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INTRODUCTION

The ELMO Bumpy Torus (EBT) device consists of 24 simple mirrcors joinad
end-to-end so as to form a closed field line torus. The mirror ratio in each
simple mirror sector is 1.9:1. The device is heated by fundamental and
second harmonic electron cyclotron resonance interaction. When operated at a
central midplane magnetic field of 5 kG and microwave power up to 60 kW at
18 GHz, the device is called EBT-I. When operated at a central midplane
magnetic field of 7.2 kG with microwave power up to 200 kW at 28 GHz, the
device is referred to as EBT-S.

For most of the time that EBT has been in operation the experimental
emphasis has been on confinement experiments and stability studies. Although
electron cyclotrca heating (ECH) is fundamental to EBT operation, it is
difficult to measure wave fields in the plasma, heating rates, or other
phenomena that give information directly about the wave physics. Hence, the
study of ECH on EBT began as a theoretical program whnse first cbjective was

to understand the gross features of microwave power flow and power deposition
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in each of the plasma components. This was accomplished by using ray

tracing /1,2/ techniques and by developing a zero-dimensional (0-D) wave
energy balance model that takes into account the many passes through the
?lasma and essentially random reflections which a typical ray makes before
being absorbed /3/. Over the last several years experiments have been per-
formed with simple microwave calorimeters that are in good agreement with the
power flow calculations for a wide variety of operating conditions /2/. Now
we report experimental results that directly test and calibrate some of the
assumptions of the power flow and absorption modeling. That is, the single-
pass wave power absorption by the hot electron rings has been measured, the
microwave losses to the EBT cavity walls have been measured, and the
essentially complete opacity of the fundamental resonance to extraordinary
mode waves propagating from the high-field side has been verified. 1In
section 1 of this paper we outline the general features of microwave propaga-
tion and absorption in EBT and describe the most recent experiments.

Recent experiments and theoretical results indicate that confinement
physics and heating physics in EBT devices are inextricably coupled. The
picture that had previously emerged can be summarized as follows. An annular
plasma of relativistic electrons (TA ~ 500 keV) forms in a region near where
the mod B contour for second harmonic resonance is tangent to a magnetic
field line (Fig. 1). This relativistic electron component is diagnosed by
hard X-ray detectors, synchrotron radiation, and diamagnetic loops. When the
stored energy in the annuli becomes sufficiently large, flute instabilities
associated with bad mirror curvature and plasma pressure are stabilized. It
has conventionally been assumed that the stabilization mechanism is the
formation of a radial magnetic well due to hot electron beta although other
processes have recently been proposed /4/. The plasma radially outside the
annuli, referred to as the surface plasma, is unstable and very poorly
confined. The plasma radially inside the annuli is called the core plasma
and is believed to be stable in the usual machine operating mode, the T-mode.
For a discussion of EBT operating modes see Ref. /5/. Measurements of core
plasma density using microwave interferometry and of core density and tempera-
ture using soft X-ray techniques at the mirror midplane indicated core
densities somewhat less than 10!2/cm3 and temperatures in the range 200 to
1200 eV in EBT-S, depending on microwave power and gas feed rate.

The temperature of the ''core' component was observed to scale with
decreasing collisionality in a way which strongly suggested classical ov

neoclassical confinement. In particular, for collisionless electrons the



simplist neoclassical theory of Kovrizhnykh /6/ for bumpy tori that predicts
; 3/2

an energy confinement time g that scales as g < Te /neF(RT, Rps Rps £),

where F is a function of RT = toroidal major radius, RB = magnetic field VB

scale length, RE = ambipolar electric field scale length, and 2 = plasma

radius. Assuming that a constant fraction f of the input microwave power Pp

is absorbed by the core plasma, the power balance can be expressed as

nTe - ni F(Rp, Rg» R, fl

In experiments for which the neutral gas flow was adjusted so as to maintain
constant plasma scale lengths, the quantity nz/'l‘(la/2 was indeed found to scale
linearly with Pu over a considerable range (Fig. 2). Also, the experimental
densities and electron temperatures were consistent with 1-D transport
modeling using more realistic transport coefficients and experimentally
observed ambipolar potentials /7/.

