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ABSTRACT Microwave heated thrusters utilize a gaseous
-- discharge to heat the propellant, and thus

Results in a program to establish the overcome the temperature (and hence Isp)
behavior and physical characteristics of limitations of chemical rockets and resistojets.
free-floating nitrogen and helium discharges are Also, there are no electrodes, removing the
presented. The discharges are generated in a associated problems which arcjets suffer.
microwave resonant cavity operating in the TM0 12  Further, the production of microwave energy from
mode at a frequency of approximately 2.45 GHz, electrical energy is very efficient, approaching
within a 10.2 cm diameter quartz sphere, which 85%, and coupling efficiencies of between 90-99%
allows the discharge to be both free floating and have been reported, which are significantly
accessible to direct visual observation. Input higher than those reported for laser heated
powers up to 3000 W and gas pressures up to 500 propulsion devices. Finally, microwaves are of
kPa (absolute) are obtainable within the much longer wavelength than laser light, and so
experimental apparatus. It is possible to sustain are more readily absorbed by the propellant gas,
nitrogen plasmas at pressures up to 40 kPa yielding lower power levels and gas temperatures
(absolute) with an input power of 450 W, and required for ignition and also generally a lower
helium plasmas at pressures up to 330 kPa temperature plasma discharge, thus reducing
(absolute) with an input power of 400 W. With no radiation losses, which are a serious
gas flow, and an input power of 400 W, nitrogen inefficiency in the laser heated devices.
plasmas exhibit a maximum coupling efficiency of
40%, and helium plasmas 51%. When gas flow is Much of the previous work utilizing resonant
introduced, the corresponding maximum coupling cavity microwave discharges has been done in the
efficiency of the helium plasma reaches 63%. USSR, Japan, and at Michigan State University.

Kapitza's work12 ,13 mainly focused upon
INTRODUCTION applications for thermonuclear fusion with

helium,.hydrogen and deuterium plasmas. Kapitza
The concept of converting microwave energy used a continuous wave generator that provided

into directed kinetic energy of an exhaust gas microwave power up to 175 kW at a wavelength of
for use in a space propulsion device has received 19.4 cm, and found that in order to produce a
much attention in recent years, and the basic stationary discharge, it was suitable to use a
processes of the absorption of microwaves into cylindrical cavity resonator, operating in the
the gas are now well understood

1-1 1
. One of the TM0 1 modes. It was also found that in order to

major uses of such a device would be to stabilize the discharge and prevent it "floating"
efficiently provide orbit-raising and in-orbit up toward the cavity wall, rotation of the
maneuvering capabilities, operating in the incoming gas was required. With tuning of the
specific impulse range of between 1000 and 2000 cavity, a maximum coupling efficiency of 30% was
seconds

1
. At present, there is a gap in this achieved, with most of the experiments conducted

range between available propulsion devices, with at pressures of 1-2 atmospheres.
chemical rockets and resistojets offering Isp's
of less than 1000 seconds, while ion thrusters Kapitza's spectroscopic analysis of the
and magnetoplasmadynamic thrusters will operate discharges led him to report an electron
at less than 2000 seconds only at the expense of temperature of 10

6 
K, based upon bremsstrahlung

a loss in efficiency. The D.C. arcjet is able to measurements, and a proposed discharge structure
operate in this range, but has inherent problems consisting of a hot central core surrounded by a
mainly arising from electrode erosion and the cloud of cooler, partially ionized plasma.
resulting performance variations during the Dymshits and Koretskii

14 
later reanalyzed

lifetime of a thruster. The use of Kaptiza's spectroscopic data, and arrived at a
electromagnetic discharges overcomes these different conclusion about the electron
problems and such discharges are aptly known as temperature. They suggested that the recorded
electrodeless arcs. Laser heated propulsion signal was not actually bremsstrahlung, but
devices, while offering potentially attractive radiation from the wings of the Lyman a and 3
performance, suffer from poor conversion lines and also recombination radiation. Dymshits

efficiencies and the need for very high gas and Koretskii estimated an electron temperature
temperatures for the absorption of the laser of 10 K based on this approach.

