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Abstract
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PROPELLANT
The Electron Cyclotron Resonance (ECR) thruster GAS INECTION m

is a proposed electrodeless space electric propulsion
device with some interesting and little understood CR OWAVE ---

WAVEOLEOE .Y.- AS
physics. A laboratory ECR thruster was run in a vac- Pwo IN/ " '"- PSMAt IE

uum tank at pressures in the 10- torr range using/
2.12 GHz microwave beam and argon gas propellant. W 1Ec HMEATI
Movable diagnostic probes (an emissive probe, and a REGON

SOLENOID oMAGNETIC
Langmuir probe) measured plasma characteristics as EL AOUNES
propellant gas flow rate and input microwave power
level were varied.

Figure 1: Schematic of experimental ECR plasma
source.

1 Introduction

The Electron Cyclotron Resonance (ECR) Thruster characteristics, measurements of plasma potential and

is an advanced space propulsion concept that has possi- electron temperature (Te) have been carried out on a

ble uses in satellite station keeping and interplanetary laboratory- scale ECR plasma source for a range of op-

travel [1]. In the device, a microwave beam is used to erating conditions [3].

ionize and energize a gas in a magnetic nozzle. The
magnetic field strength is chosen such that the electron
cyclotron frequency, eB/m, equals the microwave fre- 2 Experimental Setup
quency in a region downstream of the gas injection zone.
The circularly- polarized microwave beam heats the free The ECR thruster is shown schematically in Figure 1.
electrons in the plasma, transferring energy to the elec- A 2.12 GHz microwave beam is introduced coaxially
trons' gyrating motion around the magnetic field lines. into a magnetic nozzle created by a solenoid, and ar-
The electrons are then accelerated axially by the dipole gon is injected radially at the end of the waveguide.
moment force, creating an electric field that accelerates The gas is ionized in a thin region where the electron
the ions and produces thrust, cyclotron frequency and the microwave frequency are

Although this concept has many attractive features equal (which occurs where the magnetic field strength
[2, 1], including the absence of electrodes in contact is 0.075 T), and the resulting plasma is accelerated into
with the plasma, little is known about the behavior of a two meter diameter vacuum tank. Diagnostic probes
the plasma in such a device. Much work is needed be- are held in the plasma plume by a movable arm. The
fore the ECR concept can be seriously considered for arm can be maneuvered in both the axial and radial di-
space propulsion. To investigate some of the plasma rections in a horizontal plane through the plasma cen-

*Research Assistant, Mechanical Engineering, AIAA Member terline. The arm and diagnostics are constrained to
tAssistant Professor, Mechanical Engineering, AIAA Member remain always parallel to the axis of the thruster. Two

types of probes are used in the present study: an emis-

oCopyright @ 1993 by the American Institute of Aeronautics si v e probe to measure plasma potential and a Langmuir
and Astronautics, hEc. All rights reserved probe to determine the electron temperature.
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Figure 2: Diagram of Emissive Probe.

3 Diagnostics Figure 3: Diagram of Langmuir Probe.

A diagram of the emissive probe used in the exper-
iments is shown in Figure 2. The tungsten filament is
electrically isolated and allowed to float. A DC current
is applied to the filament so that electrons are emit- 1.o.s_
ted and sheath formation is suppressed so the filament
floats near the plasma potential. The potential of the «.o - , *
probe relative to laboratory ground at the tank wall is *
then measured and recorded. The probe is fastened to Pror 6.0o.

the movable arm and the filament is directed toward (A) 40

the oncoming plasma. *
A diagram of the Langmuir probe is shown in Fig- 2.0o.6

ure 3. Two probes are used independently to obtain the , *
electron temperature both perpendicular and parallel o.o0 20 40 0 0 100 20
to the magnetic field. The collecting surface of both Probe Bias (V)

the parallel and perpendicular probes is a 0.54 in. long
tungsten probe with a 0.025 in. diameter. A variable- Figure 4: Langmuir current vs. probe voltage.
voltage power supply is used to apply a known potential
to the probe. The potential is incremented from zero
to +120 V, and the time average of the probe current is
measured as a function of the voltage applied. A typi-
cal curve of current vs. voltage is shown in Figure 4. At
large positive voltage, the probe is saturated and col-
lects only electron current. The "knee" in the curve of , 0 ******

