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/. Summary

2. Introduction

An elec IL9906633 initiated at Soreq

a few years ago, aiming at the research and development of

advanced Hall thrusters for various space applications. The

Hall thruster accelerates a plasma jet by an axial electric

field and an applied radial magnetic field in an annular

ceramic channel. A relatively large current density (> 0.1

A/cm") can be obtained, since the acceleration mechanism

is not limited by space charge effects. Such a device can be

used as a small rocket engine onboard spacecraft with the

advantage of a large jet velocity compared with

conventional rocket engines (10,000-30,000 m/s v.s

2,000-4,800 m/s). An experimental Hall thruster was

constructed at Soreq and operated under a broad range of

operating conditions and under various configurational

variations. Electrical, magnetic and plasma diagnostics, as

well as accurate thrust and gas flow rate measurements,

have been used to investigate the dependence of thruster

behavior on the applied voltage, gas flow rate, magnetic

field, channel geometry and wall material. Representative

results highlighting the major findings of the studies

conducted so far are presented.

The Hall current plasma thruster is a crossed field

discharge device in which quasi-neutral plasma is

accelerated by axial electric and radial magnetic fields in an

annular channel. Thrust is generated as a reaction to the

momentum carried by the plasma jet emerging from the

channel's open end. Operating continuously at a discharge

voltage of a few hundred volts with inert gases, especially

xenon, as the propellant (working material), and exploiting

the available electric power (solar or nuclea'* .ouard
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spacecraft, such devices can be used as small thrust rocket

engines (electric thrusters) for orbit correction or as the

main propulsion"'2' As a result of the large jet velocity

which is unattainable by chemical rocket engines

(10,000-30,000 m/s vs 2,000-4,800m/s), a large saving in

fuel mass is obtained. Since the acceleration process takes

place in a quasi-neutral plasma, it is not limited by space

charge effects. Hence, current densities and, as a result,

thrust densities, larger by one or more orders of magnitude

than with the gridded ion thruster, can be obtained. Also,

the absence of accelerating grid electrodes in the Hall

thruster considerably reduces life-limiting erosion

problems.

Research on plasma acceleration by crossed fields

started already in the late 1950s in the former Soviet

Union'3 4| and almost in parallel in the US(x6). Nevertheless,

compared with gridded ion thrusters of the 1960s and

1970s, the Hall thrusters that were developed in the West at

that time had much lower efficiency and, as a result, that

early work was discontinued17'. On the other hand, Hall

thruster research and development efforts in the former

Soviet Union have been pursued continuously since the

1960s. Inter alia, extensive studies of both scientific and

engineering aspects of this technology were conducted'8"16'

and several variants of the Hall thruster were developed"7'.

These thrusters can operate with a good efficiency (=50%)

and a typical jet velocity of approximately 15,000 m/s. The

first flight of a Hall thruster onboard a satellite took place in

the early 1970s. Since then, thrusters operating at power

levels of up to somewhat more than one kilowatt have been
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used on many space missions, mainly for orbit keeping of

communication satellites. Larger experimental ^models (up

to 30 kW) are also known to exist at various stages of

development"6'

Despite these achievements and the fairly good

understanding of the principle of operation of the Hall

thruster, the physical processes involved are not fully

understood. Examples are the coupling between the

ionization and acceleration processes and its relation to the

stability of operation, the dependence of thruster behavior

on channel material and, in particular, the interaction

between the plasma and the channel walls, and the

dynamics of the emerging jet. Moreover, despite some

attempts (see for example Ref. 15), there is a lack of scaling

relations which could be useful in the design of such

devices-to operate according to different requirements

(power, thrust etc.). In particular, there is a need for better

understanding of the dependence on design and operational

parameters such as channel geometry, magnetic field

strength and profile, discharge voltage and working gas

mass flow rate.

In order to study the physics of Hall thrusters and

investigate the dependence of the performance on design

and operational parameters, an experimental thruster was

designed and built at Soreq. The design of this thruster and

its parts is modular and flexible to allow changes in the

geometry and magnetic field profile. In addition,

replacement of parts is relatively easy, thus enabling

examination of the effect of alternative structure materials

on the thruster's behavior. Using the experimental thruster,

an extensive parametric study has been conducted. In the
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first stage, the dependence on the magnetic field, discharge

voltage, mass flow rate, channel geometry and material was

investigated.

