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ABSTRACT
PLASMA FLUCTUATIONS IN ION THRUSTERS UTILIZING
HOLLOW CATHODES
Experiments and analysis have been performed to determine the cause
of certain electrical fluctuations found to be present in the main
discharge of a mercury ion thruster equipped with a hollow cathode. The
fluctuation frequency was in the range of 10 to 30 kilohertz. The peak to
peak magnitude of the discharge current and voltage were of the same order
as the respective DC levels. The frequency was found to increase with
increasing discharge current, discharge voltage, and magnetic field
intensity. Extensive plasma measurements were made in a bell-jar ion
source with a similar geometry to the ion thruster. Langmuir probes were
used to evaluate average plasma characteristics such as the electron
temperature and plasma potential distribution. Dynamic measurements were
also made to determine the phase relationships between fluctuations ir the
plasma potential, electron density, and the discharge current and voitage.
A detailed description of these measurements is given. A survey was made
of fluctuation mechanisms common to this type of ion source. A mechanism
was proposed after due consideration to both theory and the plasma
measurements. The proposed mechanism has two parts; i.e., the launching
of an ion acoustic wave at the interface between the keeper and main
discharge plasma towards the cathode, and a feedback mechanism which
triggers the next wave. There is evidence given that the ion acoustic

wave is produced by an ion beam-plasma instability condition whicn is



present during part of the fluctuation cycle. An expression is derived
which includes the critical parameters determining the fluctuation
frequency. The frequency calculated from the derived expression was found
to compare well with the measured fluctuation frequency over a broad range

of discharge parameters and keeper discharge chamber geometries.
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I. INTRODUCTION

The following dissertation is an account of experiments and analyses
which were performed to determine the cause of certain electrical
fluctuations which have been observed in the main discharge of ion
thrusters utilizing a hollow cathode. The ion thruster is a space
propuTsion device which produces thrust by the expulsion of ions which
have been accelerated to very high velocities by means of an electric
field. The ions are produced within a container by flowing gas through an
electrical discharge. The electrical discharge in the hollow cathode ion
thruster was found to be characterized by the presence of large, high
frequency voltage and current fluctuations!

There were two reasons for studying these discharge fluctuations.
First, plasma fluctuations are very often indicative of an enhanced elect-
ron diffusion loss from the plasma and consequently may represent an inef-
ficient mode of ion source operation. It has been shown?Z,3 that discharge
fluctuations in ion sources using refractory cathodes can be reduced and
in some cases the ion source efficiency increased by relatively simpie
changes in the magnetic field geometry. Secondly, plasma fluctuations in
the ion thruster could be a potential source of e]éctromagnetic noise
which may detrimentally interact with cther systems on the spacecraft.

The concern for these interactions has prompted studies?sb to determine
the amount of conducted and radiated electromagnetic interference {EMI)
produced by the ion thruster and its associated controls and power sub-

plies (thrust subsystem). These studies indicate that the EMI generated



by the thrust subsystem should not interfere with critical spacecraft sub-
systems; ie, the computer, attitude control, communications, etc., but it
may disturb the more sensitive science instruments such as plasma wave de-
tectors and low energy particle spectrometers. Therefore, the fluctua-
tions are not viewed as a critical problem. However, a better understand-
ing of the physical mechanism causing the electrical fluctuations may lead
to appropriate changes in ion thruster design which may affect a reduction
in EMI and an improvement in thruster efficiency.

‘This dissertation is divided into four parts. Chapter II will begin
with some general background information on electric propulsion with
particular emphasis being given to the design and operation of the ion
thruster. This will be followed by a description of the observed
electrical fluctuations in terms of externally measurable quantities such
as the discharge voltage and current. There will be a critical review of
several fluctuation processes which have been commonly found to be present
in laboratory plasmas similar to the ion thruster. The review produced
two candidates which appeared to be in the proper frequency range, i.e.,
the so-called Cohen instability and the ion acoustic resonance. Chapter
IT will include a description of an experiment which was performéa'on the
jon thruster to check for the presence of the Cohen instability. It will
be shown that the experiment did not support this hypothesis.

Chapter III will contain a description of a series of experiments
which were conducted using a bell-jar ion source. The first series of
bell-jar experiments focused on the relationship between various plasma
parameters in the main discharge and the fluctuation frequency. The
results of these experiments raised doubts as to the possibility of an ion

acoustic resonance in the main discharge. However, these data showed some



promise for such a resonance in the keeper discharge region. Consequent-
1y, a second series of bell jar experiments were conducted to investigate
the effects of certain geometrical and electrical parameters in the keeper
plasma region on the observed piasma fluctuations. These experiments
produced detailed information on the dynamics which take place in the
plasma during the fluctuation cycle.

Chapter IV will begin with a general qualitative description of a
mechanism which is proposed to be responsible for the plasma fluctuations
in the ion thruster. This will be used to explain the results of some of
the experiments described in Chapters II and III. The dispersion equation
for the plasma in the keeper region will be derived and it will be shown
that an ion acoustic wave can be produced in that region under the proper
conditions. The ion acoustic wave hypothesis will then be factored into a
model which describes the sequence of events during a fluctuation cycle.
The model will lead to the derivation of a simple expression which gives
the fluctuation frequency in terms of several critical parameters. The
theoretical expression will then be directly compared to the experimental

results, Thg conclusions will then be summarized in Chapter V.



IT - BACKGROUND

Electric Propulsion Technology

Electric propulsion covers a broad range of technology which is used
to convert electrical power into thrust for space propu]sion6’7,8’9. Some
of the sources of electrical power which have been considered include
salar cells, thermoelelectric, and thermionic generators. Electric
propqlsion can be divided into three categories, ie, electrostatic (ion
thrusters), electrothermal (arcjets), and electromagnetic (magnetoplasma-
dynamic and pulsed plasma thrusters). 1In general, electric propulsion is
capable of producing higher exhaust velocities than conventional chemical
rocket propulsion. Consequently the propellant mass required for a given
change in vehicle velocity is less with electric propulsion. However, the
thrust produced by an electric propulsion system is limited to a fraction
of the power plant weight in the Earth's gravitational field. Therefore,
electrical propulsion is restricted to operating in space where the thrust
is greater than the gravitational forces on the spacecraft. 1In spite of
‘these limitations, many missions have been identifiedl0,11 which would
benefit from this form of propulsion.

To date, most of the work in electric propulsion has concentrated on
the development of the electrostatic ion thruster. The ion thruster
produces ions (ion source), accelerates the ions by means of an electric
field (electrostatic grids) to produce thrust, and ejects sufficient
electrons into the ion beam to maintain charge neutrality on the vehicle

(neutralizer). Tons may be produced either directly by surface contact



ionization9,12 or indirectly by electron bombardment of a gas7s13,

Contact ionization is restricted to gases which have an ionization
potential lower than the work function of the surface. The electron
bombardment thruster can be operated on any gas. Mercury vapor was used
in the electron bombardment thruster in this study. This type of thruster
will be described in greater detail in the following.

Electron Bombardment Ion Thrusters

A cross section of a typical electron bombardment ion thruster
utilizing a refractory cathode is shown in Figure 1. This type of ion
thruster produces electrons by means of the thermionic emission process.
This is accomplished by electrically heating a refractory metal cathode to
a very high temperature. The electrons which are emitted by the cathode
are accelerated by an electric field to the surrounding anode structure
which is held positive with respect to the cathode by means of an-external
DC power supply. The cathode and anode are mounted within a cylinder with
an opening at one end. This cylinder, which is commonly called a
discharge chamber, acts 55 a containment veése] for the plasma produced in
the discharge. A perforated metal plate, known as the screen grid, is
mounted on the open end of the chamber. The screen grid establilishes a
boundary for the plasma from which the ions can be extracted. An
accelerator grid is held in é1ose proximity to the screen grid on
electrical insulators. The ion source would typically be maintained at
about 2,000 volts positive with the accelerator grid at 2,000 volts
negative. The negative accelerator grid prevents electrons in the beam
plasma from backstreaming into the source. The two grids have an
identical matrix of holes which are aligned to minimize impingement during

ion extraction. The propellant is fed into the discharge chamber through
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a manifold which is designed to distribute the gas evenly and in a way
which optimizes the fraction which is ionized and extracted. An external
magnetic field is applied to the entire discharge chamber to reduce the
diffusion of electrons to the anode, ie, to increase their effective
residence time in the discharge.

The refractory cathode ion thruster is operated in the following
manner. (1) The arc voltage, magnetic field current, and gas flow rate
are set to some appropriate values chosen from past experience. (2) The
filament current is slowly increased until the discharge commences and
then further increased until the desired level of discharge current is
achieved. (3) The neutralizer filament power is set at a level which is
sufficient to produce an electron emission which can balance the ion beam
current. (4) The positive (screen) and negative (accelerator) high
voltage power supplies are turned on simultaneously to initiate the ion
beam extréction. (5) The flow rate, magnetic field, and arc parameters
are further adjusted to produce the desired level of ion beam current.

Ion sources utilizing'refractory cathodes start and run easily, use
practically any gas, and are relatively simple to build. These features
make this type of ion source very popular for land-based usé§ such as ion
implantation, ion milling, and mass spectroscopy. However, refractory
cathodes have a lifetime which is too short for most of the space
applications of interest; therefore, it has been replaced by a device
called the hollow cathode. The hollow cathode ion source is substantially
more complicated in design and operation than its refractory cathode
counterpart. However, the hollow cathode lifetime is two to three orders

of magnitude greater (1,000 to 10,000 hours). The detaiied physical



processes involved in the operation of the hollow cathode are not well
understood and continue to be an active area of research.

A cross section of an electron bombardment ion thruster utilizing a
hollow cathode is shown in Figure 2. The hollow cathode is a refractory
metal tube with an electric heater wound on one end. The other end of the
tube is connected to a source of gas (vaporizer or tank) and includes some
means of regulating the flow rate. The heated end of the tube is usually
fitted with an orifice (tip) to restrict the flow and thereby maintain a
relatively high pressure within the tube. The interior of the tube is
usually coated with a Tow work function material such as barium oxide in
order to improve the thermionic emission. An electrode, referred to as
the "keeper," is mounted a short distance from the cathode tip. The
_keeper electrode is held positive with respect to the tube by means of an
external DC power supply. The hollow cathode is mounted within a small
cylindrical antechamber which will be called the keeper discharge chamber.
The electrons produced in the keeper discharge chamber are drawn through
an aperture into the main discharge chamber by the anode which is held at
a higher positive voltage than the keeper. The function and design of the
main discharge chamber and the extraction grid system are essentially
jdentical to the refractory cathode ion source described previously.

The hollow cathode discharge produces a high density plasma in the
keeper discharge region. Some of the electrons in the keeper plasma are
drawn through a ring shaped aperture (annulus) into the main discharge
region by an electric field. The electric field is present at the
aperture because of the difference in the plasma potential between the
keeper and main discharge regions. The actual boundary between the two

plasma regions may have a tendency to protrude back into the keeper
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p1asma14-15. This type of p1asma'interface is often referred to as a
double sheath. The aperture, in effect, acts as a virtual cathode which
supplies high energy electrons to the main discharge.

Preliminary Ion Thruster Experiments

Plasma fluctuations were first observed on a 20-cm mercury ion
thruster at Colorado State University (CSU).1 The thruster was designed
and constructed at the Jet Propulsion Laboratory (JPL). These
fluctuations were found while using an oscilloscope to measure the ripple
present on the arc, keeper, and magnet power supplies. The thruster used
in these tests was equippéd with a hollow cathode mounted within a
magnetic pole piece. The magnetic circuit was designed to produce a field
which expands from the cathode pole piece to the edge of the screen grid.

The ripple current on the thruster power supplies was first measured
using resistors to simulate the maximum thruster load conditions and
subsequently during actual thruster operation. With a resistive load, the
ripple current on the arc power supply was about 5% of the DC value and
the frequency was 120 hertz, which is typical for a full wave bridge
rectifier: However, during thruster operation, the arc current was
characterized by the presesence of high frequency fluctuations (on the
order of 20 Kilohertz) with a peak to peak amplitude as large as the DC
current level,

An oscilloscope was also used to measure the plasma potential
fluctuations within the main discharge chamber of the jon thruster by
means of an emissive probe. A diagram of the circuit and details of the
emissive probe are shown in Figure 3. The probe was made by swaging and

spot welding a low voltage light bulb filament onto two tantalum support
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wires. The tantalum wires were run through two short pieces of thin
walled alumina thermocouple tubing and into a double bore quartz tube.
The thin ailumina tubes provide a transition region between the hot
filament and the relatively large thermal mass of the quartz tubing.
During probe construction, a section of the quartz tube was heated to the
plastic state and drawn'out to fix the tantalum wires in place. The
filament wire was heated with a floating 6 volt battery. The filament
current was controlled and limited with a potentiometer.

To operate the probe, the filament current was increased until the
relative increase in the average (DC) floating potential was minimal. At
that point, the emissive probe was presumably emitting electrons at a
sufficient rate to balance the random electron current from the plasma and
consequently would follow the fluctuations in the plasma potential.
Reference 16 contains a detailed description of emissive probe theory and
shows that the frequency response can be well into the megahertz region
when proper care is taken .to minimize the capacitive coupling to ground.

