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Whistler mode electron-cyclotron resonance heating (ECRH) has been performed simultaneously
with whistler mode electron-cyclotron emission measurements on an axisymmetric magnetic
mirror plasma. Results presented include a study of the early plasma startup phase and two
instability phases, one believed to be caused by a whistler instability and another by
magnetohydrodynamic (MHD) flute instability. Enhanced microwave emission at frequencies
below the midplane electron-cyclotron frequency has been correlated with enhanced electron
endloss during the whistler instability. Cyclotron emission spectra during the startup phase
match predictions for a “sloshing electron” type distribution based on nurherical modeling. This
distribution also agrees with anisotropic distributions resulting from electron-cyclotron heating
as predicted by Fokker—Planck computer simulations. Experimentally measured heating rates

show good agreement with simplified analytical models based on stochastic heating.

1. INTRODUCTION

The eventual goal of a viable magnetic mirror fusion
reactor will require mastery of numerous technological chal-
lenges. Significant progress, however, was achieved with the
demonstration that technological constraints on plasma
heating could be eased by supplementing or replacing neu-
tral beam power with rf power.' Recent research, recogniz-
ing the need for improved confinement, has emphasized the
development of “thermal barriers” to isolate end-plug and
central-cell electrons in tandem mirrors.>* The advantages
of using electron-cyclotron resonance heating (ECRH) for
producing thermal barriers, as well as plasma startup and
subsequent heating in magnetic mirror devices, have been
well established.*® In most instances, however, the ECRH
microwave power has been launched perpendicularly to the
magnetic axis of symmetry.**’ The goal of the experiments
reported here was to investigate the effects of an alternative
in which the microwave energy is launched at small angles
relative to the magnetic axis, i.e., the whistler mode. Possible
advantages of the whistler mode include the absence of a
density cutoff > (when the wave frequency f; is less than the
local electron-cyclotron frequency /.. ), and the potential for
off-axis profiling of electron density and temperature (which
has applications for ring-stabilized axisymmetric systems, as
well as mantle electron generation for octopole-stabilized
mirrors).®

In this article we present experimental results on ECRH
startup and subsequent heating using the whistler mode in
an axisymmetric mirror, including time-resolved whistler
electron-cyclotron emission (WECE) spectra, endlosses,
heating rate estimates, and the characterization of both a
microinstability and a macroinstability.

*) Department of Nuclear Engineering.
* Department of Electrical Engineering and Computer Science.
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il. EXPERIMENTAL CONFIGURATION AND OPERATION
A. Description of magnetic-mirror apparatus

The experiment is performed on a small axisymmetric
magnetic mirror device operated in a repetitively pulsed
mode (1 pulse/1.5 sec). The general layout of the central
region of the apparatus is shown in Fig. 1. The vacuum vessel
in the midplane region is a 10 cm diam metal tube. It is
terminated on one end by a 45 cm diam end tank and on the
other end by a 10 cm four-way cross. The transmitting horn
antenna is located in the end tank and the receiving horn
antenna is located in the cross. Both are outside of the mirror
peaks. Two oil diffusion pumps and a turbomolecular pump
are used for vacuum pumping. A base pressure in the range
of 5-7X 10~7 Torr has been obtained.

The mirror ratio is 2-to-1 and the midplane magnetic
field at the “standard” operating conditions of the experi-
ment is 2.34 kG, corresponding to a midplane electron-cy-
clotron frequency of 6.55 GHz. The distance between mirror
peaks is 49 cm. Magnets are run with direct current.

Microwave power is launched from a novel, dielectric-
loaded, horn antenna located inside the vacuum system in a
position at the junction between the end tank and the 10 cm
tube. By inserting a tapered, rectangular, Teflon rod into the
end of a short, small-aperture horn antenna, it was possible
to improve the wave-launching conditions from a 30° ( — 3
dB point), half-angle, standard 10-dB-gain horn antenna toa
9°, half-angle, 20-dB-gain launching structure. The trans-
mission horn antenna axis is aligned approximately with
that of the tube.

The microwave heating pulse has a maximum duration
of 400 usec and a peak power of up to 1000 W at 7.43 GHz.
To generate this power, the output of a low power (50 mW),
cw reflex klystron oscillator is fed to a Varian 8568 four-
cavity klystron amplifier. The pulsed high-power micro-
wave signal is then generated by applying a negative high-
voltage pulse to the amplifier cathode. By varying the
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FIG. 1. Michigan mirror machine (MIMI).

voltage pulse level, one can vary the power launched to the
plasma. Very rapid modulations (less than 15 usec) of the
high-power microwave signal are also possible by slight vol-
tage modulations on the reflector grid of the oscillator, thus
momentarily detuning the oscillator and the amplifier. The
microwave pulse repetition period is determined by the
pulsed gas valve and is 1.5 sec. The receiving horn antenna is
also coaxial with the vacuum tube.

Figure 1 shows the location of the pulsed gas valve used
to inject the working gas (hydrogen) into the midplane re-
gion. Gas puffing produces a transient pressure pulse in the
midplane region that contains an initial peak of 200-300
usec duration followed by a millisecond time-scale pumpout
to base pressure before the next pulse. On the time scale of
the plasma pulse, the gas pressure is essentially constant at
the time the microwave pulse is injected, although plasma
pumpout effects are probably important. Steady gas flow can
also be provided by a needle valve. A fast ionization gauge is
used to measure gas transients in the midplane region.

The diagnostics used in the work reported here are also
shown in Fig. 1. The primary diagnostics used in our experi-
ments were diamagnetic loops, electrostatic probes, a net
endloss detector (NELD), time-resolved WECE spectra, a
foil-filtered scintillation x-ray detector, and an 8 mm micro-
wave interferometer.