light.
In Japan, Arata et a115,1

6 
also concentrated

- ----- upon high power discharges with input powers of
Graduate Research Assistant, Department of up to 30 kW at 0.915 GHz. They used a

ospacEngineering. rectangular resonant cavity, operating in the
Graduate Research Assistant, Department of TE0 1 mode. Argon, helium and nitrogen discharges

Aerospace Engineering; currently with Sverdrup, were analyzed, and a maximum coupling efficiency
Cleveland, OH. of 77 was recorded. As in Kapitza's work, a
Associate Professor, Department of Aerospace helical gas flow over the discharge was required
Engineering. Member AIAA. to stabilize it away from the pyrex container
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wall. Arata's spectroscopic analysis (15) was space propulsion. Much of the earlier
based upon measuring the Stark broadening and the work

5
'
,
8,

19 
demonstrated the versatility of

relative intensities of the hydrogen Balmer microwave resonant cavity discharges using argon,
series lines. By introducing 6.2% hydrogen to helium and nitrogen. The more recent
the nitrogen flow, an electron density of 3.7 x publications7,8,9,1

0 
have concentrated upon

1014 cm-3 and a plasma temperature of 6800 K was developing thruster hardware with helium,
determined for an input power of 20 kW. Arata nitrogen and hydrogen discharges. Operation of a
also reported that changes in the gas flow rate helium discharge in a cylindrical cavity in the
had no effect on the plasma parameters. TM0 11 and TM0 12 modes with input powers up to

1200 W at 2.45 GHz have yielded coupling
The experiments were later repeated by Arata efficiencies in excess of 95%, energy

et al (16) with a pure hydrogen discharge. With efficiencies up to 50% and specific impulses of
an input power of 25 kW and a flow rate of 800 200-600 seconds. Furthermore, it was found that
liter/min, the plasma temperature was calculated the internal flow systems and discharge chamber
to be between 8600 and 8850 K by measuring Stark arrangement are critical factors in the transfer
broadening of the HS and HY lines. The intensity of energy from the plasma discharge to the
ratio of the HB line to the continuum intensity propellant gas

8
.

at 5100 angstroms indicated plasma temperatures
from between 8800 to 9100 K. Also measured were Most of the previous and present work on
the absolute intensities of the recombination and microwave heated propulsion has utilized a plasma
bremsstrahlung continua on the discharge axis, discharge confined within a quartz tube. This
yielding temperatures between 8000 and 8500 K. paper reports the behavior of a plasma discharge
By measuring the populations of three excited within a large diameter quartz sphere, thus
states, Ha, HS and H6, the electron temperature removing this confinement, and in effect
and density were found to be 12000 K and 6.1 x producing a "free-floating" discharge which is
1015 cm-3 respectively at 25 kW input power and able to change shape and position without
800 liter/min gas flow rate. restriction from a solid surface.

At lower powers, Hasegawa et al17 conducted EXPERIMENTAL APPARATUS
research with argon plasma discharges at
atmospheric pressure and input powers up to 200 W. The plasma discharges are generated in a
Most of the experiments were performed while microwave resonant cavity operating in the TM0 12operating a cylindrical resonant cavity in the mode at a frequency of approximately 2.45 GHz.
TM01 mode. The discharge filament reduced in The discharge is contained in a 10.2 cm diameter
both diameter and length with increasing quartz sphere, which allows the discharge to be
pressure, and increased input power resulted in a both free-floating and accessible to visual
division of the filament along the axial E-field. observation. Continuously variable input powers
If the power was increased further, the 2 up to 3000 W and gas pressures up to 500 KPa
filaments reunited and "floated" towards the (absolute) are obtainable within the experimental
cavity wall as a result of buoyancy forces. The apparatus.
maximum input power was thus limited to 200 W due
to the lack of gas circulation capabilities Microwave Power Supply and Transmission System
required to stabilize the plasma. Hasegawa's
spectroscopic analysis consisted of measuring the The basic microwave power supply and
Stark broadening of the HB line (with a few transmission system are shown in Figure 1. The
percent of hydrogen seeded in the argon), microwave power is supplied from a low ripple
determining the intensity slope of the free-bound variable power magnetron, capable of generating
continuum from 2250 to 2750 angstroms, and powers of up to 3000 W at 2.45 GHz. A rectangular
measurements of the intensity ratios of the waveguide transmits the microwave from the
Balmer series lines. These techniques produced magnetron to a 3-port circulator. Connected to
great variation in calculated electron the circulator is a water-cooled short and a
temperature, from 2300-10640 K, suggesting that 2-port waveguide directional coupler for
the plasma is not in local thermodynamic connection to thermistor power sensors, which
equilibrium (LTE). were used to measure forward and reflected power.

