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ABSTRACT

Electron temperature, number density, plasma potential and floating potential were measured in the interior and
very-near-field region of the P5 Hall thruster using the newly developed High-speed Axial Reciprocating Probe
(HARP) positioning system. The HARP system was used to insert an electrostatic triple probe axially into the
discharge chamber from 152 mm downstream of the exit plane to within 5 mm of the anode face, maintaining
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during probe movement; the latter two quantities verified the HARP system’s limited perturbation to thruster
operation. A second, slower, linear table was used to vary the radial location of the probe between axial sweeps
resulting in a 2-D mapping of the chamber. Two thruster operating conditions were considered: 300 V, 5.3 A and
100 V, 5.3 A. At 300 V, a very complex plasma structure was observed. Regions of high electron temperature
and plasma potential were observed near the anode and along the outer wall of the channel. Number density
peaked on centerline near the region of high temperature and again downstream of the exit plane. A large
accelerating potential was shown to exist outside the discharge chamber, agreeing with LIF ion velocity
measurements at the exit plane. At 100 V, the coherent structure is largely absent which is expected based on
the thruster’s poor performance at this condition.

NOMENCLATURE Te electron temperature
n, electron number density
electrode radius
Tp m, electron mass
Tie electron Larmor radius M, jon mass
I ion Larmor radfus A bias voltage
dx electrode spacing \'A plasma potential
Ap Debye length
) Van current shunt voltage
1, /Ap Debye ratio
Ay jon-ion collision mean free path INTRODUCTION
Aee electron-electron mean free path . .
2 electron-ion mean free path Over the past several years, U.S. interest in Hall
e P thrusters for military, commercial and scientific uses
A; electrode area has increased dramatically. Initial efforts to develop
Vv, electrode potential flight qualified thrusters centered on the 1.5 kW
e fundamental electron charge class thrusters for stationkeeping applications. More
K Boltzmann's constant recently, the range of power levels has expanded as
b new missions are developed which can significantly
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benefit from the unique performance characteristics
of Hall thrusters. Of particular interest to both
industry and the government are Hall thrusters of the
5 kW range for orbit transfer missions. This interest
and the need for a dedicated laboratory model
thruster for diagnostics drove the development of
the University of Michigan - Air Force Research Lab
P5, 5 kW Hall thruster.

The University of Michigan's Plasmadynamics and
Electric  Propulsion Laboratory (PEPL) has
developed a wide range of diagnostics providing a
wealth of information on the Plasma characteristics
of Hall thruster plumes.’ However, these
diagnostics are limited to the region downstream of
the thruster discharge chamber. They therefore do
not provide any direct information on plasma
parameters or ionization and acceleration
mechanisms inside the thruster. This information is
necessary if a better understanding of Hall thruster
physics is to be obtained. This will allow for
performance improvements and serve as a
reference for validating numerical models.

An electrostatic triple probe was chosen to map the
plasma parameters in the discharge chamber of the
P5. Electrostatic probes are one of the simplest and
most commonly used plasma diagnostic tools and
are unique in the information they are capable of
providing. They have found widespread use in the
electric propulsion field>® as well as nuclear fusion'
and aimospheric and  space  sciences. B
Electrostatic probes have been used successfully to
measure electron temperature, number density,
floating potential, and plasma potential in the plume
of Hall thrusters downstream of the exit plane where
partlcle densities and temperatures are relatively
low.””  However, upstream of the exit plane, the
power density increases significantly, creating
difficulties in taking measurements. Probe lifetime
becomes severely limited in the discharge chamber
environment and the probe’s effect on the
parameters it is attempting to measure becomes an
issue. On time scales much less than that of probe
lifetimes, the flux of high-energy particles in electric
propulsion devices will sputter and/or heat the probe
material causing it to ablate. Local piasma
characterisiics are then affected through emission of
relatively cold probe material. These local variations
propagate through the plasma, perturbing thruster
operation.