The NELD consists of a single grounded entrance grid
with an approximately 1 cm diameter transmission aperture.
Immediately behind the grid is a voltage-biased collecting
electrode. This assembly is located outside the mirror mag-
netic peaks at an axial location where the magnetic flux den-
sity is approximately equal to that at the mirror midplane. In
addition, the NELD samples electron endloss along a mag-
netic flux line that maps to a radius of approximately 2.5 cm
at the mirror midplane.

The x-ray detector uses a fast-response plastic scintilla-
tor (NE-102) that is shielded from plasma electrons and opti-
cal emission by a 7 gm thick aluminum foil filter. The fil-
tered scintillator tip is positioned inside the vacuum vessel in
order to view the mirror-trapped plasma along the magnetic
axis. Scintillation photons are transmitted by a foil-covered
lucite light guide to a magnetically shielded photomultiplier
tube (PMT) located outside the vacuum vessel. The signal

3117 Phys. Fluids, Vol. 28, No. 10, October 1985

from the PMT is then recorded on an oscilloscope using a 50
) input impedance.

It has been recently demonstrated that WECE is a valu-
able diagnostic for mirror plasmas.®'° In principle, one can
obtain information on the axial variation of plasma electron
temperature and density. We have found that the WECE
spectrum, observed in a time-resolved manner, is an espe-
cially valuable diagnostic for studying ECRH startup and
other time variant phenomena. The relative spectra have
provided information on plasma axial extent, electron veloc-
ity distribution anisotropy, upper bounds for electron tem-
peratures, and the presence of “cold” and “hot” electron
population components, as well as the axial location(s) where
a microinstability originates. The WECE radiometer is a su-
perheterodyne circuit consisting of a broadband {2-18 GHz)
local oscillator, a broadband, low-loss, microwave mixer (4
18 GHz), a 0.1-1500 MHz spectrum analyzer, and a custom-
fabricated, stripline microwave notch filter that provides
more than 50 dB attenuation between 7.4 and 7.5 GHz (i.e.,
the heating frequency), but less than 2 dB attenuation for
other frequencies in the 4-15 GHz range.

B. Operation of apparatus

The experiment is gperated at a microwave pulse repeti-
tion period of 1.5 sec and steady magnetic field. At this rate
the operator can make numerous, nearly continuous adjust-
ments of plasma and diagnostic operating conditions before
taking data on a series of consecutive pulses. The plasma is
moderately reproducible from discharge-to-discharge under
typical operating conditions and very reproducible under
certain conditions. The plasma buildup is very sensitive to
the amount of injected gas and to the background steady-
state gas pressure. There can be long term (approximately 1
hour) variations in the plasma behavior that are apparently
caused by slow changes in absorbed gas on the walls. In gen-
eral, plasma reproducibility is satisfactory for experimental
runs of several hours. With pulsed gas operation the micro-
wave pulse is timed to be fired immediately after the initial
transient pressure peak in the midplane region. This is ap-
proximately 300 usec after gas initially appears at the mid-
plane. It was found that the plasma was less reproducible if
the pulse was fired earlier when the pressure was changing
rapidly. The plasma diamagnetism is used as a guide in ad-
justing the gas so that peak diamagnetism occurs 200 to 300
usec after the start of the microwave pulse. The peak dia-
magnetism occurs earlier when the gas feed is increased but
its magnitude also decreases significantly. Under optimum
conditions the midplane pressure is estimated to be 3—
6 1073 Torr at the time of the microwave pulse.

The system can be operated with pulsed or steady gas
injection or a combination of both. Steady flow with either
hydrogen or nitrogen is used to simulate the effect of higher
base pressure. It is found that plasma buildup and stability
are affected by increased background pressure. This effect is
discussed in more detail below.

Time-resolved WECE measurements are obtained by
sending the receiving horn signal through the notch filter (to
protect the sensitive detection equipment from the high-
power ECRH signal), to be mixed with the local oscillator
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signal. This IF signal is then fed to the spectrum analyzer
(run in fixed frequency mode at 20 MHz IF with a 3 MHz
resolution bandwidth). The spectrum analyzer provides a
calibrated video signal output which is fed to an oscilloscope
with differential amplifier for time resolved measurements.
WECE spectra are obtained by performing a rapid series of
discharges in which the local oscillator frequency (and thus
the detected emission frequency) is varied between dis-
charges. At the end of a run, those discharges for which
plasma conditions were identical (as indicated by the other
diagnostic signals) are selected to determine spectra.

To establish that the rf/plasma interaction was domi-
nated by single-pass whistler wave absorption rather than by
microwave cavity modes, a microwave absorbing target was
inserted near the vacuum vessel end wall, in place of the
WECE receiving horn. The target made use of a commercial
material (Emerson and Cuming, Eccosorb SF-7.5) that was
designed for -25 dB of attenuation at normal incidence of 7.5
GHz microwaves. The effectiveness of this target for elimi-
nating microwave end-wall reflections was confirmed by in-
dependent test measurements in an identical section of vacu-
um tubing. Replacement of the WECE receiving horn by
this microwave “beam dump” led to no observable changes
in the measured plasma properties. In addition to these tests
it was found under normal operating conditions that nearly
all of the incident ECRH microwaves were absorbed by the
plasma during the startup phase. Finally, peak electron den-
sities (2.3 X 10'?> cm™—?), as measured by the interferometer,
exceeded the critical density for the 7.43 GHz heating fre-
quency (6.8 X 10'! cm —3). Nevertheless, reflected microwave
power did not increase at high density. The above-men-
tioned observations provided convincing evidence that the rf
heating was dominated by strong, single-pass, whistler wave
absorption and that microwave cavity and/or waveguide
modes were not responsible for the observed plasma behav-
ior.

