce’
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electrons primarily gain V”-(re1ative to the magnetic field), and in the
figher frequency case they gain V;' Such heating considerations can
provide control of the electron pitch angle distributions in some

confinement configurations.

3.2. RECENT MICROWAVE HEATING RESULTS IN TOKAMAKS

Microwave heating of tokamak plasmas has been studied in several of the
smaller Soviet tokamaks, notably Tuman-2 [28,60],. TM-3 [19-20,23,28,61], and

FT-1 [59]. Figure 2(c) illustrates the available ECH geometries accessible in

tokamaks. In a smooth low B torus, the mod-B surfaces are cylindrical and
concentric with the major torus axis. The result of heating on a particular
mod-B surface is also shown in Fig. 2(c), where the intersection of this
surface with the poloidal motion of the plasma can result in either sHe]]
or volume heating as a matter of choice. Because ECH could be used in
tokamaks to change the conductivity of the outer shell of the plasma, a
short, high power ECH pulse might be used to modify the initial current
profiles to control the spatial distribution of the poloidal field and
thereby raise the B threshold for some instabilities.

It is interesting to compare the results of these two tokamak
experiments. In Tuman-2, the plasma parameters are R = 40 cm, a = 10

H-3 X 1013 cm'3

cm, B = 2-5 kG, n = 5 x 10 , and T, = 3-30 eV, where R

and a are the major and minor radius of the toroidal plasma, respectively.
The plasma is heated by a 9-GHz microwave pulse of 300-usec duration at
50 kW. It is reasoned that the 1inear transformation of microwaves into

slow plasma. waves at the upper hybrid resonance is the heating mechanism.
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In TM-3, the plasma parameters are R = 40 cm, a = 8 cm, B = 5-25

kG, n = 3-10 x 10'% cm™3

, and Te‘= 200-400 eV. Microwave heating is
effected by a 50-kW pulse at 30 GHz of 500-usec duration. Power is
injected into the plasma through a window in the chamber directly con-
nected to a circular waveguide of 3-cm diameter. The level of reflected
power throughout the entire range of discharge conditions is reported

not to exceed 10% of the introduced power. According to Golant [28],
effective absorptiqn of the microwave energy was observed at the upper
hybrid resonance; however, at higher electron temperatures, more effective
heating was observed at w = Wea and w = che' According to Alikaev

[61], the heating in TM-3 resulted in electron temperature increases of
as much as 150 eV and in a Bp of n2.2. He claims, however, that although

heating is observed at w 2 w, no evidence of heating was observed at the

upper hybrid resonance. It was also reported that at w g,zwc, the micro-

wave power is mainly absorbed by runaway electrons with no ion heating.
Golant ascribes the heating mechanism to the linear transformation of
electromagnetic waves into slow longitudinal waves at the upper hybrid
resonance region. Alikaev, on the other hand, asserts the heating to be
simply due to linear cyclotron damping at w = SWegs i.e., conventional
electron-cyclotron heating. The difference in interpretation is probably
due to the difference in electron temperatures. At reldlively low tem
peratures (in the experiments on Tuman-2) direct cyclotron absorption is

weak for one wave transit and the probable dominant process is the absorption
of a longitudinal wave resulting from a transformation in the vicinity

of the upper hybrid resonance. At higher temperatures (as is typical of
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most TM-3 experiments) cyclotron absorption is large in one pass of an
extraordinary wave, accounting for the observed heating.

In any event, electron-cyclotron heating generally resuited in an
increase in electron temperature and was observéd to lead to an increase
in the conductivity of the plasma, resulting also in an increase in
current when ohmic heating voltage was kept constant [28,60]. For con-
stant current, the observed increase in voltage on the circumference of
the plasma column was interpreted to be due to the displacement of the
plasma column. The increase of the diamagnetic signal upon application
of ECH is interpreted to be due both to an increase in electron temperature
and also to a slight increase in plasma density [60-61].

The most desired result from ECH experiments would be for the
microwave power to be absorbed by the bulk plasma rather than a small
group of runaway electrons, accompanied also by an increase in energy
confinement time with increasing electron temperature, perhaps realizing

Bp = 2.2 without major instabilities or a loss of plasma equilibrium

[61].

These measurements of diamagnetism and plasma conductivity have
made it possible to estimate the effectiveness of tokamak ECH. For
optimum conditions, the ratio of the microwave power deposited in the
bulk plasma to the microwave output reaches 50%. The power loss is
considered to be due either to the dissipation of the wave energy in the
plasma periphery where the energy confinement time is shorter, or to the

attenuation of the wave in the opaque region.
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Electron-cyclotron heating of tokamak plasmas to date indicates
the attractiveness of using high power microwaves in these plasma
devices. It should be noted, however, that the experiments have only
been conducted in small-scale devices, like Tuman-2 and TM-3, with

comparatively short energy confinement times.

3.3. MICROWAVE HEATING IN THE ELMO BUMPY TORUS

3.3.1. The ELMO Bumpy Torus (EBT) Experiment

The ELMO Bumpy Torus, which is sketched in Fig. 3, is somewhat
unusual in that the plasma is produced, heated, and stabilized by
electron-cyclotron heating at microwave frequéncies of 18 GHz and 10.6
GHz [cf. Fig. 2(b)]. It has been known for more than twenty years [62,
65] that a plasma can be confined in a periodic, spatially modulated,
toroidal magnetic field, the so-called bumpy torus. However, this
configuration has received very limited attention, primarily because of
anticipated MHD instabilities [62].

The ELMO Bumpy Torus (EBT) consists of 24 connected mirrors with a
2:1 mirror ratio. The major radius is 150 cm and the minor radius at the

mirror midplane is 25 cm.