A rectangular to coaxial waveguide transition was
In the United States, Herlan and Jassowski

2  
used to convert the microwave power from a

conducted research as the initial stage in the rectangular propagation mode to a coaxial
development of microwave thruster hardware. They
investigated helium and nitrogen discharges in a
cylindrical resonant cavity operating in the c/ui Cindr,
TM0 1 1 mode, with input powers of 500-1500 W at Wuveu - / Reonont
2.45 GHz. In order to stabilize the discharge, a loaslun oviIy
boron nitride injector was utilized. With the
injector outside the cavity, the nitrogen Reconqular
propellant exhibited a coupling efficiency of 90% Wueguile
and a maximum thermal efficiency of 26%, while 2Pui Drlionai
for helium, the coupling and maximum thermal

efficiencies were 95-99% and 20% respectively. ciJen
The injector was moved up into the resonant-- Pwer
cavity to create a shorter discharge. In this ledr- Meer
configuration, the nitrogen discharge exhibited kIte E I
coupling efficiencies of 98-991 and a thermal w e-Co-,d Pt.
efficiency of 481. The helium discharge was Cit 'u
unstable with the injector inside the cavity,and licrow v Power
measurements were not reported. f Surce

Researchers at Michigan State University __
have conducted much research relating to resonant
cavity microwave discharges and applications to Fig. 1 Diagram of the experimental microwave

power generation and transmission system
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propagation mode. As shown in Figure 2, the Sliding Short
microwave power was introduced into the resonant Adjusment
cavity by a coaxial probe, which is essentially
the center conductor of the coaxial waveguide.

The resonant cavity, shown in Figure 3, is
basically a circular brass waveguide, terminated
at one end by a stationary brass plate, and at
the other end by a sliding brass plate (the Sling
sliding short). The cavity has a diameter of Short
177.8 mm, an internal depth of 219.08 mm, and has ai
a wall thickness of 3.175 mm. An opening, 57.15
x 57.15 mm was machined in the cavity wall and I 11
covered with a copper grid. This allows direct Co/ Cing
viewing of the discharge within the quartz sphere Rectangular r
without microwave leakage from the cavity to the aross
laboratory. A rectangular brass bar was soldered -iehid
to the side of the cavity, and 15 diagnostic Probe Hol

holes, spaced 9.525 mm apart were drilled through
the brass bar and cavity wall. These holes
allowed insertion of a microcoax probe into the
cavity, so that E-field measurements could be
made at the cavity wall. This arrangement can be
seen in Figure 3. vwna tar

Window Sor

Plasma Containment and Gas Supply System

Fig. 3 Diagram of the cylindrical microwave
A quartz container was designed to allow the a o t cyi ica

plasma discharge to be essentially free-floating, resonant ca

while satisfying the physical constraints of the
resonant cavity and the requirement for variable
pressure, from vacuum to 500 kPa (absolute). The
container was essentially a sphere, 10.2 cm in
diameter, with 2 hollow cylindrical quartz rods
at the top and bottom, as is shown in Figure 4.