It was also important to demonstrate that the measured
cyclotron emissions were truly representative of whistler
emissions, which propagate at small angles to the magnetic
field, and did not include some component of perpendicular
emissions caused by vessel wall reflections. This was accom-
plished by replacing the simple horn antenna used for
WECE detection by a narrow-gain-pattern, dielectric-load-
ed horn antenna, similar to the ECRH launching antenna.
The resulting relative emission spectra were identical to
those detected by the previous horn antenna, with the excep-
tion of a decrease in signal amplitude. This reduction of ab-
solute signal strength roughly correlated to that expected for
the decreased detection solid angle because of the narrowed
antenna gain pattern. In addition, previous investigators'’
have also found that with the introduction of microwave
absorbing liners, only the emission measured perpendicular
to the magnetic axis was altered, whereas whistler emission
measured at small angles to the magnetic field remained es-
sentially unchanged.

lll. EXPERIMENTAL RESULTS AND DISCUSSION

Data from a typical discharge are presented in Figs. 2
and 3. To assist in establishing temporal correlations, the 6.5
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GHz WECE signal of Fig. 2(b) has been repeated as Fig. 3(f).
Based on these diagnostic signals we have found it conven-
ient to divide discussion of the evolution of this plasma into
three temporal regimes. Regime A includes ECRH startup
and heating, apparently free from instabilities. Regime B in-
volves a microinstability that we have tentatively identified
as a whistler instability. It is characterized by a strong burst
of microwave emission at frequencies slightly below the mid-
plane fundamental electron-cyclotron frequency, enhanced
endlosses caused by electrons leaving the midplane region,
and rapid transition of midplane potential from small, nega-
tive values (0 to — 15 V) to large, positive values (70 to 100
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FIG. 2. Typical diagnostic data: (a) integrated diamagnetic loop; (b) 6.5
GHz WECE power; (c) 7.6 GHz WECE power; {d) net endloss current, col-
lector biased at — 30 V; (e) net endloss current, collector biased at 5 V; (f) net
endloss current, collector biased at 30 V; (g) floating potential for two probes
located at 90° apart, azimuthally. Upper trace from axially fixed (radially
moveable) probe at z = 7 cm, r = 1.75 cm, lower trace from axially movea-
ble (radially fixed) probe at z = 6 cm, r = 1.75 cm.
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FIG. 3. Typical diagnostic data: (a) forward ECRH power; (b) ECRH power
transmitted through the plasma; (c) reflected ECRH power as a percentage
of forward power; (d) x-ray signal into 50 0; (e) radially averaged electron
density from interferometer; (f) 6.5 GHz WECE signal repeated for tempo-
ral correlations.

V). Regime C is dominated by a MHD instability and is
characterized by significant endlosses (predominantly ions),
steady cyclotron emissions, axial plasma expansion, positive
plasma potentials, and fluctuations on many signals in the 20
to 100 kHz range. We will now discuss the experimental
results during each regime in more detail.

A. Regime A

As previously mentioned, this regime characterizes the
early phases of ECRH startup and subsequent heating, ap-
parently free from instabilities. Initially (O to 50 usec), there
is evidence of rapid creation of a low density plasma. This
initial plasma has sufficient energy to generate detectable
levels of fundamental WECE signals [Fig. 2(c)], but lacks
sufficient density or energy to register diamagnetism [Fig.
2(a)], Doppler-shifted WECE [Fig. 2(b)], or x-ray signals
[Fig. 3(d)]. Furthermore, little microwave absorption occurs
during this very early phase [Figs. 3(b) and 3(c)]. Shortly
afterward, however, (between 50 and 100 usec) this low den-
sity plasma experiences an increase in temperature because
of the rf heating. This is demonstrated by the appearance of
both Doppler-shifted WECE and x-ray signals. Electron
densities at this time, however, are still too low to provide
any detectable diamagnetism. By 100 usec we observe an
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almost exponential increase in diamagnetism, fundamental
WECE, Doppler-shifted WECE, and x-ray emissions. This
indicates both density buildup and temperature buildup,
with the former resulting from electron impact ionization of
the neutral gas. Estimates based on Fig. 2(a) indicate
achievement of heating rate “densities” on the order of 1 W/
cm®,
Floating potentials were generally negligible on probes
located outside the ECRH resonance locations, as shown in
Fig. 2(g). Directly at the resonance positions (approximately
4+ 5 cm), however, potential “depressions” up to — 15V
were measured on the axially moveable probe toward the
latter half of regime A. As the probe was moved further
outside the resonance locations, the depressions occurred
later and had smaller magnitude, as is evident in Fig. 2(g).

The plasma buildup and heating effect is also clearly
evident in the evolution of the WECE spectra during regime
A [Figs. 4(a)—4(c)]. The most dominant feature is the strong
increase in the emission power with time, particularly at fre-
quencies near the heating frequency of 7.43 GHz. Several
other features should also be noted. At an early stage [Fig.
4(a)], we note two effects. First, the plasma is apparently
confined between + 7.5 cm (locations of 8.0 GHz cyclotron
resonance). Second, a “dip” in the spectrum is observed
between 6.55 (midplane resonance) and 7.0 GHz. It is hy-
pothesized that this dip is caused by “cold” electron self-
absorption effects in the vicinity of the midplane.'? At a later
time, in Fig. 4(b), we see that the dip effect is no longer ob-
served, and, for frequencies near the heating frequency, the
emission power level has increased by nearly an order of
magnitude. As will be discussed later, the cold-electron self-
absorption effect is probably still present, but now combines
with the hot-electron spectrum to cause a sharp, monotonic
decrease in emission power from 7.2 to 6.0 GHz.