The following are typical EBT machine parameters.

Magnetic field (maximum) 5 kG (midplane)-10 kG (mirror)
Magnetic ficld power 6 M

Plasma volume 500 liters

Major radius 150 cm

Average aspect ratio 10:1

60 kW cw maximum at 18 GHz

Microwave power sources { 30 kW cw maximum at 10.6 GHz
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The EBT experiment is designed to circumvent the MHD instability
problem by using the high B properties of hot electron plasmas observed
in the microwave-heated, open-ended magnetic mirror experiments throughout
the preceding decade [1-5,16-17,63-64]. Experiments carried out in EBT-I
[16-17] during the past five years have demonstrated the effectiveness
of ECH in toroidal geometry and have supported the validity of the basic
EBT premise: that plasma currents produced by the high B, hot electron

annuli could provide a plasma equilibrium in a bumpy torus.

3.3.2. Electron-Cyclotron Heating in EBT

Microwave heating in EBT is concentrated on the electron-cyclotron
resonant surfaces. Microwave power is coupled to the plasma in the ordinary
wave mode from the opening of the hybrid coupler at the midplane of the
inside-wall of each cavity. As is apparent from Fig. 2(b), the cyclotron
resonance surface in EBT is well separated from the extraordinary mode by
the cyclotron cutoff. Because of the corrugated nature of the toroidal field
and the consequent field nonuniformity, plasmas are gencrated at the funda-
mental resonance surface and the second harmonic cyclotron resonance is
mainly responsible for the generation of the energetic electrons resulting
in the high B annuli, which is also called the hot electron ring.

In a number of ECH experiments, we have observed the microwave power
illuminating the plasma to be absorbed with an efficiency approaching 100%.
One such measurement of ECH coupling efficiency has been made in EBT using
identical microwave Taunch and measurement circuits. The power attenuation
factors in Fig. 4 are for the coupled power outputs of cavity N3, in which

the power is Taunched, and two other mirror cavities, E4 and S4; five and
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nine cavities were removed respectively from the launch cavity. The
presence of plasma reduces the power out of N5 by a factor of 50 and
reduces the power out of E4 and S4 each by about a factor of 104, showing
the extremely high absorptivity in the electron-cyclotron resonant plasma.
Incidentally, similar-measurements employing perr sources whose microwave
frequency (55 GHz) was greater than the electron-cyclotron frequency
everywhere in the volume showed very little attenuation by the cold
plasma.

In contrast to bulk héatihg, experimental data showing the highly
localized second harmonic coupling to the high g ring electrons are
illustrated in Fig. 5. As the magnetic field current is increased, the
second harmonic resonance (with the bulk 18-GHz heating frequency) is
observed to move radially outward as shown by the measured field values
on the solid curve. The horizontal dashes are the experimentally deter-
mined positions of the annuli for each field value. These data, taken by
drift surface Timiting skimmer probes and diamagnetic flux integrators,

are in good agreement with the second harmonic heating premise.

3.3.3. MHD Stability

Stability of the toroidal plasma component in EBT depends on the
diamagnetism of the hot electron annulus which transforms part of the
bumpy torus volume into an average min-B configuration. The toroidal
core would otherwise be subject to simple interchange modes, shown by
Kadomtsev [65] to be unstable in a scalar pressure closed-line torus
with monotonically increasing_fdQ/B. However, theory predicts that a

hot electron component with B in excess of about 7% should reverse the
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Tocal gradient in the magnetic field intensity, thus satisfying Kadomtsev's
criterion for stability. Furthermore, there is now experimental evidence
to suggest that a critical value of B in the annulus (on the order of 7%)
separates quiet from fluctuating modes of operation, which will be
discussed later.

In normal EBT operation, the B of the hot electron annuli can be
sufficiently high (20-40%) that another class of macroscopic instabilities,
like pressure-driven ba]]boning modes, becomes energetically possible. The

stability criterion for a bumpy cylinder may be given by [66]

2
3, 3p op
K amB "4 ey 2
<F§81p Y oy aw> +<‘aw AR (10)

which is roughly equivalent to the condition satisfied by the hot electron

annuli in order that it reverse the radial magnetic field gradient.
This criterion has a number ot rather general implications for stability
of the annuli.

In Eq. (10), the $da/B average is denoted by (...), where ¢ is a

flux function, the field curvature is

> > >
> _12 (vxB) x B
K_§v18+—l32— s (11)
and the mirror stability criterion is t > 0, where

apl
= - (12)

| —

T=1+
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Guiding center analysis would suggest that the most important
macroscopic modes are the pressure-driven ballooning modes; however,
this theory is not applicable to the hot electron annuli in which the
electron Larmor radii are large and drift frequencies exceed the ion-
cyclotron frequency. A more correct, but geometrically simplified,
Vlasov analysis showed that the annuli are stabilized by the high drift
frequency of the electrons [56].

Guiding center and MHD analyses do apply to the toroidal core
because the lower temperature components have much smaller gyroradii.
Preliminary results demonstrate that the toroidal B in the present
experiment is not limited by instabilities. The germane stability
analysis suggests that the 8 in the toroidal core can be comparable to
the B in the annuli and the toroidal plasma still be stable within the

MHD framework.

