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Abstract 

This work examines a long duration Hall thruster start transient caused by the vacuum chamber environment. During 
operation of a cluster of four Hall thrusters, large anode discharge fluctuations, visible as increased anode current and a more 
diffuse plume structure, occur in an apparently random manner. For single thrusters, the transient appears as a smoothly decay- 
ing elevated anode current with a diffuse plume which persists for less than 500 seconds. The start transient is characterized by 
severe 18 kHz oscillations which dominate the anode discharge. This contrasts with typical steady state behavior of a strong DC 
component overlaid with a low amplitude 25 kHz component. The main discharge chamber has been previously determined to 
be the source of this behavior. The Work shows that transient appears to be a result of the release of water previously hydrated 
on to on the surface layer of the boron nitride acceleration channel insulator. 

Introduction 
During testing of a cluster of Hall thrusters at the Air 

Force Research Laboratory (AFRL) Electric Propulsion Lab- 
oratory, large amplitude oscillations of the anode currents 
occurred regularly during the first start after evacuation of the 
vacuum facility. These oscillations visibly manifested them- 
selves as thrusters variously entered and exitedjef and diffuse 
plume modes over periods of several seconds. These mode 
transitions often appeared to be synchronized between several 
thrusters. The behavior appears to be random with a thruster 
transitioning from the preferred jet mode to more diffuse 
plume mode with a higher (hence less efficient) discharge 
current. Often, this triggers change in one of the other thrust- 
ers within the cluster. 

For example; during one specific instance of cluster 
operation, two thrusters would alternatively enter and exit jet 
and diffuse plume modes cyclically with a period of approxi- 
mately 5 seconds. Once the thrusters were operated for 
greater than approximately 500 seconds, the oscillatory 
behavior disappeared and did not reappear in subsequent 
starts. However when the chamber was returned to ambient 
atmospheric conditions and subsequently evacuated, a similar 
behavior returned, although in this case the mode changes 
appeared more random. 

Eventually, test procedure included provision for the 
conditioning of the thrusters following any exposure to the 
ambient laboratory conditions. The data during this condi- 
tioning time period (approximately 10 minutes) was gener- 
ally ignored. It was soon realized that this start transient 
exhibits the strongest interaction between independent thrust- 
ers, yet observed. 

It should be noted that in this work the term start 
transient ■will Ttfe-T to an increase in the anode current evident 
for a period of approximately 500 seconds. This terminology, 
while grammatically correct, is not necessarily the definition 
of the commonly discussed Hall thruster start transient which 
describes the transient plasma processes which first initiate 
the plasma discharge and has a duration on the order of milli- 
seconds. 

In order to better understand this phenomenon, it 
was decided to first examine the behavior of a single thruster. 
This is also important on its own merit. Unlike ground test- 
ing, Hall thrusters on spacecraft do not use an independent 
mass flow controller. Rather, the anode current is used in a 
negative feedback loop to throttle the propellant flow. There- 
fore if the current is anomalously high for a particular flow 
rate, the closed loop system will regulate the anode current by 
reducing propellant flow. This could unexpectedly reduce 
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thrust and impulse from an initial short duration firing. For 
this reason, understanding the characteristics of this anode 
current start transient may also be important for missions 
with short duration initial firings. 

Facilities 
All measurements in this study were performed in 

Chamber 6 at the AFRL Electric Propulsion Facility at 
Edwards AFB, CA, USA. Chamber 6 is a stainless steel 
chamber with a 1.8 m diameter and 3 m length. It has a mea- 
sured pumping speed of approximately 32,0001/s on xenon. 
Pumping is provided by four single stage cryo-panels (APD 
single stage cold heads at -25 K) and one 50 cm two stage 
APD cryo-pump (<12 K). The chamber is roughed by a oil 
free Stokes Stealth® mechanical and blower. The chamber is 
configured such that the 50 cm cryo-pump may be isolated 
from the chamber and cryo-panels. During the pump down 
of the chamber, the chamber is first roughed to approxi- 
mately 4 Pa using the mechanical and blower pumps. At this 
time, cryo-panel cooling begins. When a single thruster is 
operated, the background pressure measured by a cold cath- 
ode vacuum gauge is approximately 7x10' Pa (corrected for 
Xe). 