Finally, at t = 150 usec {in Fig. 4(c)], we observe the
highest emission levels obtained in our experiment, just prior
to the commencement of regime B. Again, several features of
this figure warrant special mention. First, it is highly unlike-
ly that the electron distribution function generating this
spectrum is a simple Maxwellian with empty loss cone. For a
mirror with a midplane cyclotron frequency of 6.55 GHz, a
mirror ratio of 2, and a simple loss-cone Maxwellian, we
would expect the WECE spectrum to vary more slowly over
the range of 6.0 to 10.0 GHz. Instead, we observe a spectrum
with a sharp peak near the heating frequency, 7.43 GHz,
with a 1/e bandwidth of approximately 300 MHz. A more
probable distribution causing the observed WECE spectrum
would be what has been called a “sloshing electron” distri-
bution.'>' Second, although the peak effect and its associat-
ed width near the heating frequency is most likely caused by
a convolution of local and global emission and dispersion,
one can proceed with an “‘extreme case” assumption that it is
a purely local effect and thereby obtain estimates for upper
bounds on both perpendicular and parallel “temperatures.”
For example, consider the case where the 1/¢ half-width of
the peak is less than approximately 150 MHz. Postulating
that this is caused solely by local relativistic broadening, we
obtain the upper bound that k7, is less than 12 keV.!® Alter-
natively, we can postulate that this is essentially a local
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FIG. 4. Whistler emission spectra versus time from two separate runs. Cir-
cles represent data taken on 10/11/84, triangles for 12/1/84. Estimated
errors include uncertainties caused by plasma fluctuations and frequency
dependencies of the emission detection components. (a) 55 usec, (b) 125
psec, (c) 150 usec, (d) 170 usec, (e) 200 usec, (f) 230 usec.

Doppler-broadened effect which yields the upper bound that
kT is less than 250 eV.'

The absence during regime A of a measurable electron
density signal on the microwave interferometer [Fig. 3(e}] is
a consequence of its axial position outboard of the ECRH
resonance locations. Nevertheless, based on the presence of
x-ray signals and the maximum temperature limits just es-
tablished, it is reasonable to assume a perpendicular tem-
perature kT, between 1 and 10 keV. Observed diamagnetism
signals would then indicate electron densities during regime
A between 1X 10" and 1 10" cm ™3,

During the course of our experiments, we performed a
series of runs in which we modulated the ECRH klystron so
that the microwave power was turned off for 15 usec and
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then restarted. Based on the results of these runs, we were
able to estimate that the energy confinement time during
regime A was greater than approximately 250 usec. Further-
more, from the limits on plasma axial extent implied by the
WECE spectra, we obtain an estimate for plasma volume of
approximately 300 cm®, assuming a plasma radius of 2.5 cm.

In another set of experiments we varied the ECRH pow-
er between discharges. One of the most important results
presented in Fig. 5 was the scaling of heating rates with mi-
crowave power. The heating rates, or more accurately the
heating rate densities (units of power per unit volume), were
estimated from the instantaneous slopes of the integrated
diamagnetic loop traces [for example, Fig. 2(a)]. The results
of the different power levels were compared for equal per-
pendicular plasma pressure, nk7,. This was done for two
values of nkT,: approximately 5X 10" and 10X 10'? eV/
cm?, respectively. In both cases, the data fitted a scaling in
which heating rate density varied as the square root of pow-
er.

One final observation regarding regime A should be dis-
cussed. By decreasing the vacuum base pressure and utiliz-
ing cw background gas feed, it was revealed that regime A’s
apparent stability was sensitive to the presence and species of
background neutrals. Operation at the lowest achieved base
pressures (5-7X 10~ Torr) using only puffed hydrogen (no
cw feed) resulted in regime A demonstrating the same insta-
bility characteristics as regime B. A return to higher base
pressure was achieved by controlled steady leakage of var-
ious gases (H,, N,) in combination with puffed hydrogen.
Although stability of regime A was reestablished by this
method, measurably higher base pressures were required
when using hydrogen for the background gas as compared to
nitrogen. Since the introduction of this background gas did
not significantly reduce the diamagnetic loop signal, it was
considered unlikely that the stabilization was a result of de-
creasing the hot-electron distribution anisotropy by in-
creased electron—neutral collisions. Comparison of the hy-
drogen and nitrogen results, however, suggested the
hypothesis that stabilization was being achieved by indirect-
ly varying the relative percentage of “cold” electrons by vir-
tue of the greater ionization efficiency of nitrogen as com-
pared to hydrogen.'® Such a cold-electron stabilization effect
would agree with observations on other experiments.'’
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FIG. 5. Heating rate density versus ECRH power level. Triangles for
nkT, = 10X 10" eV/cm?, circles for nkT, = 5X 10" eV/cm®.
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B. Regime B

Regime B gives every indication of being micro-unstable
with what we have tentatively identified as a whistler insta-
bility.'®'® The most visible characteristic of this regime is the
strong burst of microwave emission in the frequency range
6.4 to 6.6 GHz [Fig. 2(b)]. That this emission occurred at
frequencies approximately less than or equal to any cyclo-
tron fundamental frequency was confirmed by two methods.
First, the magnetic field strength was increased until the
heating frequency, 7.43 GHz, was resonant right on the mid-
plane (further increase in the field resulted in the absence of
resonant breakdown). Under these circumstances, the range
of emission “burst” frequencies covered 7.2 to 7.4 GHz. Sec-
ond, a measurement of the magnetic field confirmed that in
the normal mode of operation, the midplane magnetic field
strength corresponded to an electron-cyclotron frequency of
approximately 6.55 GHz.