3.3.4. Particle Confinement and Equilibrium.

Although a bumpy torus magnetic field produced by line currents
provides absolute confinement of single particles [67], such a field
must practically be produced by coils with finite current densities
outside vacuum walls, so that the guiding center drift motion then
leads some particles directly to the chamber walls. Even in the ideal
case, some particles have crescent-shaped drift orbits which do close
within the vacuum chamber, but are expected to yield more rapid spatial
dissusion and heat conductivity than circular drifl orbils. Thus, the
confinement properties of an experimental bumpy torus are influenced
significantly by the guiding center drift orbits of the individual

plasma particles.
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These drift orbits are themselves modified by plasma diamagnetism
which alters the magnetic field gradients and also by any static or low
frequency electric fields which may arise to ensure quasi-neutrality
through ambipolar diffusion of ions and electrons. Turbulence is also
neglected in this analysis.

In the bumpy torus, the particle guiding centers drift about the
ring axis with an angular velocity, @, determined by the curvature,
field gradients, and radial electric field. Superimposed on this is a

perpendicular toroidal drift velocity, v_, caused by the toroidal curva-

0
ture. Both @ and v, are functions of the pitch angle, the particle
velocity, and the particle energy. Collisions between particles cause
the pitch angle to change; hence { and Vo change, causing the guiding
center orbits to change. This results in a radial diffusion of particles.

From the linearized kinetic equation, the diffusion coefficient as

given by Kovrizhnykh [68] is:

D=vi e, (13)
where

=1
Yo = BeR (14)
v is an effective collision frequency, and R is the average toroidal
curvature, which is approximately equal to the major radius of the

torus. The plasma confinement time is then given by

2 ' .
51) v for v>> @2 [collisional], and {15a)
0

2
(‘%) v_] ~for v << Q [collisionless] (15b)

-t
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where a is approximately equal to the minor radius. It is interesting
that, in the collisionless case, the particle confinement time is (R/a)2

times longer than the classical mirror confinement time.

3.3.5. EBT Plasma Modes

Depending on the applied microwave power level and the ambient
neutral gas pressure, any one of three distinct, reproducible modes of
operation may be measured by a microwave interferomefer at 75 GHz along
the plasma diameter, 2. These modes are clearly distinguished by the
density fluctuation level, Ang; the stored energy in the stabilizing
rings, NL; and the ambipolar space potential, V.

At the highest pressures, the plasma temperature and the ring
energy (B) is low. Ambipolar potentials are small and generally posi-
tive with respect to the cavity wall. No gross instabilities are seen,
but lTow amplitude fluctuations in density are observed in frequency
ranges suggestive of drift wave phenomena. This regime, called the "C-

mode," is easily distinguishable by the large amplitude, density fluc-
tuations observed on the microwave interferomefer. In the C-mode, most
of the microwave power is dissipated in generating a cold plasma in
which the electron energy relaxation is so rapid that very few hot
electrons are generated. In this case, the particle transport is better

described by a phenomenological diffusion coefficient which is given by

Yoshikawa [69] as

kT 2 :
e |N ,
D N EE ‘Hl sina : (16)

v
where n is the fluctuating part of the density and o is the phase

difference between the density and potential fluctuations.
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At lower pressures, the stabilizing ring stored energy, HL, increases

significantly and the fluctuation amplitude as a function of the hot

electron ring B drops to very low values é%%

Fig. 6. In this regime both the toroidal and annular p1asma components

<3 x 1073 , as shown in

are free from gross -instabilities and the bulk electron and ion tempera-
tures rise by more than an order of magnitude. A positive space potential
of several hundred volts is measured at the high g rings with recent
measurements [70] showing a negative potential well in the interior of
the plasma. This regime is called the "T-mode."

At still lower pressures, the plasma undergoes an abrupt transition
in which the stored energy increases to 8 > 0.5, the floating potential
at the plasma edge becomes very large and negative, and measured values
have exceeded 104 V. Although the annular, mirror-confined component
appears to remain free of gross instabilities, the Tow density toroidal
component supports large amplitude fluctuations. This regime is called
the "M-mode." Although we shall be mainly interested in the T-mode, the
M modc, with its high energy density and large eleclric lields, would be
an interesting plasma to study.

The transition between the C-mode and the T-mode is observed experi-
mentally to be a function of the neutral gas pressure and the microwave
power input,

log p, = a; log P —by (17)

where Po is the ambient hydrogen pressure and P is the toroidal microwave
power input. The critical g at the C-T transition for the relevant machine

parameters was estimated to be 7% in reasonable agreement with the theory
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discussed earlier. 'The hot electron annulus is observed to form a
narrow belt in the midplane; its radial location determined by the
location of the fundamental of the profile heating frequency as well
as the second cyclotron harmonic resonance of the bulk heating
frequency.

It must be kept in mind that outside the hot electron annulus
where the stability condition [Eq. (10)] fs not satisfied, the plasma
is dilute, cold, and unstable. Therefore, the density profile in the
T-mode is steep near the hot electron annulus and rathér flat inside.
This is also confirmed by the existence of localized drift waves on
the surface of the plasma column, as well as by the distribution of
the Ha-line intensity detected by a scanning mirror across the plasma
cross section. The diameter of the well-confined plasma was determined
typically to be 20 cm when the magnetic field intensity on the axis of
the midplane is 5 kG.

As the neutral gas pressure is decreased the energy stored in the
hot electron annulus increases, and the average values of the plasma
~ parameters indicate improved confinement and heating. Ultimately,
however, as a critical pressure is approached, the plasma undergoes
the abrupt transition into the turbulent M-mode.