The HARP system is designed specifically to
address these concerns. The role of the HARP
system is to enable electrostatic probe
measurements within the Hall thruster discharge

chamber with minimum perturbation to the
surrounding plasma. Any probe of finite dimension
must perturb the plasma to some extent to make
measurements. However, keeping the residence
time of the probe inside the chamber short can
minimize  the effectis due to  material
ablation/sputtering. Probe heating due to the high-
energy particle flux inside a Hall thruster has been
estimated in previous work'® for a cylindrical probe
composed of tungsten with an alumina insulator.
Including enhanced heating due to the Hall current,
an ablation time on the order of 100 ms was
predicted. Experimental results showing ablation
times under 0.5 s tend to support these predictions.
Using the thermal model ablation time prediction as
a guideline, a high speed reciprocating probe
positioning system was assembled with the ability to
insert and remove electrostatic probes from the Hall
thruster discharge chamber on time scales under
100 ms. This is still orders of magnitude greater
than the response time of the probe whlch is on the
order of the ion plasma frequency.’ Such short
residence times will assure probe survivability and
limit perturbations to the local plasma and thruster
operational parameters. This paper presents the
initial findings of an experimental effort to map the
plasma properties in the discharge chamber.

EXPERIMENTAL SET-UP

The purpose of this experiment was to characterize
the plasma parameters in the very-near-field region
and inside the discharge chamber of a Hall thruster,
while avoiding significant perturbation to the thruster.
Two operating conditions were considered. The first
was at 100 V and 53 A, right on the [V
characteristic “knee”," corresponding to a condition
of poor performance. The second was at 300 V and
5.3 A, in the ionization saturation region of the
current-voltage characteristic. Comparison of the
plasma structure at these two conditions yielded
information on the acceleration and ionization
mechanism of the thruster.

Vacuum Chamber

All experiments were conducted in the University of
Michigan’s 6 m diameter by 9 m long Large Vacuum
Test Facility (LVTF). The pumping system consists
of four CVI model TM-1200 Re-Entrant Cryopumps
providing a measured xenon pumping speed of
140,000 {/s and an ultimate base pressure of 2x10
Torr The operating pressure was 5.5x10° Torr
when corrected for Xenon. The facilities have been
described in detail in a previous work. "
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Thruster
The thruster used was the University of Michigan ~
Air Force Research Lab P5 5 kW laboratory model

Hall thruster.  This thruster was developed
specifically for improved diaghostic access.
Compared to a 1.35 kW thruster, the larger

discharge chamber of the P5 provides betier spatial
access for electrostatic probes as well as a lower
power density that reduces the heat flux to the
probe. The thruster has been thoroughly
characterized and its performance closely matches
that of commercially available 5 kW thrusters.
Thrust, specific impulse, efficiency, and plasma
parameter profiles in the plume are presented in a
previous work.”? To date, the P5 has accrued over
two hundred hours of stable run time and continues
to operate exceptionally well. The hollow cathode
used, provided by the Moscow Aviation Institute
(MAIl), employs a small disk of lanthanum
hexaboride as a thermionic emitter.

Positioning System

The HARP system is a linear motor assembiy
providing direct linear motion at very high speed and
acceleration. It consists of a linear, “U”-shaped
magnet track and a “T"-shaped coil moving on a set
of linear tracks. There is no leadscrew to limit
acceleration and speed as in traditional tables. The
only contact between moving parts is through the
guide rails, providing very little resistance. A linear
encoder built into the magnet track provides position
feedback for motion control. The table was covered
by a stainless steel shroud to protect it from direct
impact of ions while measuremenis were made.
This prevented the motor from being excessively
heated, which would have lead to performance
degradation.

Triple Probe
A schematic of the triple probe chosen for this

experiment is shown in Figure 1.

2.84 mm

|

1.22mm

Figure 1. Triple probe schematic.

