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Abstract— The subject of broadband microwave propagation
and absorption processes and backscatter from objects immersed
in a magnetized, finite plasma column is addressed. The propa-
gation, absorption, and backscatter of electron cyclotron waves
from an object in a warm, magnetized plasma are measured and
compared with bounded vacuum hot plasma wave propagation,
absorption, and ray tracing theory. The nonreciprocal nature of
the electron cyclotron wave transmission and absorption in an
anisotropic plasma is measured. A homodyne technique which
isolates the scattering from a single object in the plasma from
the scattering from all other objects in the plasma and the walls
of the containment device is developed and utilized. The range
of absorption frequencies and nonreciprocity of the transmission
signal are shown to be well correlated with wave trajectories
in the associated regions of the Clemmow-Mullaly-Allis (CMA)
diagram. It is shown by experimental measurement, ray tracing
and analysis of a vacuum boundary plasma column that quasi-
parallel propagation of electron cyclotron waves near resonance
is present and that the transverse wavenumber effects on prop-
agation in the cylindrical plasma ((fp/f)2 = 6. f/fce =~ 0.9)
are small. An examination of cases in which damping occurs is
shown to provide a stronger damping than WKB theory would
predict, which is suggested by previous theoretical work. The
experimental methods have a powerful potential for further basic
plasma physics wave studies.

I. INTRODUCTION

LECTRON cyclotron wave propagation and absorption
have been and continue to be an intriguing plasma physics
research area. McVey and Scharer [1], [2] examined the
theoretical hot plasma collisionless spacial damping rate for a
right-hand circularly polarized (RHCP) electromagnetic wave
and experimentally verified the dispersion and collisionless
electron cyclotron damping rates near and somewhat removed
from resonance in a weak magnetic field gradient which
satisfied Wentzel-Kramers—Brillouin (WKB) criteria. Pulsed
diamagnetic loop measurements by Owens and Scharer [3]
verified that the wave damping corresponds to an increased
transverse plasma temperature.
Later work by Scharer and Mitzlaff [4], Rice and Scharer
[5], and Mett, Lam, and Scharer [6] examined parametric
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instabilities and temperature elevations occurring near elec-
tron cyclotron resonance at higher power levels (> 10 W).
Recent work by Booske et al. [7] has examined the electron
temperature anisotropy and whistler instability spectra that
can be created by sufficiently high power pulsed heating in
a magnetic mirror. Stenzel and Urrutia [8] have also experi-
mentally examined force-free, intense electromagnetic pulses
which propagate along magnetic field lines as a whistler mode.

In this paper we present new measurements of several
related properties of electromagnetic wave propagation in a
magnetized plasma. They include broadband network analyzer
measurements of antenna coupling, transmission, and recep-
tion of plasma wave modes for the RHCP electron cyclotron
mode near and far from cyclotron resonance. An additional
new experiment involves the measurement of microwave
scattering of plasma waves from a moveable modulated probe
that is imbedded in the inhomogeneous plasma. This sensitive
technique minimizes the effects of the boundaries for basic
physics measurements of wave propagation in small laboratory
experiments.

These quantitative measurements and the associated analy-
ses extend the regimes of observation for basic plasma physics
properties of electron cyclotron waves. The wide band trans-
mission and absorption properties of the wave in an inho-
mogeneous plasma are measured and analyzed. The antenna
transmitting and receiving characteristics are measured and
the nonreciprocal property of the intervening plasma region is
observed and interpreted. In addition to the network analyzer
and homodyne measurement techniques used in this experi-
ment, the work differs in several other respects from earlier
work. [1]-[4]. The electron cyclotron resonance produced
plasma column of diameter d = 12 c¢m is much larger than
that produced earlier, and the magnetic beach has steeper
gradients (Lp = [(1/B) dB/dz)]~! = 18 cm). In addition,
larger wave damping decrements near resonance relative to
the local parallel wavenumber, ki/er ~ 0.3-0.6, which do
not satisfy WKB criteria are observed.

The paper is organized in the following manner. In Sec-
tion II, the detailed experimental setup and diagnostics are
described. In Section III, results of the network analyzer,
backscatter and direct wave measurements are presented. The
results are discussed, quantitatively compared with theoretical
predictions, and interpreted in Section IV. The results are
summarized in Section V.
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Fig. 1. Schematic of experimental apparatus. The inset shows the cyclotron

frequency vs. axial distance = for a field coil current I. = 290 A.