Experimentally, the critical pressure for the T-mode transition is
found as a function of the microwave power input, siﬁi]ar to the critical

condition for the C-T transition,
log p, = a, Tog P — b, . (18)

For the T-M transition, the critical pressure for an input power of

50 kW was observed to be 5 x 1076 Torr.
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3.3.6. Plasma Parameters and Measurements

For obvious reasons, the T-mode is the maiﬁ regime of interest for
study of the dependence of plasma temperature on various machine and
control parameters. |

Thomson scattering of laser 1ight gave a direct spatial measurement
of electron energy, but for typical EBT densities the intensity of the
scattered 1asér radiation was marginally detectable. Howevgr, steady-
state experimental operation allowed data from muitiple laser pulses to
be accumulated and electron temperatures of 130 to 200 eV were measured
when using low microwave power heating (20 kil).

The Tinear density of electrons as measured by the 70-GHz microwave
interferometer gives (ng) ~ 3 x 10'3 em3.

X-ray spectroscopy has long been one of the standard measurement
techniques for microwave-heated, hot electron plasmas, because brems-
strahlung spectra observed using this technique give details of the
energy distribution over the range of 1 keV to several MeV. Soft x-ray
bremsstrahlung measurements have also been used to obtain fhe bulk
electron temperatures ranging from 100 to 400 eV.

Charge-exchange neutrals have an energy spectrum showing typical
bulk temperatures of 30 to 90 eV. Observations in the T-M transition
show the spatially averaged, ion energy distribution to consist of two
components: a thermal (Maxwellian) distribution with average energy of
about 100 eV and a high energy group several hundred eV, which is also
Maxwellian. Since this transitional region has been little studied,

these energetic ion tails are not yet understood.
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To summarize the plasma parameters in the T-mode: ne(toroidal) N
1-3 x 10'%/cn3; T _(toroidal) ~ 50-300 eV; T, (toroidal) ~ 30-100 eVs
ne(annu1us) v 1-4 x 101]/cm3; Te(annulus) v 250 keV; annulus beta
0.1 X B £ 0.4. One set of toroidal plasma parameters deducible from our
present diagnostic system, including estimates of microwave power dissipated
in circuitry, surface plasmas, and ring plasmas gives an estimated
toroidal energy confinement time of 7 msec, a value in reasonable agree-
ment with both the measured and calculated particle confinement times of
15-30 milliseconds. A comparison of this energy confinement time with
both neoclassical transport and with Bohm is shown in Fig. 7, in fairly
good agreement with Eq. (15b). It should also be mentjoned that EBT, as
a consequence of the open outer drift surfaces and the ambipolar electric
field on the ring plasma surface, exhibits high plasma purity. Field
error studies showed an interesting behavior but no perceptible difficulties

with magnetic field errors or convective cells.

3.3.7. Other Microwave Heated Bumpy Tori

The ELMO Bumpy Torus-I became EBT-S with the addition of more than 50
kW of 28-GHz power in June 1978, thus permitting bulk densities higher than
4 x 10'2 em™3,

The Nagoya Bumpy Torus of the Institute of Plasma Physics, Nagoya
University, started its operation at a similar power level and scale during
1978.

On the basis of these studies, EBT-II was conceived as a 30- to 60-kG
superconducting, 48-coil, bumpy torus heated by 2.4 MW of millimeter
microwave power to keV temperatures at densities of 5 x 10]3 cm'3, The
design base used a 5-meter major radius with a 30:1 aspect ratio. This

experimental facility is expected to come into operation in the early

1980s.
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3.3.8. EBT as a Reactor

The experimental results from EBT have motivated a consideration of
the EBT concept as the basis for a potential reactor [71]. A large,
power-producing EBT reactor system might be especially attractive because
of the possibility of steady-state operation at high plasma pressure.

Assuming neoclassical collisionless confinement, it is not surprising
that no fundamental difficulties have been found in extrapolating con-
ceptual EBT designs to intermediate power reactors in the 500-MW to
2000-MW range. The additional assumption of adequate microwave power
sources at a frequency of 110 GHz, although judged possible, is certainly
not trivial.

From the nuclear engineering point of view, the large aspect ratio
inherent in the EBT concept eases the accessibility problems encountered
in most other toroidal device designs. Microwave heating of the EBT
plasma has proved to be very effective experimentally, and design studies
of larger devices, even up to the reactor size level, indicate that, in

principle, this heating method offers many advantages.



37

4. TECHNOLOGICAL APPLICATION OF MICROWAVE HEATING

4.1. GENERAL CONSIDERATIONS

As evident from the previous discussions, the formation and heating
of fusijon plasmas by application of microwave power at the electron-
cyclotron frequency is an efficient technique not only when used alone
as in EBT [16-17], but also when used in combination with other heating
methods [10]. Although the method is, in principle, applicable to
almost any fusion device utilizing magnetic confinement, a significant
technological constraint on extension of the method currently lies in
the limited availability of suitable high power microwave sources at
frequencies appropriate to resonant'magnetic fields of several tens of
kilogauss. The advantages of ECH are sufficiently great, however, to
warrant a significant development effort to overcome present microwave
power source limitations. Such efforts are now under way in both the
U.S.A. and the Soviet Union.

An often understated advantage of ECH is the relative ease with
which the power input to the plasma may be controlled over a wide range.
ECH systems employing either single or multiple rf amplifier output
devices can be simply provided with smooth, infinite resolution control
over rf power output by control of drive power at a Tow rf level. The
rf power output of systems employing oscillator output devices may be
controlled by variation of supply voltages. Negative feedback may be
employed to control and stabilize fhe output of either device type by
applying a signal proportional to rf output to an appropriate control

electrode (e.g., the accelerating anode of the electron gun). Power
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level as a function-of time may thus be varied or maintained with almost
any desired degree of precision. Rf bandwidths ranging upward from tens
of megahertz provide additional options for application of feedback,
including stabilization and programming of plasma parameters, with
almost any required speéd of response. Capability for both extreme
flexibility and high reliability can thus be provided by appropriate
design.