The thrusters used for this test are four BHT-200- 
X3 thrusters which are described in detail elsewhere [1,2]. 
This is a cluster of four 200 W thrusters being tested to deter- 
mine the engineering aspects of clustering higher power Hall 
thrusters on a single spacecraft [3-4]. The cluster of four 
thrusters is shown in Fig. 1. The thrusters are placed in a 2x2 
grid with a center-to-center separation of 115 mm. 

Each BHT-200 in the cluster is independently con- 
nected to four power supplies. A Sorensen DHP-400-5 is 
used for the main discharge, a Sorensen DCS-600-1.7E is 
used to power the cathode keeper, and two Sorensen DLM- 
40-15's provide power to the magnetic circuit and cathode 
heater. During all testing the thruster is operated at the nomi- 
nal conditions shown in Table 1. Following exposure of the 
thrusters to ambient atmospheric conditions, the cathodes of 
each thruster are conditioned by flowing 1 seem (98 fig/s) of 
xenon and heating for approximately 90 minutes. 

An inductive-capacitive (L= 250 jtiH, C = 13 /7,F) fil- 
ter is placed between the anode and cathode external to the 
chamber. This filter approximately duplicates the impedance 
characteristics of a power processing unit (PPU) for the 
BHT-200. The aim of the circuit in this work is not to 
attempt to replicate PPU characteristics, but to provide isola- 
tion of the power supplies from the discharge oscillations of 
the plasma and to insure that the oscillations measured are 
not a product of feedback between the power supplies and 
the plasma. 

Xenon propellant (99.995%) flow to the thrusters 
was metered by use of Unit Instruments model 7301 mass 
flow controllers (MFC) calibrated for xenon (± 1% of read- 
ing). Flow for each anode and cathode is individually 
metered through a separate MFC. Ten thruster electrical 
operating parameters are recorded during operation of the 
system using an Agilent 34970A data acquisition and switch 
unit. These parameters include the currents and potentials of 
the anode, cathode, heater, keeper, and magnet circuits. 
These data are taken at approximately 1 Hz. 

Table 1: Thruster Operating Parameters 

Anode flow 840 /ig/s 

Cathode flow 98 lig/s 

Anode potential 250 V 

Anode current 0.83 A 

Keeper current 0.50 A 

Magnet current 1.0 A 

Heater current 3.0 A 

Experimental Observations and Analysis 
Figure 2 shows the cluster anode current time his- 

tory of an unconditioned start. The four thrusters are started 
within 15 seconds. During a period of approximately 400 
seconds, the thrusters all exhibit higher than nominal anode 
currents. Closer examination as provided by the insert of Fig. 
2 shows that the behavior is complex. All thrusters immedi- 
ately assume a higher than nominal anode current mode with 
a characteristic diffuse plume. Approximately 65 seconds 
later, three thrusters leave the diffuse mode, and simulta- 
neously enter the lower current jet mode. Individually, two 

Fig 1. The cluster of BHT-200 Hall thrusters firing 
within AFRL Chamber 6. The thrusters are num- 
bered 1 through 4 starting from the upper left cor- 
ner and proceeding counter-clock-wise. 
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Fig. 2. Anode current transient of four nearly simultaneously started thrusters. Note the tran- 
sient persists for -400 seconds and does not reappear in a later restart of the cluster. 

thrusters spontaneously leave the jet mode and reenter dif- 
fuse mode at later times. Then at approximately 250 seconds 
after start, two thrusters apparently exchange modes. Subse- 
quent behavior becomes more complex as the thrusters enter 
and exit jet mode and appear to affect their neighbors. Even- 
tually, the behavior decays and the thruster anode currents all 
approach their nominal value near 830 mA. Restarting the 
thrusters after conditioning does not reproduce the start tran- 
sient. The cathode potential during this start is shown in Fig. 
3. The variation of the cathode potential mirrors the anode 
potential, indicative of significant changes occurring within 
the Hall thruster anode discharge plasma during the start 
transient. 