Figure 4 at approximately 40 V where saturation occurs
is at the plasma potential. The probe oriented trans- 13
verse to the magnetic field lines is used to measure the log(Probe J)
component of Te parallel to the magnetic field because .14
most of the electrons that reach the probe must travel
along the field. Conversely, the probe oriented par- -15
allel to the magnetic field lines is used to measure the
perpendicular component of Te because electrons travel "0 20 40 60 80 100 120
perpendicular to the field lines to reach the probe. Probe Bias (V)

The conditions of the experiment, low pressure and
high magnetic field, lead to inaccurate calculations of Figure 5: Log of Langmuir probe current vs. probe

plasma density using Langmuir probe data. The area of voltage with linear fit to selected points.

the probe is needed to calculate the density; but since
the electron larmour radius is not much greater than
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Figure 6: Plasma potential profile for 8 sccm, 600 W.

the probe dimensions, the effective area of the probe is saturation. Since the data is a time average, inaccu-
reduced and must be corrected. However, it is still pos- racies arise due to fluctuations of the plasma potential
sible to calculate electron temperature using standard at the r-f frequency. The plasma potential fluctuations
Langmuir probe theory [3]. We use the logarithmic de- lead to an overestimation of Te, but using data points
termination of the electron temperature here. When near to electron saturation produces the best estimate
the probe potential is between ion saturation and elec- of T, when using time averaged data [5].
tron saturation, the current collected by the probe as a
function of the probe potential is given by the equation 4 Results

J = Joexp k (1) 4.1 Plasma Potential

where J is the electron current collected by the probe, A typical plasma potential profile is shown in Figure 6.
Jo is the electron saturation current, Op, is the probe These measurements were made by traversing the probe
potential, and T is the electron temperature [4, 3]. in a grid pattern in the plasma. The scattered high and
In using Equation 1 we assume that the plasma is low points in the graph are believed to be the result of
quasineutral, the electrons and ions are Maxwellian, momentary fluctuations in the plasma. The plasma is
T, >> T, and the electron and ion mean free paths generated in the upper left region in the plot, with the
are much longer than the dimensions of the probe and plume extending toward the lower right. As Figure 6
the Debye length. It is seen from Equation 1 that in the shows, the plasma potential has little variation in the
probe potential range applicable for the equation, a plot radial direction and decreases steadily in the axial di-
of log(J) vs. Opr is a line whose slope is inversely pro- rection. The slope of the plasma potential appears to
portional to Te. As shown in Figure 5, when the probe be constant away from the ECR region, indicating a
potential is less than the plasma potential, the log(J) constant axial electric field which accelerates the ions.
vs. Oip curve is also linear for the data. To obtain the The general shape of this profile is not affected by op-
electron temperature fronm the data we fit a line to the erating conditions. In similar experiments with differ-
three data points just before the probe reaches electron ent operating conditions, the profiles are very similar
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Figure 7: Axial variation in plasma potential on the Figure 8: Effect of pressure on plasma potential in a
thruster axis for different pressures, fixed location.