Waveguide transmission systems are generally employed for ECH
applications. Dominant modé waveguide is useful for transmissioﬁ at
multikilowatt levels in the frequency range below 35 GHz. However, due
to considerations of ohmic losses and voltage hreakdown, oversized
waveguides capable of supporting multiple electromagnetic propagating
modes are required for high power transmission in the millimeter wave-
length region. Efficient transmission in such multimode systems re-
quires careful dgsign to minimize IZR propagation losses associated with
"spurious" higher order modes and especially to minimize losses associ-
ated with energy storage of such modes. ECH systems constraiils dre
fortunately well-suited to minimize the latter effect because the wave-

guide cross section normally need not be constricted at its entry to the

fusion device. Bends may be incorporated in waveguide transmission
systems, permitting flexibility in the location of rf sources relative
to the fusion device. Usc of the low loss HOn family of circular elec-
tric modes is especially attractive in the millimeter wavelength region
because of efficiency and power handling considerations. Although
hollow metallic waveguides have inherent self-shielding advantages, free
space transmission of millimeter wave power for ECH is also a viable

alternative in cases where imperfect shielding may be tolerated [72].
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Waveguide vacuum window availability has formerly presented few
problems in ECH systems, since window designs used on microwave output
tubes are generally applicable for use at equivalent power levels on the
fusion deviég. As an alternative, completely windowless systems employ-
ing fast acting vacuum valves in the waveguide system are considered
feasible for future applications requiring very high power and short
wavelength if the realizability of waveqguide vacuum windows should
become a basic limitation. In general, however, the use of wavegquide
vacuum windows is highly desirable because the manufacture and appli-
cationlof microwave tubeé are thereby simplified and because differ-
ential vacuum pumping requirements common to some other plasma heating
methods are thereby eliminated. Window location is flexible in ECH
systems because the window may be 1oéated at an-arbitrary distance from
the wall of the fusion device and may be readily shielded from plasma
bombardment by interposing waveguide bends. A complication arises when
the waveguide itself must pass through a magnetic field region where
W = W (as in the case of a min-B). In order to prevent breakdown and

arcing in such regions, the waveguide vacuum window has been located in

the strong field region where y < Wees thereby maintaining pressurized
waveqguide operation through the spurious electron-cyclotron resonance
region.

Acceptable impedance matching of ECH transmission systems to fusion
devices may be readily achieved., Because the physical dimensions of
fusion devices are much greater than A and due to the efficient power
absorption and resulting low Qeff of fusion devices in normal ECH oper-

ation where u > Whe matching considerations are greatly simplified. A
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power density of &b kW/cm2 per port has been routinely employed. An
increase of an order of magnitude or more, up to the operating limit of
the waveguide, is considered possible, barring adverse near-field effects.
Simultaneous application of ECH power through multiple entry ports and
from multiple power output devices is not only feasible, but also gener-
ally desirable, due both to increased versatility in heating distribution
and to the enhanced reliability attained through redundancy. Application
of ECH power at multiple frequencies for the purpose of simultaneously
heating several regions of the device is also accomplished routinely. A
distinct advantage of ECH over éome other plasma heating methods is that-
individual port openings need be no larger than the waveguide cross
section. Interactive coupling between ports is minimal due to the Tow
Qeff and the large ratio of total wall area to port area. ECH systems
have demonstrated very low sensitivity to changing plasima conditions
when operated under normal conditions of w > wpe‘

Pcrhaps the most allractive advantage of ECH Ties in the high
effi;iency with which microwave energy is transferred to the plasma.
High efficiency of energy transfer is ensured by the large absorption
coefficient of plasmas at electron-cyclotron resonance and by minimizing
losses in the coupling system, Since hnth microwave transmission lines
and dc power supplies may be made very efficient, the attainable overall
efficiency of conversion of line power to plasma heating is limited
primarily by the dc-to-rf conversion efficiency of the high power micro-
wave tubes. This efficiency factor, and thus the overall system effi-

ciency, can range upward from 30% in utilization of 1ine power for
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plasma heating. Overall ECH system efficiency may therefore be made
competitive with, if not superior to, that obtainable with other plasma

heating methods.

4.2. PLASMA COUPLING METHODS

A fundamental consideration in power transmission in all rf systems
is that of impedance matching. In addition to providing for maximum
power transfer (i.e., maximum efficiency), impedance matching is jmpor-
tant in high power systems for prevention of adverse effects of reflected
power upon the rf power source and waveguide transmission‘system compo-
nents, e.g., overheating, arcing, and voltage breakdown. Due to the
time-varying quality of plasmas, which ultimately constitute the rf load
in ECH systems, classical methods of impedance matching, using networks
of passive elements, are very difficult to apply. It is therefore
necessary to resort to empirical methods. Even though the plasma is
enclosed by a chamber having walls which are highly reflective at microwave
frequencies (i.e., walls of high electrical conductivity and with suitable
precautions against microwave leakage from joints or openings), one can
minimize local plasma coupling in the near-field of the waveguide coupling
aperture and thereby achieve high efficiency coupling to the plasma with
low reflections over a wide range of plasma conditions.