The probe consisted of three planar, tungsten
electrodes insulated from each other and the plasma
by a length of alumina tubing. Each electrode was
0.38 mm in diameter and the probe was configured
such that the normal of the electrode surface was
directed radially inward when positioned inside the
thruster. Planar probes were chosen because of the
limited area comprising the discharge chamber.
Their small size offered much greater spatial
resolution and ease of construction when compared
to cylindrical probes. Electrode size was chosen
based on the expecied electron temperature and
number density such that standard planar probe

theory applied.?’ These assumptions are
summarized below.
1. Unmagnetized ions
I >> 1, )]
2. Thin sheath
Ap <1, (2)
3. Collisionless plasma
i = hee =g >>1, (3)

4. Probe spacing avoids electrode interaction

dx >Ap 4)

5. Unmagnetized electrons

(6)

Te < rp

Inside the discharge chamber, magnetic fields are
large enough that electrons are magnetized and
assumption 5 is violated in the strictest sense. The
orbital motion of the electrons inside the sheath
must then be taken into account when determining
the current collected by the probe. In this
experiment, however, the effect of magnetized
electrons on current collection was determined to be
negligible since the probe was constructed such that
the normal to the surface of each electrode was
oriented parallel to the magnetic field lines. Parallel
to the field lines, electron motion is not constrained
by the magnetic fields and is a function only of their
random thermal energy and any electric fields
present. A probe orientation parallel to the magnetic
field lines minimizes the effect of the electron orbital
motion. This orientation also eliminates probiems
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arising from the presence of a flowing stream of
ions. There is no directed fiux toward the electrode
surface nor does a wake region exist which might
reduce the effective collection area.’ This allows the
Bohm approximation for ion current collection to be
used.

The equation for the total current to each planar
electrode is the same as for the case of a cylindrical
probe. Thus the triple probe theory of Chen and
Sekiguchi', is used to determine electron
temperature, number density and plasma potential
by Equations 6-8:

As

1-23

A, P T T
1 bte

1
2
1—exp| —

(6)

In Equations 6-8, V, floats and V; and V; are biased
above and below Vo, respectively. A schematic of
the circuit is shown in Figure 2.
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Figure 2. Triple probe circuit.

Large potentials inside the discharge chamber
created  significant  difficulties in  making
measurements. The entire probe circuit floated to
potentials of several hundred volts. A circuit was
constructed based around the AD210 isolation
amplifier. These amplifiers were capable of handling
several thousand volts of common mode voltage
and provided input impedances of 1x10" Q. The
output of the isolation amplifiers connected to a
LabView data acquisition system for data recording
and storage.

Figure 3 shows the orientation of the probe and
indicates the plane inside the thruster where plasma
parameters were measured. The anode face is 5.1
mm upstream of the beginning of the mapped area
and the exit plane is 33 mm downstream. The
mapped area starts 1.3 mm from the inner wall and
ends 3.8 mm from the outer wall. The cathode
plane is located 50 mm downstream of the exit

plane.
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Figure 3. Mapped area inside and outside
discharge chamber.
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In order to minimize probe heating as much as
possible, the probe home position was set 152 mm

downstream of the exit plane. This location is the

starting point for all axial sweeps. Data were
recorded over-the entire 185 mm sweep but only the
first 80 mm of the data are presented to this study.

For the 100 V case, the criteria outlined above were
met throughout the mapped region. At 300 V,
however, extremely large temperatures and low
densities resulted in criteria 2 and 4 approaching
their limits throughout nearly the entire discharge
chamber. Therefore, using theory outlined here, the
accuracy of the 300 V data is diminished compared
with the 100 V case. In this case, the data still
provide a great deal of qualitative information about
the plasma structure.

EXPERIMENTAL RESULTS

The initial phase of this experiment was the
characterization of the HARP system’s performance.
Figure 4 shows a representative plot of position,
velocity and acceleration versus time. From the plot,
it can be determined that the total residence time
inside the chamber is approximately 80 ms. This
time varied slightly from stroke to stroke but always
remained under 100 ms.