Recant experiments however have shown that the core plasma confinement
is considerably more complicated than is indicated by the midplane soft
X-ray measurements. Thomson scattering measurements indicate that the bulk
of the core density (50% to 90%) is composed of a collisional isotropic core
component with Te = 70-120 eV. Also, other recent experiments (mirror throat
soft X-ray, throat-launched microwave power, and power feed turnoff experi-
ments) demonstrate that the Te = 200-1200 eV component seen by the midplane
soft X-ray diagnostic is in fact a collisionless anisotropic hot tail. In
section 2 we describe some of these experiments and give a theoretical

interpretation of that data.

1. MICROWAVE POWER FLOW AND WAVE ABSORPTION

The microwaves in EBT-I (18 GHz) are injected from waveguides located at
the midplane of each mirror sector. The 28-GHz power for EBT-S operation is
distributed to each sector through a toroidal manifold which is fed by the
gyrotron and serves simultaneously as an overmoded waveguide distribution
system and a vacuum pumping manifold. In neither case is any directive or
polarizing antenna structure present.

Numerous theoretical studies undertaken to elucidate the role of propaga-

tion and absorption processes in EBT have led to a qualitative understanding

of ECH in EBT-1I/S:



(1) Because of strong gradients in B along field lines, any extraordinary mode
energy propagating from the high~field side of the fundamental resonance
is totally absorbed. This is true even for the low density surface
plasma.

(2) However, the extraordinary mode right-hand cutoff prevents extraordinary
mode energy launched near the mirror midplane from propagating directly
to the fundamental cyclotron resonance.

(3) The ordinary mode can propagate throughout the plasma, including the
high-field region.

(4) A rapid equilibration between ordinary and extraordinary modes occurs due
to mode conversion at wall reflection.

(5) The density and temperature of the core and surface plasmas in EBT-1/S
are sufficiently small that absorption of the ordinary mode is quite
small at both fundamental and second harmonic resonances.

(6) The extraordinary mode is moderately absorbed and the ordinary mode is

weakly absorbed by the hot electron annuli.

The picture that emerges is one of weakly damped rays making many transits
across the device, with wall reflections and repeated ordinary-extraordinary
mode conversions playing an important role in the ultimate energy deposition.
In order to deal with the complicated, essentially random nature of the wave
propagation after a few wall reflections, a simple 0-D power balance model
was developed that treated the sources, sinks, and conversion properties in a
globally averaged way. The plasma is divided into regions bounded by cavity
walls, resonant surfaces, or the.right-hand cutoff surface. It is assumed
that each mode propagates freely inside each region. At a wall boundary
surface the waves are totally reflected and partially converted to the other
mode. At a boundary surface in the plasma, waves can be reflected, partially
absorbed, and partially transmitted to the adjacert plasma region. The

power flux for each mode in each region is assumed to be isotropic in angle
and uniform in space. Details of the 0~D model are given in Refs. /2,3/.
Using this model we are able to estimate the wave energy densityv in each mcde
and the fraction of the total input power Pu which is absorbed by each
component. Using a combination of ray tracing calculations and the 0-D

model we estimate that of the total power launched into the device during
T-mode operation in EBT-S about 407 is deposited in the lossy surface plasma.
This is because the surface plasma covers more than half of the fundamental

resonance surface, and extraordinary mode energy is strongly absorbed there



even for comparatively small plasma density and temperature. Approximately
33% of Pu is deposited directly in the core plasma and about 28% goes to the
hot electron annuli.