In the manner described in Section 3, ECH power which is fed into
the plasma chamber undergoes multiple Tow loss reflections with accom-
panying changes in polarization and direction. The Qo of the plasma
chamber without the plasma present is therefore very large. However,

with magnetic field surfaces at electron-cyclotron resonance present in
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the chamber, the extraordinary wave is heavily damped by absorption
during its transit through a resonance region. Because polarization and
directional changes accompany successive reflections (resulting in
reflected waves comprising both ordinary and extraordinary waves), the
total input wave is soon converted to extraordinary waves and is rapidly
damped by coupling to the plasma. The resulting loaded Q of the chamber
is then very low. Tﬁe overall action may be visualized by.comparing it
to that attained by coupling to a lossy dielectric medium which par-
tially fills and is enclosed by a large multimode cavity. :Input power is dis-'
sipated in the dielectric medium with high efficiency and with little
variation due to size, shape, or location of the medium within the
cavity so long as local interaction with the inéident wave in the near-
field of the coupling aperture i1s small. In a similar way, coupling of
ECH power to the plasma is relatively unaffected by the shape or exact
lucation of cyclotron resonant mod-B magnetic field surfaces, as long as
these surfaces lie outside the near-field of the coupling aperture.

An important additional step in minimizing near-field fnteraction
between the coupling aperture and the plasma is attained by orienting
the input waveguide with EJIB such that the ordinary wave is preferentially
launched into the chamber. Because the ordinary wave propagates readily
through the plasma under normal conditions of ¢ > Wpe? near-field inter-
action is minimized and significant plasma coupling occurs only after
subsequent reflection from the chamber walls in the manner previously
described. From the standpoint of the microwave transmission system,
the advantage of launching with EJIB is a significant reduction in reflected

power and resulting standing waves over a very wide range of plasma
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conditions. An additional advantage (though perhaps a less obvious one)
of this launch polarization is that ECH power is distributed more uni-
formly throughout the cavity, resulting in more uniform heating througH-
out the plasma volume.

Because the effective loaded Q of the ECH multimode cavity is very
low under normal conditions where u > Wpa the impedance presented to
the input wave is nearly equal to the impedance of free space. Imped-
ance matching considerations for design of the coupling aperture are
then similar to those for a radiating antenna. The simplest such apér-
ture suitable for high power use is an open-ended waveguide terminating
flush with the interior wall of the cavity. Such an aperture, used as
an antenna in dominant mode waveguide, presents an impedance mismatch
resulting in VSWR of ~1.8:1 [73]. A considerably lower VSWR may be
attained by using an oversized waveguide or by flaring the waveguide
walls, as in a horn antenna, and thereby utilizing a larger aperture. A
widely used and beneficial method of coupling from dominant mode wave-
guide employs quadrature-type waveguide hybrid junctions terminating in
two idenfica] radiating apertures at the cavity wall, as described in
Ref. [74]. 1In this method, the combination of network properties of the
hybrid junction and physically symmetrical connection of the output
ports is used to produce high order cancellation of mismatch'effects
causgd by discontinuities and some cancellation of m%smatch effects
caused by near-field interaction with the plasma. Additional decoupling
from near-field effects is obtained by orienting the feed with EIB as

described above. As an example of the effectiveness of this method, an
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average VSWR of <1.4:1 and a peak VSWR of <2.0:1 have been observed on
EBT-I for all of the 48 feeds associated with both ECH systems over the
full range of power input under normal conditions.

Acceptable impedance matching has been obtained in the millimeter
wave region by terminating the oversized waveguide flush with the inte-
rior surface of the cavity. The complex electromagnetic field patterns
associated with higher mode propagation in such multimode transmission
1ines obviously do not permit launching of the ordinary wave with high
purity. The wave which is Taunched is in general, however, a combina-
tion of ordinary and extraordinary waves resulting in greatly reduced
sensitivity to near-field effects as compared to the case where the
extraordinary wave is launched from dominant mode waveguide with EiB.

Due to efficient absorption and to plasma shielding effects,
microwave power fed into one mirror confinement region of EBT does not
readily propagate into adjacent regions. It has accordingly been nec-.
e3sary to provide a discrete ECH input to each of the 24 mirror con-
finement regions. This is necessary in order to form and maintain the
high B, hot electron annuli upon which stability depends, as well as to
provide uniform heating of the entire volume. This has necessitated the
use of a complex dpminant mode waveguide power division network to
derive 24 inputs of equal level from no greater than fodr output tubes
in each power source. Such an arrangement affords great flexibility and
permits precise control over individual input levels for diagnostic
purposes. Such networks are difficult to realize in multimode trans-
mission systems, however, due to the problem of achieving the necessary

components and to the sheer bulk of such an apparatus.
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An alternative approach, which is being pursued in connection with
EBT-S and future systems, is to combine all or several mirror confinemeht
regions of the bumpy torus into a single multimode cavity. This may be
accomplished by connecting the desired number of confinement regions to
a large external reflecting chamber via identical oversized waveguides
entering along the minor radius. Figure 1 shows that no spurious cyclo-
tron resonant regions are invo]ved‘with this arrangement of entry, and
no such regions are likely to interfere in the external reflecting
chamber, because the magnetic fields everywhere outside the torus are
quite small. In this way, ECH power fed from the source into the
external reflecting chamber via oversized waveguide is coupled intp.
several regions simultaneously. Some degree of balance between power
inputs to individual regions is provided by the large Q0 of the reflect-
ing chamber and by symmetry in the connectionsi An additional degree of
balance and an increase in overall efficiency result because power
reflected from one region is available for absorption in another.
Additional control of power distribution may be obtained by the use of
irises or "stops" to limit power fed to a selected region or to remove
it entirely. Attractive passibilities exist for combining the functions
of the external ref]ecting'chamber with those of the external vacuum
manifold. This method may also be used to improve the uniformity of
plasma heating in other types of fusion devices through use of multiple

ECH power feeds.
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4.3. MICROWAVE POWER SOURCES

Applicable microwave device (tube) types for ECH microwave power
sources are generally Timited to those with basic suitability for con-
tinuous wave (cw) operation. Although pulsed applications exict in
tokamak heating as well as in other types of fusion devices, power
output durations of milliseconds or greater are usually réquired, and
such pulse durations exceed practical values of critical thermal time
constants for most millimeter wave dévices. Devices may be tailored
especially for such long pulse applications at low duty cycles by opti=
mization of thermal characteristics and use of pulsed power supplies.
The principal benefit in such cases is realized through reduction in
cost and complexity of power supplies, coo]ing systems, and associated
equipment.