Other important characteristics of regime B include the
coincident burst of enhanced electron endloss detected by
both the NELD [Fig. 2(e)] and the microwave interferometer
[Fig. 3(e)]. Because of the off-midplane position of the inter-
ferometer, this endloss burst is the first occurrence of mea-
surable density at the interferometer’s axial location. Mea-
surements of the endloss burst on the NELD, however,
indicated that approximately — 20 V bias was sufficient to
suppress this electron endloss signal. Additional negative
bias, however, did not result in detectable ion endloss during
the burst.

Another noticeable feature observed during regime B is
the sudden decrease in the x-ray signal [Fig. 3(d)]. Although
the other signals of regime B are quite reproducible, this
sudden drop in x-ray signal is not. Thus, the reasons for its
occurrence are not yet resolved and it remains a subject of
continued study.

The implications of these measurements are summar-
ized as follows. During regime B we observe a strong burst of
whistler wave emission with a frequency below that of any
fundamental cyclotron frequency in the mirror. Simulta-
neously, there is an occurrence of enhanced electron end-
losses. The ejected electrons apparently have an average par-
allel energy within 20 V of the peak plasma potential inside
the mirror. Thus, based on the temperature estimates for
regime A, it is possible that these ejected electrons represent-
ed a highly anisotropic group, having a larger fraction of
kinetic energy transverse to the magnetic field, rather than
parallel.

During regime B, measurements of the floating poten-
tial inside the mirror reveal a rapid transition from zero or
slightly negative values at the end of regime A (depending on
axial location) to large positive values [Fig. 2{g)]. The axial
variation of the potential at this time, presented in Fig. 6,
shows a narrow, almost “square-well” profile between
z = 4 10cm, with slight peaks near the resonance locations.
This suggests that the electrons observed on the NELD most
likely were trapped in this narrow midplane region prior to
their escape.

Turning our attention to the WECE spectrum [Fig.
4(d)], we note several unique features during regime B. First,
we observe the sharp peak in the frequency range where the
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FIG. 6. Floating potential versus axial position for two different times.
Blackened circles correspond to 170 usec {during whistler instability), open
circles to approximately 300 usec (during MHD instability).

emission bursts are recorded (6.5 + 1.0 GHz). Of equal in-
terest, however, is the “hole” in the spectrum occurring ap-
proximately between the midplane frequency, 6.55 GHz,
and the heating frequency, 7.43 GHz. Consideration of this
spectrum, along with the other data discussed so far, sug-
gests that these spectral features are a signature of a microin-
stability originating in the midplane region near the ECRH
resonances. Emission near 6.5 GHz is enhanced by the insta-
bility [Fig. 2(b)]. The minimum near 7.4 GHz, however, is a
consequence of diminished fundamental cyclotron emission
caused by the rapid loss of electrons during the instability
[Figs. 2(e), 3(d), and 3(e)].

Some additional information was obtained for this re-
gime using the modulation experiments previously de-
scribed. In this case it was possible to obtain both estimates
for the energy confinement time and the plasma volume.
These values were approximately 60 usec and 750 cm?, re-
spectively. We note that the confinement time decreased
from that of regime A, whereas the volume increased. Both
of these characteristics indicate a microinstability that seeks
to reduce the anisotropy of the electron distribution result-
ing from the ECRH during regime A.

Data presented in Fig. 7 from the ECRH power scan
experiments illustrate that the amount of microwave energy
“dumped” by the electron population via emission during
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regime B increased with increasing 8, = nkT, /(B%/8m).
This is consistent with a whistler instability in which the
transfer of electron perpendicular energy to instability wave
energy results from a natural tendency of the electron distri-
bution to isotropize.?® The previously mentioned discovery
that the instability-enhanced endloss involved low parallel-
energy electrons is also in agreement with the results found
in Ref. 20.

The previous data support the hypothesis that regime B
is characterized by a microinstability resulting from the an-
isotropy of the electron velocity distribution function. The
specific type of instability must now be confirmed. Our first
observation is that for the ECRH power levels used in our
experiments, the plasma pressure [see Fig. 2(a)] is too large
for the instability to be a parametric mode.*' The two most
likely candidates, therefore, that would be consistent with
microwave emissions at frequencies just below the electron-
cyclotron frequency, are the whistler and the cyclotron ma-
ser instabilities. Furthermore, it is important to note that
because of the relatively small scale lengths of these experi-
ments, it is most probable that the instability involves an
absolute rather than convective mode. It was previously
mentioned that when the minimum (midplane) electron-cy-
clotron frequency in the mirror was 7.43 GHz, the instabil-
ity-enhanced emission occurred over the range 7.2 to 7.43
GHz. Alternatively, when the minimum cyclotron frequen-
cy was set at 6.55 GHz, the instability emission covered 6.4
to 6.6 GHz. For identification purposes, discussion is fo-
cused on the lower end of these instability frequency ranges,
7.2 and 6.4 GHz, respectively.