These emissive probe measurements had no direct provision for
determining the frequency spectra, but it was possible to make the
following general qualitative observations: (1) The plasma potential
fluctuation frequency in the main discharge region was found to increase
nearly linearly with increasing magnetic field, (2) the frequency of the
fluctuations also increased as the arc current was increased, (3) the
detailed characteristics (wave shape and amplitude) were approximately the
same as the arc voltage fluctuations, and (4) the frequency decreased when

the beam current was not being extracted,
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A simple cylindrical Langmuir probe was also placed within the main
discharge region. A sawtooth waveform was applied to the probe with
respect to the cathode potential. The waveform had a maximum amplitude of
+60 volts at a frequency of 2 Kilohertz. The current-voltage
characteristics were displayed on the x-y oscilloscope utilizing a 10 ohm
shunt resistor to produce a voltage proportional to the probe current.

The resulting display indicated the presence of oscillations similar to
those found by previous workers17 with a refractory cathode ion thruster.
The size of the noise envelope on the Langmuir probe was about 5 volts
when the arc voltage was 30 volts. This figure was approximately the same
as the plasma potential fluctuations measured with the emissive probe
‘described previously.

These initial observations prompted a review of the plasma physics
lTiterature in order to find a possible physical mechanism which could
explain the cause of the fluctuations. The following section contains a
survey of the more commonly observed plasma wave mechanisms, with
particular emphasis given to those which have been found in ion sources
which are similar to the ion thruster geometry and plasma parameter range.

Original Survey of Possible Plasma Fluctuation Mechanisms

The original experimental setup described in the previous section was
not equipped to perform an exhaustive plasma wave study. Therefore, a
literature survey was conducted in order to give some possible insight
into the fluctuation mechanism and some direction to the next series of

experiments. A brief summary of the fluctuation characteristics will be

given first.
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The fluctuation frequency is on the order of 20 Kilohertz and appears
to increase linearly with the magnetic field. In addition, the frequency
increased with the arc current, and is reduced when the jon beam is shut
off. The effect of the magnetic field and the érc current on the
frequency may be indirect; ie, by increasing the plasma density or the
electron temperature. The observed fluctuation characteristics and the
general conditions found in the ion thruster; ie, plasma density, electron
temperature, geometry, and magnetic field strength, were used to evaluate
the feasibility of the plasma fluctuation mechanisms described in the
following section.

The most commonly observed plasma oscillation is the electron plasma
frequency, which was predicted and observed by Tonks and Langmuirlg, The

electron plasma frequency is given by,

@, = [Nee?/Me€o] /2 ms (1)

where N, and Me are the electron density and mass respectively, e is the
charge on the electron, and Eb is the permittivity of free space. It
should be noted that (L%is independent of the plasma dimensions and the
magnetic field, ie, it is the "natural" resonant frequency of the
electrons in a plasma of density No. Using Equation (1) and a typical
value of the electron density in the ion thrusterl9,20,21 of 5 1017
electrons m'3, it is found that the electron plasma frequency is about 6.7
x 109 hertz, which is too high to be considered. 1In a similar manner, the
so-called ion plasma frequency can be found’by substituting the mass of
the ion for that of the electron in Equation (1). For the same density,

it is found that the ion plasma frequency for mercury is about 1.1 x 107
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hertz. Thus, the electron and ion plasma frequency are too large to be
considered.

A plasma fluctuation mechanism commonly found in magnetically
confined plasmas is the electron cyclotron frequency22 (or gyrofrequency)
which is given by,

Cdce:|éB/Me| ,RS (2)
where B is the magnetic flux density, e is the charge on the electron, and
hAeis the mass of the electron. This fréquency represents the inverse of
the time for the electron to make one full revolution perpendicular to the
magnetic field. Notice that the frequency is independent of plasma
density, the electron temperature, and the plasma dimensions. Using
Equation (2) and a typical magnetic flux density for the ion thruster of
25 x 1074 webers m=2 # it is found that the electron cyclotron frequency
is about 7 x 107 hertz which is too high to be considered. It is also
possible to have a resonahce at the ion cyclotron frequency which can be
found by substituting the ion mass for the electron mass in Equation (Z2).
For the same magnetic flux density, the ion cyclotron frequency for
mercury is about 200 hertz, which is much lower than the observed value.

In addition to the low frequency, the ion cyclotron resonance is not
possible within the ion thruster because the radius of the orbit is larger

than the dimensions of the thruster. The gyroradius (or Larmour radius)

for the ion is given by,

R, =[MV,feB] | M (3)

where e is the charge on the ion, V., is the velocity of the ion in a
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plane perpendicular to the magnetic field B, and M;is the mass of the
ion. If the thermal energy of the ion is equally divided among the three
degrees of freedom, the perpendicular velocity (2 degrees of freedom) is

equal to,

v, =[2KkgT/m] , Ms | (4)
where T, is the ifon temperature, and k, is Boltzmann's constant. If the
ion temperature is assumed to be equal to the wall temperature of the ion
source, typically 600°K, and the magnetic flux density is 25 x 10=4 weber
m'2, Equation (4) gives a perpendicular ion velocity for mercury of about
220 m sec~! and Equation (3) gives a Larmour radius of about 18
centimeters. This result is about twice as large as the radius of the ion
thruster under investigation; therefore it is not possible to have such a
resonance.

Another fluctuation mechanism which was considered was the EXB (the
cross product of the electric and magnetic field) drift instability. The
EXB drift (also called the guiding center drift) may occur when the static
electric field in the plasma has a component which is perpendicu]ar to the
applied magnetic field. In this case the ions and electrons drift at the
same velocity and in the same direction, mutually perpendicular to both
the electric and magnetic field. In the drift frame of reference, the ion
and electron motion is identical to the motion in the rest frame when no
electric field is present; ie, circular motion at the gyrofrequency,
Larmour radius, and direction for the respective particle.

In the case of the ion thruster under consideration, the magnetic

field is predominantly axial and the electric field in the main discharge
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is radial; therefore, an EXB drift may be expected that would produce a
rotation of the plasma as a whole in the ©-direction. Such a configura-
tion has been shown to produce various types of instabilities3,24,25
under the proper conditions. However, it was pointed out above that the
jon Larmour radius is too large in the ion thruster to permit complete
cyclotron orbits. Therefore, the ions will not participate in the
©-drift and the instability mechanisms described in tHe cited references
would not be applicable. Furthermore, electrostatic ion cyclotron waves
and the lower hybrid resonance can be eliminated for the same reason.
Cohen26 developed a new theory to predict the conditions for the
onset of anomalous diffusion resulting from an unstable plasma state in an
ion thruster. The theory was based on the earlier work of Kadomtsev and
Nedospasov27. However, the assumptions were modified to reflect the ion
thruster plasma conditions. In particular, the analysis was applicable to
the lTower pressure regime and magnetic field intensity normally found in
the ion thruster; ie, the magnetic field did not effect the motion of the
ions. Cohen made the assumption that small perturbations in the number
densjty and plasma potential can exist in the©-direction. Under normal,
stable conditions these will be damped out. However, he derived an
expression which predicts a so-called critical magnetic field at which
such perturbations would grow without bounds, ie, the plasma would become
unstable. As a result, the large perturbations in the plasma potential in
the ©-direction produce Hall electron currents in the r-direction and

consequently enhanced diffusion losses.
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Cohen's theory predicts that the frequency of the oscillation will be

W =[KpT(436)/2TeBR? ], RS (5)

where kg is Boltzmann's constant, e is the charge on the electron, T, is
the ion temperature, B is the magnetic flux density, and R is the radius
of the discharge. The coefficient in the brackets was evaluated in
Cohen's analysis using various appropriate assumptions about the plasma
conditions in the ion thruster. For a 20-cm diameter thruster, with T,
equal to 600°K (the wall temperature), and B equal to 25 x 104 webers
m'2; Equation {(5) yields a frequency of about 1400 hertz. This calculated
frequency is about an order of magnitude lower than the observed
frequency. However, an instability may alter some of the conditions under
which Equation (5) was derived; therefore, it may only represent the
frequency at the onset of the instability.

Cohen also derived an expression for the ion production energy per
beam ion (eV/ion) and predicted that the minimum would occur at the
so-called critical magnetic field. The resultant expression appeared to
agree quite well with observations of refractory cathode ion sources at
that time2517,26, (Later, Martin28 established the validity of Cohen's
theory with a series of experiments using a refractory cathode ion source
with several different anode radii.) However, the fluctuations in the JPL
20-cm hollow cathode ion thruster were evident at all values of the
magnetic field current, ie, the minimum ion production energy per beam ion
did not correspond to the onset of the f]uctuation529s30. Thus, there was

apparently something different about the fluctuations observed in the

hollow cathode jon thruster.
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The last plasma fluctuation mechanism to be considered was the ion
acoustic resonance. This has been the subject of an extensive
experimental study by Alexeff and Ne1‘d1’gh31 and others32'35. Ion sound
waves are longitudinal compression waves which are essentially a bhalance
between the momentum of the fons and a restoring force due to the thermal
pressure of the electrons. The ions and electrons are constrained to move
together by electrostatic forces. In bounded plasmas, such as the ion
thruster, these waves can develop spontaneous]y18’31’34 and produce both
radial and longitudinal resonant modes of oscillation. Ion acoustic
resonances are generally characterized by standing waves in the plasma
density and potential. In other words, both of these plasma properties
would appear to change in phase with each other throughout the plasma;
however, a scan across the resonant cavity would exhibit nodes and
antinodes in the amplitude of the oscillation.

The longitudinal ion acoustic resonant frequency is given by

Fo=(1/N) [Tkt /]2, 1z @

where )\15 the wave]ength,’)é is the polytropic process exponent for the
electrons, kb is Boltzmann's constant, Te is the electron temperature, and
Mj is the mass of the ion. For a longitudinal mode of resonance, the
fundamental frequency corresponds to a wavelength of 2L, where L is the
length of the plasma column. The value of'); may be 1 or 5/3; ie, the
values appropriate to isothermal and isentropic compression processes
respectively.33 ,); is usually set equal to 1 because the thermal velocity
of the electrons is much greater than the ion acoustic velocity;

therefore, they have time to equalize their temperature on a time scale
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much shorter than the period of the wave; hence, they can be considered
jisothermal. The value of’); =1 is also predicted by kinetic theory34.

If it is assumed that the electron temperature in the main discharge
of the JPL 20-cm ion thruster is about 5 electron volts at a discharge
voltage of 30 volts, and the chamber Tength is about 15 centimeters, then
Equation (6) predicts a longitudinal ion acoustic frequency of about 5100
hertz. For the fundamental frequency of the radial ion acoustic mode,
(1/a) in Equation (6) should be changed to (2.405/qD), where the
coefficient is the first zeroth order Bessel root and D is the diameter.
For the same conditions, the radial ion acoustic frequencies are within a
factor of 2 or 3 of the observed value and therefore may be representative
of the true mechanism.

To summarize, a review of several cohmon]y observed plasma
fluctuation mechanisms has been conducted. The plasma parameters and
magnetic field strength present in the ion thruster have been used to
determine the frequency and/or the feasibility of each fluctuation
mechanism considered. Two of the mechanisms were regarded as promising.
The first is a rotating (flute like) instability that was developed by
Cohen26 to explain the onset of anomolous diffusion in refractory cathode
jon thrusters above a certain "critical” magnetic field. The second
possible mechanism is the ion acoustic resonance. Calculations have shown
that both mechanisms would be likely to produce oscillations within an
order of magnitude of the observed frequencies. However, both mechanisms
appear to have their own shortcomings. The Cohen instability mechanism
may not apply because the observed fluctuations exist over the entire

operating range of the thruster, and the minimum ion production energy per
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beam ion did not correspond to the onset of the fluctuations. The
fundamental ion acoustic resonance frequency predicted by theory is a
factor of two or three times lower than the observed fluctuation
frequency. However, higher order modes are possible, or there may be an
entirely different fluctuation mechanism applicable in this case.

Follow-Up Ion Thruster Experiments at JPL

Additional tests were performed on the JPL 20-cm ion thruster
(unpublished) at JPL as a follow-up of the original observations described
above, The tests were conducted in a 2.13m diameter by 4.57m long vacuum
facility which was equipped with a liquid nitrogen liner and a frozen
mercury target. The purpose of these tests was to document some of the
effects described qualitatively above, and to measure the speed and
direction of the plasma potential fluctuations in the main discharge. The
later group of experiments was aimed at discriminating between the two
more probable fluctuation mechanisms described in the last section.

The AC component of the arc current was observed by means of a
Tektronics Model P6042 clamp-on current probe. This probe has a
frequency response ofuup to 30 megahertz. The probe was electrically
isolated from the main discharge power supply lead it was clamped onto;
therefore, the output could be fed directly into a grounded oscilloscope
when the ion thruster was at high voltage. A typical picture of the arc
current fluctuations is shown in Figure 4A. A crude estimate of the
fluctuation frequency was made by adding up the number of cycles on each
trace and dividing by the time base. This simple method was used to
produce the data shown in Figure 4B which is a plot of the fluctuation
frequency as a function of the magnetic field current over a range from

0.45 to 0.90 amperes. The error bars on the figure represent the range of
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frequencies which is observed on a cycle-to-cycle basis from the original
oscilloscope photograph. The normal operating magnet current for this
thruster was 0.65 amperes, where the ion production energy per beam ion
was at a minimum.29,30 The arc current and voltage were maintained at 8.2
amperes and 35 volts respectively during this test. Note that the magnet
current and the frequency are related linearly over the range
investigated.