1I. EXPERIMENTAL DESCRIPTION

A. Experimental Configuration

The experimental layout is shown in Fig. 1. The measure-
ments are carried out for a 12 cm diameter plasma inside a
glass tube of 15.2 cm inner and 17.2 cm outer diameter, 200 cm
in length and wrapped with copper screen to provide shielding
and a well-defined radiofrequency (rf) boundary condition. A
diffusion pump provides a base pressure of 8 x 10~7 Torr.
Eight water cooled magnetic field coils at currents of 1. = 290
A corresponding to a cyclotron resonance at z = 0 of 1.66
GHz are aligned to produce the on-axis axial magnetic field
profile shown in Fig. 1. The location of the magnetic field
minimum, inferred from a least squares parabolic fit to the
data for —3 < z < 3 cm, is defined as z = (). The central
mirror extends from —20 to 20 ecm with a mirror ratio of 1.6.
Most experimental wave data are taken in the —10 < z < 40
cm region. The microwave cavity plasma source, positioned
in the —40 < z < —30 cm region, is driven by a 2.45 GHz
CW magnetron at power levels from 70 to 200 W. The plasma
is created by electron cyclotron resonance heating (ECRH) in
the cavity with argon at pressures ranging from 2 x 10~ to
8% 10_4‘Torr. The gross absorption is extremely efficient; with
150 W of microwave power at the source cavity, the intensity
of radiation escaping from the ends is less than 1 ;¢ W/cm?>.

A helical launch antenna in the region 40 < z < 50
cm, where f/f.. = 0.6, is driven in the frequency range
1 < f < 3 GHz by a signal generator or network analyzer.
Earlier experiments [1}, [2], [S] have verified that this type of
antenna primarily launches a right-hand circularly polarized
wave with respect to the magnetic field when f,, > f as is the
case for these experiments.

The plasma density (n) and the electron temperature (7°)
are measured with small Langmuir probes consisting of 0.24
cm diameter tantalum discs 1.3 x 1072 cm in thickness.
The voltage applied to the probe is ramped from —40 V to
+40 V in 200 ms while the current is monitored, and the
characteristic is measured every 2 seconds. The Langmuir
probe is moved along the axis from z = —10 cm to z = 40
cm, producing about 450 characteristic curves. The probe
characteristic curves are analyzed in real time with a computer.
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The small receiving antennas are moved through the same
range by the probe drive.

The electron temperature is 3 < 7. < 5 eV while the
ion temperature is near room temperature due to the plasma
heating method and moderate neutral pressure range. The
background plasma on axis density for these measurements is
in the range 5x 101° < n < 3.3x 10 cm~2 as determined by
Langmuir probe measurements which agree with hot plasma
theory [2] density predictions of local on-axis wavelength
measurements within £20%.

B. Data Acquisition and Analysis

Data acquisition and analysis are performed with a computer
and data acquisition board with a sampling rate of 10000 per
second. A signal conditioning unit converts the signals from
the Langmuir and magnetic probes and laboratory equipment
into the =5 V range utilizing 12 bits of resolution. This unit
also sweeps the Langmuir probes and allows the computer to
sweep the spectrum analyzer. Signal conditioning is performed
by instrumentation amplifiers. Data is recorded and archived
for subsequent analysis.

An indication of the wave transverse electric field is also
obtained by connecting a Langmuir probe or dipole antenna
in series with a microwave feed-through capacitor to the same
apparatus used to measure the wave magnetic field. The Lang-
muir probe stalks are 6 cm in length, aligned perpendicular to
the magnetic field, and shielded from the plasma with ceramic
tubing. The signal is carried from the machine through 0.12
cm diameter semirigid coaxial cable. In this configuration the
probes function as monopole or dipole antennas.

C. Helical Antenna

The helical antenna design is based on the assumption that
the antenna properties in the plasma can be approximated by
treating the plasma as a homogeneous dielectric medium with
properties characterized by the wavelength for a right-hand
circularly polarized cyclotron wave propagating parallel to the
magnetic field. Although this assumption is not fully satisfied
in the experiment, it leads to a tractable means for designing
a useful antenna. The wavelength is calculated from the local
hot plasma dispersion relation for the plasma parameters at
the helix location.

The typical electron cyclotron wavelength in the antenna
region is 7 cm under conditions of operation at 2 GHz, a
plasma density of 1.4 x 10! cm™3 and a local ratio of wave
frequency to electron cyclotron resonance frequency of 0.62
in the helix region. The axial pitch and circumference for
the helix were chosen to satisfy the criteria for axial mode
operation of the helix as given by Stutzmann and Theile [9].
A circumference of C' = 7 cm, a pitch angle o« of 13° and
seven 2.2 cm diameter turns were used for the helical antenna.
A 6 cm diameter copper screen ground plane was placed at the
coax to helix transition. The mismatch caused by the 50 € coax
to helix connection typically caused a 2 dB reduction in the
transmitted signal power. For the backscattering experiments,
we used a double stub tuner to match the generator to the helix
when immersed in the plasma.
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D. Modulated Dipole Antenna and Homodyne System