Characterization of the whistler and cyclotron maser
instabilities is often associated with the ratio of the real part
of the instability frequency, f g, to the local electron-cyclo-
tron frequency /. where the instability originated.3?? For
the minimum instability frequencies in our experiments, 7.2
and 6.4 GHz, the maximum value that such a ratio could
have would involve the minimum cyclotron frequency in the
mirror, i.e., 7.43 and 6.55 GHz, respectively. Thus, we have

(fo/ fe)<1.2/7.43<6.4/6.55 < 0.98. (1)

From the upper limit on k7, during regime A established
from the WECE spectrum, however, the cyclotron maser
instability should obey the relation?*

0.99S5(fr/fo)S1.0 2)

for kT, less than 30 keV. In our experiments, we are able to
resolve frequency and magnetic field measurements to three
significant digits. Thus, the difference between our experi-
mentally determined ratios, f /f,., and that expected for
the cyclotron maser instability is significant.

In addition, studies have shown?® that for k7, less than
approximately 15 keV, absolute instability growth rates for
the cyclotron maser instability are negligible. This is a natu-
ral consequence of the fact that azimuthal electron bunching
which drives the cyclotron maser instability requires relativ-
istic electron energies. In contrast, other investigations have
shown’!8!° that no such lower bounds on kT, exist for the
absolute whistler instability, provided there is sufficient elec-
tron thermal anisotropy. For sloshing electron distributions,
Guest and Sigmar®* recognized that the regions near the
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ECRH resonance would be specifically susceptible to whis-
tler instabilities caused by local high-energy anisotropies oc-
curring in the regions of maximum density. Again, this is
consistent with our WECE spectrum of Fig. 4(d), which sug-
gests that the instability originates near the resonance zones.
An important consequence of this is that Eq. (1) is more
accurately expressed as

(fr/fee)<6.5/7.43 <0.88. (3)
From Ref. 18, a local thermal anisotropy of
T./T,>8

is sufficient to cause an absolute whistler instability charac-
terized by Eq. (3). On the other hand, a cyclotron maser
instability characterized by Eq. (3) would require electron
temperatures in excess of 50 keV.? Such temperatures are
inconsistent with the data of Figs. 2-4. Hence, regime B is
most likely dominated by the whistler instability.

C.Regime C

The most visible characteristics of this regime are the
presence of fluctuations (approximately 20 to 100 kHz) on
many signals [see Figs. 2(d), 2(f), and 2(g)] and the marked
decrease in diamagnetism [Fig. 2(a)]. The WECE signals of
Figs. 2(b) and 2(c) during regime C exhibited a slow decrease
towards levels characteristic of the “thermal” emissions of
regime A. This decrease is less apparent than the diamagne-
tism change since the emission signals are on a logarithmic
scale, whereas the diamagnetism is measured on a linear
scale. Endloss currents at this time were significant, and in-
cluded both ion and electron flux [Figs. 2(d) and 2(f)]. Fur-
thermore, estimates of energy confinement times obtained
from the previously mentioned modulation experiments in-
dicated that this regime had the lowest values: approximate-
ly 10 to 30 usec. Plasma volume estimates from the same
experiments indicated an increase from regime B to approxi-
mately 1200 cm®. Finally, the interferometer signal [Fig.
3(e)], the WECE spectra [Figs. 4{e) and 4(f)], and the axial
potential profile (Fig. 6) illustrate the observed axial plasma
expansion during this regime as compared to regimes A and
B.

The above observations along with the large quantity of
others’ experience with axisymmetric mirrors® led to the
hypothesis that the behavior of this regime in our experiment
was dominated by flute-like MHD instabilities. Futher evi-
dence for this hypothesis was obtained when we positioned
two electrostatic probes at a common axial location but dif-
ferent azimuthal positions. Comparison of the floating po-
tential traces from these two probes revealed a phase rela-
tionship that was consistent with m = 1 gravitational flute
modes resulting from the magnetic field curvature [Fig.
2(g)]-

It should be noted that the probe signals of Fig. 2(g) end
at an earlier time than the signals of Figs. 2(a)-2(f). This re-
sult was caused by a shorter microwave pulse for the data of
Fig. 2(g) as compared to that in Figs. 2(a}-2(f) and Fig. 3.

An unanticipated benefit resulted from the occurrence
of regime C. Because of the axial location of the microwave
interferometer, it was not possible to measure electron densi-
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ties with this diagnostic during regime A. The isotropization
and consequent plasma axial expansion caused by the MHD
instability, however, did permit a measurement of radially
averaged plasma density after 200 usec. Although this den-
sity measurement was subsequent to regime B, it was consid-
ered to be a useful order-of-magnitude estimate for the peak
density achieved from the buildup during regimes A and B.
For an estimated plasma diameter of 5 cm, Fig. 3(e) indicates
a peak density of approximately 2.3 X 10'> cm 3. In spite of
the fact that such a density implies a plasma frequency above
cutoff for 7.43 GHz radiation, the reflected power of Fig. 3(c)
was observed to decrease during regime C. While a detailed
study of the reasons for this decrease has not been pursued,
the mere fact that reflection did not increase as densities
approached the critical density was considered to be a good
demonstration of the efficacy of whistler mode ECRH for
high-density plasmas.’

The initial buildup phase appears well-characterized by
separate groups of cold and hot electrons. Therefore, during
regime A the diamagnetism and WECE signals are likely
dominated by hot-electron contributions. After the whistler
and MHD instabilities of regimes B and C, however, the
electrons have been mixed and isotropized resulting in a sin-
gle group of “warm” electrons. Thus, after 200 usec the dia-
magnetism drops by nearly a factor of 4 because of the effec-
tive reduction of electron energy. This effect is also seen in
the WECE signals of Figs. 2(b) and 2(c), which show a de-
crease of almost 6 dB between 150 and 400 usec.

IV. THEORETICAL MODELING

In order to understand the results of regime A, we have
simulated the evolution of an electron velocity distribution
function under the influence of whistler mode ECRH. This
work has been performed using a quasilinear, Fokker—
Planck computer code developed at the Lawrence Liver-
more National Laboratory.?® Initial results presented in Fig.
8 gave a clear indication that the electron velocity distribu-
tion becomes strongly anisotropic at a very early stage, in
agreement with recent results reported by Mauel.?’