The calculations of absorption by the annulus are carried out using a

relativistic form of Poynting's theorem /2,8/:

Here, s is the arc leng.n along a ray, § = Re[g* x {(n x E)] = Poynting's
vector, n = ck/w = real refractive index, and gH = Hermitian part of the
relativistic conductivity tensor. The real refractive index and the electric
field polarization eigenvectors are determined from the ray tracing code,
which uses the cold plasma dispersion relation. In calculating gH an

isotropic relativistic Maxwellian distribution function is assumed:

1 pnA pf + pf 1/2
F(p) = — — exp |-p{l + — ,
micd 4o (0) mlc?

where p = mecz/TA and K, (p) is the modified Bessel function. An arbitrary
number of cyclotron harmonics can be retained and all Bessel functions
containing finite Larmor radius effects are included without expansion. Now
measurements have been made of the single-pass microwave transmission through
the hot electron annuli.

The experiment involves transmitting a swept frequency (18~ to 26-GHz)
wave through the hot electron ring, across the EBT midplane, using a pair of
highly directive horns. Measurement of the difference in transmission
amplitude with and without the presence of a hot electron population allows a
determination of the ring absorption. The 18-GHz (EBT-I) system was used for
plasma heating because it allows the flexibility to turn a cavity feed off,
thereby reducing the ring density. Simultaneous hard X-ray and perpendicular
stored energy measurements were made of the rings to determine the ring
density and temperature for fed and unfed cavities.

Single-pass ring absorption was measured with the polarization of the
microwaves perpendicular and parallel to the magnetic field corresponding to
the extraordinary and ordinary modes of propagation. The measurements were
made at a pressure just above the T-M transition where the rings have a large

storad energy but remain stable. The ring temperature and density were also



measured with the hard X-ray diagnostic. Figure 3 shows the measured trans-
mission as a function of Irequency with and without a ring present. Note the
lower level of transmission with a ring present, indicating absorption. The
detailed structure apparent in the transmission signals is primarily due to
reflections, cf the cavity walls, of the horn radiation that is not coupled
in a single pass.

To calculate the fractional power absorption the two signals were
digitally subtracted and divided by the signal present without a ring. This
fraction decreases with frequency from about 12% at 18 GHz to abcut 5% at
26 GHz. The ray tracing calculations follow this downward trend but tend to
give somewhat higher absorption. The agreement is relatively good if one

takes the ring parameters to be n, = 1.2 X 1011/cm3, = 200 keV, but the

A TA

theoretical result is about a factor of 2 higher than the experiment if one
=1.7 x 10} /em3, T, = 120 keV.

A A

For the O-mode, no significant change in transmission was observed with

takes n

and without a ring present. The ray tracing code predicts a ring absorption
less than 17 for the O-mode consistent with the measurement. In addition,
the single-pass absorption was measured above the T-C transition pressure
with and without a heating microwave feed for both the 0- and X-modes. For
both modes no change in transmission was observed, indicating that changes in
the core or surface plasma caused by the lack of a microwave feed were not
responsible for the change in transmission observed at lower pressure. We
feel therefore that the agreement between the measured absorption and the ray
tracing calculations is quite good and that the ring power deposition pre-
dicted by the power balance model should be accurate to within a factor of 2.

Single-pass microwave absorption by the plasma in EBT is sufficiently
weak that the microwaves undergo multiple reflections from the cavity walls
before being absorbed. With each reflection some of the microwave energy is
dissipated in the aluminum cavity walls. A set of measurements was made to
determine this loss by measuring the power coupled out of a 3-in. port in one
of the cavities into a waterload microwave calorimeter. An intercavity
transport code was used to predict the power coupled to the calorimeter for
various cavity microwave feed configurations and losses due to microwave
absorbing diagnostic portholes as a funcrion of the single bounce wall loss
coefficient.

The data were obtained with the torus filled with nitrogen to atmospheric
pressure. The total microwave power fed to the torus was held to ~400 W.

The input microwave frequency was swept 25 MHz about the central 18-GHz



frequency in order to scramble standing wave modes, thereby spatially
averaging the power received by the calorimeter.

Various power feed and porthole loés configurations were used during the
measurement. Power was fed to the torus at different cavities or sets of
cavities to study the transport to the cavity with the calorimeter. A second
set of measurements was made after nine 4-in.-diam port covers were removed
to artifically increase the microwave lnsses. The transport code was used to
model the experimental results. It was found that a wall loss coefficient of
0.7% per wall bounce matched the data quite well.