Almost any high power cw microwave device capable of producing
power output at the required frequency can be used for ECH, providing
the application requirements for the device can be met. The output
stage of an ECH source may be made up of one or many similar devices,
Due to requirements for power supplies and auxiliary equipment., Towest
system cost and highest reliahility usually result when the device
having the grealesl puwer output at the required frequency is used, thus
minimizing the number of devices. Power output of sources utilizing
multiple output devices need not be combined into a single waveguide but
rather may be transmitted to the plasma device by separate waveguides
from each output device. Such an arrangement not only offers advantages
in reducing power handling problems in large systems, but also produces
more balanced excitation of the device through the use of multiple feed

points.
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Amplifier power output devices are preferred over oscillators
because of the simplicity and flexibility of power output control. The
power output of many amplifiers may be controlled simultaneously by
adjustment of a common low level drive power source. The power output
of oscillator devices must be controlled by variation of supply voltages.
In addition to these differences, the power output of an oscillator is
1ikely to be more sensitive to changes in output load impedance, depending
on the inherent degree of isolation of output load reflections from the
internal feedback péth. Aside froh these basic considerations, amplifiers
and oscillators are equally applicable %or use in ECH sources. Some
possibilities for use of external negative feedback for stabilization
and control were mentidned above. Some detailed considerations for ECH
power source protection and control and for high power transmission Tline
practice as applied to ECH systems are given in Ref. [74].

Countless cw devices suitable for ECH, developed for other applications,
are readily available in the lower frequency portion of the microwave
spectrum. Klystron amplifiers have been widely used at frequencies up
to 18 GHz, and cw magnetrons have been used at frequencies up to 9 GHz.
TWT amplifiers employing coupled cavity, slow wave structures have been
used for ECH at multikilowatt cw power output levels at frequencies up
to 55 GHz. Pulsed gyrotron oscillators operating in the millimeter
wavelength region have been used for ECH in the Soviet Union. A cw

gyrotron oscillator operating at 28 GHz is used on EBT-S.
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Projected requirements of ECH sources‘for future application in the
EBT program and for heating large tokamaks include multimegawatt cw
power levels at frequencies in the range of 100-150 GHz. Microwave
devices having power output capability consistent with these require-
ments are not presently available and are currentiy the object of intensive
development. The principal limitation in extension of power output
capability of devices at higher frequencies is that of power density in
the rf interaction structure, because the dimensions of such structures A
are proportional to wavelength. An additional 12R thermal burden propor-
-1/2

tional to A results from high frequency skin effect as frequency is

increased. Simple scaling therefore predicts power proportional to K5/2
for a given power density in the rf structure. This scaling relation-
ship is modified through increase in the axial dimensions of linear beam
rf structures wheﬁ relativistic beams are employed. Development of high
power cw millimeter wave devices for ECH is facilitated because many
traditional performance constraints ptaced upon communications tubes are
unimportant in the ECH application. Further benefit is derived from the
stationary nature of the application, which makes size, weight, and |
auxiliary equipment requirements of secondary importance.

The basic‘class of devices which presently nffers the greatest
promise for achieving ECH power source needs is the cyclotron resonance
maser (CRM), which was first described by Hirshfield and Wachtel [75].
The gyrotron osciTiator,‘a form of CRM, has been the object of intensive
investigation in the Soviet Union, The achievement by Zaytsev et al.

[76] of >10-kW cw power output from a gyrotron at A = 3 mm with an

efficiency of >30% is notable. Varian Associates in the U.S.A. is
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currently developing a 28-GHz gyrotron with the objective of 200-kW cw
output capébi]ity from a single device. The 28-GHz gyrotron is a Tow
frequency prototype for a later device to produce 200-kW cw output at
110 GHz. The 200-kW, 110-GHz device is intended as a basic building
block for future multimegawatt ECH sources in the U. S. A.'s fusion

energy effort.

4.4 EBT-I MICROWAVE HEATING SYSTEMS

The microwave heating systems used for plasma formation and ECH in
EBT-I [16-17] are briefly described. Basic specifications for the systems
are shown in Fig. 8. Two separéte microwave power sources are employed.
The primary resonant heating source produces power output up to 60 kW cw
at a frequency of 18 GHz. The power dutput of this source is divided >
into 24 equal parts which are distributed to the 24 regions of the
torus. The lower resonant heating source, used for profile heating,
produces power output up to 30 kW cw at 10.6 GHz, and also provides 24
outputs of equal level — one to each region of the torus.