To tag the scatterer and differentiate it from the rest of
the experimental configuration we utilize a dipole antenna as
shown in Fig. 2. It is made of a single microwave PIN (p-
type, intrinsic type, n-type) diode (HP 5082-3042) which has
a very small conduction resistance and fast response to ensure
optimum modulation. The diode can be switched on and off
through two resistors which change the wave scattering cross-
section accordingly. The value of the two resistors is selected
to achieve full forward biasing and large parallel resistance
loading when reverse biased. In our experiment, two 10 k{2
resistors are used. The amplitude of the modulating signal is
a square wave of 20 V which gives a forward bias current
of 1 mA. The diode leads are clad in thin ceramic tubes
which insulate the diode from the plasma to minimize localized
electrostatic plasma waves induced by the modulating signal.
In free space, the scattering cross section of the antenna is
a function of 1/A and center loading resistance [10]. For
our situation in vacuum, the center loading resistance would
correspond to the dipole antenna terminal resistance of the
PIN diode in parallel with the two 10 k{) bias resistors
and the 50 ! generator internal impedance. In a magnetized
inhomogeneous plasma the problem is more complex. We have
chosen an antenna of 3 cm total length which maximizes the
backscattered signal level in the propagating region.

The homodyne detection methods that we have developed
are adapted from the systems described by King [10] and
used by him primarily to measure microwave antenna patterns
in vacuum. We wish to measure the scattering at microwave
frequencies from a single small object, in the low frequency
noise environment of a bounded plasma.

A schematic diagram of the homodyne system is shown in
Fig. 3. The microwave signal source (1.4 to 3 GHz) is routed
through a circulator and a pair of matching stubs to the helical
transmitting—receiving antenna that is immersed in the plasma.
The desired scattering is from a moveable dipole probe which
is modulated from 10 kHz to 500 kHz through a microwave or
PIN diode centered in the dipole antenna. The low frequency
modulation differentiates the scattered signal received from the
dipole antenna from the microwave scattering from the rest of
the plasma column, other probes, and the plasma source. The
scattered signal is received by the same helical antenna and
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is fed back through the circulator to a balanced mixer. This
mixer is also fed a reference signal from the microwave signal
source and the output contains the modulated backscatter
signal information.

The mixer output is measured with the lock-in voltmeter
which has a reference low frequency signal fed to a mixer
and acts as a cross correlator and averages the signals over
many cycles. The random plasma noise is greatly decreased
by the averaging process, producing a phase sensitive voltage
that depends on the scattered wave amplitude and phase as
Viock—in ~ |Fs| cos / Ep - ds where Ep is the wavenumber in
the plasma. The phase shift information is integrated over the
total launched and backscattered spacial trajectory.

To analyze the homodyne system, we assume that the wave
launched from the helical antenna is of the form Ej e (%13 ==t
The backscattered signal from the diode antenna is then
Ege—it22t98) \where

*d
Eg~c(t)Epe™ 1 17%, "/1:/ Im &, dz,d)l:/

Sz Jzh

d
Re k‘] dz

1/2
min

e(t) = s(t) (o} — o2yt o

max min

the 0max and o, are maximum and minimum backscatter
cross-section of the diode antenna when it is reverse or forward
biased, respectively, and

(1) = =1 fornT <t<{(n+1/2)T
SW=1=0 for (n+1/2)T <t<(n+1)T
where T' = 27 /wy,,.

The signal at the input of the mixer is proportional to
Ege~72ti%: where

B Zh
o = 7/ Im(k2)dz and ¢y = —/ Re (ko) dz.

zd Zd

The output of the mixer contains four terms

ey + colEple™ 7 cos (1 + ¢2)s(t)
+ c35(t) cos (2wt + ¢1 + ¢P2) + ¢4 cos 2wt

where the first term represents the DC component, the third and
fourth terms are second harmonic components, and the second
term is the modulated signal frequency which contains the
desired amplitude and phase information of the backscattered
signal. The lock-in amplifier output is given by

Vioskin = 5 (042 — 022 ) Enlcos (91 + go)e ™"~

where C is a constant.

It is apparent from this expression that in order to in-
crease the detected signal level, one should either increase
the launched power or the difference in cross sections when
the scatterer is reverse or forward biased. The homodyne
system operates with a 20 V peak-to-peak square wave signal
which drives the microwave diode or PIN diode which were
used as modulators in the dipole antenna. The dipole antenna,
shown in Fig. 2 together with the Langmuir probe, has a
3 cm total length which extends from the diode with 10
k2 resistors located on each of the feeds to the diode to
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suppress microwave power from being fed back to the coaxial
modulating system. This modulation scheme essentially acts
as a microwave switch which modulates the microwave diode
between a forward bias state in which the resistance seen by
the microwaves is very low (< 1 2) to the reverse bias state in
which the microwave diode has a high resistance (> 1 M{2).

