
162 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES MARCH

*.

2.0

to

o 01 L12 0,3 04 05 Q6 Q7 08 09 1
D/b

Fig. 1. TEH mode cutoff wavelength. V, O, and ❑
measured in band 8 mm, 3 cm, and 4.5 cm, respec-
tlvel y.

Fig. 2. Four sectional waveguide shorts.

where

X.= cutoff wavelength
a = waveguide width
b = waveguide height

D = rod diameter,

When D = O, the equation reduces to the ex-
pression for the cutoff wavelength of the
TEIO mode in rectangular guide; the TEu

mode is no longer present.

The cutoff wavelength in the waveguide
has been determined by wavelength mea-

surements. Rods of various diameters have

been placed within the axis of symmetry of
a slotted line made of standard waveguide

sections, WR-137 (IEC R70), WR-90
(IEC R1OO), and WR-28 (IEC R320).

Measurements were made over three
frequency bands (7.5, 10, and 36 Gc/s), and
results are shown and compared with the
foregoing function in Fig. 1. Results are well

within 2 percent off the theoretical curve.
Shorts (Fig. 2) have been built according to
the plot, comprising four sections to cover

8.2 to 12.4 Gc/s and 18 to 26.5 Gc/s. The in-
put VSWR of both shorts is over 200

(r >0.99) in their respective frequency
bands.
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An Experimental X-Band Electron-

Cyclotron-Resonance Plasma

Accelerator

The electron-cyclotron-resonance plasma
accelerator represents a new and potentially
important application of microwave power.
Uses in space propulsion engines and ther-
monuclear energy generators are currently
under investigation. In this type of accelera-
tor, the plasma is generated and accelerated
to high velocities by RF power. The high-
frequency nature of the electrical energy
allows efficient, electrodeless coupling to the
plasma. Conduction and control of the power
is also relatively easy. Finally, for the space
application, a combined communication and
propulsion system can reduce total system
weight and complexity. With new, high
efficiency RF generators now coming into

being [1], [2], the efficiency of the RF
energy conversion process is no longer pro-
hibitive. This type of plasma accelerator has

been previously described [3], its theoretical

basis has been explored [4], [5], and results

with medium [4], [5] and high power [6]

experiments have been reported. This corre-

spondence describes in more detail some of
the early higher powered experiments. Al-
though the goal of these studies has been

somewhat different, the experiments have
much in common with the electron-cyclo-

tron-resonance studies at Oak Ridge Na-
tional Laboratories [7 ]– [9 ] and at Saclay

[10], [11].

The experimental X-band accelerator is

shown in Fig. 1. RF power (8350 Me/s) from

a CW klystron ( VA-823J ) is delivered from

a circular polarizer into the left-hand end of
the accelerator. It should be noted that the
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Fig. 1. X-band, Iongit”dinal-interaction accelerator showing
3450 gauss (average) magnetic field.
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guide cross section through the polarizer and

the accelerator is circular, propagating a
TEu circular waveguide mode field. The

RFpower isthen guided through a0.286-
inch thick beryllium oxide microwave

window into the evacuated region. A con-

tinuous flow of gas is introduced on the

vacuum side of the window. The magnetic

field from thesurrounding coils is adjusted

approximately to the cyclotron resonance
value (2970) in this region, where the in-
jected gas is ionized and the electrons are

acceleratedin transverse cyclotron orbits by
the microwave field, Electron trajectories

are converted from transverse to Longitudi-
nal by grad B and cliff usion processes, and
ions are accelerated by the charge-separation
field as the gas stream flows down the ac-

celerator duct and out into the vacuum tank.
The RF frequency is measured by a pre-

cisioncavity frequency meter; the frequency
is held at 8350 Me/s by adjustment of the

driver klystron. RF power is determined by

a matched calorimetric power meter, and

power reflection coefficient is obtained using

a waveguide reflectosneter system. An E-H
tuner between the accelerator and the re-

flectometer is used to minimize reflection;

generally, the power reflection coefficient
couldbereduce dtoO.1 or less. Gas flow rate
isdetermined by measuring the time rate of
change of pressure in the gas reservoir tank.
Argon was used in all tests reported in this
correspondence. It was found that helium
resulted in a very low power efficiency. A

calibrated flux meter is used to measure the

magnetic field strength and shape.
The temperature of copper buttons

located in the accelerator walls, as shown in
Fig. 1, were determined by thermocouples.

Knowing temperature change duriug a test,

the time duration of the test, and the heat

capacity of the buttons allows calculation of
power density deposited along the wall.
Measured wall power densities for the Fig. 1

accelerator were typically 1 W/cmz per
kW RF power.

A cup-shaped calorimeter– ( 10-inch di-

ameter by 2 inches deep, with radial baffles
within the cup) was mounted 28 cm beyond

the accelerator exit orifice to intercept the

total stream and therefore yield a measure
of the total plasma stream power. Power is

calculated from the steady-state difference

between inlet and outlet temperatures of

water used to cool the calorimeter.
This accelerator was exhausted into an

18-inch diameter vacuum tank, which was
connected through a 10-inch valve to the
pumping system. At the argon flow rates
utilized in these experiments, the 18-inch
tank pressure was approximately 1 X 10-4
torr, as measured by a cold-cathode ioniza-

tion gauge.