To determine the power lost to the wall in the presence of a plasma the
0-D microwave power balance model was modified to include a wall loss
coefficient. For a wa.l loss coefficient of 0.77% the power balance model
predicts a total (multibounce) wall loss of V5% the input microwave power.
Thus, the wall losses can be considered an almost negligible microwave loss.

In order to improve the efficiency of core plasma heating, a program was
initiated to launch extraordinary mode power directly from the high magnetic
field side of the fundamental resonance. Calculations using the 0-D power
balance model predicted that improvement would be marginal unless two
constraints were satisfied: (1) that the power be beamed toward the plasma
center and (2) that the microwaves be highly polarized in the extraordinary
mode. To meet these requirements a high-power, linearly polarilzed, directive
launcher was developed /9/. The extraordinary mode is elliptically polarized
when propagating at an oblique angle to the magnetic field. In order to
launch the waves perpendicular to B such that the extraordinary mode is
linearly polarized, it was necessary to “snake" the launcher through the
fundamental resonance zone and launch back toward the resonant layer (Fig. 4).
In initial experiments, up to 24-kW net power from the high-field launcher was
delivered to the plasma. Preliminary experiments with a microwave calorimeter
located on the low-Iield side of the cavity into which the power was directed
indicate that virtually none of the throat-launched power penetrates to the
low magnetic field side when the launcher is indeed on the high-~field side of
the resonance. However, if the field strength is lowered such that the
resonance moves to a higher field than the launcher, very high power levels
are received by the calorimeter. We believe this indicates that the throat
launcher does indeed excite predominantly extraordinary mode and that the

extraordinary mode power is absorbed in a single pass through resonance.



2. RECENT RESULTS IN CORE HEATING AND CONFINEMENT

There have been a number of improvements in the Thomson scattering
diagnostic, resulting in an improved signal-to-noise ratio, a vastly
increased data base with computer acquisition, and radial scanning capability.
The experiments establish the existence of a cold electron component with
temperature about one-third that given by soft X-ray measurements. Figure 5
shows Te as determined by both soft X ray and laser as a function of gas
pressure. The laser i1s sensitive to electrons primarily with energy below
about 200 eV, whereas the soft X ray is most sensitive to electroms in the
range 500 eV to 2 keV. Therefore, both diagnostics are compatible with the
concept of a two-temperature distribution. In fact, data in the higher
energy laser channels are consistent with the presence of an energetic tail
although it is difficult to establish the density and temperature of such a
tail component.

Another recent enhancement is the installation of split coils in some of
the mirrors, which allows diagnostic access to the plasma in the mirror
throats. Interferometer measurements at the throat indicate the plasma

.density to be nearly equal to that at the midplane throughout the T-mode of

throat/(ne)mid
approached. Measurements with a soft X-ray detector located at the throat

E(T

operation. Hawever, (ne) drops as the T~M transition is

throat h)mid

throat ~ O'I(Hh)mid' We regard this as

strong evidence that the low temperature bulk component is isotropic whereas

show that an energetic compenent is indeed present with (Th)

but with much smaller density (nh)

the energetic tail is highly anisotropic. In addition, one can infer that
the electric field along B is small.

There is also clear evidence that the tail component is locally produced
at the fundamental cyclotron resonance. The cavity containing the midplane
soft X-ray detector is not fed with microwave power since bremstrahlung
associated with the hot electron ring would mask the soft X-ray emission from
the v600-eV component. However, there is a flux of extraordinary mode power
on the fundamental resonance surfaces in this cavity from adjacent cavities
that are powered. Now, if the microwave power is removed from these adjaceat
cavities, the extraordinary mode power flux on the fundamental resonances of
the soft X-ray cavity drops essentially to zero according to the power
balance model described in the last section. Indeed, it is observed that the
soft X-ray signal drops effectively to zero under these conditions.