In order to better understand the behavior and 
source of this behavior, it was decided that studying the iso- 
lated behavior of a single thruster would prove more feasible 
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Fig. 3. Cathode potential during the transient of four 
clustered Hall thrusters. 

and could better isolate the effect and its source. The behav- 
ior of a single isolated thruster is similar to that shown in 
Figs. 2 and 3. However, the transition out of the diffuse mode 
and into the lower current jet mode is consistently repeatable 
following exposure to ambient atmospheric conditions. Fig- 
ure 4 shows a typical trace of the anode current during a start 
after the chamber has been opened to atmosphere. The initial 
anode current spike (1.5 A) is due to the start procedure 
where the anode is current limited and the magnet current is 
off. After the magnet current is switched to its nominal 
value, the transient consists of anode currents as much as 
50% greater than nominal, lasting approximately 300 to 500 
seconds. The anode current transient only occurs for the first 
300-500 seconds and does not return on restart once the 
thruster has been conditioned. With subsequent atmospheric 
exposure, the transient returns. Figure 5 shows that this 
behavior persists even if the thruster anode discharge is 
cycled during the time period associated with the anomaly. 
Interestingly, the thrust level during the period of the anode 
current transient is unchanged [5]. The 50% increase in 
anode current simply reduces the efficiency by a like 
amount. 

The start transient shown in Figs. 2-5 occurs under 
two distinct circumstances. First, it occurs when the chamber 
has been opened to atmosphere, exposing the thrusters to 
ambient air. Second, it occurs when the chamber pumps have 
been turned off, allowing the cryo-panels to regenerate, 
exposing the thrusters to a 70 Pa dirty vacuum. In the latter 
case, the cryo-pump is valved off from the chamber. Then, it 
and the cryo-panels are allowed to warm to room tempera- 
ture. The chamber pressure rises to approximately 70 Pa. 
This atmosphere within the chamber consists of primarily 
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Fig. 4. Anode current trace characteristic of a start 
following exposure of the thruster to atmospheric 
conditions for several days. Duration of the anode 
current transient is 420 seconds. Note: initial cur- 
rent spike to 1.5 A is caused by start-up sequence. 
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Fig. 5. Anode current trace of the transient with a 
number of nominally 60 second firings spaced 30 
seconds apart. The anomaly persisted for approxi- 
mately 4.25 min. Note that the thruster has been 
exposed to regenerated cryo-panel products for a 
period of 12 days and not exposed to atmosphere. 

xenon gas sublimated from the cryo-panels and water which 
was trapped by the panels during the initial pump down. 
However, molecular oxygen can be pumped by the cryo-pan- 
els at 25 K, so there may be substantial oxygen and nitrogen 
in the chamber as well [6]. The atmosphere within the cham- 
ber during this conditions will be sampled in future tests. 
Subsequent use of the chamber does not require repressur- 
ization to atmosphere. The chamber may be roughed to 
approximately 4 Pa at which time the cryo-pump and cryo- 
panels are activated. 

The duration of the anode current start transient 
appears to depend on the degree of exposure to the atmo- 

sphere, or gases sublimated from the pumping surfaces. If 
exposed to atmospheric conditions for several days, the 
anode current will return to the nominal 830 mA value 
within 500 seconds. Subsequent exposures to the regenerated 
vacuum appear to reduce the length of the anode current 
transient by approximately 20%. For example, thruster 1 was 
started after exposure to atmosphere and the initial transient 
persisted for 425 seconds. The chamber was cycled without 
being opened to atmosphere and the subsequent current tran- 
sient lasted 340 seconds. This chamber was again cycled 
without being opened and the anode current transient per- 
sisted for only 255 seconds. This trend is typical of all four 
thrusters. 