When the magnet current was reduced below 0.45 amperes, the ion
thruster changed mode and went into a low frequency (approximately 60
hertz) large amplitude oscillation. Figure 5 shows the AC component of
the discharge current at a magnet current of 0.4 amperes. Notice that the
amplitude of the fluctuations has increased by a factor of four over the
previous trace shown in Figure 4a. In addition, the discharge would go
off when the magnetic field current was reduced below 0.3 amperes. This
unstable behavior has also been observed in other studies with this
thruster,29,30

Figure 6 shows the relationship between the arc current and the
fluctuation frequency. These data were taken at a magnetic field current
of 0.75 amperes and an arc voltage of 35 volts. This figure shows that
the increase in frequency was almost linearly related to the arc current.

Figure 7 shows the effect of ion beam extraction on the frequency.
The figure contains two oscilloscope photographs of arc current
fiuctuations taken at identical discharge parameters. However, the high
voltage was off during the tob trace and on during the lower trace, The
discharge current and voltage were 8.2 amperes and 35 volts respectively
and the magnet current was at 0.75 amperes. The ion thruster produced 2

beam of 850 milliamperes with the high voltage on. Note that the
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frequency increased from about 30 Kilohertz to 36 Kilohertz when the high
voltage was turned on, but the general shape and amplitude of the
fluctuations did not appear to change.

It was also noticed during this series of tests at JPL that the arc
current fluctuations appeared to be a smaller fraction of the DC current
level than the previous tests at CSU indicated. There were two reasons
that were proposed‘for this discrepancy: (1) The shunt used to monitor
the arc current at CSU was not compensated for internal inductance;
therefore, the voltage across the shunt -was increased by the induced
voltage. This would give the appearance of being a larger arc current
fluctuation when it was displayed on the scope. (2) The filter in the JPL
discharge power supply had more inductance than the supply used at CSU;
ie, a larger power supply inductance should reduce the arc current
fluctuations substantially.

An experiment was also performed to determine the speed and direction
of the potential fluctuations in the main discharge plasma. Figure 8A
shows the details of the experimental setup. Four emissive probes were
Tocated within the main discharge chamber. One probe was used as a
reference while the remaining three probes were placed at various
positions away from the reference probe in the r,8, and z-directions
respectively. The emissive probes used in this experiment were identical
tc those described earlier. The high voltage was off during this
experiment; therefore, the floating probe potential could be fed directly
into an oscilloscope.

The following procedure was followed in these tests. (1) The

reference probe and one of the other probes, for example a prove in a



28

JPL 20-CM

ION THRUSTER

2 CM

- =T

b
bl
I
il

I —

1
T
11
1

2 CM —

VAN LAV
IR EVIRVIELW
v

v

20s/DIV

51LS/DIV

Figure 8 - Ion thruster emissive probe measurements, (A) Probe

Tocations 18 thruster, (B) and (C), Variation with azimuthal

angle of 307, 20 and 5 microseconds per division respectively.



29

different © -position, was heated to the proper emission level with their
own respective floating (battery) power supplies. (2) As described
earlier, the filament current was increased until the relative increase in
the flecating potential was minimal. The probe was then assumed to be at
or close to the plasma potential. (3) The floating potential from each
probe was fed into a Tektronics Model 555 Dual beam oscilloscope. (4)
The AC plasma potential fluctuations were then compared at the same
instant in time in different positions within the main discharge plasma.
Figure 8B shows a typical oscilloscope trace which was taken with the
probes at two different ©-positions, but at the same r and z-position.
The probes were about 30 degrees apart at a radius of 5 centimeters from
the central axis of the thruster. The time base used in Figure 8B was 20
x 1076 seconds per division; therefore, the average period for the
fluctuations was about 40 x 10-0 seconds per cycle. In this case, if the
potential fluctuations were moving through a complete cycle @©-rotation of
360°) in a time of 40 microseconds, there would have been a phase shift of
about 3 x 10~% seconds (30°) between the two probe traces. Figure &C
contains a pair of traces taken under the same condi?ions at a time base
of 5 x 1076 seconds per division. It was evident from Figure 8C that,
within the time resolution of the scope, there was no phase shift between
the two probe traces. Therefore, it was concluded that the fluctuations
were not caused by a disturbance rotating in the ©-direction. Similar
tests produced the same results in the r and z-directions. In other
words, there was no evidence of wave motion in the main discharge plasma;
the plasma potential fluctuations appeared to be at the same phase in

ie,

every position.
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Standing waves can occur in a bounded plasma if the wave is reflected
from the boundaries. The fundamental mode of a standing wave (radial or
longitudinal) will appear to be "in phase" at all Tocations within the
plasma. In the ideal case, the amplitude will vary symetrically around
the axis for the radial case, or half the length in the longitudinal case.
However, in the case of the ion thruster, the situation is complicated by
gradients in the plasma density, specie temperature, plasma potential, and
the magnetic field. Censequently, it was not clear how this would affect
the amplitude distribution of a standing wave in an ion thruster.
Therefore, with the Timited plasma potential measurements available from
the ion thruster, it was thought that the constant phase characteristics
may be evidence of standing waves.

To summarize; the follow-up experiments at JPL confirmed the earlier
observations at CSU. There was some difference in the magnitude of the
observed current fluctuations which were assumed to be caused by
measurement errors at CSU and differences in the arc power supply filters.
In addition, it was not possible to detect any discernable wave motion in
the main discharge plasma, ie, the plasma potential fluctuations appeared
to be in phase at every location tested. This behavior was thought to be

indicative of standing waves.



III. BELL-JAR EXPERIMENTS

The results of the experiments described in the last chapter gave an
indication that ion acoustic waves may be causing the fluctuations.
First, the frequency of the fluctuations was in the proper range for ion
acoustic waves, and secondly, the Timited plasma potential measurements
taken in the main discharge displayed possible standing wave
characteristics. This type of behavior has been associated with ion
acoustic waves in the past.,33a34 Furthermore, it was known that electron
currents could induce ion acoustic waves if the electron drift exceeded a
certain critical ve]ocity,34’36'38 This had been considered as a possible
mechanism for furbu]ence in ion thrusters.39 Additional evidence of
current driven ion acoustic instabilities came after the follow-up
experiments described in the Tlast section.40-42  The standing wave
behavior was originally not understood because experiments had shown that
ion acoustic waves were not reflected at the boundaries .32 However, it is
now known#3 that the waves can be reflected by a boundary-when the
wavelength is of the order or longer than the density gradient scale
length, N/(dN/dx). Waves with shorter wavelengths are not reflected.
There is also some evidence that there are feedback mechanisms which
generate backward waves .33

The frequency of a longitudinal ion acoustic resonance, given in
Equation (6), indicates that it should be possible to predict the

resonance frequency by using the measured values of electron temperature
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and chamber length. The predicted frequency could then be compared to the
measured value. Moreover, the electron temperature should change as a
function of the magnetic field current and arc current in a way which
produces the frequency changes observed in the last section (Figures 4B
and 6). It was concluded that a series of electron temperature
measurements would easily prove or disprove whether an ion acoustic
resonance in the main discharge was responsible for the fluctuations.

This was the original motivation behind the experiments described in this
section.

Design of Bell-Jar Test Setup

It was noted in the last chapter that the frequency of the plasma
fluctuations was slightly higher when the ion beam was being extracted and
that the general character of the fluctuations (wave shape and amplitude)
did not change, providing the discharge conditions remained constant.

From this observation, it was concluded that experiments could be
performed in a bell-jar vacuum facility without extracting the ion beam
from the ion source. In addition, a bell-jar experimental setup was
considered to be easier and less expensive to operate and more flexible in
terms of instrumentation than the large ion thruster test facility.
Therefore, a decision was made to perform the next series of tests within
a bell-jar.

The expanding magnetic field configuration in the ion thruster was
recognized as a complicating factor in the interpretation of data and the
theoretical analysis. For this reason, it was decided that future
experiments should be performed with the ion source with a uniform axial

magnetic field. This was accomplished by constructing an ion source with
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non-magnetic materials and placing it within a set of properly spaced
magnetic field coils. The details of the first generation bell-jar test
setup is shown in Figure 9. In this case, the number of windings per coil
and the spacing were adjusted to produce a uniform field (measured within
5%) throughout the entire ion source. The spacing between the field coils
and the ion source and the radiation shielding on the ion source minimized
the heat transfer from the ion source to the coils. The magnetic field
produced by this arrangement of coils was equal to 6.4 x 10~4 weber
meter=2 amper‘e."1 After a few initial tests with this setup, it became
apparent that the thermal environment of the ion source could affect the
characteristics of the instability considerably. It was found that the
ion source took several hours to come to thermal equilibrium where
repeatable fluctuation characteristics could be measured. In addition,
the fluctuations were apparently affected by refill cycling in the liquid
nitrogen cold plate. These thermal effects were essentially eliminated by
the following measures: (1) The body of the ion source was externally
heated and controlled to a temperature of 500°C, which was higher than the
normal equilibrium value. (2) The cold plate temperature was carefp]]y
monitored and used to set the liquid nitrogen fill controller at a point
which maintained a consistent cold plate temperature.

There was some concern about the flow distribution in the ion
thruster {which is normally fed through one side of the source) affecting
the symmetry of the proposed electron temperature measurements.

Therefore, the new ion source was equipped with a multi-baffled rear flow
distributor. In addition, there was also some concern about identifying
an appropriate characteristic length for the resonance; ie, should the

screen to backplate length or the screen to baffle length be used? This
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was resolved by moving the backplate into the same plane as the baffle

plate. The keeper discharge chamber and baffle aperture geometry were
identical to those for the ion thruster. However, the anode diameter was
reduced to 16 centimeters and the main discharge chamber length was
increased to 20 centimeters.

Figure 9 also shows the location of several probes on the ion source.
One of the probes could be swept radially by remote control across the
discharge chamber. ‘Most of the probes used were emissive probes, similar
to those described earlier. However, they were now set up to operate in a
way which would eliminate the error associated with the normal voltage
drop across the filament. This was done by heating the filament with a
half wave rectified (60 hertz) signal which was isolated from the line
with a standard filament transformer. The potential of the emissive probe
was monitored on an oscilloscope with an input impedance greater than one
megohm. The time base trigger on the scope was set to commence monitoring
the potential during the half-cycle when the filament heating power was
off; ie, the voltage across the probe was zero. The emissive probes were
also used as standard Langmuir probes, ie, with the heating power off,.

The ion source used in the bell-jar tests was supported above a 0.41
meter diameter liquid nitrogen cold plate which was contained within a
0.45 meter diameter by 0.75 meter long bell-jar. The bell jar was
supported on a 0,10 meter high collar which provided feedthroughs for
wiring, mercury, and liquid nitrogen for the cold plate. The system was
pumped by means of a 0.15 meter diameter diffusion pump equipped with a
1iquid nitrogen chevron. The ion source was powered with Trygon-mercury
series regulated power supplies. The main and cathode vaporizers were

temperature controlled with proportional controllers. The cathode
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vaporizer had the option of using the arc voltage as the control
parameter; ie, the arc voltage could be controlled in this manner.

The bell-jar experimental setup was also equipped with a Hewlett
Packard Model 310 frequency spectrum analyzer. The spectrum analyzer is
essentially an AC voltmeter which can be tuned to measure a specific
band of frequencies in the same way as a radio may be tuned to receive a
specific broadcast station. The spectrum analyzer tuner is designed to
pass all (gain equal to one) of the so-called center frequency component
and to increasingly attenuate frequency components above and below the
center frequency. The attenuation slope (db/Hz) depends upon the band
pass selected. The band pass is conventionally defined as the difference
between the upper and lower cutoff frequencies, ie, where the gain has
decreased to a value of 0.707.

The frequency spectrum is produced by scanning through a range of
frequencies with the tuner and plotting the resultant signal strength
amplitude as a function of frequency. The resolution of the frequency
spectrum analyzer increases as the band pass is decreased but the signal
strength (the integrated value of fhe passed frequency components) is _
reduced. The Hewlett Packard Model 310 was equipped with a motor drive to
provide a constant scanning speed and a linear voltage output which was
proportional to the center frequency. The tuned signal amplitude and
voitage corresponding to the center frequency were used to plot the
frequency spectrum on an x-y recorder.

Bell-Jar General Operating Procedure

The bell-jar experiments described in the next section were
conducted in the following manner. The body heater, described earlier,

was used to preheat and maintain the ion source at a temperature of 500°C.
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This eliminated changes in the discharge characteristics and fluctuations
normally present during warm-up due to the vaporization of condensed
mercury present on the walls of the ion source. The cathode heater was
maintained at about 30 watts during ion source operation to keep the
cathode characteristics consistent. In addition, the liquid nitrogen cold
plate temperature was monitored with a thermocouple to check for anomalies
in the LNy feed system. After making the above provisions for thermal
control it was found that reasonably consistent data could be taken within
15 minutes after starting the ion source.