The linear range of the overall homodyne system for a 10
mW generator output level has been measured to be 50 dB for
the case in which a high frequency 500 kHz lock-in amplifier
is used and 73 dB for the case of a 10 kHz lock-in amplifier
signal. The minimum detectable helix launched power was 25
nW for the case of high frequency modulation and 0.3 nW for
the case of low frequency modulation. The dipole scattered
power level when located in the wave propagating region and
received by the helix is typically 40-50 dB below these values.

III. EXPERIMENTAL RESULTS

A. Direct Transmission Spatial Measurements

We begin with a discussion of direct measurements of the
attenuation of the electron cyclotron waves near cyclotron
resonance, in the frequency range of 1.6-2.4 GHz. These
measurements differ from those of an earlier paper [6] in two
respects: The plasma density was above the threshold density
for the electron cyclotron mode (f,. > f or n > 5.1 x 10!
cm™3 for f = 2 GHz), and the microwave power was kept low
enough so that nonlinear effects were not observed (P < 1 W),

The electron cyclotron wave was launched by a helical
antenna and two receiving antennas were used: a short elec-
tric dipole antenna and the Langmuir probe. The receiving
antenna was moved along the axis, passing through cyclotron
resonance for most cases. The input microwave power was

analyzer measurements are also shown.

produced by the same signal generator used in the backscatter
experiments and amplified by a broadband traveling wave
tube. The received power level was measured by a spectrum
analyzer and sent to the computer by the digital interface.
The spectrum analyzer sweeps the spectrum periodically and
measures the height of the spectral peak.

The input power level was varied from 1 W to 1 uW, with
no visible spectral sidebands. A typical result is shown in Fig.
4, showing received power in dB as a function of axial antenna
position z. In this case the input power is P = 1 W, the
frequency is f = 2 GHz, the on-axis plasma density at z = 0
is n = 1.5 x 101* cm™3, and the magnetic coil reference
current is I = 309 A. The wave power decreases by 50 dB
near cyclotron resonance in this case. The fluctuations in the
power level are typical of the direct attenuation measurements
since the probe motion can affect the plasma on flux tubes
which link the plasma source and dipole antenna. Lower power
results are similar, showing complete attenuation of the wave
past cyclotron resonance down to the instrument noise level. In
each case, in the high density regime, there is little evidence of
standing wave patterns, a result that implies small reflections
and substantial absorption.

B. Network Analyzer Frequency Sweeps
at Fixed Spatial Positions

A network analyzer with a two port S-parameter test set
[11] was used to measure the broadband frequency response
between the helical and dipole antennas for different plasma
densities and magnetic fields. The range of plasma parameters
was obtained by varying the power level coupled to the plasma
source and the magnetic field. The densities were measured
by means of a disk Langmuir probe and phase sensitive
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interferometer measurements of the local wavelengths for the
electron cyclotron wave near and somewhat removed from the
cyclotron resonance in the inhomogeneous magnetic field.

A comparison of the density measured by Langmuir probes
to the plasma density inferred by the theory of parallel prop-
agation in a hot plasma [1], [2] obtained from measurements
of local wavelengths near resonance always provided an
agreement within 20%. The on-axis density as measured by
Langmuir probes was typically lower than that inferred by
local wavelength measurements.

A network analyzer trace for a higher density plasma of
3 x 10" cm~3 at 2 = 0 over the frequency range of 13
GHz is shown in Figs. 5(a) and (b). This was obtained by
increasing the plasma source microwave power to 230 W and
magnetic field corresponding to a coil current of /. = 290
A. The traces are an average of 16 measurements sequenced
in rapid succession by the network analyzer source at 3 mW
incident power levels. Fig. 5(a) shows the two port power
scattering parameter S;o between that launched by the dipole
probe located at z = 30 cm (top trace) and z = 0 cm (lower
trace) and that received by the helix. Above a frequency of
1.6 GHz the transmitted power between the two antennas
is reduced by 20-30 dB due to the presence of a cyclotron
resonance zone which absorbs the launched power between the
dipole and helix in the inhomogeneous magnetic field (refer
to Fig. 1 for the relative change in the magnetic field versus
the z position.).

The scattering element So; is obtained by sending the
launched power through the helix to be received by the dipole
probe. The result is shown in Fig. 5(b) where the dipole
probe is located in the same positions as in Fig. 5(a). In this
case the received power is reduced by 50-30 dB over most
of the frequency range where a cyclotron resonant zone lies
between the two antennas. The arrow shows the positions of
the cyclotron resonance corresponding to the two locations
of the dipole antenna. Similar results were obtained when a
Langmuir probe tip was substituted for the dipole antenna but
the dipole antenna case is emphasized in order to compare
with backscatter measurements which utilize the homodyne
microwave system.