We have compared our measured WECE data to that
predicted by a computer model developed by Tsakiris and
Ellis.'® The unique peaked nature of our spectra, however,
prompted special attention to the selection of model axial
profiles for electron densities and temperatures. Having
written a numerical subroutine that self-consistently calcu-
lated axial profiles by assuming a midplane velocity distribu-
tion and conserving magnetic moment, we considered the
proper choice of midplane distribution. Based on the results
of our Fokker—Planck simulations in Fig. 8, we choose to
consider a hot anisotropic electron distribution of the form

f¥) = n exp(— v*/a’)g(0), (4)

where 7 is a normalization coefficient, « is a “thermal”
speed, and g(@ ) is so far an unspecified function of midplane
velocity pitch angle. In particular, as seen in Fig. 9 the data
support the choice of the hot-electron, model-pitch-angle
distribution
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perpendicular velocity (arbitrary units)

4 6 8 10
parallel velocity (arbitrary units)

FIG. 8. Example of velocity space contour plot for electron velocity distri-
bution after ECRH as predicted by Fokker-Planck numerical simulations.

exp{ — [(0 — 6r)/¥,]%},  sinBx<sin 6<1,
g0)={exp{ — [(0 — 6x)/¥,]?}, sin 6, <sin 6< B, (5)
0; 0<sin @ <sin 6, ,

where 6, is the loss-cone angle, 85 is the midplane pitch
angle for electrons with mirror turning points at the ECRH
resonance locations, and ¢, and ¥, are empirically adjusted
parameters. The ability of this model distribution to ap-
proximate the results of the Fokker—Planck calculations is
demonstrated in Fig. 9(a), which is to be compared to Fig. 8.
Also, as seen in Fig. 9(b), this distribution is associated with
peaks in hot-electron density at the ECRH resonance loca-
tions, a feature also reported in similar experimental stud-
ies.’ In agreement with observations reported previously in
this article, as well as results reported by other investiga-
tors, >3 these hot density peaks tend to generate local po-
tential depressions. For the experiments discussed here, such
depressions reached approximately — 15 V at the reson-
ances. These potentials are sufficient to confine a Maxwel-
lian cold-electron population (cold electrons resulting from
ionization) with a temperature of approximately 10 eV or
less by virtue of the Boltzmann factor exp[ — ®(z)/T.]. We
have simulated this anticipated cold population as a second
electron component with an axial density profile
n.(Z = Olexp[ — (z/L.)?] and an axially constant tempera-
ture. Figure 9(c) demonstrates that inclusion of the mid-
plane-confined cold electrons is important to obtain im-
proved agreement between the experimentally observed and
the theoretically predicted spectra. The presence of a cold-
electron component is also consistent with the observations
regarding the stability of regime A to the whistler instability.

Comparison has also been made between our experi-
mental heating rate densities with those predicted by theory.
A number of authors have recently modeled ECRH as an rf-
induced velocity space diffusion. In particular, we have cho-
sen to compare our results with the predictions of two such
models.?>*°

In the first instance, the conditions of our experiment
closely resemble the parameters used to obtain Fig. 2 of Ref.
29. If we postulate a simplistic electron energy distribution
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FIG. 9. Theoretical analysis of WECE during regime A. (a) velocity space
contour plot for a combination of a cold, loss-cone Maxwellian and the as-
sumed hot, sloshing-electron distribution of Eq. (5); (b) model electron den-
sity axial profiles for hot sloshing (solid) and hot, loss-cone Maxwellian dis-
tributions (dotted), and midplane-confined cold electrons (dashed); (c)
comparison of the observed whistler emission spectrum at 125 usec with
theoretical predictions for various electron distributions. Dotted line is for
hot loss-cone Maxwellian; solid line is for hot sloshing electrons alone;
dashed line is for hot sloshing and cold midplane-trapped electrons com-
bined. Theoretical spectra have been normalized so that P(7.2
GHz) = 3X10~7 W for the dashed line case.

function (taken at the midplane) of the form

f(wu W, ) = F(wu ow, — 1) (6)
(where w;, w, are the electron parallel and perpendicular
energies, respectively) and we assume a perpendicular “tem-
perature” T, of 1000 eV [a very feasible choice, considering
Fig. 2(a)] then the model of Ref. 29 would suggest a per-
particle heating rate of 0.8 to 1.6 X 107" W. Multiplying
this by an electron density of approximately 10'° cm 3 [also
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consistent with Fig. 2(a) for 7, ~1000 eV] yields the theo-
retical heating rate density prediction of approximately 1
W cm ™, in good agreement with our experimentally mea-
sured rates.