This behavior can be understood theoretically if one carefully takes

into account the correlation between the spatial structure of the microwave



electric field gu(g) and the velocity space structure of the plasma distribu-
tion function f£(e,n), where € = my2/2 = particle energy and ¢ = mvf/ZB =
particle magnetic moment. For fixed position along a magnetic field line s,

the condition for fundamental cyclotron resonance including the Doppler

effect is
vEeS(g) = w - Q. (s)
{ K (s) ?
res

where Y (s) is the parallel velocity necessary for resonance at location s
and Hl(s) is the real part of the parallel wave number at s. As an extra-
ordinary mode wave approaches the fundamental resonance from the high magnetic
field side, absorption begins and wave power starts to decrease where the
velocity for Doppler-shifted resonance is a few times the thermal speed,
v;es(s) = 0(ve) with v, = (2Te/me)1/2.

For a Maxwellian plasma the profile of wave power Pu(s) can be obtained
by solving the dispersion relation. For kl = 0 this dispersion relation

takes the simple form

where WI = CHI/N is the refractive index and Z(f) is the plasma dispersion
function. Figure 6{a) shows profiles of kr(Qe/w) and ki(ﬂe/w) for extra-
ordinary waves propagating parallel to the field in a Maxwellian plasma or
density n, = 1012/¢m? and temperature Te = 300 eV. Shown in Fig. 6(b) is the

wave power profile Pu(Qe/w) for various temperatures determined from

Q o Q
P | 2] =P exp -f as' 2k, | =2 (N},
BAw s (2 /w) @

Where we have approximated the magnetic field profile near resonance as
Qe(s)/w =1+ s/L (L = 20 cm for application to the cential region of
EBT-I/S). Defining 8(s) = Qe(s)/m - 1, we see for example in the Te = 300-eV
case that 5S0% of the power is absorbed by 6§ = 0.07 (s = 1.4 cm) and that 90%
of the power is absorbed by 6 = 0.04 (s = 0.8 cm). The importanc. of this
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observation is that only particles with comparatively large v are hegted,

i.e., those with stes

> (.04, where Pu(s) is large.

The condition for resonance at a given location s or fractional shift §
away from the non-Doppler~sh.fted resomnance, v;es(é) = —cé/n”(d), can be
related to the energy and pitch angle at the mirror midplane. Invoking u

conservation gives

2 _res

res € Yig B £ 2 1/2

v (§) = = -1 - — = + — [1 - (1 - 1tz°)r(1 + &) .
2m 2m

where Bg = is the field strength at the midplane, ;2 = vﬁo/vz, v"0 = v” at

the midplang, and r = w/QeP' Equating the two expressicns for v;es and

solving for the resonant energy we obtain

me? §2/n2(8)
e85 (5) = — B
2 1-rx(l+8)( - z2)

It 1s important to note that to be resomant at a given & there is a minimum

;::(6) = 256 keV x 62/nﬁ(6) and that the minimum energy is
obtained for purely passing particles, ¢ = vuo/v = 1. The resonant energy

required energy ¢

increases with increasing u, becoming infinite for particles turning just at
the point 8. This somewhat counterintuitive result simply indicates that it
is not sufficient to reach the magnetic field § for an electron to be heated
there; rather, it must also have v"(ﬁ) = vﬁes(d). For example, assuming
oy = 1.7 and r = 1.4, which would be appropriate for a 2:1 mirror ratio as
in EBT-S, for passing particles £ = 1 at § = 0.07 [the location at which
half the power has been absorbed in the Te = 300-eV case in Fig. 6(b)], one
obtains E;:i = 430 eV. Also, for a trapped particle z < 0.707 to be resonant
at this location, it must have energy Eres = 1.7 keV. We can conclude that
if the bulk electron distribution in EBT were a Maxwellian at 300 eV most of
the power would be absorbed by passing particles with énergy above about
1.5'1‘e and by trapped particles with emnergy above about 6Te.

We see that there is considerable velocity space structure in the micro-
wave heating operator. This comes about not only through the explicit
velocity dependence but also because of the velocity dependence of the spatial

locaticn of the Doppler-shifted rescnance and the strong spatial variation in

wave power density due to heavy damping. Of course particles with
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g < (1 -1/r)1/2 (i.e., particles which turn before reaching resonance) are
not heated at all.