The ion source was started in the following manner. The cathode
heater was turned up to about 50 watts and the main discharge and keeper
discharge power supplies were set at 50 volts and 30 volts respectively.
The magnet was set at 2.0 amperes. The keeper start supply (165 volts)
was turned on to provide the initial breakdown conditions at the cathode.
The keeper start supply was attached to the keeper electrode through a 7.5
kilohm resistor and isolated from the keeper power supply with a diode.
Finally the cathode vaporizer was manually set to maximum power (about 15
watts). Thus, with these preparations, the flow of mercury vapor would
efncrease untif-the conditions for breakdown were reached.

After breakdown commenced, when the keeper discharge current was
approximately 20 milliamperes, the diode was forward biased and the high
current keeper power supply would come into play. The main discharge
would normally come on with the keeper discharge. After starting, the
keeper and main discharge were set at 1 and 5 amperes respectively and the
cathode heater was turned down to 30 watts. At this point, the vaporizer
heater was set in the control mode which maintained the arc voltage (main

discharge) at a predetermined value.
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Usually measurements were taken at a time interval of about 30
minutes after startup of the ion source. The frequency spectra of the
main discharge Vo]tage and the cathode vaporizer temperature were
monitored during this warm-up period as a way of checking for consistent
operation. Measurements were taken only after the above parameters were
essentially constant over a ten minute period.

First Series of Bell-dar Experiments

The general starting and operating characteristics of the new
be]]-jar jon source were found to be essentially the same as the 20-cm ion
thruster in spite of the differences in the geometry and the propellant
feed system. In addition, there appeared to be no significant difference.
in the general shape and amplitude of the arc current fluctuations
observed on the oscilloscope. However, in major contrast to the previous
observations, it was found that the magnetic field had very Tittle effect
upon the fluctuation frequency.

Figure 10 contains a series of arc voltage frequency spectra that
were made at different magnet current levels. The range of magnetic field
used in this figure is comparable to the range covered with the ion
thruster in Figure 4B. The arc current and voltage were held at 5 amperes
and 25.5 volts respectively, and the spectra were taken at a bandwidth of
200 hertz. Two observations can be made regarding this figure. (1) There
was no clear relationship between the magnetic field level and the
fluctuation frequency. The frequency of the major peak in the spectrum
was found to be about 14 Kilohertz * 1 Kilohertz over the entire range of
magnet currents used. (2) The amplitude of the spectrum decreased with
increasing magnetic field. Both of these features were different than the

previous observations with the ion thruster.
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A second experiment was performed to determine the frequency spectra
of the arc voltage fluctuations as a function of the arc current. The arc
voltage and magnet current were held at 25 volts and 1.4 amperes
respectively during this test. In this case, the shape of the frequency
spectra did not change appreciably with the changes in arc current.

Figure 11A contains a plot of the principal frequency (major peak) as
a function of arc current. Note that the frequency increases almost
linearly with the arc current. The relationship between the arc current
and the fluctuation frequency is essentially the same as the fon thruster
data shown in Figure 6. Figure 11B is a plot of the relative amplitude of
the principal frequency (major peak) as a function of arc current. Note
that the amplitude of the fluctuations is approximately linearly related
to the arc current.

The previous ion thruster tests at JPL were conducted with the arc
voltage controlled to approximately 35 volts, which was the standard
operating point. However, with the bell-jar experiments, it was
discovered that the arc voltage had a profound effect on the frequency
spectra. Figure 12 contains a series of arc voltage frequgngy spectra
which were taken as a function of arc voltage. The arc current and magnet
current were held at 5 and 1.4 amperes respectively. The spectra indicate
that when the arc voltage was increased, (1) the frequency (of the major
peak) increased, (2) the amplitude decreased, and (3) the general shape of
the spectra changed considerably. This change in the frequency with arc
voltage is responsible for the frequency difference described in the last
paragraph; ie, the lower arc voltage would be expected to be associated
with lower frequency fluctuations given the arc voltage-frequency

relationship just described.
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A simple experiment was performed to determine the relationship
between the plasma fluctuations and the arc power supply filter. Figure
13 contains 2 sets of oscilloscope traces which were taken at the same
discharge operating point. The traces were made by monitoring the voltage
across the discharge and the arc current simultaneously using the dual
beam scope and the clamp-on current probe described earlier. The set of
traces on the left were taken with the standard power supply (Trygon
Mercury Series Model 60-15). The voltage and current measured at the
termihals of the ion source were 25.5 volts and 5.0 amperes respectively.
It should be noted that the peak to peak value of the arc current
fluctuations was roughly about half of the DC level, and the peak to peak
value of the arc voltage fluctuations was about 8 volts.

The right side of Figure 13 contains a pair of traces which were
taken with the same power supply and the same operating point but with the
addition of a 40 millihenry choke in the arc circuit. The figure shows
that the arc current fluctuations can be reduced considerably with a
choke. However, it should be noted that the arc voltage fluctuations have
more than doubled in size at the same time. Thus, it can be concluded
that a filter can change the relative amplitude of the voltage or current
but it cannot eliminate the fluctuations. 1In addition, frequency spectra
have shown that the frequency is not affected in any substantial way by
additional power supply filtering. Figure 13 also shows that the arc
current and voltage fluctuations are 180° out of phase. In other words,
the AC components are displaying a negative resistance characteristic.
This is also a feature of electronic oscillators and was suspected of

having some bearing on the cause of the fluctuations.
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Emissive probes were located in several positions within the ion
source. The previous measurements in the ion thruster were limited to the
main discharge chamber. However, the new bell-jar experimental set was
equipped with a probe within the keeper discharge region, and another
probe which was Tocated just outside of the baffle aperture (see Figure 9)
in the main discharge. Figure 14 shows a comparison of the plasma
potential fluctuations take at the same time in these two locations with
the arc current and voltage set at 5.0 amperes and 25.5'v01ts
respeétive]y. First, it should be noted that the plasma potential
fluctuations in the main discharge are almost identical to the arc voltage
- fluctuations (see Figure 13 for a comparison) in terms of the amplitude
and the fine features of the wave shape. Secondly, Figure 14 shows that
the plasma potential fluctuations in the two regions are approximately
180° out of phase. In particular, it should be noted that the potential
difference between the two regions varies over a very wide range. In this
case, the voltage increase through the baffle aperture was oscillating
from a Tow value of about 7 volts up to a maximum of about 21 volts.
Fina]]y, a comparison between Figures 13 and 14 shows that the arc current
is 180° out of phase with respect to the plasma potential fluctuations
within the baffle aperture region. Therefore, it can be said that the
baffle aperture plasma region is responsible for most of the negative
resistance characteristics which have been observed on the arc (see Figure
13). This feature was thought to be a possible manifestation of the
anomouTous electrical conductivity (runaway electrons) which was proposed
by Wells44 to explain the characteristics of plasma in the baffle aperture

region of a hollow cathode ion thruster.
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The emissive probes in the bell-jar ion source were also used as
standard Langmuir probes, ie, with the filament heater power off.
Langmuir probe.characteristics were taken as a function of radius.within
the main discharge region, at one point within the Keeper discharge
region, and immediately downstream from the baffle aperture (the "slot"
region). These measurements were made as a function of the arc voltage,
arc current, and the magnetic field current. The Langmuir I-V
" characteristics were displayed on an x=-y recorder using the circuit shown
in Fidure 15. The Langmuir probe voltage was swept by means of a ten turn
potentiometer which acted as a variable voltage divider. The output of
the pot was fed into the base of an NPN power transistor. With this
method it was possible to use a very accurate high resistance
potentiometer to produce a smooth increase in voltage with the power
transistor carrying the majority of the current.

The Langmuir probe characteristics in the main discharge plasma
contain a so-called primary electron component which must be removed in
order to find the true Maxwellian electron temperature. This was
accomplished by using a computer probe data reduction routine developed at
CSU by Beattie.45 The I-V characteristics were converted to digital form
on a digitizer and fed into the computer routine. The remaining part of
this section will be used to describe the results of the Langmuir probe
analysis. The data review will cover the effects of the previously
discussed ion source parameters on the Maxwellian electron temperature.
The electron temperature measurements will then be used to calculate the
appropriate ion acoustic resonance frequency for the main discharge

chamber.,
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Figure 16 shows a plot of Maxwellian electron temperature as a
function of the magnetic field current from the central axis to within 0.5
centimeters of the anode. These data were taken at an arc current current
and voltage of 5.0 amperes and 25.5 volts respectively. Note that there
is a general trend of decreasing Maxwellian electron temperature as the
magnetic field is increased. In addition, there is a peak in most of the
curves which roughly corresponds to the opening in the baffle aperture.
The electron temperature decreases by about 50% when the magnet current is
increased from 1.5 to 3.5 amperes. A change of electron temperature of
that magnitude should reduce the fluctuation frequency by about 30% if
there is an ion acoustic resonance in the main discharge. However, it was
shown (Figure 10) that with the bell-jar source the fluctuation frequency
remains approximately constant when the magnetic field current is varied
over the same range.

The Maxwellian electron temperature is shown as a function of arc
current in Figure 17 for the same region described in the last paragraph.
In this case, the arc voltage was controlled to 25.5 volts and the magnet
current was set at 1.5 amperes. The arc current level ranged from 5.0 to
10.0 amperes. It can be seen from the figure that the Maxwellian electron
temperature increased by about 30% when the arc current was increased from
5.0 to 10.0 amperes. Using the hypothesis that the fluctuations are
caused by an ion acoustic resonance in the main discharge, one would
expect about 14% increase in the fluctuation frequency for a 30% increase
in electron temperature. However, Figure 11 indicates that the
fluctuation frequency increased by about 40% over this range of arc

currents tested.
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Figure 18 shows a plot of the Maxwellian electron temperature as a
function of the arc voltage at a fixed arc and magnet current of 5.0 and
1.5 amperes reSpective]y. The probe data was taken over the same range of
positions in the main discharge chamber as the two previously described
sets of data. Notice that the increase of the Maxwellian electron
temperature is less than 20% when the arc voltage is charged from 25.5 to
33.3 volts. This should result in a frequency increase of about 10% if
the main discharge ion acoustic resonance hypothesis were applicable.
However, the frequency spectra covering the same range of arc voltage
(Figure 12) indicate that the frequency (major peak) increases by almost
100%.

The Maxwellian electron temperature measurements described in the
previous paragraphs ranged from about 1 to 3 electron volts in the main
discharge chamber of the bell-jar ion source. The length of the main
discharge chamber is 20 centimeters. Therefore, using Equation (6), the
ion acoustic reSonant frequency should range from about 1700 to 3000
hertz. This is an order of magnitude lower than the measured fluctuation
frequency.

To summarize, the hypothesis that an ion acoustic resonance is
present in the main discharge is dismissed for the following reasons. (1)
The changes in the Maxwellian electron temperature in the main discharge
region resulting from changes in the magnet current, arc current and arc
voltage did not produce the expected relative change in the fluctuation
frequency. (2) The ion écoustic frequency calculated using the Maxwel lian
electron temperature measured in the main discharge is an order of

magnitude less than the measured fluctuation frequency.
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Figure 18 - Maxwellian electron temperature as a function of radial
position in the main discharge for several values of arc voltage.
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An unusual feature of the plasma fluctuations was the fact that the
frequency changed considerably with the magnet current in the ion thruster
but did not change with the bell-jar ion source. This implies that the
geometry of the magnetic field has a large influence over the fluctuation
frequency but that it does not have a direct role, for example, 1ike the
electron cyclotron resonance. Therefore, one might suspect that the
magnetic field may be acting in a secondary manner, for example, by
changing the density or plasma potential distribution.

It was also noted that the plasma in the baffle aperture region
displayed negative resistance characteristics. Therefore, it might be
surmized that the "double sheath" region is unstable and thereby
modulating thé electron current going into the main discharge. This would
also help explain the effect of the magnetic field which, in the case of
the ion thruster, can exhibit a profound influence over the plasma
conductivity in the aperture region.44’46’47

Finally, it was found, with the limited Langmuir probe data taken in
the keeper plasma region, that an ion acoustic resonance in the Keeper
region may be the cause of the plasma fluctuations. For example, a
typical electron temperature in the keeper discharge region was found to
be about 1.5 electronvolts. Using Equation (6) and a keeper discharge
chamber Tength of 3.8 centimeters, the ion acoustic resonance frequency is
about 11,000 hertz, which is of the same order as the observed fluctuation
frequency. The electron temperature measurement in the keeper discharge
region was taken on the central axis about one centimeter behind the
baffle. More detailed plasma measurements?4 taken in the keeper discharge
region of an ion thruster indicate that the electron temperature is a

factor of two to three times larger at the baffle aperture than at the
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central axis of the keeper discharge. If this feature is also applicable
in the case of the bell-jar ion source, then the predicted ion acoustic
frequency would be in the range of 15,500 to 19,000 hertz. These
predicted values are comparable to the observed fluctuation frequency.