3. Electric thruster
There are three main parameters which characterize

the performance of an electric thruster: the thrust, T, the

specific impulse representing the momentum gain per

T
propellant mass element, Isp = , and the efficiency,

rhg
T2

T| = —;— . m is the propellant mass flow rate and g is the

(small) gravitational constant introduced historically in the

definition of the specific impulse. Note that the specific

impulse is in fact the average jet velocity (divided by 9.8

and given in units of seconds). Pe = IdUd is the input electric

power, where Id and Ud are, respectively, the discharge

current and voltage.

A few additional parameters are needed in order to

relate the physical processes inside the thruster to the thrust,

specific impulse and efficiency. The ionized fraction of the

mass flow is given by r\p = —•—, where I, is the ion

em

current. In the case of the Hall thruster, especially when a

heavy atom like xenon is used, the thermal velocity of

neutral atoms can be neglected. For this reason, r\p is

referred to also as the propellant utilization factor. Then,
ripV: 2et]v\J,

ISD = , where v- = ,1 is the average velocity
g V m

of ions. T|u is the voltage utilization factor representing the

effective fraction of the discharge voltage used for

acceleration, which, in general, is smaller than Ud due to
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4. Hall thruster
principle of
operation

various factors, such as anode and cathode voltage drops,

ionization costs and energy losses of accelerated ions by

wall collisions. As we can see, in order to obtain a large

specific impulse, the propellant and voltage utilization

factors have to be maximized. Using the above definitions

for the propellant and voltage utilization factors, the

expression for the efficiency can be written as

= TIPT1L see then that in order to obtain good

efficiency we need to maximize in addition to r\v and r|l;

also the current ratio, —L, or, equivalently, minimize the

electron current.

A schematic drawing of the Hall thruster is

presented in Figure 1. The propellant, usually xenon, enters

through the annular anode into the channel, where it is

ionized. Under operating conditions in which the Hall

parameter, 0)cx, is much larger than unity, the applied radial

magnetic field impedes the electron current flow towards

the anode and thus enables the existence of a significant

electric field in the plasma. The much heavier ions are

almost not affected by the magnetic field, and hence they

are accelerated by the electric field towards the exhaust.

The requirement for the magnetic field to affect strongly the

electron motion and, concurrently, to have a negligible

effect on the ion trajectories, is that the acceleration will

take place along a length, la, much longer than the electron

m .v,
Larmor radius, P K — , and much smaller than the ion

Larmor radius, i.e., /?
re«^a«/r:

ri. • In the above definitions
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me, ve and e are, respectively, the electron mass, velocity

and charge, (oe = eB/me is the electron cyclotron frequency,

and t is the electron collision time.

Electron Hall current

Anode\Gas-
Distributor Hollow Cathode <

Plasma
Jet

lectrons

Fig. I: Schematic drawing of the
Hall thruster.

In order to examine the ion acceleration mechanism,

let us first look at the electron equation of motion118):

(1)
dv VP m (v - v .

where ne and PP are, respectively, the electron density and

pressure and Vj is the ion velocity. Limiting ourselves to

steady-state axisymmetric cases it can be shown that the

inertial term on the left side of Eq.(l) and the Ohmic term,

the last one on the right side, can be neglected as their ratios

to the Lorentz force term go as £re/4 and l/((Ocx)',

respectively. As a first order approximation, we assume also

that the plasma is cold, and obtain:

(2) E«-v e B - 0 ,
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i.e., the electric equipotential contours follow the magnetic

field lines. For radial magnetic and axial electric fields the

electron velocity is 9 - directed, giving rise to an azimuthal

Hall current, Jdt =: encvL.(t. For this reason, the Hall current

thruster is sometimes called the closed drift thruster

(CDT)"7).