RF antenna probes (Fig. 1) were located

one centimeter and two-and-one-half centi-
meters beyond the vacuum edge of the win-

dow. These showed that the RF is essentially
completely attenuated at the downstream
probe location, indicating that the thickness
of the RF plasma interaction region can be
estimated to be about two centimeters.

One interesting result which was ob-
served was the fact that, while the power
reflection coefficient increases with power,
the overall power conversion efficiency
(plasma stream power/incident RF power)

remains approximately constant, indicating

that the device becomes more efficient in

converting absorbed power to plasma stream
power as the RF level increases.

Further operating characteristics are

summarized subsequently. Although the
data scatter is considerable, part] y due to
tuning having been employed in varying de-

grees during these tests, the following items

are noted.

1) Efficiency exhibits a broad maximum

as a function of flow rate, with the peak

occurring at about 0.5 mg/s,

2) A magnetic field of approximately
335o gauss (average) maximizes the effi-
c iency. (When the tuner is left untouched
and magnetic field is varied, the reflection
coefficient shows a sharp drop and the propa-
gation depth rapidly increases at approxi-
mately this same magnetic field strength. )

3) Relatively long operating times (up

to 139 seconds at 3290 W RF) have been
achieved at appreciable power levels.

During the longer tests, engine temperatures

were observed to reach an essentially steady
level.

4) The maximum RF to plasma Stream

power conversion efficiency for this accelera-
tor is approximately 0.25.

A three-unit sampling probe array was

used to measure the exhaust stream power
profile, In each of these probes, the plasma

passes through a gridded orifice and cle-

posits its energy in a collector cup. The

plasma power density is then obtained frcllm

the measured heating rate of the collector

and the known orifice area. The stream is
found to peak approximate ely on axis.
Furthermore, these curves reveal that the
rate of stream divergence is significantly less
than the magnetic field, indicating that the
plasma particles are not tightly bound to
magnetic field lines.

The side wall area of the accelerator is

about 200 cmz. We note, therefore, from the
wall calorimeter results reported ahove, that

something on the order of a (quarter of the
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Fig. 2. Longitudinal interaction accelerator, short version.
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RF power is being lost to the accelerator

walls. In addition, the RF antenna probes

indicate that the microwave field penetrates

only a short distance beyond the dielectric

window. The shorter accelerator shown in

Fig. 2 was therefore built in hopes of re-
covering the power lost to the walls of the

longer device without changing the
RF/plasma interaction situation.

A dramatic increase in power received by
the 10-inch diameter calorimeter was in fact
observed. Typifying the operation of this

shorter accelerator is a test run at 2600 watts
incident RF power. The argon flow rate was

1.0 mg/s, and the magnetic field strength at

the window was at the cyclotron resonance

point, 2980 gauss. Tuning resulted in a

power reflection coefficient of 0.02. This test
lasted 203 seconds. The calorimetrically

measured plasma stream power throughout
this test was 1400 +70 watts, giving a power

conversion efficiency of 0.54 ~ 0.03. Although
in repeated tests under different field,
power and flow conditions failed to reach
this high a value, all measured efficiencies
were over 0.4.

For the conditions of the test described

above, the mass flow rate, 1 mg/s, corre-
sponds to a particle rate of 1.5X 10lg argon

gas molecules per second. The plasma stream
carried 1400 watts to the calorimeter, or

580 eV per molecule. If this power is indeed

totally transferred to directed motion of the

argon ions, the average ion velocity would be
5.3 X 101 meters per second. The stream
density would be 5.6X 1010 particles per ems,

assuming a 25-cm stream diameter.
The most obvious reason for attaining

this significant result is the shortening of the

plasma chamber, thereby presumably re-
covering a good portion of the power which,
in the longer accelerator, had been measured

to be going into the plasma chamber walls.
It is probable that the increase in the field

gradient adjacent to the window was also

beneficial. A third, possibly influential
change from the earlier design is the contour-
ing of the exit orifice (compare Figs. 1 and 2).
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Corrections

Organic Superconductor and Di-

electric Infrared Waveguide, Reso-

nator, and Antenna Models of

Insects’ Sensory Organsl

1) Reference [6] in the text (page 707)
should read [8].

2) “Metallic films [11 ]“ in the text
(page 707, 13th line of second paragraph
from the end of the article) should read
“metal-like films [11 ].” While this also al-

lows consideration of multiple film inter-

ference with interposed absorption, accord-
ing to Heavensz and Vasicek, ? it does not
eliminate “metal’’-dielectric films.Z,A
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Microwave Band-Stop Filters

with Narrow Stop Bands*

Equation (17) on page 419 should have

read:

The approximation

G(@) = 2F($)

still holds for @ close to 90 degrees. The

formula has been referred to- in other

works.2,3
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Acceptable Mode Types for

Inhomogeneous Medial

Maxwell’s equations, (1) and (2), should
have been VX~= –jwp~ and VX ~=j.,~.

The last term in (9) is a vector, i.e.,
–Vzg.

The letter H was omitted from (18); it

should have read

Four lines further—first appearances
notwithstanding-the second case listed
should have been described as a particatlay

one and not as a peculiar one.
In the center column of page 876, the

last sentence of the first paragraph should
be amended to “ . . . the normal modes must
still be of the LS type . . . “

In reference [8], a transposition occurred
in the spelling of the name of G. Barzilai.
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