A block diagfam of the 60-kW, 18-GHz primary resonant heating
source is shown in Fig. 9. This source is comprised of four type VA-
934A2 5-cavity cw klystron amplifiers as manufactured by Varian Associates,
Palo Alto, California, U.S.A. Each of these klystron amplifiers has

'aﬁo dB gain, is liquid cooled and magnetica11y'focused by an external
electromagnet; and requires a beam voltage supply of 21 kV at 3.2-A
capacity which is isolated from ground for monitoring of body current
intercepted by the rf structure. Drive power for the four klystron

amplifiers is derived from the output of a single reflex klystron
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oscillator, augmented by a small TWT amplifier, and is divided four ways
by a power divider network consisting of hybrid junctions. A single
master level control attenuator serves to control the drive power Tevel
and thus to control the output power 1e9e1 of all klystron amplifiers
simultaneously. Balance control attenuators are included at the input
of each klystron amplifier to compensate both for differences in power
gain between tubes and for differences in attenuation due to unequal
lengths of the input waveguides. The water cooled WR-62 dominant mode
waveguide output of each klystron amplifier is equipped with a reverse
power directional coupler and crystal detector for sensing power re-
flected by an arc in the waveguide system. Characteristically, cw
waveguide arcs propagate toward the power source and, unless promptly
extinguished, can destroy the output waveguide window of the tube. The
amplified output signal from the crystal detectar is used to activate a
crystal switch for removal of drive power from the tube, thereby extin-
guishing the arc within a few microseconds after it occurs. Simultaneous
activation of the beam supply crowbar by the crystal detector signal
provides redundant protection. In other systems, additional redundancy
js provided by activation of the protective circuitry through optical
sensing of the Tight produced by a waveguide arc.

The output waveguide of each klystron amplifier in Fig. 9 is
directed through a 4-port differential phasc shift ferrite circulator,
connected as a load isolator by installation of high power matched
terminations on appropriate ports. The circulator serves to isolate the
klystron amplifiers from the adverse effects of reflected power produced

by either load mismatch or waveguide arcs in the transmission system
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beyond. Protective circuitry activated by reflected power signals at
the circulator output provides additional arc protection. The output of
each circulator is fed to a 6-way power divider network made up of a
sidewall directional coupler and sidewall hybrid junctions. The six
equal outputs are then fed to six separate regions of EBT. 1In this
manner, the required 24 ECH power inputs to the torus are derived from
four output tubes. The possibilities for increased power capability by
addition of output tubes and alteration of the power divider networks
~are obvious. The design of the 30-kW cw, 10.6-GHz lower resonant heating
source is very similar, except that a total of three 10-kW cw klystron
amplifiers are used, with each amplifier feeding one-third of the torus
via an 8-way power divider network.

Each of the 24 primary ECH inputs to the EBT is provided with
control, monitoring, protective, and coupling circuitry as indicated in
Fig. 10. The relative level of input power fed to each region is inde-
pendently controllable over the full range from zero to maximum by a
ferrite variable power divider which functions as a remotely controlled
attenuator with a response time of =0.5 msec. Each ferrite attenuator
is equipped with a solid-state controller, which may be utilized either
with manually selected commands or in a closed loop system to provide
control of ECH power inputs to individual confinement regions.in re-
sponse to external signals. Actual ECH power input to each region is
monitored by a forward power directional coupler. A reverse power
directional coupler in each feed is used for sensing excessive reflected
power and the presence of possible waveguide arcs. These signals operate

an rf crystal switch through solid-state logic circuitry to remove the
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rf drive power from all klystron amplifiers within ~1 usec if an arc
occurs. The waveguide vacuum windows are A/2-thick alumina ceramic of
water cooled design similar to those employed in construction of the VA-
934A2 klystron amplifier. Sidewall hybrid junctions are used for impedance
matching and coupling in the manﬁer described in Ref. [74].

A comprehensive system of permissivé safety interlocks is incorporated
into each system to ensure against operation with improper cooling or
beam focusing conditions which would be hazardous for the klystron
amplifiers and transmission system components. Additional personnel
safety interlocks prevent entry into unsafe areas during operation.
Waveguides which operate at power levels greater than ~1 kW cw at 18 GHz
or =2 kw‘cw at 10.6 GHz are water cooled to limit temperature rise
resulting from 12R losses. This decfeases arcing tendency and improves
environment for equipment and personnel in close proximity. Waveguides
outside the vacuum system are pressurized to m]iatm with dry nitrogen.
This increases power handling capacity by increasing voltage breakdown
potential, prevents entry of moisture or foreign matter, and decreases
oxidation of interior surfaces which would result in increased attenua-
tion. Flange joints are lapped by hand tn ensure perfect mating of
surfaces, and no dielectric gaskets are used in their assembly. In this
way, by admitting the pressurizing gas through a limiting orifice, a
pressure switch interlock may be used to detect the presence of a loose
flange joint or damaged component and thereby prevent system operation.
In addition to reducing the probability of waveqguide arcs, this
.precaution aids in preventing inadvertent exposure of personnel to

microwave leakage radiation.



56

Very reliable operation has been experienced with the ECH systems
described. The principal design criteria were the provision of maximum
experimental flexibility and good operating reliability. Although
transmission efficiency was a secondary consideration, an overall rf
transmission efficiency of 72% has been measured for the 18-GHz system
which uses dominant mode waveguide throughout. The systems have under-
gone numerous evolutionary changes to conform to experimental need. Few
modifications were necessary for application as profile heating systems
in conjunction with thc EBT-$ 28-CHz primary ECH system. These systems
were not chosen for discus;ion because they are necessarily typical ECH
systems, but rather to illustrate some basic design considerations and
to provide an example of the manner in which ECH systems. may be tailored

to the specific needs of the associated plasma facility.

5. CONCLUSIONS

To summarize the status of ECH at this time, one could certainly
state that the effectiveness and flexibility of the method have been
amply demonstrated. However, future applications of ECH could greatly
benefit from the development of methods to self-consistently calculate
the microwave heating fields in plasma and the further development of
very high power millimeter wavelength microwave sources for heating in
magnetic fields of hundreds of kilogauss. For assistance and counsel,
the authors are very grateful to G. E. Guest, E. F. Jaeger, and the many

other people who have contributed to the subject of ECH.
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