Since the effect of the Lorentz force on the ions is

small, and as the ion temperature is also small, the ion

equation of motion can be written as:

dv
(3) m, = eE(r. z).

dt

Thus, the radial magnetic field results in the

acceleration of the ions in the axial direction. However,

when the electron pressure gradient is taken into account, it

gives rise to a radial electric field (see Fq.( 1)) which causes

a dispersion of the accelerated ion beam. The axial and

radial electric fields are given approximately by

Tli.U, kT
E/ ~ — — - and Er ~—L. respectively, where Tt. is the

f A eh

electron t empera tu re and h is the channe l height . Then , the

angle of dispersion of the ion beam can be estimated as

kT f
-—• — . On the other hand, the 'eollimatint>' antzle,

en,U, h - -

i.e.. the angle inside which the ions can be accelerated

without colliding with the channel walls and losing all or

part of their kinetic energy, goes as — . It is clear then that

in order to minimize energy losses by wall collisions, an

acceleration length as short as possible is desired.
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Although the Hall parameter is typically much larger

than unity, it is nevertheless finite. As a result, electrons

diffuse across the magnetic field lines towards the anode

giving rise to an axial electron current, Jcz= Jce/OL)OT (see Eq.

(1)). It is this current that ionizes by impacting the

propellant atoms emerging from the anode. In order to

obtain substantial ionization in the channel, its length, f:, has

to be greater than the ionization mean free path given by:

( 4 ) k - = -
0 < o,ve >

where va is the velocity of neutral atoms and o, is the

cross-section of ionization by electron impact.

Ionization as a statistical process, is expected to take

place along a length of approximately X,. Had the electric

potential been distributed homogeneously along the

channel, the ions created closer to the anode would have a

longer acceleration distance with a greater chance of

colliding with the walls. On the other hand, those ions

created closer to the exit would utilize a smaller fraction of

the accelerating voltage. These problems are much reduced

when most of the potential drop is concentrated near the

channel exit. In this case, ionization takes place mainly in

the region adjacent to the anode ('ionization region'),

whereas effective acceleration starts only after a substantial

fraction of the mass flow is ionized and takes place along a

relatively short distance near the exit ('acceleration

region'). Such an electric potential distribution is produced

using a non-homogeneous magnetic field distribution that is

minimal near the anode and increases towards the exit

(
a z

L > 0 ) ( l l > . Controlling the axial electron mobility in
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Fig. 2: Magnetic field and floating
potential profiles along the median
of the experimental thruster
channel. The thruster operating
conditions during floating
potential measurement were:
Uj=200V, lh = 1.28 mg/s,
h =1.1 A.

such a magnetic field results in the desired electric potential

distribution. Figure 2 shows the magnetic field profile along

the channel median of our experimental thruster. It was

measured using a F. W. Bell 9900 Gaussmeter and a

YOA-99 Hall probe. Shown also is the floating potential

measured with an axially oriented cylindrical Langmuir

probe made from a 0.2 mm - diameter tungsten wire

extended 0.5 mm from a 2 mm diameter - alumina pipe,

during typical thruster operation (Ud = 200 V, rh = 1.28

mg/s, Id=l.lA). Since the electron temperature is typically

0.1 Ud or less (912), the floating potential profile crudely

represents the plasma potential profile.
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5. Experimental setup

5.1 The thruster
A photograph of the experimental thruster is shown in

Figure 3. As mentioned above, the experimental thruster is

modular in design and replacement of parts is relatively

easy, to allow changes in the geometry, magnetic field

profile, and structure materials. The thruster consists of four

main parts: anode, which serves also as the propellant

distributor; an annular ceramic channel; a magnetic circuit;
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and a hollow type cathode. The magnetic circuit consists of

flux generating coils, flux guiding soft iron parts, and two

concentric pole pieces in the gap between which the desired

magnetic field is excited. The circuit may include additional

elements to shape the magnetic field profile in the channel.

In the experiments described below, the radial magnetic

field profile along the channel median, Br(z), is the one

shown in Figure 2. At a coil current of 1A, the measured

magnetic field strenuth at its maximum was 70 Gauss.

Fig. 3: The Soreq experimental
Hall thruster.

Since thruster operation at power levels below one

kilowatt was preferred, an external channel diameter of 70

mm was chosen ( 1U3J4) . The channel width is 15 mm; the

internal diameter of the annular channel was determined

mainly by magnetic circuit design considerations as well as

by the desire to prevent excessive heating of the internal

magnetic pole. Nevertheless, the channel width can be

narrowed by inserting cylindrical ceramic spacers to fit to

the internal or external diameter of the channel. The

effective length of the channel, measured from the anode
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front face to the channel exit, can be varied by changing the

position of the anode in the channel; at its maximum it is

equal to 40 mm. In the experiments described below, channel

materials of two kinds were used: glass ceramic (GC) and

boron-nitride (BN). The first material is nonporous and can be

machined to a higher precision due to its better mechanical

properties; the second one is a sintered ceramic with a

porosity of 15.27% and its machined surface seems to be

rougher than the first one. Among other properties, the two

materials differ also in their dielectric constants. According to

the manufacturer's data, at temperatures of a few hundreds

degrees Celsius, expected for an operating thruster, the

dielectric constant of BN is approximately 5, whereas that of

GC is about double.