Helium and nitrogen were introduced to the
system from compressed sources, via a regulator
and precision valve upstream of the discharge
area. For tests below atmospheric pressure, a
high precision Marshall vacuum gauge was used,
and for tests above atmospheric pressure, a Sliin
Marshall 0-60 psi gauge was used, allowing great rt
flexibility in operating conditions. Downstream
of the discharge area, an Omega rotameter
measured the mass flow rate of the gas through
the system. Also positioned downstream was a
thermocouple, connected to an Omega digital C ling
thermometer, which was used to monitor the exit Disha Poe
gas temperature during tests with a gas flow. In
order to facilitate tests below atmospheric
pressure, a Sargent-Welch vacuum pump was -
installed. The exit gas could either be
exhausted via the vacuum pump, or directly vented
to the laboratory for tests above atmospheric
pressure.

Quartz
Container

y Container Stationary
Short

Conductor Fig. 4 An illustration of the quartz container

Couaping inside the resonant cavity
Prohe

To V vegilde
Transl(iol.

EXPERIMENTAL RESULTS
MNchined
Fingers Ignition and General Behavior

Coing A discharge could be ignited by reducing the
chamber pressure to approximately 6 kPa and
applying microwave power up to 100 W. This
reduction in pressure is necessary in order to

Fig. 2 Diagram of the coaxial coupling probe provide a large enough mean-free path for the
electrons to attain a sufficiently high velocity
for cascade breakdown to occur, and hence plasma
formation. The ignition process was
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instantaneous, and once established, the plasma

sat stably at the center of the quartz sphere. (p p (p P )E 2/E 2

With helium and nitrogen plasmas at low power and - r - io - ro r ro x 100% (5)
pressure, the plasma appeared as a bright orange 'i
cloud, which increased in size with increasing
power. As the pressure was increased, the plasma The incident power and reflected powers were

took on a smaller, spherical shape, and was measured using power meters and the E-field

purple in color. At still higher pressures and power at the cavity wall was measured by

powers, the plasma assumed an ellipsoidal shape, inserting a short length of microcoax cable into

with its major axis along the axis of the cavity, the cavity through the diagnostic ports. The

and changed color completely, appearing as an radial E-field power is proportional to the

intense white filament. This effect, however, square of the radial E-field, and since we are

was much more apparent for helium than for interested in the ratio of the E-field powers,

nitrogen, due to the'higher pressures the helium there is no need to calibrate the microcoax

plasmas could operate at. probe.

As the coupling probe was introduced further The coupling efficiencies of helium and

into the cavity, in order to increase the power nitrogen plasmas were determined with no gas flow

coupled to the plasma, it was noticed that the and an input power of 400 W. Similar

plasma was "pushed" away from the cavity axis to measurements were made for a helium plasma with a

a position near to the wall of the quartz sphere. gas flow rate of 1.056 x 10
-4 

kg/s (corresponding

It is believed that this effect is due to to a flow velocity of 200 cm/s in the straight

perturbations in the E-field arising from the sections of the quartz tubing) and 400 W input

presence of the coupling probe. It was necessary power.

to avoid this excursion of the plasma to the

quartz surface to prevent damage to the sphere. The radial E-field power profiles at the
cavity wall for the TM0 12 mode are in theory

Coupling Efficiency sin
2
x curves, where x is the distance along the

cavity axis. However, due to perturbations

The coupling efficiency is an expression of arising from the coupling probe, the profile is

how effectively the input microwave energy is generally not a regular sin
2
x curve, but has one

coupled to the plasma. Tests were performed with peak higher than the other, as shown in Figure 5.

helium and nitrogen plasmas with no gas flow, and For the E-fleld power ratio calculations, the

also with a helium plasma with gas flow present. average of the two peak values is taken.