Accelaration (m/€)
°
]

Velacity {m/s)

200 ~

150 —

100

Position (mm)

50

N

0 T T T
0.0 0.1 0.2 0.3 0.4
Time (sec)

Figure 4. HARP system performance. Horizontal
line on position plot indicates exit plane
location.

The next phase of the investigation involved testing
the extent of the probe’s perturbation on thruster
operation. Measurements were taken at the 300 V
condition assuming probe ablation would be more
pronounced than in the 100 V case. Previous tests'®
on an SPT-70 very clearly showed the significant
perturbation an ablating probe has on various
thruster parameters. Figure 5 illustrates the extent
of this perturbation. The LVDT signal is a direct
measure of the thrust while the PMT measures the
photoemission from the ablating tungsten and
alumina probe. Discharge current and cathode
potential are also included.

Cathode Potentlal {V)
'
-
S
]

Discharge Current {A)
MW
o <
| |

2.0 1
~ 0.1
8
2 0.0
& 0.1
s
& 02
T 1 T T
20 30 40 50 60
Time (sec)

Figure 5. SPT-70 thruster parameter perturbation
from a previous study.13

The data acquisition system used for the current
investigation was limited to eight input channels, five
of which were dedicated to the triple probe. Position
feedback from the HARP system required one
channel, leaving two free channels for thruster
parameters. From the plois in Figure 5, probe
ablation appeared to have the largest effect on
discharge cumrent and cathode floating potential.
Therefore the remaining two data channels were
used to monitior these parameters during all
measurements.
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Figure 6 is a sample raw data trace showing that
discharge current and cathode potential remained
completely unperturbed during the probe’s sweep
into and out of the discharge chamber. The data
have not been. corrected for the presence of voliage
dividers in the circuit. The sample is taken at 300 V
and 5.3 A and the same results were seen at 100 V
and 5.3 A. The location of the exit plane is indicated
by the vertical lines showing the portion of the trace
corresponding to the probe being inside the thruster.
Discharge current and cathode potential profiles
were monitored for each data set and showed no
perturbation during the entire experiment. Further,
inspection of the probe after the tests revealed no
obvious signs of material ablation.

Discharge Current

Raw Data (Volts)

Position

Cathode Potential

T T T
0 200 400 600
Data Point

800

Figure 6. Discharge current and cathode potential
profiles during probe sweep. The vertical
lines indicate the exit plane location.

Figure 7 shows axial profiles of the plasma
parameters at a radial position R = 14.0 mm from
the inner chamber wall for the 300 V, 5.3 A case.
Discharge chamber centerline is located at R = 12.7
mm. The zero axial position is 5.1 mm downstream
of the anode and the exit plane is located at axial
position A = 33 mm. The profiles are representative
of data collected across the width of the discharge
chamber.

Figures 8-12 are contour plots showing the Debye
ratio (r,/Aq), electron temperature, number density,
floating potential, and plasma potential at a thruster
operating condition of 300 V and 5.3 A. The Debye
ratio contours indicate the extent to which the thin
sheath assumption is met in the discharge chamber.

,,,,, region inside the
discharge chamber and extend 47 mm downstream
of the exit plane. Note the “finger’-shaped region of
high potential and temperature at the anode, near
the inner wall.

Exit Plane

N ]

Floating Potential (V)
- a N
o o o o
o O O O
| O
F j

Plasma Potentlal (V)

Elactron temperature {eV) Number Density (mﬂa) x10"7

N

L B T T T T 1
] 20 40 60 80 100 120 140 160
Axial Position (mm)

180

Figure 7. Representative axial profiles of plasma
parameters at 300 V, 5.3 A at
R = 14.0 mm. Discharge chamber
centerline located at = 12.7 mm.