It is observed that the anisotropic plasma exhibits a nonre-
ciprocal feature which is strongest at higher densities. Figs.
6(a) and (b) show a somewhat lower and uniform density
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along the axis of 1.5 x 10! cm~3 which was produced by

reducing the magnetron power and changing the coil current
to I. = 301 A. In this case the power received is reduced by
a similar amount as in the previous case for frequencies just
above the cyclotron resonance at the probe position, but for
the higher frequency range of the spectrum (2.3-3.0 GHz) an
increase of 10-20 dB in the received power is noted. When
even lower density plasmas (n = 5x 101° cm™3) were created,
the two scattering parameters showed a much lower reduction
due to the presence of the cyclotron resonance located between
the antennas and much more reciprocal features. These results
were quite sensitive to the plasma density and its profile. These
results will be explained in the discussion section in terms of
the allowed launch and received wave modes for the antennas
which lie in different regions of the Clemmow—Mullaly—Allis
(CMA) diagram.

C. Backscatter Measurements

We find the scattering measurements made by the homodyne
system are very sensitive and reproducible. The method and its
linearity (70 dB range) has been checked down to a launched
power level of —70 dBm. When the scattering probe tip is
modulated at 50 kHz and placed beyond the spatial position
corresponding to cyclotron resonance for a high density plasma
(ne = 3 x 10*! cm~3 measured on-axis at z = 7 cm) and a
coil current of I, = 310 A, the backscattered 2 GHz signal
decreases by 40 dB as shown in Fig. 7(a). Fig. 7(b) shows an
expanded trace of the backscattered signal near and beyond
cyclotron resonance. The residual signal in this case is 40 dB
below that in the propagating region. The peak amplitude of
the backscattered signal is fairly constant in this case until it
decays near f/f. = 0.94, implying that the transmission path
betwen the helix and dipole is dominated by the direct flow
of energy axially along the plasma column. The homodyne
backscattered signal also shows twice the phase shift due to



276
-10 |
|
I(:;)Z)l N 2=30 cm
o R A A AT R,
Rl A AT YA N LAY WV AT AL ¥
v il Wi
IVTINS AW
U AN L ¥
v [ z=0cm
-100 f=1.72GHz I
A 1
(a)
-10 T
Is,,1 I
@db)  hag, N =
0 L e
Vo Vo WSS A\
v ) f=1.72GHz v
T LN N
\ A PN WQE_ 2=0 cm nJ[ W
-100 I/ NN L
! ? 1
1.0 20 3.0
fo(GHz)
(O]
Fig. 6. Scattering parameters vs. frequency for a plasma density of
1.5 x 10" em~3 at z = 0. The other parameters are the same as in Fig. 5.

probe motion when compared to the single pass transmission
signal phase which is provided by the output of a balanced
mixer with a microwave reference signal.

IV. DISCUSSION

A. Ray Tracing and CMA Trajectories

The interpretation of the results depends on an understand-
ing of the plasma and wave diagnostic systems and the axial
and radial profiles of the magnetic field and plasma density.
The behavior of the wave propagation between the helix
and the dipole antennas can be interpreted near the axis by
ray tracing. This method is also used to indicate the group
velocity trajectory and phase velocity direction for rays which
propagate significantly off axis to illustrate the energy guiding
and absorption properties of the wave in the typical hollow
profile plasma column.

The density profile was measured with a 2.4 mm disk
Langmuir probe as a function of radius and axial position.
The density model shown in Fig. 8 is used in the ray tracing
code UWRay [12] to approximate the measured density profile.
UWRay is a reimplementation of the theory presented in [13].
The parameter ( f,/ f)? is the square of the ratio of the electron
plasma frequency to the wave frequency which is proportional
to the plasma density. The corresponding electron temperature
profile is much flatter than density with temperatures in the
4 eV range. The 2-D magnetic field was also measured by a
Gaussmeter probe and stored for use in ray tracing analysis.

Fig. 9 shows ray trajectories for a 2 GHz wave which is
right-hand polarized with respect to the magnetic field and is
launched with initial wavevectors oriented 2, 4, and 16° off
the magnetic field axis from the axial position of the helix at
the radial center of the plasma. The dotted path is the group
velocity trajectory which remains near the center of the plasma
and the magnitude and direction of the vectors correspond to
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Fig. 8. Smoothed plasma density profile vs. radius r and axial position z.

the magnitude and direction of the wavevector which remains
nearly parallel to the magnetic field. The figure illustrates that
the wave energy flow in the off-axis peaked density profile
remains well confined in the plasma core. A check of the
ratio of L,/ along the ray trajectory for the 2° and 4°
launch angles, where A is the local wavelength and L, is
the smallest of the gradient scale lengths of density, magnetic
field and magnitude of the wavevector evaluated locally along
the ray path, shows that L,;,/\ remains greater than four
over the ray trajectory until the cyclotron resonance zone is
reached. Although for the 16° launch angle Ly,in/A = 1, the
calculated trajectory is still of interest as an indication of the
likely qualitative character of the energy flow trajectory.
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Several radial measurements of the wave propagation and
absorption indicate wave energy flow over the region inside
the peaks in the radial density profile with substantial wave
absorption near the axial position corresponding to cyclotron
resonance. This is comparable to the results suggested by ray
tracing.