In conclusion, the results of the first series of bell-jar
experiments suggest that an ion acoustic resonance in the main discharge
chamber is unlikely. However, these experimental results indicated that
the baffle aperture and keeper regions may be a logical place to look for
the cause of the plasma instabilities. In fact, calculations indicate
that an ion acoustic resonance in the keeper discharge chamber would have
a frequency which is comparable to the observed fluctuation frequency.
These results provided the motivation for a second series of experiments
which concentrated on the keeper discharge and baffle aperture regions.
This second series of bell-jar experiments will be described in the next
section,

It should be mentioned that during the same period Serafini 8-50
identified a similar type of plasma fluctuation in the 8 cm and 30 cm
mercury ion thrusters at NASA Lewis Research Center. Correlation
| techniques Qere applied to identify the relationship between the noise
observed on the various thruster power supplies. The experiments indicate
that the beam current fluctuations are related strongly to the discharge
current fluctuations in the 30 cm thruster but are weakly related in the
8 cm thruster. In general, the relationship between the various sources
of thruster noise were found to be very complex. The 30 cm thruster used
in these studies was equipped with a so-called magnetic baffle which
produces a magnetic field across the baffle aperture. Frequency spectra

indicate that the plasma fluctuation frequency increased with the magnetic
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baffle current. Similar plasma fluctuation mechanisms were proposed;
however, no direct plasma measurements were made to support these
theories.

Second Series of Bell-Jdar Experiments

A second series of experiments were conducted in the bell-jar test
setup described in the preceeding section. These experiments focused
primarily on the baffle aperture and keeper plasma regions. The
experimental results will be presented in the following manner: (1)
Examples of the average plasma properties in the keeper plasma region will
be shown. (2) Frequency spectra will be presented which show the
relationship between the frequency and the length and diameter of the
keeper discharge chamber. (3) Oscillographs will be given which show the
dynamics of various plasma parameters as a function of position and the
relationship to the arc current and voltage.

Plasma Properties in the Keeper Discharge Region

A series of Langmuir, probe measurements were made in the keeper
plasma region. The main purpose for these measurements was to determine
- the electron temperature in order to calculate the ion acoustic resonance
frequency appropriate for that region. These calculated frequéncy values
could then be compared to the measured values of the plasma fluctuation
frequency. The Langmuir probe data also provide information on the plasma
potential and electron density. The plasma potential measurement can be
used to show the length of the transition zone in the aperture region.
The electron density distribution may also have an effect on the proposed
resonance mechanism, i.e., wave reflection in a region where the density

is increasing.
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The Langmuir probe measurements were conducted with the large keeper
discharge chamber diameter only. The probe could be moved along the
length of the keeper discharge chamber and swept radially. The probe I-V
data were replotted on semi-log paper and the electron temperature was
determined from the slope of the electron repelling part of the I-V
characteristics.

Figure 19A shows a plot of the electron temperature as a function of
radius for two different values of arc current. The total emission
current from the cathode (anode + keeper current) was held constant,
and the arc voltage was 30 volts. The chamber length and diameter were
7.0 and 8.9 centimeters, respectively. The probe was located in the
keeper plasma region, one centimeter from the plane of the baffle. This
figure shows that the electron temperature increases with increasing
radius, and reaches a maximum at the radius of the baffle aperture. It is
also shown that the electron temperature maximum is higher at the higher
arc current. However, both sets of data merge towards a common electron
temperature at the center. Figure 19B shows that the electron temperature
remained approximately constant along the central axis of the keeper
discharge chamber. The fluctuation frequency for the two runs shown in
Figure 19 were 9.2 kilohertz for the 7 ampere arc current, and 6.9
kilohertz for the 5 ampere arc current, respectively.

The Langmuir probe measurements described in the last paragraph also
indicated a rise in the plasma potential from about 8 volts at the center
to 11.8 volts at the aperture. The plasma potential appeared to be
approximately equal for the two runs. There was a slight depression of

the plasma potential observed at the center near the baffle. The
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plasma potential increased from that point up to a value of about 9 volts
in front of the keeper electrode. These features are seen in Figure 20.

The electron density for these two runs had a typical gaussian
distribution with respect to the radius, with the 7 ampere arc current
case being slightly higher throughout. The electron density along the
central axis increased substantially for both cases as the cathode region
was approached. Regions of increasing plasma density have been shown®1 to
be capable of reflecting ion acoustic.waves; therefore, in some cases,
this condition may be the reason why the ion acoustic resonance can
sustain itself. These data are shown in Figure 21.

Electron temperature measurements were also taken at different arc
currents, keeper chamber lengths, and keeper currents. However, there
were problems with some of these measurements. It was found, under
certain conditions, that the mere presence of the Langmuir probe itself
could cause a shift in the fluctuation frequency, or what appeared to be
an entire mode change; i.e., fundamental to first harmonic frequency.

This problem was resolved by assuming the Langmuir probe measurements were
substantially correct, in spite of the frequency or mode change. In other
words, it was assumed that the probes may have disturbed the motion and/or
the boundary conditions and hence the frequency of the fluctuations but
did not change the bulk plasma properties. It was also assumed that the
frequency spectra were valid only when the Langmuir probes were removed
from the keeper plasma region. In this way, it was possible to compare
plasma properties with frequency spectra taken under the same conditions;
i.e., arc current, arc voltage, keeper chamber length, etc. This method
will be used in the next chapter to compare the theoretically predicted

frequency with the measured frequency.
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Finally, it should he noted that the measured electron temperatures
in the keeper plasma region are in a regime where the calculated value of
the longitudinal jon acoustic resonance frequency (Equation 6) is
approximately the same as the measured fluctuation frequency.

Effect of Keeper Chamber Geometry on Fluctuation Frequency

The bell-jar ion source was modified to permit the length and
diameter of thevkeeper discharge chamber to be changed. Figure 22 shows
details of the keeper discharge chamber used. The length of the chamber
could be changed from 0 to 9 centimeters.by remote control. There were
two different keeper discharge chamber diameters used, which had to be
changed manually. The back of the keeper discharge chamber was in the
same plane as the keeper electrode ring in both diameter configurations.

Figure 23 shows a typical series of frequency spectra taken as a
function of keeper discharge Tength. This particular group of sbectra
were taken at a discharge voltage and current of 30 volts and 5 amperes,
respectively. Note that there is a dramatic increase in the frequency
(first major peak) as the length of the keeper discharge chamber is
decreased. In addition, there are other peaks in the spectrum which are
approximately muitiples of the first major peak frequency.

A piot of the frequency as a function of keeper discharge chamber
length is given in Figure 24 for two different keeper discharge chamber
diameters. These data were taken at a discharge voltage and current of 35
voits and 5 amperes, respectively. The keeper voltage decreased slightly
as the chamber length was increased, but the flow rate through the cathode
(as determined from the cathode vaporizer temperature) appeared to remain
constant. Notice again that there is a dramatic increase in the

fluctuation frequency as the keeper discharge chamber length is decreased.
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In addition, it can be seen that the relative change in the fluctuation
frequency with chamber length is greater in the keeper discharge chamber
with the smaller diameter.

Dynamics of Plasma Fluctuations

A series of probe measurements were taken in the bell-jar ion source
to determine the spacial and temporal relationship between the plasma
potential, the electron density and the arc current and voltage
fluctuations. Dynamic plasma potential measurements were taken with
emissive probes as previously described.in Chapter II. Electron density
fluctuations were also monitored in a somewhat crude fashion by measuring
the current with respect to time collected on a Langmuir probe which was
biased to a voltage substantially greater than the plasma potential, i.e.,
in the electron saturation region.

The plasma potential measurements were assumed to be very accurate
providing sufficient heater power was supplied to the emitting surface to
produce an electron current greater than the random electron current from
the plasma. This was mostly a case of watching the probe response as the
heater'power’is increased; i.e., the observed potential fluctuations on
the oscilloscope cease to change with further increases in emitter power.
However, the electron density fluctuation measurements have two sources of
error. First, the saturation electron current to the probe is

approximately equal to;

1=(NeA/4)[BKyTe /7TMe]‘/2 , A (7)
where N> Tos and M, are the electron density, temperature and mass

respectively, A is the probe area, and ky s Boltzmann's constant.

Equation (7) shows that the current is a function of both the electron
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density and the square root of the electron temperature. Consequently, if
the electron temperature changes with time, then the probe current will
not be directly proportional to the electron density. A second source of
error occurs if the plasma potential varies with time. Equation (7) is
written with the assumption that the probe bias voltage is larger than the
plasma potential and that the voltage difference is constant. Variations
in the plasma potential would change the probe current and hence its
proportionality with the electron density. However, in spite of these
errors, it is believed that the measured probe current is substantially
representative of the electron density fluctuations.

Using the techniques described above, data were taken using a dual
beam oscilloscope which permitted observations of the phase relationship
between the various parameters.

Figure 25 shows the electron density at various points in the jon
thruster and the arc current. The density fluctuations are shown at the
center and aperture of the keeper plasma region and in the main discharge
adjacent to the anode. The following points can be made about Figure 25.
(1) The arc current follows the electron density near the anode quite
accurately, although the peaks are not as sharp. (2) The electron density
fluctuations at the aperture are almost identical to the arc current
fluctuations with the exception that the arc current has a larger negative
overshoot after the pulse. (3) The electron density at the center of the
keeper plasma region reaches a maximum slightly after the maximum at the
aperture region. The electron density decays slowly from the maximum
until the onset of the next pulse. The slow decay at the center region
occurs while the density at the aperture has dropped to a lower value and

remains essentially constant.



68

CENTRAL AXIS

- (A) KEEPER PLASMA
%) REGION
)
Q
=z
S )
5 :
hy " NEAR APERATURE
Gj : $ P
[] [
‘ ' ' MAIN DISCHARGE
>..
- : t '\ PLASMA REGION
wn
z ' ' \ NEAR ANODE
O ] [
- [ {
[] ]
&z | ;
- ' !
g ! :
]
o [ | _
' ‘
[}
'\ ARC CURRENT
]
! i
\ (]
- i :
s N
w - ' i
o 1 :
e ' !
3 ' '
[ []
Q t '
o { '
<€ 1 } —

TIME

Figure 25 - Dynamic relationship between electron density fluctuations
in the keeper plasma region (A) the main discharge, (B) and the arc
current (C) respectively.



69

These observations indicate that there is a strong relationship
between the electron density fluctuations in the keeper plasma region and
the arc current. This suggests that the keeper plasma region may be
modulating the fluctuations throughout the ion thruster. In addition, it
should be noted that the coupling between the electron density and arc
current is virtually instantaneous compared to the period of the
fluctuation.

Figure 26 shows the temporal behavior of the plasma potential at two
locations within the keeper plasma region and the relationship with the
electron density on axis one centimeter from the baffle. In this case the
plasma potential measurements were taken along the axis one centimeter
from the baffle and one centimeter from the cathode respectively with the
length of the chamber set at seven centimeters. The difference between
the two oscilloscope traces has been manually derived from these data and
is also shown on the figure. This plasma potential difference is
proportional to the electric field along the axis of the keeper plasma
region. A set of dashed lines have been placed on the figure which show
that the maximum in the electron density along the axis corresponds to the
point when the electric field is reversing polarity from positive to
negative.

The following points can be made about Figure 26: (1) The electric
field along the axis of the keeper plasma actually reverses itself; i.e.,
the plasma potential near the baffle is more negative than the plasma
potential at the cathode end. In fact, the electric field is reversed
or near zero for about 75% of the time. During the remaining 25%, the
electric field is such as to attract electrons from the cathode to the

baffle region. (2) The electron density reaches a maximum siightly after
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the electric field reaches a positive maximum. This roughly corresponds
to the point in time when the field reverses polarity. This makes some
sense, hecause one would expect the electron density to build up as long
as the electric field is positive. (3) The potential increases from about
6.5 to 9.0 volts in front of the cathode during the period of positive
electric field. The hollow cathode is generally operated in a space
charge limited mode; therefore, a minor increase in the plasma potential
can cause the emission current to increase dramatically; i.e., about 60%
in this case. In addition, such an increase in potential may lower the
work function of the cathode by the Schottky effect. Consequently, more
electrons are emitted from the cathode and a Targer current can be drawn
before the emission Timit is reached. It should be noted that in the
space charge limited case the low energy component of the emitted
electrons are repelled back to the emitting surface.

The data in Figure 26 shows that a large electron current is drawn
from the cathode during the relatively short period of time when the
electric field is positive. This is apparently followed by a buildup of
electron space charge near the baffle region which temporarily causes a
reversal in the electric field. This essentially stops the flow of
electrons from the cathode to the baffle along the axis. The electron
density along the axis drops slowly after it reaches its maximum;
therefore, it might be surmised that the electrons diffuse radially and
move towards the cathode during this period.

Figure 27 shows the relationship between the electric field along the
axis of the keeper plasma and the arc current and voltage respectively.
Like the electron density, the arc current reaches a maximum just about

when the elecric field reverses polarity. In addition, the minimum arc
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current occurs approximately when the reverse process takes place. These
points are shown on the figure with dashed lines. Finally, the most
striking feature of Figure 27 is the fact that the arc current and arc
voltage fluctuations are 180° out-of-phase with respect to edch other.

From the features just described, it is believed that the hollow
cathode ion thruster discharge may be acting like a simple triode, where
the space charge fields within the keeper plasma region act as a control
grid for the electron current extracted through the aperture. The current
regu]étor in the power supply is not designed to respond to rapid changes
such as these fluctuations. Consequently, the power supply appears to be
a constant voltage source with a constant series resistor; i.e., the
current regulator. In this case, an increase in the arc current would be
expected to be accompanied by a proportional decrease in arc voltage;
i.e., 180° out-of-phase.