Figures 13-17 show the Debye ratio, electron
temperature, number density, floating potential, and
plasma potential for an operating condition of 100 V,
5.3 A. This condition occurs at the knee of the
current-voltage characteristic and corresponds to
low thruster efficiency. It also provided a less hostile
environment in which to verify the operation of the
triple probe and gives a point of comparison for the
300V, 5.3 A case.
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DISCUSSION

The results of this investigation have demonstrated
the feasibility of making measurements inside the
discharge chamber of a Hall thruster using a high-
speed reciprocating probe. The HARP system
confirms that if probe residence times inside the
discharge chamber are minimized, the plasma may
be interrogated without ablating significant probe
material and perturbing thruster operation.
Perturbation effects have been documented in the
case of near-field measurements of a D-55 TAL' and
an SPT-70." However, measurements of this type
made by a number of other researchers make no
mention of thruster perturbation.?’ Figure 5
illustrates results from a previous mvestlgatlon
showing the extent of perturbations that can occur.
This |nvest|gat|on prowded ablation time estimates,
giving a starting point for the design of a high-speed
probe system to avoid these effects. Figure 4 shows
the performance of this system and iis ability to
insert and remove the triple probe on time scales at
or below 100 ms. Figure 6 shows a representative
trace verifying that there are no significant thruster
perturbations occurring during data collection.

Figure 9 shows the electron temperature contours
for the 300 V case. The peak temperature observed
is 115 eV and occurs 0.8 mm from the anode, 6.4
mm from the inner wall. Previous studies have
reported maxumum electron temperatures in the 20-
30 eV range 3'24, a factor of 4-5 less than the
maximum temperature observed in this study.
However, this is not unexpected. Recall that for
large residence times, significant material ablation
has been observed. This ablated material cools the
surrounding plasma resulting in artificially low
electron temperature values. By keeping the
residence time below 100 ms, this effect is mitigated
and measured electron temperatures are
correspondingly higher. The presence of h|gher
energy electrons has been predicted theoretically.”®
Significant populations of higher energy electrons
have also been measured expenmentally in the 1ail
of the electron energy distribution function. Note
that the highest temperatures occur away from the
discharge chamber walls where secondary electrons
and heat transfer cool the plasma. Temperatures
also tend to be highest near the anode, which, unlike
the ceramic chamber walis, does not moderate the
temperature through low-energy secondary electron
emission. These high temperatures lead to
exiremely large plasma potentials, as seen in Figure
12.

-12-

Figure 10 shows the number density contours in the
mapped area. Of particular interest is the presence
of two regions of high density along the centerline at
17 mm and 40 mm. Local maximums in density
correspond to large ionization rates and can be
expected to occur where electron temperatures are
large. The local density maximum at 17 mm
corresponds closely to a region of high electron
temperature (54 eV), decreasing as the newly
formed ions are accelerated downstream. Using
similar logic, a large density of ions would be
expected in the region of high temperatures near the
anode but this does not agree with the measured
values. This may be due to the lack of electron
confinement in this region of weak magnetic fields.
The second density peak occurs approximately 15
mm downstream. This agrees with data from near-
field measurements of the SPT-100" where the
density peak was attributed to the presence of the
cathode. In general, the number density peaks
radially near centerline, decreasing toward both the
inner and outer walls. Axially, number density has a
main peak 8-10 mm downsiream of the exit plane
implying this is a reglon of ionization.
Measurements by Bishaev®* show similar trends,
however, they indicate the peak density occurs
slightly upstream of the exit plane and no secondary
peak inside the channel exists. Guerrini® provide
centerline data that show a large increase in number
density downstream of the exit plane, agreeing with
results in Figure 10.