To further interpret our network analyzer results and the
nonreciprocity observed between the two antennas at higher
densities, we present the CMA diagram for our plasma in
Fig. 10. We interpret the CMA diagram with the usual cold
plasma cutoffs and resonances [14] together with a substantial
hot plasma cyclotron damping process near the R = oo
resonance. The density as measured by the Langmuir probe
is 3.3 x 101 cm~2 with an axial profile as shown in Fig. 8 as
one moves from the local mirror minimum at 2 = 0 to the helix
antenna. The higher density plasma parameters correspond to
those for the network analyzer scattering parameters presented
in Figs. 5(a) and (b) and the mode wavenormal surfaces
for each of the eight regions are illustrated. The on-axis
trajectories from z = 45 cm at the axial center of the helix to
the position z = 0 at the local mirror minimum are shown from
3-1.6 GHz with a 200 MHz difference between each trajectory.
Note that in this case all trajectories lie in the region where
the R-mode can propagate and the L-mode is evanescent or
in the region below the cyclotron resonance R = oo where
both modes are cutoff. When the dipole receiver probe is
located at z = 0, frequencies above 1.55 GHz are substantially
absorbed or have a region between the two antennas where
a cyclotron resonance exists. The launch of a pure R-mode,
presence of the absorption region, and evanescence above
the cyclotron frequency in the CMA diagram shows why the
network analyzer trace (Fig. 5(b)) has a 40-50 dB drop at
higher frequencies, limited by the noise level of the instrument.

Fig. 11 shows the CMA diagram and frequency trajectories
for the case in which the density is lowered to 1.7 x 10! cm~3,
The density is uniform from the magnetic field minimum to
the helix position at z = 45 cm. Note from the corresponding
network analyzer trace on Fig. 6(b) that the damping of the Sg;
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Fig. 11.

frequency components above 2.3 GHz is smaller for this case
than for the higher density regime. This is because the higher
frequency components lie above the L = 0 surface in the CMA
diagram and both the L- and R-modes can propagate in the
vicinity of the helix launch antenna. The antenna launches
some residual L-mode characteristic at this lower density
which is not absorbed near the R = oo cyclotron resonance.

B. Nonreciprocal Features of the Scattering Elements

For the scattering matrix element S;2, the dipole antenna
launches the waves and they are received by the helical an-
tenna. For the trace S,1, the helix primarily excites the R-mode
propagating opposite to the direction of the magnetic field. At
lower plasma densities (n = 5 x 10!° ecm~3), the transfer
scattering matrix elements for the two antennas are reciprocal.
As the plasma density is increased, more marked differences
occur as illustrated in Figs. 5(a) and 5(b) for frequencies
above the region corresponding to cyclotron resonance at the
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launching antenna. The propagating frequencies show a nearly
reciprocal characteristic for these two cases as well as all other
cases which were examined. However, for damped and cutoff
frequencies at high density, S is about 20 dB above the
case for Sp;. A plausible explanation for these differences
involves the polarization characteristics of the two antennas,
mode propagation in different regions of the CMA diagram,
and absorption processes in the plasma.

For frequencies above 1.6 GHz in the S;o trace of Fig.
5(a) the dipole antenna is located in the lower right part of the
CMA diagram (Fig. 10), so both the R and L mode excitations
are evanescent. The linear dipole antenna excites the R- and
L-mode polarization about equally and with a much broader
range of k-vector angles to the magnetic field than the helix.
The left-hand polarized portion of this wave energy which
is substantial even for the R-mode at large angles relative to
the magnetic field, can pass through the electron cyclotron
resonance zone unaffected; therefore, a smaller percentage
of the wave energy excited by the dipole is lost through
absorption in the cyclotron resonance zone than for the energy
launched by the helix for the Ss; case. The wave energy
which passes through the resonance zone from the dipole is
transmitted to the helix via large angle scattering off the plasma
edge region and/or mode conversion of the L-mode energy
into the R-mode.