Summary and Statement of the Problem

To summarize, the fluctuation frequency increases with decreasing
keeper discharge chamber length and the electron temperature is at a level
such that the calculated value of the longitudinal ion acoustic resonant
frequéncy is of the same order as the observed fluctuation frequency. In
addition, the arc current fluctuations are coupled to the electron density
in the keeper region which is apparently controlled by space charge
electric fields within that region. Consequently, it appears that the
keeper plasma region is subjected to a rapid increase ("pulse") in the
electric field followed by a period of relaxation before the next "pulse."
The question is - what causes the pulse in the first place?

The status immediately before the "pulse" is the following: (1) The

arc current and arc voltage are essentially constant (presumably close to
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their DC average values). (2) The electric field along the axis is
approximately constant and near zero. (3) The electron density at the
aperture is at some Tow but approximately constant value. (4) The
electron density at the center of the keeper plasma region is dropping
slowly at a constant rate.

Thus, the only apparent change in the plasma characteristics before
the "pulse" is the decreasing density at the center of the keeper plasma
region. Then, for some unknown reason, the plasma potential suddenly
rises causing an increase in emission current, etc. It is also assumed
that the time between "pulses" is inversely related to the length of the
keeper plasma region and that the dynamics are somehow related to the ion -
acoustic wave motion. With these characteristics in mind, it is now
possible to propose a hypothesis which accounts for these fluctuations.

This is the subject of the next chapter.



IV. PROPOSED FLUCTUATION MECHANISM

A mechanism will be proposed in this chapter to account for the
plasma fluctuations commonly observed in ion thrusters equipped with
hollow cathodes. The development of this theory will be divided into four
parts. First, a general overview will be presented which will describe
the plasma fluctuation mechanism and its affect on the plasma dynamics
as a‘who1e in the thruster. Second, the dispersion equation for the
region of interest in the ion thruster plasma will be developed and the
conditions required for instability will be given. Third, an expression
will be derived for the fluctuation frequency based on the proposed
mechanism. Finally, the theoretically predicted frequency will be
compared with the experimentally measured values.
Background

It has been shown in Chapter III that the plasma potential
fluctuations in the main discharge and the keeper plasma region are
approximately 180° out of phase with respect to each other. It is also
known*452 that the transition between these two plasma regions usually
takes place near the baffle aperture. It has been found that a major part
of this transition occurs over a distance of approximately one centimeter.
Consequently, the plasma fluctuations have a dramatic effect on the
potential difference across the transition plasma region, which changes
from a few volts up to about 30 volts during a single fluctuation cycle.

Some of the electrons in the keeper plasma region are accelerated
through the transition region into the main discharge chamber. At the
same time, some ions from the main discharge plasma are accelerated back

75
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into the keeper plasma region. The ions which enter the keeper plasma
through the aperture have a kinetic energy equal to the voltage drop
across the transition region; i.e., they constitute a monoenergetic ion
beam. A cross section of the hollow cathode ion thruster is shown in
Figure 28. This figure shows the direction and relative magnitude of the
velocity vectors for the ions and electrons in different parts of the ion
thruster. The lower part of Figure 28 shows the plasma potential
distribution along the dashed 1ine passing through the aperture in the
cross section.

It was also shown in Chapter III that the arc voltage is 180° out-of-
phase with the arc current and that the arc voltage reaches its minimum
value during a sharp rise (pulse) in the arc current. The phase relation-
ship is believed to be caused by the voltage drop across the current
regulator in the main discharge power supply. These facts set the stage
for explaining the plasma fluctuation mechanism.

Proposed Plasma Fluctuation Mechanism

It is proposed that an ion acoustic wave is launched at the interface
between the transition plasma and keeper plasma region during the "pulse"
in the arc current; i.e., when the voltage drop across the transition
region is at a minimum. The ion acoustic wave is believed to be caused by
so-called ion beam-plasma instability condition which takes place when the
ifons passing through the transition region are accelerated to a velocity
approximately equal to the ion acoustic velocity in the keeper plasma
region. It will be shown that the ion energy required for instability is
only a few electronvolts; consequently, the voltage drop across the
transition region must drop to within a certain range to drive the '

instability.
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It is also proposed that the ion acoustic wave moves from the
transition-keeper plasma interface to the region of the hollow cathode.
Furthermore, the ion acoustic wave is believed to interact with the hollow
cathode in such a way as to produce the next arc current "pulse," thus
causing a repitition of the cycle.

In Chapter III it was shown that the pulse in the arc current is
momentarily preceeded by an increase in the keeper plasma potential which
is believed to cause an increase in electron emission from the cathode.
The nature of the interaction between the ion acoustic wave and the hollow
cathode which produces such a rise in potential is not clearly understood.
However, there are several possibilities.

(1) The ion acoustic wave may induce some type of "“instantaneous"
feedback mechanism between the cathode and the transition plasma
region causing the interface to move into the keeper plasma
region, producing a rise in the plasma potential in that region.
The word "“instantaneous" implies that the time is very short
compared to the period of the fluctuation. Such feedback
mechanisms might include electrostatic waves or electron
transport. This type of feedback mechanism has been proposed by
Fujita53 to explain an observed self-oscillation phenomenon in
an ion beam-plasma system where wave reflections were not
possible, i.e., standing waves were not observed. Additional
observations of an "instantaneous" feedback mechanism have been
reported by Alport and D'Ange]o54 for an ion beam-plasma system
similar to that used by Fujita.

(2) 1Ion acoustic waves are composed of alternate planes of

compressed and rarefied jons which are continuously reversing
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roles due to the presence of electric fields. Electrons are
carried along with the wave and substantially quench the
oscillating space charge electric fields. However, if the ion
acoustic wave moves into a region where the potential is rapidly
decreasing, then the ions and electrons will part company.
Specifically, if the ion acoustic wave enters the region between
the keeper electrode and the interior of the hollow cathode,
then the ion acoustic wave will transform into planar ion
bunches. Consequently, these.ions may cause an increase in the
plasma potential in the entire keeper plasma region by virtue of
the additional positive space charge added to the cathode fall
region.

Fluctuations in the keeper plasma region produce changes in the
electron density and plasma potential at the baffle aperture and
consequently will modulate the energy and density of the electrons
entering the main discharge plasma. These electrons acquire an energy in
the range of 5 to 30 electronvolts and therefore are capable of
communicating any disturbance at the baffle aperture throughout the main
discharge within a period of a few tenths of a microsecond. However, the
period of the fluctuation in the keeper region is typically on the order
of 100 microseconds (10 kilohertz). Thus plasma potential or electron
density fluctuation measurements taken within the main discharge would
appear to be in phase with each other. In other words, it would appear
that the main discharge responds instantaneously to fluctuations in the
keeper plasma.

It has been shown in previous chapters that the magnitude of the

observed fluctuations of various thruster parameters can be substantial in
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comparison with the average values. This implies that the dynamics
occuring within the plasma are essentially nonlinear in character.
However, in several similar cases,55"57 linear kinetic theory has been
used and proved very successful in predicting the general behavior of an
jon beam-plasma system. In the following, it will be shown that
essentially the same results can be derived by a simpler method, i.e., the
linearized fluid theory. The analysis will begin with a general
derivation of the linearized equation of motion and continuity using
Fourier techniques. These equations shall then be applied separately to
the three species involved, i.e., electrons, plasma ions, and beam ions,
to produce an expression for the density fluctuations. This will in turn
be substituted into the 1ineaEized Poisson equation and solved for the
dispersion equation. This type of analysis, and the graphical method used
to find the roots of the dispersion relation, are very similar to an
approach which has been used to analyze the electron two-stream
instability.58

Analysis of Ion Beam-Plasma System

In Tinear analysis, a changing quantity can be separated into two
parts: an “equilibrium" part indicated by the subscript 0, and a
“perturbation" part indicated by a subscript 1. For example, the density

of the jth species can be represented by:

Nj=Njo +Nji , M3 (8)

in addition, any periodically changing quantity can be decomposed by
Fourier analysis into. a superposition of sinusoidal oscillations with

different frequencies and wavelengths. The "perturbed" quantity is
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usﬁa11y expressed in exponential form. For example, the density

perturbation is given by:

Nj = Nj exp[i(Kx—CL)t)] , M-S (9)

where ﬂjl is the magnitude of the density perturbation, k is the
propagation constant (or wave number), and ({Jis the frequency in radians.
This is used with the convention that the real part of the expression is
the measurable quantity. Similar expressions can be given for the
electric field and the velocity of each species.

The main advantage of using the Fourier technique is that the
equations containing space and time derivatives can be reduced to simple
algebraic expressions. For example, the density gradient is given by:

Vg = & [Now Ny = 2Ny =ik, w4 (10)
Where it is noted that the gradient of the equilibrium term is zero. 1In a
similar fashion, the timelderivative of velocity is:

= Zlvorv)) = Selvi) = -1V s ms2 ()

The equation of motion for the jth species is given by:

: 1. P P - (12)
MiN; [_g_}cﬁ +Q/j-v)vjj —QjNJE ~VPj= ~QN[TO—I[KETIVN; , NM™S

where: Mj mass of jth species, kilogram

number density of jth species, meter=3

=
1]

<
]

j velocity of jth species, meters second-l
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€, = permittivity of free space, 8.85 x 1012 Farad m~1

E = electric field, Volts meter-l

P; = partial pressure of jth species, Newton meter=2

Qj = charge of jth species, Coulombs

& = electric potential, Volts

(% = reversible polytropic process exponent for the jth species

kp, = Boltzmann's constant, 1.38 x 10723 joules °Kelvin-l

-
n

j temperature of jth species, °Kelvin

electron charge, 1.60 x 10_‘19 Coulombs

1)
1]

The final expression on the right hand side of Equation (12) has been

developed using the assumptions that;
E=-V$ , VM-I (13)
and Py = HiKghion; , NM-3 (14)

where the later can be derived from the equation of a reversible
polytropic process;

py=cfui)!

NM=2 (15)

$

where C is a constant. The polytropic process exponent,’)g, is equal to
the ratio of specific heats for an isentropic process and unity for an
isothermal process.

Application of the process of linearization to the equation of motion

gives:
MijNjo [—-i(l)Vj, +i vaoV] r] = “iKQijodh —i K%Kij Nj s N M3 (16)

where the products of "perturbation" terms are assumed to be small and are

therefore neglected.
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The equation of continuity for the jth species is given by;
AN 47+ [Nivi | = QN 4-NTV; +VjUN; =0 (17)
3t [ ) J St VY] )

which can be linearized to give:

~iWNj +iKNjovj, +iKVjoNj =O (18)
The expression for Poisson's equation is given by;
V- =(e/€,)[Nit = Ne, | (19)

where the subscripts i and e are for the ion and electron species

respectively.

The assumption was made here that the "equilibrium" ion and electron
densities are equal and that only the "perturbation" terms may differ;
therefore, they are the only terms necessary to consider. The left hand

side can be linearized as follows:

e e — 22— 20)°
VE= %([Eo +E,] = -3—)([&] =IKE; = 7KV, = —i K2®,—K o, (
Thus thée linearized Poisson equation is given by:

The Dispersion Equation of the Ion Beam-Plasma System

The derivation of the dispersion equation begins with the following
definitions:

Np, = ion beam density = Nyg * Ny
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Np = plasma ion density = Npo *+ Np1
N; = total ion density = N, + Np

Np = ion beam fraction =o

thus; Ny = O(N.i v Ny = (1 -%0) N

P
Vp = ion beam velocity = Vpg + V1

Vp = plasma ion ve]gcity =)hﬂ{+'vp1 = Vp1

where the “equilibrium" plasma ion velocity is zero for all intents.

In the following derivation, the plasma and ion beam temperature have
been set equal to zero because they would complicate the algebra
considerably and, in the final analysis, have little effect on the results
providing the ratio of the electron temperature to the ion temperature is
greater than a factor -of 5. Lower temperature ratios change the |
dispersion relation sufficiently enough to prevent the growth of the
instabi]ity.55 The temperature ratio in the keeper plasma region of the

ion thruster is typically around 20.