The definition of coupling efficiency used Figure 6 shows the coupling efficiency

in this paper is: versus pressure curves for the three cases
considered. The most striking feature is the

n - (input power - power losses)/input power much greater range of operation of the helium

x 100% (1) discharges. The nitrogen discharge is limited to
low pressure operation (less than 30 kPa

where the power losses are due to (absolute)), whereas the helium discharges
operate at well above 250 kPa (absolute). The

(1) Reflected power helium discharges generally exhibit higher

(ii) Power absorbed by the cavity walls, coupling efficiencies, with peak values of 51%
(no flow) and 63% (with gas flow). In

If Pp is the power absorbed by the plasma, comparison, the nitrogen discharge exhibits a

then peak coupling efficiency of 40%.

Pp - Pi - Pr - PC (2)
2.5-

where,

Pi is the input power to the cavity,
Pr is the reflected power from the cavity, 2.0

and

PC is the power absorbed by the cavity
walls. --

It may be shown that 0

R 1.0
E2

P r P (3) \
c 2 to (3)

ro o.- \

where,
Er is the radial E-field at the cavity .o.o

wall with a plasma present, 0 2 4 6 a 1o 12 14
Ero is the radial E-field at the cavity

wall without a plasma present, AXIAL STATION
and

Pto 
= Pio " Pro

Fig. 5 Radial E-field power at the cavity wall

where, versus axial distance along cavity for an

Pio is the input power (empty cavity) empty cavity and 400 W input power.

Pro is the reflected.power (empty cavity)

Thus, from (1), (2), (3) and (4), we obtain:
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Fig. 6 Coupling efficiency versus pressure for Fig. 7 Reflected power and absorbed power loss
nitrogen and helium discharges with no in cavity wall versus pressure for a
flow and for a helium discharge with a helium plasma with no flow.
mass flow rate of 1.056 x 10- kgs-.

There are two sources of loss in the 125
coupling efficiency calculations, namely the RULECTD POWER
reflected power from the cavity, and the power 1 AssoRaso PowER (icAvrY LL)
absorbed by the cavity walls. Thus, in order to too--
improve the coupling efficiency of the
cavity-discharge system, it is necessary to
evaluate the relative contribution of each loss
mechanism. These relative contributions are p
shown for the helium discharges in Figures 7 and o
8. It can be seen in both cases that the power E
loss due to absorption by the cavity walls R so-
increases approximately linearly with pressure,
whereas the reflected power decreases to a
minimum, and then increases to plasma extinction. 25-
Additionally, it can be seen that for the no-flow
case, the absorbed power losses are'always less
than the reflected power losses, but for the
plasma with gas flow, the reverse is true. 0 1 o 2 o o o o

Stability Boundary PRSSURPRESSURE KP

For a given plasma in the resonant cavity,
there is a maximum operating pressure, above Fig. 8 Reflected power and absorbed power loss
which the plasma is extinguished. This in cavity wall versus pressure for a
extinguishment, like the ignition, is as helium plasma with a mass flow rate of
instantaneous process. Tests were performed to 1.056 x 10

-4 
kgs-1

investigate this stability boundary as a function
of input power. The first tests examined nitrogen
and helium plasmas with no gas flow, with later
tests examining a helium plasma with various gas wu- * NaroClr FL.W
flow rates. A HLIU, ,o FLO

SHtLLm. V * 28.3 cM/s
As is shown in Figure 9, the maximum * ~ e 1.v200 zc/

operating pressure for a given input power is x 2o--
significantly greater for helium discharges than -
for nitrogen discharges. It was possible to i
sustain a nitrogen discharge up to a pressure of
only 40 kPa (absolute) with an input power of 450 too--
W, whereas helium discharges displayed much
higher maximum pressures for cases both with and 

E

without flow present. s /
U

The helium discharges for various flow rates E
all have similar stability boundaries, which are
approximately linear at first, then reaching a
maximum possible operating pressure. For the 0 *-,
no-flow case, the maximum pressure is 284 KPa -1 . .
(absolute) at an input power of 400 W. This 0 o00 o 00 300 00 soo 600

input power is a maximum for the discharge with
no flow, as it was found that further increase in I:PU7 POIR (wTTS)
the input power resulted in an excursion of the
discharge to the surface of the quartz sphere. Fig. 9 Stability boundaries for nitrogen and

helium discharges.
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The introduction of a gas flow did not 5. Whitehair, S. J., "Experimental Development
affect the stability boundary dramatically, but of a Microwave Electrothermal Thruster,"
did raise the maximum operating pressure of the Ph.D. Dissertation, Michigan State
discharge. For a mass flow rate 1.5 x 10-

5 
kg/s, University, 1986.