There are actually two effects shown in Figs. 4 and 
5. The anode current transient is accompanied by a periodic 
(-60 sec) dip in the anode current. Figure 5 shows quite 
cleariy that this period is not affected by the thruster on/off 
condition. This behavior has been correlated to the pressure 
fluctuations in the propellant lines of the thruster. The gen- 
eral effect has been documented previously in this facility 
and elsewhere [5,7]. Due to the low flow of propellant from 
the pressure bottle through the MFC, the bottle pressure reg- 
ulator is opening causing a pressure increase in the lines 
between the regulator and the MFC. The valve on the regula- 
tor then closes until the pressure drops by some fraction of 
the set pressure and then the process cyclically repeats. The 
MFC responds to these periodic increases in upstream pres- 
sure and overcompensates, reducing the flow rate. This over- 
compensation is due to the flow sensing element being 
upstream of the throttling valve in the MFC. The MFC does 
not recognize that it has over compensated and for approxi- 
mately 3 seconds the flow is reduced by approximately 10%, 
reducing the anode current by a similar fraction. This issue 
has been eliminated by replacing the single stage pressure 
regulator with a two stage regulator. Since much of the data 
was acquired prior tqjhis action, caution should be taken not 
to confuse this much slower variation in the anode currents 
with collective behavior. 

The frequency of the anode current oscillations dur- 
ing a start were measured using Tektronix TCP202 current 
probes and an TEKl 103 probe power supply connected to an 
Stanford Research Systems SR785 dynamic signal analyzer 
(DC-104 kHz). A plot of the oscillatory behavior during the 
anode current transient is given in Fig. 6 and compared to the 
steady state behavior. During the duration of the start tran- 
sient, there is a strong frequency response at approximately 
18 kHz and at 4 harmonics. This behavior is radically differ- 
ent than the steady state behavior also shown in Fig. 6. In the 
steady state case, there is only a single broad peak at approx- 
imately 25 kHz. The steady state spectra is significantly less 
energetic with peak magnitudes approximately 20 dBA less 
than the transient case. 
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Fig. 6. Two spectra of current oscillations. The first 
during the transient with an average current of 1.14 
A, and the second during steady state operation with 
an average current of 0.84 A. 

Figure 7 shows the time evolution of the anode cur- 
rent frequency spectrum during the start transient. Although 
the frequencies of the major features are increasing slightly 
and the higher orders are decreasing in magnitude, these fre- 
quency components retain significant power until they sud- 
denly collapse into the steady state single broad peak at 25 
kHz. The periodic shifts in the peaks correspond to periods 
of lowered propellent flow during the pressure regulator 
approximately 60 second cycle. 
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The behavior during the start transient and steady 
state are very different. Examination of the time domain 
behavior of the anode current using two Tektronix TCP202 
current probes connected to a TDS3012 100 MHz bandwidth 
oscilloscope is shown in Fig. 8. It shows the dramatic differ- 
ence between the steady state behavior and the behavior dur- 
ing the anode current transient. During steady state, there is a 
strong DC anode current coihponent overlaid by a weak 25 
kHz component. The behavior during the anode current tran- 
sient is nearly the opposite. The anode current is primarily 
AC with peaks measured as high as 9 A. In this mode of 
operation, the thruster is literally turning itself on and off 
every 50-60 fxs. 

The effect of the LC filter is shown in Fig. 9 where 
the anode current measured at the thruster is compared to the 
anode current on the power supply side of the filter. The 
thruster anode sees 18 kHz on/off behavior, while the power 
supply does not see the oscillations. The LC circuit shields 
the power supplies' exposure to the oscillations by 30-50 dB. 
The use of the LC circuit is not strictly necessary since the 
inherent impedance of the power supplies produces a similar 
filtering. Here, the filter is used to provide an additional 
degree of isolation. 