The primary effect of fundamental extraordinary mode heating is to
increase the electren's perpendicular enmergy at the resonance location.
Parallel heating comes about only through u conservation as the particle
moves to lower magnetic field. Therefore, { tends to decrease as the heating
progresses, passing particles become trapped, and trapped particles turn ever
closer to the midplane, until electric field profile effects effectively shut
off the heating. For the particles that are resonant at large values of §,
where the wave electric field is large, the heating is quite rapid. We can

estimate the average heating rate as

be, 1 me?E2 L
3t T ZmR vy, ’
e |
sres

where € is the perpendicular electron energy, E_ is the amplitude of the
right circular component of the field, L is the magnetic field scale, T is

res .,
is the

the transit time between successive passes through resonance, and s
location of the Doppler-shifted resonance. Using parameters appropriate for
EBT-S with 100 kW of ECH power (giving the asymptotic value for E_ = 20 V/cm),
one obtains Ael/At = 3 x 107 eV/s. On the other hand, particles in the bulk
of the distribution, € < Te, can only be heated by collisions with those
energetic particles that are directly heated by the microwaves.

It is clear that the heating process has the potential for forming a
cold, isotropic collisional bulk as well as an anisotropic, energetic tail in
consonance with the experimental observations. Whether a significant tail
actually forms depends upon how well the directly heated population is con-
fined and how tightly the directly heated particles are collisionally coupled
to the bulk. Now the confinement of energetic particles in EBT (i.=.,
particles with ¢ > e¢/a, where Eg is the ambipolar potential ~100 to 400 V
and a is the plasma minor radius) is very pitch-angle dependent. Since EBT
relies on poloidal particle drifts QD to cancel the vertical drift vy due to
toroidicity, those particles with small values of QD have large neoclassical
step sizes and large shifts inward in major radius, which can result in
direct (i.e., nondiffusive) particle and energy loss. In particular, those

particles that are transitional between trapped and passing tend to be very
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s

lossy. This situation is illustrated in Fig. 7. The effect of the rf is to
push passing or energetic trapped particles into the lossy ragion of velocity
space,

Quantitative e¢valuation of these processes requires detailed modeling of
the spatial dependence of the microwave field profiles and the velocity space
dependence of power absorption by particles, collisional relaxation, radial
diffusion of heat and particles, direct lo:s of heat and particles on open
drift surfaces, and particle sources. Although this is an inherently 4-D
problem, involving radial and poloidal variations as well as velocity space
variations, we have initiated a program of Fokker-Planck modeling based on
the 2-D finite-~element code of Matsuda. The direct losses are being modeled
as velocity-dependent particle sinks, and we hope to be able to model
neoclassical radial diffusion in a similar manner. The preliminary results
of this code indeed show the formation of an anisotropic tail and a cold
collisional bulk component. In additiom, the direct particle losses result
in significant energy losses and reduction in bulk heating efficlency.

In summary we can see that the microwave power Pu effectively vanishes
near Qe(s) = w. The implication of this is that for fixed ¢ passing rarticles
are preferentially heated and for fixed pitch angle high energy particles are
preferentially heated. The effect of the heating is to increase Vi pushing

passing particles toward the trapped-passing boundary where confinement is

poor.
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FIGURE CAPTIONS

Eq:atorial cross section of two EBT-S cavities.

HE/Té/Z as determined from midplane scft X-ray vs microwave power.

Microwave transmission through a cavity midplane with and without a
ring present,
High~field, polarized extraordinary mode launcher "snaked" through

the fundamental resonance.

Core electron temperature as determined by midplane soft X-ray and
laser Thomson scattering vs torus field pressure.

(a) k-real and k-imaginary vs Qe/w for parallel propagating extra-
ordinary mode waves in a 300-eV Maxwellian plasma. (b) Wave power
density profiles a]E_|2 for various plasma temperatures.

Velocity space geometry for ECH-enhanced neoclassical tranmsport and

direct particle loss in EBT.
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