(corresponding to a flow velocity of 28.9 cm/s in

the straight quartz sections of the system) the 6. Whitehair, S. J., Asmussen, J. and
maximum operating pressure was 318 kPa Nakanishi, S., "Recent Experiments with
(absolute), at an input power of 433 W. The Microwave Electrothermal Thrusters,"
tests were discontinued at an input power of 505 AIAA/DGLR/JSASS 17th International Electric
W, as higher input powers resulted in the plasma Propulsion Conference, Tokyo, Japan, May
positioned very close to but not touching the 28-30th, 1984, AIAA-85-2051.
quartz surface, with resulting rapid heating of

the sphere indicated by the red glowing of the 7. Whitehair, S., Asmussen, J. and Nakanishi,

quartz in this region. For an increased mass S., "Microwave Electrothermal Thruster

flow of 1.056 x 10-
4 
kg/s, the maximum operating Performance in Helium Gas," Journal of

pressure was 330 kPa (absolute) at an input power Propulsion and Power, Vol. 3, No. 2, April,

of 400 W, with a similar profile as before. 1987, pp. 136-144.

CONCLUSIONS 8. Whitehair, S., Frasch, L. L. and Asmussen,
J., "Experimental Performance of a Microwave

The research to date has established that Electrothermal Thruster with High

free-floating nitrogen and helium discharges may Temperature Nozzle Materials,"

be stably operated in a microwave resonant cavity. AIAA/DGLR/JSASS 19th International Electric

It was found that for each discharge, there is a Propulsion Conference, Colorado Springs,

maximum operating pressure for a given input Colorado, May 11-13, 1987, AIAA-87-1016.

power. For nitrogen, this maximum pressure is 40
kPa (absolute) at an input power of 400 W, 9. Chapman, R., Finzel, M. and Hawley, M.,

whereas for helium discharges, the maximum "Measurements of Energy Distribution and

pressure is much higher, 284 kPa (absolute) at Wall Temperature in Flowing Hydrogen

400 W input power for a discharge with no flow, Microwave Plasma Systems," AIAA/DGLR/JSASS

and 330 KPa (absolute) at 400 W input power, for 18th International Electric Propulsion

a discharge with a gas flow of 1.056 x 10-
4 
kg/s. Conference, Alexandria, Virginia, September

30 - October 2, 1985, AIAA-85-2052.

The coupling efficiencies of the discharges
were measured. For an input power of 400 W, the 10. Morin, T., Chapman, R., Filpus, J., et al,

nitrogen discharge with no flow displayed a peak "Measurements of Energy Distribution and

coupling efficiency of 40%, while the helium Thrust for Microwave Plasma Coupling of

discharge with no flow displayed a peak of 51%. Electrical Energy to Hydrogen for

When a gas flow of 1.056 x 10-4 kg/s was Propulsion," AIAA/JSASS/DGLR 16th

introduced to the helium discharge, the peak International Electric Propulsion

coupling efficiency increased to 63%. Conference, New Orleans, Louisiana, November
17-19, 1982, AIAA-82-1951.

Both nitrogen and helium are potential
candidates for microwave electrothermal 11. Hawkins, C. E. and Nakanishi, S., "Free

propellants. At present, helium appears to be Radical Propulsion Concept,"

the more suitable due to its much greater range AIAA/JSASS/DGLR, 15th International Electric

of operation and its higher coupling efficiency Propulsion Conference, Las Vegas, Nevada,

along with its lower molecular weight. April 21-23, 1981, AIAA-81-0676.
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