Thus, assuming that the temperature of the beam ions is zero, the

linearized equation of motion for the beam ions is:

M; Nbo["iwvbl +iKVboVb,:| = —iKeNpq 6, (22)

where the mass of beam jons and plasma ions is M;. This equation reduces

to:

oy (o) i K] (2

Using the definitions above, the linearized equation of

continuity for the beam ions is:
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— iGNy, +XNio KV, +iKVp o Npy =0 (24)
which can be rearranged to give the following expression for Nui:
N’bl — O(NlOKVbI . (25)
<@Q'"F°Vbo> ‘
Combining this with Equation (23) gives:
Ny, — xNioKZe ¢, | (26)
Nﬁ@))“KN%OjZ
Assuming the temperature of the plasma ions is zero, the linearized
equation of motion for the plasma ions is given by:
MiNpo [“f(i)Vp(] = —iKeNpo ®, (27)

where the "equilibrium" plasma ion velocity is zero. The above equation

reduces to:

K | (28)

Vl::e
p Fzﬂjj—
Again, assuming that Vpo equals zero, the linearized equation of

continuity for the plasma ions is given by:

—iwng +( —a)N;oiKvp; =0 (29)

which reduces to:

Ny = L =0 NgK iy (30)
&

Combining this with Equation (28) yields:

(I-—o()N;OKZed), - | (31)

Npy = :
P M;j ()<
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Finally, the total jon density perturbation term can be found by combining

Equations (26) and (31) to get;

Nj = NiOKze ‘D‘ X + <| _O() (32)
Mo LWk ) WP
The frequency of the fluctuations in the ion thruster is small in
comparison to the electron plasma frequency. In such cases, the inertial
term in the electron equation of motion can be set to zero which reduces

the expression to a simple balance between the electric potential and the

electron thermal energy as follows; -

MeNeo [—i(l.))é +i ’}«‘/éovel] == Kv('e>Neo O —i K%KbTeNa (33)
which reduces to:

Ne|:N e (34)
Kplefe

where it has been assumed that the electrons are so mobile that their heat
conductivity is almost infinite, i.e., the electron thermal speed is much

higher than the phase velocity of the wave. Thus for isothermal electrons

JAERN

Using Equations (32) and (34) the linearized Poisson equation

becomes:

K2 &, ‘:(e/éo) NoKe X +<|;9(,) —Noe® (35)
M \W-kv, f W2/ Kpe

where it is assumed that Njg = Ngp = Np-
Equation (35) can be manipulated to give:
- )

2 |2 (=a)| w2, |noe
No€™ |K fﬂiE%) X M=K Ky No®
téoKbTe (Mi @)—KVbo)e W? €okpTe (%)
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Using the definition of the Debye length:
I/2
— | KT, (37)
Ap =|Kble§ .
No®
and the ion acoustic frequency:

(/2
W, =Ky, = K<K_bTQ> (38)

Mi.

Equation 36 can be simplified to give:

2 (=) |_ 252 |
W5 |~ =K I 39
PP T @ ot ()

which is the dispersion equation for the ion beam-plasma system.

The propagation constant k can be assumed to be on the brder of L-1
wHere L is the characteristic dimension of the plasma. In the case of the
keeper plasma region the Debye length is approximately 10=6 peters and the
propagation constant is on the order of 10 meters-1. therefore, k2 D2 is

s

much less than one and Equation (39) becomes:

Wa| e Pl (40)

which is the appropriate form of the dispersion equation for the keeper
plasma region of an ion thruster.

Graphical Method of Solving Dispersion Equation

The above equation has four roots. Two of the roots are always real.
The remaining two may be real or complex conjugates. Equation (40) can be
solved graphically for all of the real roots, i.e., two or four as the
case may be. If only two real roots exist, then the complex conjugates
can be found in a straight-forward manner using the values of the two real

roots.
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The graphical solution of Equation (40) is simplified by first
normalizing the frequency,(1) and the product kVpo With respect to the ion

acoustic frequéncyCLg- Thus we define the normalized frequency as:

_ W
=, (41)

and the normalized ion beam velocity:

Y :=|<VBQ (42)
Ws

which simplifies Equation (40) to the fd]]owing:

(x°_<Y)2 + (-o) _ Fixy) =1 | (43)

where F(x,y) represents the left hand side of the equation. In most
céses, the four roots can be found directly by plotting F(x,y) as a
function of x for selected values of oCand y and by determining the value
of x when F(x,y) = 1. This technique is shown in Figure 29A. However,
there are only two real roots for some values of y. An example of this is
shown in Figure 29B. In such cases, the two remaining unknown roots are
complex conjudates which can be easily calculated using the two known real
roots and the value of y. In this case, the real part of the complex

number is given by
R=Y_<L;_'2_> (44)

where rq and rp are the two real roots which were determined graphically.

The imaginary part of the complex number is given by
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Figure 29 - F(x,y) as a function of the non-dimensional frequency x
for (A) y = 2 (4-real roots) and (B) y = 1.6 (2 real roots, 2 complex

conjugate roots).
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I =(v2-1-R? ~2R(n 5) “'l"Z)u2 (45)

The Dispersion Equation for the Keeper Plasma Region

The value ofo(, the ion beam fraction, must first be determined for
the keeper plasma region before the roots of the dispersion equation can
be found. The procedure for finding, is given in the following.

The density of the ion beam entering the keeper plasma region from
the main discharge can be estimated by the following relation for
continuity through the transition region,

Ny =Ny <__€|__'>|/2 (46)
€r+£$/
where Eﬁ is the mean energy of ions approaching the transition region from
the main discharge. N, is the ion density in the main discharge, and AV
is the voltage drop across the transition region. If N; is the total ion
density in the keeper plasma region, theno(, the ion beam fraction is,
u:ﬁ.—.&(e_i__y/e (47)
Ni  Ni \g+Ay
The value of Ei;shou1d obey the modified Bohm sheath criterion,59

s KpTem N+ — KpTem /. N,
el 2ee (Ne 2e <N+_Nep> (48)

where Ty and Nop are the Maxwellian electron temperature and density
respectively in the main discharge, e is the charge on the ion, ky is the
Boltzmann's constant, and Nep is the primary electron density in the main
discharge. The final expression on the right-hand side of Equation (48)

was derived using the equality:
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When AV is much greater than €;, Equations (48) and (49) can be combined

to give the following approximate value forol:

1/2
&~ ﬂt(e_i_)”az NJ-KbTem( Nt ) / (50)
Ni \ AV Ni L2e&V N;*%p‘

For example, if the primary electron density, Ngps in the main discharge

is 10% of the total electron density (i.e., 0.1 N,.) the maxwellian
electron temperature is 2eV, the ratio of the ion density in the main
discharge to the ion density in the keeper discharge (Nmi/Ni) is 0.1, and
the voltage drop through the aperture (AV) is 25 volts, then Equation (50)

will give a value of o of about 0.02.

The roots of the dispersion equation can now be determined as a
function of the normalized ion beam velocity by using the gfaphica]
procedure described above; A plot of the roots of Equation (43) is shown
in Figure 30A for an jon beam fraction & of 0.02. The single negative
root is not shown because it has no physical meaning. In this example,
one real root and two complex congugate roots appear between y = 0 and y =
1.3. The real part of the cohp]ex root is shown by the dashed line and
the maghitude of the imaginary part is shown by the dotted line. One of
the complex roots has a positive imaginary part and therefore is unstable;
i.e., it will grow without bound. When y is greater than 1.3 there are
three distinct roots indicative of the three stable frequency modes which

are possible within the plasma.
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Figure 30 - Dispersion equation for ion beam-plasma system:
(A) % = 0.02, showing complex roots, (B) for several values of & .
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Figure 30A shows that forol = 0.02, the complex component reaches a
maximum at a normalized beam velocity of about 0.9. This corresponds
to the beam ve10city with the highest growth rate for instabi]ity.60 The
real part of the complex frequency associated with the highest growth rate
is therefore the most probable frequency to be produced if an instability
commences. For the case shown in Figure 30A, the most probable
instability frequency is at X = 0.8 or 0.8 times the ion acoustic
frequency. The most probable frequency increases very slowly with
decréasing vaiues of the ion beam fraction,o(, and approaches X = 1.0 for
very small values ofc{. Therefore, at smallol, the frequency of the
instability approaches the ion acoustic frequency.

The analysis above predicted complex roots which extend down to a
nondimensional beam velocity of zero. This cannot be true, because the
ion beam is supposedly driving the instability. This error is a result of
using the fluid equations which do not take into account a phenomenon
known as Landau damping which takes place when the ion beam velocity is
lower than the thermal velocity of the ions. A more exact kenetic-theory
. ana]ysis55 indicates that the lower 1imit for the ion beam-plasma
instability occurs at a nondimensional ijon beam velocity of about 0.6 for
an electron to ion temperature ratio of 20 and an ion beam ratio of 0.1.

The value of y, the normalized ion beam velocity in the keeper plasma

region, can be found by using the following equation:

Kvbo _KVho _ [2eV\/2
v =The =S = be> (51)

where AV is the voltage drop from the main discharge to the keeper

discharge region and T, is the electron temperature. For example, in the
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keeper plasma region, the electron temperature is approximately 20,000°K
and the voltage drop,AV, for the beam ions in the aperture is about 25
volts. This phoduces a value of y of about 5. Thus, for the conditions
existihg in the ion thruster, there are three stable frequency modes which
are possible. The lowest mode is the. ion acoustic frequency. The two
higher frequency modes are commonly called the upper and Tower ion beam
mode, respectively. The difference between the upper and lower ion beam
modes is twice the ion acoustic frequency whenel = 1, This difference
decrééses as decreases with both modes approaching the so-called "pure"
ion beam mode. This characteristic is exemplified in Figure 30B which
shows the dispersion equation, less the complex roots, for three different
values of XK.

It was shown that a typical value for y, the nondimensional ion beam
velocity, in the keeper plasma region is about 5. There are three stable
roots for this value; i.e., a wave will travel with the three distinct
phase velocities associated with these roots. Experiments61 have
demonstrated this effect using time-of-flight measurements of a voltage
pulse applied to an ion beam-plasma system. In this case, a single pulse
evolved into three separate pulses traveling through the plasma at the
three phase velocities associated with this state. Other measurements®6
have shown this characteristic using a voltage exciter held at a constant
frequency. These measurements showed a superposition between the
respective modes.

It is apparent from the above results that in the range of interest

for the ion thruster; i.e., y = 5, the analysis predicts that there will
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be certain effects on externally stimulated waves but does not indicate
any unstable condition which would bring about a self-induced ion
beam-plasma resonance. In fact, it would appear that the keeper plasma
region should be stable. However, there are two mechanisms which may
cause instability. These will be described in the following section.

Conditions Which May Lead to- Ion-Beam Plasma Instability

There are at least two conditions in the keeper plasma which may
cause an ion beam-plasma instability to develop. First, there are several
processes such as charge exchange which will reduce the velocity of at
least a small fraction of the ion beam coming through the aperture. The
net effect of this is that a fraction (~1%) of the total ion beam will
have velocities in the proper range to drive the instability. Secondly,
it was shown that the voltage drop across the transition region varies
during the plasma fluctuations. In fact, during part of the cycle, the
voltage drop is in the range which should cause an instability. This
periodic stimulus may be sufficient to maintain a resonance in the keeper
plasma region. These two cases are depicted in Figure 31.

In the first case, the ion beam ratio,o, of the fraction of low
energy ions with the proper velocity for instability is about two orders
of magnitude Tower than the value of & for the total ion beam. However,
it can be shown that the growth rate for the instability (Im /Re ) is
reduced by only a factor of 5 for this change in the beam ratio. In the
second case, it would be necessary that the temporal behavior of the
plasma fluctuations would bring about a return to the low voltage drop
condition across the transition region required to drive the instability
periodically. This later case has been proposed as playing a role in the

plasma fluctuations earlier in this chapter.
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Figure 31 - Two examples of conditions in the hollow cathode ion
thruster which may cause an ion beam-plasma instability.
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It was mentioned that the average value of the normalized beam
velocity in the keeper region is about 5, and that three stable roots
exist at this condition. This general condition in the keeper plasma
region would not necessarily inhibit the growth of an instability by the
two processes given above. In fact, contrary to a static plasma, the ion
beam-plasma system provides a medium where the wave will travel with very
little attenuation at the three phase velocities associated with this
state,

Ion beam-plasma experiment553'57s5Q’61 have generally been conducted
in plasmas which are two to three orders of magnitude lower in density
than the keeper plasma region. In these cases, the ion beam-plasma
conditions were produced by using a dual plasma device which is equipped
with a set of fine mesh grids between the respective plasmas. The ion
beam is produced by simply biasing one plasma with respect to the other.
The ion beam ratio, and normalized ion beam velocity could be controlled
very well in this apparatus; therefore, it was relatively easy for the
experimenters to maintain and examine the behavior of waves at different
jon beam-plasma conditions. However, the grids were biased in such a way
to preclude the flow of electrons in the opposite direction. Therefore,
these experiments differ in two ways from the conditions that exist in the
ion thruster: (1) There is no transition plasma region and (2) there is
no counterstreaming electron current. The lack of a transition region
would eliminate the first instability mechanism proposed. The absence of
a counterstreaming electron current effectively prevents the transfer of

fluctuations into the second (ion beam source) plasma region. The later
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effect would also preclude the possibility of a current "pulse" which was
proposed to provide the feedback required to start the next fluctuation
cycle.

None of the above mentioned conditions for instability have been
proven experimentally. In fact, it would be very difficult to make
definitive measurements in the large plasma fluctuations present in the
ion thruster plasma. This would require a carefully designed experimental
set-up comparable to the dual plasma device described in the last
paragraph. This should be the subject of future study. The purpose of
this section was to show that there are mechanisms present in the keeper
plasma region which may be capable of driving an ion beam plasma
instability and consequently producing an ion acoustic wave in the keeper
plasma region.

Current Driven Ion Acoustic Waves

Another mechanism for driving an ion acoustic wave, briefly mentioned
in Chapter II, is the electron current itself,34,36-42 This can occur
when the electron drift velocity exceeds a certain critical value which is
~a function of the thermal velocity of the electrons and the ratio
of electron to ion temperature. There were several problems with this
mechanism which will be discussed in the following.

The electron drift velocity (and the condition for instability)
increases as the ratio of electric field to pressure (E/P) increases.
Rough calculations indicate that this ratio is about an order of magnitude
lower in the keeper plasma region than it is in transition and main
discharge regions. Consequently, the electron drift velocity is also
about an order of magnitude lower. In addition, the ratio of electron to

ion temperature (Te/Tj) is Yower (more stable) in the keeper and
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transition regions than in the main discharge. Therefore, the main
discharge would appear to be more susceptable to spontaneous ion acoustic
wave growth than the keeper and transition plasma regions. However, the
results described in Chapter II appear to dispel the idea of ion

acoustic waves in that region.