50

to Figure 6 except that the plasma potential may be
offset at all locations. 40

The global change in magnitude of the plasma po- 3 * **
tential can be seen in Figure 7. The plasma potential Plasma 0,e.*,. * *

Potential
decreases at all axial locations as the pressure increases; (v) 2
but the axial slope of the plasma potential appears un-
changed. In the absence of collisional losses, one would 10

expect that the plasma potential would be proportional
to the magnetic field strength. However, the magnetic o t1oo 2000 o300 40o
field strength drops much more steeply than the plasma Power (W)

potential in Figure 7. It appears that collisions cause
the plasma potential to drop much more slowly than an- Figure 9: Effect of input power on plasma potential in

ticipated. Others [2, 6] have found that near the ECR a fixed location at 7 seem.

region the plasma potential drops proportionately to
the magnetic field strength, but further into the expan- completed recently suggest that much of the power loss
sion region the gradient in the plasma potential flattens is due to transmission of the microwave beam through
out. It is believed that the data presented here repre- the plasma and reflection from the ECR region.
sents the latter region only.

The effect of tank pressure is also evident in Figure 8 Electron Temperature4.2 Electron Temperature
which was taken at a fixed location in the plasma while

the flow rate was increased. For both microwave power A plot of the parallel electron temperature profile in
levels shown, the plasma potential increases sharply as the plasma is shown in Figure 10. Near the ECR re-
the vacuum pressure decreases. The increase in plasma gion (at approximate axial position 10 on the graph)
potential at low pressure is beneficial from a propulsion T, is peaked on the thruster axis and decreases sharply
standpoint because in space the ions would fall from the in the radial direction. Downstream T decreases on
plasma potential near the spacecraft to zero far away axis and increases away from the axis as the plume di-
resulting in more thrust from a higher plasma potential. verges. The value and trend of these results agree with
Further experiments with a vacuum facility capable of measurements taken on the thruster axis of a similar
lower pressures are needed to obtain a better estimate device by Miller, Bethke, and Crimi [2].
of the plasma potential (and therefore ion acceleration) In Figure 11 we see that the perpendicular Te profile
that could be attained in space. is similar to the parallel Te profile. However, near the

In Figure 8 the plasma potential is nearly constant ECR region, the perpendicular T, is greater than the
over the whole range of pressures for the two power lev- parallel T,. The difference between the two tempera-
els shown. And as Figure 9 shows, the input microwave tures is shown more clearly in Figure 12. As the plume
power seems to have a negligible effect on the plasma diverges into the vacuum tank, the difference decreases
potential for a fixed flow rate even up to 3 kW. This in- in both figures, and at an axial position of approxi-
dicates that the extra input power is dissipated without mately 50 cm the parallel and perpendicular tempera-
being transferred to the electrons or ions. Experiments tures are the same to within experimental uncertainty.
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Figure 10: Parallel electron temperature profile for 6 sccm, 800 W.
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Figure 11: Perpendicular electron temperature profile for 6 seem, 800 W.

5



IEPC-93-037 360

10 radial and axial directions using an emissive probe and
a Langmuir probe fastened to a moveable diagnostic

0 arm. The plasma potential decreases greatly as the

T * O o0 pressure in the vacuum tank increases. The increased

T. (v) * 0 o p ,* pP collisions due to the added background gas at elevated

. pressures cause a reduction in the plasma potential and
therefore reduce plasma acceleration and thrust. In-

2 ocreases in applied microwave power have a negligible0 Perpendicular
* paranp effect on the plasma potential, due apparently to ineffi-

0 o so so 70 ao so cient conversion of microwave energy to plasma energy.
Axial Pos. (cm) The electron temperature behaves in a manner simi-

lar to the plasma potential. Increases in pressure result
Figure 12: Comparison of axial variation in parallel and in decreases in both components of Te. The perpendic-
perpendicular electron temperatures at 6 seem, 600 W. ular component of Te is greater than the parallel com-

ponent near the ECR region, but the two temperatures
1s equilibrate as the plume diverges into the tank. It ap-

12pears that since the plasma potential and electron tem-
Sperature increase at lower pressures, the performance

9 of this thruster will be improved when operated in an
To (.V) Q * * improved vacuum. Further tests are needed at lower

6 0 P ff o pressures to accurately evaluate the usefulness of ECR
as an advanced propulsion device.
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