A previous effort has demonstrated that the insula- 
tor surface condition is responsible for the start transient [5]. 
An examination of the main discharge chamber of the Busek 
BHT-200-X3 Hall thruster (similar many other Hall thrust- 
ers) reveals that the portions of the thruster in contact with 
the plasma are limited to the alumina plasma sprayed coated 
front plate of the magnetic circuit, the anode, and the boron 
nitride (BN) acceleration channel insulator. Of these three 
surfaces, the most likely source of contamination are the BN 
insulator inserts due to their high porosity (-15%) and ther- 
modynamic tendency to hydrate. Some BN grades are capa- 
ble of absorbing up to 3.5% of their weight in water in 
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Fig. 7. Contour plot showing the time evolution of the 
anode Log Magnitude Peak Current (dBA) during a 
start where the anode current transient is present. 

200 

Fig. 8. Current oscillations of the transient and 
steady state cases seen in the time domain. Condi- 
tions are analogous to those in Fig. 4. 
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Fig. 9. Current oscillations during the anode current 
start transient as seen at the thruster and behind the 
filter at the power supply. 

conditions of high relative humidity. Higher grade boron 
nitrides generally absorb less water (<1%). The hydration is 
believed to be primarily a surface phenomena, but the depth 
of penetration is unknown. No data on the depth of penetra- 
tion is appears to be available. In general, the hydration of 
BN may be reversed by heating. For example, Saint-Gobain 
suggests heating their BN products to approximately 400°C 
for one hour to reverse hydration caused by exposure to 
ambient conditions. 

The plasma within the acceleration channel is either 
etching away the hydrated layer of the insulator, or heating 
the hydrated surface and driving the water out of the BN 
matrix. The impact of relatively high energy xenon ions into 
the wall affects insulator wall properties. Some wall materi- 
als are certainly etched, but ion recombination energy (12.1 
eV) as well as kinetic energy (0-200 eV) will be deposited on 
the wall surface by each ion impact, substantially heating the 
surface layer. Despite the high thermal conductivity of BN, 
any given area of the accelerator channel wall will be period- 
ically heated to very high temperatures which result in water 
molecules being driven from the BN matrix. Considering the 
time scale of 300-500 seconds, this appears to be the most 
likely scenario. ^ 

The most surprising result is the difference in the — 
acceleration channel current conduction between the anode -^ 
current transient and steady state. These two cases represent S 
distinct operating conditions. In steady state operation, the -^ 
small amplitude approximately 25 kHz frequency compo- 
nent is generally attributed to the so-called breathing mode 
oscillation [8]. Here, the ionization occurs in a planar sheet 
which oscillates transversely within the acceleration channel. 
The frequency of which is related to the neutral residence 
time (25 kHz -> 40 fJisec). During the start transient, an 
amplified breathing mode oscillation appears to dominate the 
main discharge. 

In order to test the hypothesis that the anomalous 
start transient is due to water liberated from the insulator 
walls, a series of emission spectroscopy experiments were 
performed using an Ocean Optics USB-2000 fiber optic 
spectrometer. The light was collected from the Hall thruster 
anode discharge at approximately 45° to the plume center 
line through a quartz window by a lens which focused the 
incident light onto a fiber optic launcher which then routed 
the light to the spectrometer. 

Spectra from the anode discharge between 400 and 
1000 nm were gathered at 30 second intervals to determine 
the change in the spectra over time. Figure 10 shows two 
typical spectra. The first is of the discharge during the start 
transient soon after the discharge has been started (-30 s) 
and the anode current is near maximum (1.20 A). The second 
spectra is 720 seconds at which time the anode current has 
reached its nominal value (830 mA). Each emission spec- 
trum represents 100 averaged samples with 5 ms acquisition 
times. Neither spectrum is intensity calibrated. 

■Upon examination of Fig. 10, it is immediately evi- 
dent that the two spectra have some similarities, but also 
exhibit significant differences. The strongest neutral xenon 
transitions (823, 828, and 882 nm) are of nearly equal inten- 
sity in both cases. However, the ionic xenon lines which 
form the bulk of the spectrum below 600 nm are of much 
lower intensity for the steady state case than during the start 
transient. 