C. Backscatter Measurements

The peak amplitude of the backscattered signal is fairly
constant for Fig. 7(a) until it swells and then decays near
f/fe = 0.94 implying that the transmission path between the
helix and dipole is dominated by the direct flow of energy
axially along the plasma column. We often observe that wave
swelling occurs just preceding the absorption zone and that
strong wave absorption occurs at slightly higher magnetic field
strengths than would be predicted by WKB hot plasma theory
for our electron temperatures and densities. This observation
is in agreement with the kinetic full wave theory of Fruchtman
et al. [15] which predicts initial wave swelling and a strong
wave absorption shifted to lower values of f/f..

D. Comparison of Spatial Damping and Wavenumber
Measurements with WKB and Bounded Plasma Theory

The backscatter and network analyzer data are used to pro-
vide measurements of local wavenumber (;.) and collisionless
cyclotron damping decrements (k;) for the electron cyclotron
wave in the inhomogeneous local mirror magnetic field. The
real part of the local wavenumber is obtained from a fast
Fourier transform analysis of the backscattering results shown
in Fig. 7(a) done at f = 2.00 GHz at a radius of 2 cm. The
backscatter trace is windowed in selected spatial zones of the
phase sensitive backscatter signal. A spatial fast Fourier trans-
form analysis is applied for each case to obtain the dominant
wavenumber in the spectrum for the average spacial position in
the window. Since the backscatter signal involves a round trip
from the helix to the dipole scatterer and return, the backscatter
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Fig. 12. Quantitative comparison of experimental and WKB theoretical
results. (a) Local wave numbers obtained from f = 2.00 GHz backscatter
measurement (crosses, solid line corresponds to hot plasma theory). (b)
Wave damping obtained from network analyzer measurements (dashed line,
fe = 1.73 GHzGz = 3.25 cm; solid line, corresponding hot plasma
theoretical results).

k-spectrum value is divided by a factor of two to determine
the local wavelength at the average window position.

The network analyzer transmission power scattering co-
efficient results are a function of both frequency and the
location of the dipole receiver. By moving the dipole receiver
a small distance, Az = 0.5 c¢m, and noting the change in
received power level at different frequencies, we can determine
the average damping decrement over that spacial distance as
a function of frequency. We assume that the wave power
varies near cyclotron resonance as exp (—2 [ k; dz). Then the
average damping decrement over the distance Az is given by
the expression

k; (Nepers/cm) = ASy; (dB)s/Az (cm)/8.686 (dB/Neper).

Fig. 12(a) shows a comparison between the local hot plasma
theoretical [1], [2] and experimentally obtained wave number
values for a backscatter wave frequency of f = 2.00 GHz.
The plasma parameters obtained for the experiments from
Langmuir probe data correspond to a density of n = 3 X
10''em3 and an electron temperature of T, = 3.5 eV.

We note that the measured wave propagation phase shift
and absorption are in close agreement with a quasi-parallel,
near perfect polarization in the sense of electron rotation
about the magnetic field yielding 40—-50 dB attenuation through
cyclotron resonance. This is particularly noteworthy since the
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column is 12 cm in diameter near the electron cyclotron
resonance zone where f/f.. = 0.9. One could ask how a
finite column could allow wave propagation close to that for
an unbounded plasma for this case. To address this we compute
the normal mode characteristics for a uniform, magnetized
hot plasma column with a vacuum boundary condition at
the plasma edge radius 7 = 6 cm. This problem has been
addressed for exmaple in the limit of a cold plasma in the text
by Swanson [16]. The problem of wave propagation in a hot
Maxwellian cylindrical plasma has been analyzed by McVey
who has written a computer code called ANTENA [17] which
has been used for many problems of this sort including ion
cyclotron frequency range wave propagation and heating for
mirror machines including TARA [18].

The ANTENA code calculates the plasma-wave fields gen-
erated by a set of coils external to a cylindrical plasma. We
have applied this code to a calculation of the plasma fields
generated by a Nagoya type III coil in a cylindrical plasma
with density, temperature and &, values comparable to values
measured in our experiment at f/ fc. = 0.9. In particular, the
code can isolate the mode with azimuthal number m = 1 and
compute its propagation characteristics. The results show that
such a mode with the proper experimental parameters (k, =
32 em™!, E,/E; = 1073, k; < kj) can be maintained
inside the plasma.

To illustrate our case, we assume f/f.. = 0.9, f = 2 GHz,
(fp/f)? =6, T. = 5 eV, a plasma radius of r = 6 cm and a
conducting boundary at r = 8 cm. We find from the ANTENA
code that the dominant m = 1 azimuthal normal mode in the
plasma excited by the helix that an electron cyclotron wave
with k, = 32cm™!, k; = 0.42 cm™! exists. We further
find that the total wave field polarization is dominantly in
the sense of electron rotation about the magnetic field with
|E./E)| > 100 over the inner two thirds of the plasma radius.
The m = 0 and m > 2 modes are only weakly excited
by the helix in the plasma column. Thus we find from our
computational studies that a finite radius, vacuum boundary
plasma column can support quasi-parallel wave propagation
and energy flow when the wave frequency is reasonably close
to cyclotron resonance, in agreement with our ray tracing
results and experimental measurements.