Refractory cathode ion thrusters generally operate with very stable
discharges up until the magnetic field is raised above a certain critical
valuel7,26,28 yhich also corresponds to the minimum energy per beam ion
extracted (eV/ion). The instabi]ity.whiéh developes in this case has been
described by CohenZ6 and is not related to the jon acoustic instability.
However, plasma measurementsl’»>19-21 in pefractory cathode ion thrusters
often indicate greater cause for the ion acoustic instability, i.e.,
higher values of (E/p) and (Te/Ti) than that found by comparable
measurements in hollow cathode ion thrusters. Therefore, it is difficult
to explain why the electron drift would induce an ion acoustic instability
in the hollow cathode thruSter and not in the refractory cathode thruster.

In spite of this predicament, calculations do indicate that the
conditions in the keeper plasma should be marginally unstable with respect
to an electron drift induced ion acoustic instability. Therefore, it
cannot be dismissed entirely és a possible cause. As with the ion beam
induced mechanisms, the electron drift mechanism must be examined under
more carefully controlled plasma conditions than are presently available
with the ion thruster.

The ion beam-plasma instability mechanism is also favored because the
ion beam-plasma condition is unique to the keeper plasma region of the
hollow cathode ion thruster. Refractory cathodes are bombarded by ijons

accelerated through the sheath. However, this region is not a true
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plasma, and is not bounded by physical structure such as the baffle in a
hollow cathode thruster. Theory indicates9? that cathode sheaths should
be stable with respect to the ion acoustic instability. In addition, it
was mentioned in Chapter III that the fluctuation fréduency was often
changed by the presence of Langmuir probes in the keeper plasma region.
This observation is similar to that described by workers®3,54 studying the
ion beam-plasma instability whereas the probe apparently establishes a new
boundary condition and consequently changes the frequency.

Derivation of Expression for Fluctuation Frequency

The proposed fluctuation mechanism given earlier in this chapter was
composed of a sequence of events which occur during one fluctuation
period. However, the fluctuation period can be broken down into two
stages; i.e., (1) the time of flight for an ion acoustic wave to move from
the aperture (transition) region to the cathode, and (2) the time
required for the arc current "pulse" to reach its maximum value. It was
assumed that the next ion acoustic wave was launched from the
transition/keeper plasma interface when the voltage drop across the
transition plasma was at a minimum; i.e., when the arc current “pulse” was
at a maximum. Temporal measurements of the electron density and plasms
potential fluctuations in the keeper plasma region (see Figures 25-27 in
Chapter III) indicate that the ion acoustic wave stage amounts to about
75% of the fluctuation period. The limited experimental data available
show reasonable consistency with this 75%/25% time breakdown between the
two stages over the frequency range encountered in this study. Therefore,
for simplicity, it will be assumed that the total period of the
fluctuation is 4/3 times the time-of-flight of the ion acoustic wave

(stage one) from the aperture to the cathode.
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The time-of-flight for the ion acoustic wave to move from the

transition/keeper plasma interface near the aperture to the cathode is,

7 =(2+r%)" (52)

Vs

where the numerator is the diagonal distance between the two points
stated, and v is the ion acoustic velocity as defined by Equation (38).
The diagonal distance is calculated from the length of the keeper
discharge chamber, L, and the radius of the opening of the aperture, R.
The actual location of the double sheath at the aperture is somewhat
speculative. It is known that the sheath generally protrudes back into
the keeper plasma region; therefore, one would expect that the actual
diagonal length will be slightly smaller than that calculated with the
physical boundaries.

The period of the fluctuation would be 4/3 times the value given in
Equation (52). The fluctuation frequency is the reciprocal of the period.

Thus, the fluctuation frequency is given by,

Fo3 % _ _Z’l(KbTe/Miy/z )
T A@R2)R T A (2R (53)

As a simple check of this equation, the data in Figure 24 (Chapter III)
were replotted as a function of the inverse diagonal distance. This is
shown in Figure 32. The two sets of data represent the two different
keeper discharge chamber diameters used in these experiments. However,
the aperture geometry was identical; therefore, the same radius was used
for the opening of the aperture. The radius of the aperture opening was
arbitrarily chosen to be the mean between the inner and outer radius of

the aperture; i.e., 2.61 centimeters. Figure 32 includes four solid
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lines which represent Equatfon (53) for four values of electron
temperature from 0.5 to 2.0 electronvolts. The data for the large
diameter case falls within a range of electron temperatue which is quite
typical of those measured in the keeper plasma region. Electron
temperature measurements were not available for the small chamber
diameter. However, they would be expected to be about the same.
Therefore, it is very Tikely that the effective aperture radius and the
chamber lengths are smaller in this case; i.e., the double sheath
protfudes farther into the keeper plasma region.

For a more exact comparison between the proposed theory and the
measurements, it was necessary to take electron temperature measurements
for an accurate determination of the ion acoustic velocity. However, it
was mentioned in Chapter III that the presence of the probes often
appeared to alter the frequency of the fluctuations. Consequently, in
such cases, it was necessary to compare the fluctuation frequency, in the
absence of the probes, with the electron temperature taken at the same
operating point. This method was used to compare the theoretically
predicted value of the fluctuation frequency, i.e., Equation (53), with
the measured values. This comparison is shown in Figure 33 for the large
diameter keeper chamber case for a wide variety of discharge conditions
and keeper chamber lengths.

The solid Tine on Figure 33 represents the theoretically predicted
frequency. All of the data shown in solid symbols were taken at an arc
voltage of 30 volts, an arc current of 5 amperes, a magnet current of 2

amperes, and a keeper current of 1 ampere.
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The solid circles in Figure 33 were derived from electron temperature
measurements in the center of .the keeper plasma region, 1.5 centimeters
from the baffle. The three points, shown in order of increasing frequency
on the figure, were taken at 7, 6, and 4.5 centimeter chamber lengths
respectively. These results closely parallel the predicted frequency.

The solid squares in Figure 33 represent data taken at a different
time in the same location described in the last paragraph. In this case,
the data were taken at chamber lengths of 7, 4, and 2.5 centimeters
respeétive]y. These results closely track the theoretically predicted
frequency value.

The data represented by the solid diamonds in Figure 33 were taken at
a chamber length of 6 and 3 centimeters respectively in the same location
as described above. These results are in good agreement with the
predicted frequency.

The open diamond symbols represent data taken at an arc voltage of 30
volts, a magnet current of 2 amperes, but with the probe located 1.0
centimeter from the baffle at the center of the keeper chamber. In this
case the chamber Tength was held constant at 7 centimeters, and the arc
and keeper currents were changed. The lower frequency (6.9 kilohertz) was
measured when the arc and keeper currents were 5 and 3 amperes
respectively. The higher frequency (9.2 kilohertz) was measured with the
arc and keeper currents at 7 and 1 amperes respectively. These results
are in reasonably good agreement with the predicted frequency.

Figure 33 also contains some data taken using the experimental test

setup shown in Figure 9. The open circles represent the predicted
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frequency taken from temperature measurements with the probe located at
the center of the keeper plasma about 1 centimeter from the baffle. The
three measureménts, shown with increasing values of frequency, were taken
at arc currents of 5.0, 7.5 and 10.0 amperes, respectively. The arc
voltage was 25.5 v, the magnet current was 1.5 amperes, and the chamber
length was fixed at 3.81 centimeters. These results are also in good
agreement with the predicted frequency.

Discussion of Results

The comparison betwen the theoretically predicted frequency and the
measured frequency in Figure 33 indicates that the proposed fluctuation
mechanism concept is reasonable. The predicted frequency, on average, was
slightly higher than the measured frequency by about 10%. However, the
predicted frequency closely parallels the measured frequency over a wide
range of discharge conditions and keeper chamber length. These results
are therefore considered as strong evidence as to the validity of the
proposed theory.

The fluctuation frequency was observed to increase slightly when
the arc current was increased. Langmuir probe measurements indicated a
small increase in the electron temperature in the keeper plasma region
which apparently is sufficient to account for the increased fluctuation
frequency. A similar increase in frequency is seen when the arc voltage
is increased. This is also believed to be caused by an increase in the
electron temperature. However, the relationship between the arc voltage
and the temperature were not directly evaluated in this series of
experiments because the changes in the frequency spectra were more complex
(see Figure 12). Physically, it seems reasonable to expect that an

increase in the arc current or the arc voltage will increase the amount of
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energy transferred (joule heating) to the electron population. Hence, a
rise in the electron temperature (and fluctuation frequency) would be
expected.

There was no attempt at changing the length and diameter of the main
discharge chamber during this series of experiments. It was concluded
that the discharge chamber geometry was not related to the fluctuation
frequency. This conclusion was made on the basis of extensive plasma
measurements within the main discharge region. First, after due
consideration to several types of fluctuation mechanisms, it was found
that the ion acoustic resonance frequency was the only candidate close
enough to the measured frequency to be considered. However, the
predicicted frequency was a factor of 2 or 3 times lower than the measured
frequency. Secondly, changes in the arc current and arc voltage did not
affect the electron temperature in the main discharge region sufficiently
enough to justify the change in the measured frequency. Finally, the
discovery of a relationship between the length of the keeper discharge
chamber and the frequency obviated the requirement to test the effects of
the main discharge dimensions on the fluctuation frequency.

The bell-jar ion source experimental results were found to be
different from the previous ion thruster tests in one respect. The
fluctuation frequency increased significantly when the magnetic field
intensity was increased in the ion thruster, but had no effect on the
fluctuation frequency in the bell-jar ion source. The magnetic field in
both ion sources has a strong effect on the dynamics of the electrons;
consequently, it is believed that the position of the interface between
the transition and keeper plasma regions is affected by the magnetic field

shape and strength. Thus, the distance between the double sheath and the
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cathode, i.e., the distance traveled by the ion acoustic wave, would be
affected by the magnetic field.

The JPL 20-centimeter ion thruster was equipped with a magnetic pole
piece. The field line distribution for such a configuration has been
shown20,44 to commence at the inside wall of the pole piece and follow a
path radially inward and axially downstream. Field lines originating at
the back end of the pole piece generally pass through the baffle. The
so~called "critical field line" is an expression which was coined to
describe the field line which passes the edge of the baffle. It is
postulated that the double sheath boundary moves into the keeper plasma
region, i.e., closer to the cathode, as the magnetic field strength is
increased. Therefore, the distance traveled by the fon acoustic wave
would be reduced as the magnetic field is increased which would produce an
increase in the frequency. This type of behavior would not be expected to
occur in the bell-jar ion source because the magnetic field is uniformally
axial; consequently, the double sheath might be expected to expand back
from the aperture, parallel to the axis. However, such a change would
have to be compensated by a reduction in the electron temperature in order
to keep the time of flight of the ion acoustic wave constant. These types
of measurements have not been made; therefore this is speculation at this
time.

serafini also observed®0 3 similar effect with the Hughes
30-centimeter thruster which was equipped with a hollow cathode and a
magnetic baffle. The magnetic baffle is a specially designed magnetic
circuit which controls the position and the field strength of the

"critical field tine." Serafini found that the fluctuation frequency
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increased when the magnetic baffle current was increased. This is
believed to be a manifestation of the same effect described above.

Suggestions for Future Work

The results shown in Figure 33 is strong evidence that the plasma
fluctuations in ion thrusters equipped with hollow cathodes is caused by
the presence of an ion acoustic wave generated in the keeper plasma
region. However, there are many detailed questions left unanswered. For
example, earlier in this chapter it was pointed out that the instantaneous
feedback which sets the stage for the next "pulse" is not clearly
understood. In addition, there were suggested reasons given for the
effects of changes in the keeper chamber geometry and the magnetic field
on the fluctuation frequency, but these have yet to be proven
experimentally. These types of questions will require carefully designed
experiments to resolve. Such experiments may lead to a better
understanding of the keeper/transition plasma region and to a thruster

design which eliminates the fluctuations all together.



V. CONCLUSIONS

An investigation was made to determine the source of certain
electrical fluctuations which have been observed in the main discharge of
an ion thruster utilizing a hollow cathode. It was experimentally
determined that the fluctuations were produced by a cyclic disturbance in
the keeper plasma region. This in turn modulated the electron current
flow going into the main discharge, producing large fluctuations in the
arc voltage and arc current. The cyclic disturbance in the keeper plasma
region is believed to be caused by the presence of an ion acoustic wave.
It was proposed that the ion acoustic wave is produced at the interface of
the keeper and transition plasma regions by means of an ion beam-plasma
instability condition which is present during a "pulse" in the arc
current. It was also proposed that the ion acoustic wave moves towards
the hollow cathode where it triggers the next "pulse" in the arc current.
The nature of the feedback mechanism was not clear and could not be
resolved with the present experimental setup. However, there was very
good agreement between the proposed theory and experiments over a wide
range of discharge conditions and keeper chamber lengths. It was also
proposed that changes in the fluctuation frequency due to the changes in
the magnetic field strength in the ion thruster were caused by a change in
the position of the keeper/transition plasma interface. This idea was not

evaluated in this study.
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