In Figure 12, the plasma potential exhibits a
complex structure, the most striking aspect being the
“finger’-shaped region extending out from the
anode, off centerline, near the inner wall. The peak
potential of 856 V, which is nearly three times the
discharge voltage, is reached in this area. Such a
large value is believed to be an artifact of the triple
probe theory used here. However, the possibility of
potential values exceeding the discharge voltage
has not been ruled out due to the presence of lon
backflow to the anode observed in other work.™

lon backflow is also implied in the current resulis
where, in reglons closer to the outer wall, the
potential drop is towards the anode. Morozov'®
showed a potential structure which was very similar
to the current results but differed in that it was much
more uniform across the width of the discharge
chamber. Near centerline, the plasma potential
remains constant to within ~10% in the axial
direction then begins to decrease approximately 20
mm downstream of the anode. This type of potential
drop has been reported previously for centerline
data® and for the width of the discharge
chamber.”®*  Finally, the finger structure implies
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that ions will be accelerated io both the inner and
outer walls of the channel.

Another interesting aspect of the plasma potential
data is the dndication that the ions experience
approximately 100 V of accelerating potential
outside the thruster. Laser Induced Fluorescence
(LIF) measurements'® 100 mm downstream of the
exit plane indicate ions from this thruster, operating
at 300 V, see a most probable accelerating potential
of approximately 200 V. The same LIF
measurements show an ion velocity at the exit plane
equivalent to 100 V. The difference, 200 - 100 = 100
V, is in very good agreement with the 100 V of
accelerating potential seen in these experiments

P Y M e d Aard o rm AL em e
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beyond the exit plane, is not unique'’, although Hall
thrusters with ceramic discharge chambers (as
opposed to a TAL) are generally considered to have
an acceleration zone upstream of the exit
plane.'>82

Figure 12 also shows the focusing effect on the ions
outside the channel, which agrees with a number of
observed thruster phenomena. Focusing ions along
the axis of the thruster forms the dense beam in the
center of the plume. Probe measurements show the
presence of a Iow-densrty core on centerline near
the exit plane"™®'® | which shrinks and eventually
disappears further downstream. lon energy
analyzer measurements by Gulczinski®® on the same
thruster indicate the presence of high-energy ions
directed at high angles (~909) off thruster centerline.
Gulczinski attributes this to ions being accelerated
inward at high angles downstream of the exit plane,
crossing the thruster axis and appearing as highly
divergent ions on the opposite side.

Data collected at the 100 V and 5.3 A condition
provided a refatively benign plasma in which to verify
operation of the triple probe and the applicability of
the specified probe theory. The 100 V case also
provided a point of comparison for the 300 V
operating condition. The 100 V case was chosen
because it is at the current-voliage “knee”, a region
characterized by poor performance. This can be
seen in the plasma contour plots in Figures 14-17
which show very little coherent structure. Electron
temperature and number density are both fairly
uniform throughout the channel with no pronounced
decreases in density, which would be associated
with an acceleration region. The presence of larger
densities than in the 300 V case is a direct
consequence of ions not being accelerated out of
the channel. The plasma potential shows the same
lack of coherent structure and hence no pronounced
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region of ion acceleration. These results are
consistent with the poor performance observed at

FUTURE WORK

Large temperatures (115 eV) and low densities
(6x10®) resulted in the thin sheath criteria
approaching their limits throughout nearly the entire
discharge chamber at 300 V. Future work will
address this issue through a combination of new
probe designs and development of probe theory
more applicable to the region inside the discharge
chamber. This will include better estimates of the
gffective current collection areas of the individual
electrodes as well as improved models of the ion
current density. Floating emissive probes will also

be used to verify the triple probe resulis.

Future work will also inciude an exiension of the
mapping area. As is evident, significant acceleration
occurs outside the channel, both axially and radially.
To fully analyze and understand the ionization and
acceleration mechanisms, the near-field region
outside of the channel must be included. Also,
probe orientation will be varied to measure the Hall
current.

Finally, both high voltage and high current operating
modes will be mapped out, providing information on
the evolution of the plasma as operating conditions

vary.
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