From the results of the second model,*® one can obtain
an expression for the gain in perpendicular energy of a single
electron passing through resonance,

Aw, ~(1/2m){[eEr 4 ]* + 2meET qv, ., cosi@)} (7)

or

Aw, ~Aw, + Aw, , (8)

where we define
Aw, =(1/2m)[eEr4 1%,

Aw; = eET gV, ., cOS(@ ). 9)

Here, m is the electron mass, e the electron charge, E the
ECRH electric field strength, 7.¢ the effective time the elec-
tron remains in resonance with the electric field, v, ., the
electron perpendicular velocity as it reaches the resonance
position, and @ is related to the change in the electron’s gyro-
phase as it passes through resonance. The first term on the
right-hand side of Eq. (8), Aw,, represents the deterministic
acceleration of the electron in the presence of the electric
field

dv_eE (10)

dt m
The second term Aw, represents a stochastic heating effect>®
for our experimental parameters. With this information a
heating rate could be calculated by computing a second ve-
locity moment of the bounce-averaged velocity space trans-
port equation

af_ _3d.p (11)
at av
to obtain

ﬂ: —-J‘dgv(i-ru) (imvz).
at ov 2

In these equations, I', represents an rf-induced velocity
space “current” of the form

(12)

_ [Av o9fv
I, = (2 70+, 2L, (13)
Here, (Av/At) is a “drag” coefficient and D, is a velocity
diffusion coefficient derived from the deterministic and sto-
chastic terms of Eq. (8), respectively. These velocity space
transport coefficients are calculated with the help of the fol-
lowing approximate formulas:

<A1>~< !
At \mo,

P ) 2 ) e
AN .V T5/2

where 75 is the electron mirror bounce period. The follow-
ing assumptions are now employed. First, we neglect the
electrostatic potential in order to simplify computation of a
heating rate estimate. Also, the data suggest that negligible

Awl> 1 Aw,
At [, mv, 15/2°

(14)

s
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potentials form within the mirror during regime A. Second,
we assume that only electrons that have mirror turning
points, z7, which lie beyond the resonance location, z,,,, ex-
perience energy gain from the ECRH. Thus, we use the
form>® for 7.4

RN

T B odz =z
Third, we estimate an electric field strength E based on a
plane wave model in which the ECRH energy is homogen-
eously distributed over the cross-sectional area of the vacu-
um vessel. Finally, we must assume a form for the distribu-
tion function f(v). Again, based on the results from the
numerical simulations (Fig. 8), we employ the distribution
function of Egs. (4) and (5). Combining Egs. (8) and (9), and
(12)-(15), and assuming values for ¥,, ¥,, 0,., and 8 of Eq.
(5) of 20°, 10°, 45°, and 70", respectively, we perform some
numerical integrations to finally obtain

W= fg—T ~ (49X 10~%Pn + (1.9X 10~ ) B nT/*
t

(16)

in W/cm? provided that the density # is in units of cm —* and
the ECRH power P is units of W. The first term of Eq. {16)
occurs because of the deterministic heating and the second
results from the rf diffusion. The “temperature,” T~(ma?)/
2e, is in units of eV. First, we note that the stochastic heating
term dominates the deterministic term if

T>0.2(P)*3. (17)

This will be satisfied for ECRH powers of 900 W or less,
provided that T'is greater than approximately 20 eV. For the
levels of diamagnetism achieved in our experiments, such a
condition is almost certainly satisfied. When Eq. (17) is satis-
fied, Eq. (16) approximately reduces to

W (1.9X 10~ %) JP nT?/4, (18)

Second, if we acknowledge that holding n7T', constant is ap-
proximately equivalent to holding nT"%/# constant, then the
data presented in Fig. 5 are in good agreement with Eq. (18)
for the scaling of heating rate density with ECRH power P.
Third, the data of Fig. 5 were obtained for two different
values of nT", 5X 10" and 10" eV/cm?, respectively. If we
assume that these two values of nT, were the result of a
doubling in “temperature” T, while density remained ap-
proximately constant, then Eq. (18) predicts that the heating
rate densities for the two levels of nT, should obey the rela-
tionship

WZ/WI o~ (nle/nT“ )3/4 (19)

for constant power P. From Fig. 5 it is determined that for
nT, = 5% 102 and nT,, = 10X 10",

Te,sz(‘)T/lv",ma)s/Z)‘”z, A (15)

W,/ W, ~ 0.029/0.018 ~ 1.61, (20)
whereas
(nT o /nT,, /4~ (10/5/4~1.68, (1)

again demonstrating good agreement between the simplified
model of Eq. (18) and the experimental results. Finally, if the
electron density, temperature, and ECRH power are again
assumed to be approximately 10'® cm—3, 1000 eV, and 900
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W, respectively, one obtains an estimated heating rate den-
sity of approximately 1 W cm ™, again in good agreement
with typical experimental values.

V.SUMMARY AND CONCLUSIONS

We have presented experimental results on ECRH
startup and heating using the whistler mode in an axisym-
metric mirror. Both the data and numerical simulations in-
dicate the rapid creation of a strongly anisotropic electron
velocity distribution, possibly achieving a ‘“‘sloshing-elec-
tron” form. This results in a whistler instability, which is
accompanied by enhanced electron endlosses and strong
bursts of microwave emission at frequencies slightly below
the fundamental electron-cyclotron frequency. It was found
that the onset of this instability is sensitive to the presence of
background neutrals, probably because of a cold electron
stabilization effect. Eventually, MHD instabilities occur, re-
ducing both particle and energy confinement and causing
axial plasma expansion.

Electron densities were achieved during startup which
exceeded the critical density for the 7.43 GHz heating fre-
quency. Nevertheless, reflected power decreased instead of
increasing. This is consistent with the absence of a cutoff
density for ECRH startup using the whistler mode.

It has been demonstrated that the time-resolved whis-
tler mode electron-cyclotron emission spectrum is a particu-
larly valuable diagnostic for studying ECRH startup and
heating in mirrors by providing information on plasma axial
extent, electron velocity distribution anisotropy, and the axi-
al location(s) where microinstabilities originate. A strongly
anisotropic electron distribution function model needed to
match observed emission spectra and predictions of a com-
puter model agreed with the results of numerical Fokker—
Planck simulations.

Finally, simplified theoretical analysis using existing
models for stochastic ECRH provides predictions for heat-
ing rates that are in good agreement with experimental re-
sults.
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