The experimental damping decrement, k;, is obtained as
a function of frequency from the difference in the network
analyzer transmission scattering parameter traces at z = 3.0
and z = 3.5 cm. This corresponds to an average spacial
position of 3.25 cm and a cyclotron resonance frequency at
the dipole of 1.73 GHz. The damping decrement is shown
by the dashed line on Fig. 12(b). Note that the measured
damping decrements near cyclotron resonance are larger than
predicted by WKB theory [1], [2], shown by the solid line on
the figure and that significant damping decrements are shifted
further away from the cold electron cyclotron resonance.
This phenomenon has been discussed in theoretical work by
Fruchtman er al. [15] where the WKB and full wave energy
flux profiles ate compared for plasmas in which WKB criteria
are not satisfied due to strong damping. This experimental
result corresponds to the theoretical arguments for a more rapid
decrease in energy flux in a strong damping region discussed
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in their paper. Note that the experimental values of k;/k, are
of order 0.3-0.6 over a wide range near cyclotron resonance,
thus clearly violating the WKB wave condition, |k;/k,| < 1.
In addition, the magnetic field gradient length is L = 18 cm
near the resonance position so that the wave rapidly reaches
the strong damping region near resonance where WKB theory
cannot strictly be applied.

V. CONCLUSIONS

We have investigated the propagation, broadband absorp-
tion, and scattering of electron cyclotron waves from a dipole
antenna in an inhomogeneous plasma. The use of network
analyzer and homodyne modulated scatterer techniques have
allowed more detailed results to be obtained which describe
the properties of waves launched in an inhomogeneous, warm
plasma and their transmission between and backscattering
from dipole and helical antennas. The use of direct transmis-
sion between the helical antenna launcher and a dipole shows
that —50 dB attenuation of the signal for plasma densities
of 3 x 10! cm~2 and temperatures of 4 eV can be obtained
through the cyclotron resonance. This is comparable to the
integral of the hot plasma damping decrement through the
resonance zone with negligible collisional effects.

The network analyzer results show that transmission losses
of 40 — 50 dB occur when a cyclotron resonance is located
between the helical antenna launcher and dipole antenna
receiver. This can be obtained over a frequency range of
1.5 — 3.0 GHz for the plasma parameters observed in the
inhomogeneous magnetic field. The results show a doppler
shifted absorption which starts at f/f. = 0.92 — —0.94
which is slightly before that predicted by WKB hot plasma
cyclotron damping and in closer agreement with a full wave
kinetic theory [15]. It is concluded that the plasma column
and helical antenna launch parameters admit only very pure
(—40 dB) right-hand polarized modes to be received by the
dipole antenna.

The two antenna system shows a nonreciprocal behavior
at higher densities due to the hot plasma. The difference
in the two directions for transmission signals at frequencies
where absorption and evanescence zones exist between the two
antennas is 20 dB at higher plasma densities and is reduced
as the plasma density is decreased. It is argued that this is due
to the difference in launched power characteristics for the two
antennas and the consequent mode conversion for evanescent
waves in a hot, anisotropic plasma as wave power propagates
between them.

The modulated scatterer and homodyne system is used to
determine the microwave backscatter from a given region
of the plasma where all other reflections in a finite plasma
column are suppressed. Reductions in the backscatter of 40
dB are observed due to the presence of a cyclotron resonance
zone between the two antennas. This compares with 30 dB
microwave backscatter reductions observed by Destler et al.
[19] for pulsed plasmas produced by coaxial guns in the
absence of a magnetic field. Backscatter wavelengths half the
local hot plasma cyclotron wavelength are also observed for
our case. Fast Fourier transform analysis of the real part of the
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backscatter signal is shown to agree well with quasi-parallel
propagation hot plasma theoretical predictions for local wave
numbers. This method is shown to be sensitive over a 70
dB dynamic range and down to launched power levels of
—70 dBm. Ray tracing results in an inhomogeneous plasma
column indicate quasi-parallel energy flow near the center of
the plasma column. In addition, a vacuum boundary analysis
of a plasma column and use of the ANTENA code is shown
to yield quasi-parallel (k. > k) propagation for electron
cyclotron waves near cyclotron resonance (f/fe. =~ 0.9) for
our plasma parameters.

Quantitative analysis of the broadband network analyzer
transmission and backscatter measurements were carried out.
Near the position of cyclotron resonance, the measured damp-
ing decrement increases above that predicted by local WKB
hot plasma collisionless damping, in agreement with the strong
damping predicted by Fructman et al. [15].
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