There are several possible explanations for this 
behavior. First, the electron temperature of the plasma may 
be higher during the transient period. The 18 kHz enhanced 
breathing mode with high instantaneous anode currents is 
likely producing strong unsteady electric fields within the 
acceleration channel. This may preferentially raise the bulk 
electron temperature and increase the density of excited state 
ions and thereby the emission from the excited states seen in 
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Fig. 10. Visible Spectrum of main discharge. Red- 
shortly after start with maximum discharge current dur- 
ing start transient. Blue-steady state operation. 
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Fig. 10. Since the anode electron current is up to 150% of the 
nominal value, the electron density may be higher within the 
acceleration channel. This could also raise the density of the 
ionic excited states. It may also be possible that ion density 
is increased due to less efficient ionization or longer ion resi- 
dence time during the start transient. 

Figure 11 shows the emission time history of three 
representative xenon transitions. The ionic transitions are 
well characterized by the 5d[3]-j/2-^P^^h/2 transition at 
605 nm which is represented by the solid triangles. All ionic 
transitions sampled tend to follow the behavior illustrated by 
this trace. It is characterized by an initial low value when the 
anode discharge is in a glow discharge mode with the mag- 
netic current at zero. (In this case, the time period with no 
magnetic field was deliberately extended to examine the 
glow discharge behavior.) As soon as the magnetic current is 
energized, the signal rises to its largest value and then decays 
to a value of approximately 40% of maximum. The behavior 
occurs in the period as the start transient. 

The neutral line intensities appear to fall into two 
broad categories as shown in Fig. 11. The first is represented 
by the 6s[3/2]1 - 6D[1/2]O transition at 828 nm and the sec- 
ond by the 6i[3/2]2 - 6p[5/2]^ transition at 882 nm. In both 
cases, the signal is at its peak value during the initial glow 
discharge. After the anode current has reached steady state, 
emission from both transitions eventually reach 50% of glow 
discharge mode. However, the behavior is very different dur- 
ing the intermediate period. The neutral transitions which are 
optically coupled to the ground state immediately drop to an 
intermediate value which remains near constant, except for a 
small rise just prior to the anode current reaching steady 
state. When the anode current reaches steady state, the signal 
drops suddenly to its final value. Alternatively, several transi- 
tions with metastable (MS) lower states (i.e. not optically 
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Fig. 11. NormaUzed representative line intensities for 
neutral xenon (828 and 882 nm) and ionic xenon (605 
nm). Note that the neutral 882 nm and ionic 605 nm 
transitions have metastable lower states. 

coupled to lower states) exhibit different behavior. After the 
magnetic circuit is energized, the emission level drops fur- 
ther than the other neutral case. The emission level then rises 
to its steady state value. 

In Fig. 11, it is interesting to point out that the neu- 
tral relative intensity ratio during the initial glow period and 
steady state are the same, indicating the upper states of these 
transitions are similarly populated. This implies that the tem- 
perature is also similar in the two cases. That the intensity 
ratios differ during the transient implies that the temperature 
is different during this period. By only examining these 
highly excited states and without greater knowledge of the 
equihbrium state, any further discussion is unfortunately 
purely speculative. 

A 0.75 m focal length vacuum UV monochrometer 
(Acton 704) was placed normal to the plume center line and 
imaged the exit plane of the Hall thruster. Figure 12 shows 
the atomic hydrogen Lyman alpha emission (121.6 nm) col- 
lected during the start transient relative to the excess anode 
current (defined as actual current minus nominal current). 
Also, included in the plot is the emission signal of the atomic 
hydrogen Balmer alpha transition acquired by the fiber optic 
spectrometer. 

Figure 12 shows that both hydrogen emission pro- 
files follow the excess anode current closely. Further rein- 
forcing the hypothesis that the excess current is a product of 
water vapor released into the discharge channel. As 
expected, subsequent restarts did not produce measurable 
hydrogen emission. Figure 12 implies a strong correlation 
between the emission of hydrogen and the excess anode cur- 
rent. The near constant intensity ratio between the two 
hydrogen transitions indicates that relative populations are 
not changing and that the electron temperature within the 
plasma is also likely invariant during the transient time. This 
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Fig. 12. Normalized hydrogen emission (Balmer alpha, 
and Lyman alpha) compared to the excess anode current 
(defined as actual current minus nominal current). 



behavior is consistent to that indicated by neutral xenon 
emission in Fig. 11. 

If the anode current is simply proportional to the 
volumetric flow rate, approximately an additional 5 seem 
would be required to raise the anode current by 50%. Mak- 
ing the simple assumption that the excess anode current is 
solely due to the influx of water vapor liberated from the 
insulator walls, it is possible to determine the quantity of 
water required raise the current. A water vapor flow rate of 5 
seem of 500 s duration with a 50% duty cycle yields a total 
mass of 17 mg. This is a maximum value since each atom in 
the water molecule could conceivably be ionized and accel- 
erated by the anode discharge. Assuming a 1% hydration (the 
maximum for higher grades of BN) and a typical density of 
1.8 g/cm^, approximately 1 cm^ of BN is hydrated. The total 
BN surface area exposed to the plasma discharge is near 14 
cm^. This yields an average depth of penetration of approxi- 
mately 700 /im. This is the representative depth of hydration 
when the BN insulator is exposed to atmospheric conditions 
(generally less than 20% relative humidity at AFRL). It may 
also be the depth to which the plasma is able to drive out 
water vapor. In either case, the depth is on the order of 1 mm 
and is significant. 

This hydration depth calculation should be viewed 
only as an estimate and likely high by a factor of 3, or more. 
The assumption that the increase in current is only due to an 
additional volumetric flow rate is questionable. Low fre- 
quency oscillations are known to govern the electron diffu- 
sion across magnetic field lines [8-9]. It is likely that some of 
the additional anode current is due to increased electron con- 
duction due to the high amplitude oscillations shown in Figs. 
8 and 9. 

Conclusions 
Due to this effort, the start transient described in 

this work is better understood. Specifically, the effect on a 
single thruster. This start transient examined is only of inter- 
est during initial Hall thruster operation. Its effect is gener- 
ally neglected in the laboratory for good reason. The 
transient only occurs within the first 500 seconds of opera- 
tion after exposure to atmospheric water vapor which is 
hydrated into the surface of the BN acceleration channel 
insulator. After the thruster has been conditioned, subsequent 
restarts, without exposure to water vapor, do not exhibit the 
start transient. 

For single thruster operations, this transient can 
generally be neglected. Station-keeping systems with life- 
times of thousands of hours may neglect the first 500 sec- 
onds of degraded performance. Systems that may not be able 
to neglect this behavior are smaller satellite systems which 
are launched en-masse. These systems may require short 
duration firings with known impulses to accurately place for- 

mations of satellites into precise orbits. The increasing inter- 
est in the space community in distributed architectures 
indicates that this issue may soon have to be addressed. 

For a cluster of Hall thrusters, the difficulties asso- 
ciated with the start transient can be eliminated by operating 
each independently to sequentially condition each thruster. 
Once conditioned, the more chaotic start transient flucma- 
tions will not return until again exposed to water vapor. This 
option works well in the laboratory, but may not in orbit due 
to spacecraft dynamics. The mechanisms governing the 
behavior of the current transient on a cluster of Hall thrusters 
firing in close proximity needs to be further examined. There 
is still no understanding as to the mechanism which results in 
thrusters variously entering and exiting jet mode during an 
unconditioned cluster start. Based on experience gathered 
from a single thruster this behavior appears counter intuitive. 
Future efforts will attempt to understand the mechanisms 
which drive this behavior in cluster operations. 
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