5.2 Test facility T, . t ,, , . . , -, ,
J J The experiments were performed in a 1.2x2 m stainless

steel vacuum chamber equipped with windows and flanges to

accommodate various probes. The pumping system consists

of a two stage Roots pump and a 20" diffusion pump. The

vacuum in the chamber is monitored with an ion gauge. At

typical xenon mass flow of 1.2 mg/'s a vacuum of 2.7 10° to IT

was measured, corresponding to a xenon pumping speed of

5700 1/s. A Tylan FC-260 controller is used to control and

measure the propellant flow to the thruster. A separate flow

controller is used for the flow through the hollow cathode,

which requires approximately 10% of the mam flow to

operate properly. A 0-500 V, 8 A, voltage regulated power

supply was used to supply the main discharge. Another power

supply was used to provide the coil current. Figure 4 is a

photograph of the test facility at Soreq, showing the vacuum

chamber and some of the power supplies and diagnostics.
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As mentioned above, the propellant mass flow is

measured by the flow controller, which has a specified

accuracy of 1%. Assuming free molecular flow, the

uncertainty in the mass flow rate is increased to 2.4% due to

the ambient gas in the vacuum chamber11 ' \ The mass

flow rate through the cathode is not included in the results

below. The discharge voltage and current and the coil

current are measured with standard shunts using high

accuracy (better than 0.4%) multimeters. AC voltage and

current were also monitored, in order to verify the thruster

stability at the various operating points using voltage

dividers (1:10) and a digitizing oscilloscope.

A key measurement for the determination of thruster

performance at the various operating points is that of the

thrust. For this purpose, we have developed a pendulum -

type thrust stand (19). During operation the thruster is

suspended on the pendulum arm, while a high sensitivity

inclinometer, located at the fulcrum, measures the arm

deflection due to the thrust, from which the value of the

thrust is deduced. Thrust calibration was performed, using a

weight arrangement, in the range of up to 60 mN. Very

Fig. 4: The electric propulsion test
facility at Soreq.

5.3 Diagnostics
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Fig. 5: The experimental Hall
thruster (front view) suspended on
the pendulum thrust stand inside
the vacuum chamber at Soreq.

good linearity and better than 1% reproducibility were

demonstrated. The smallest reliably detected difference

between calibrating weights was equivalent to a thrust of

0.2 mN. In the experiments described below, the calibrating

procedure was repeated following every thruster

configuration modification. The thermally induced thrust

stand zero drift during thruster operation was less than 1

mN after the first hour of operation. Figure 5 is a

photograph of the thruster (front view) suspended on the

pendulum thrust stand inside the vacuum chamber. The

electrical wires and propellant pipes are arranged in a plane

perpendicular to the pendulum motion in order to minimize

parasitic torques.
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The ion current is estimated from the measurement of

the ion flux in the emerging jet. For this purpose, a disk

Langmuir probe, made from a low sputtering

tungsten-copper alloy and having a diameter of 2 cm, is

used. The probe is mounted on a rotating arm which enables

it to be moved on a circle with a radius of 32 cm whose

center is on the thruster exit plane. The probe is negatively

biased at -30V, a value at which the probe I-V

characteristic, measured at various thruster conditions when

the probe is positioned in front of the emerging plasma jet,

exhibits very flat behavior (ion saturation). The probe

current, which is then proportional to the ion flux, is

deduced from the voltage drop on a 100Q shunt resistor.

The thruster ion current is deduced, assuming axisymmetry,

by integrating over the measured angular ion flux

distribution. The uncertainty in the ion flux measurement

could be affected by a few factors, which at the moment are

difficult to estimate. These factors include the probe

efficiency, background pressure effects, in particular ion

exchange in the jet, and back flow from chamber walls.

Still, we have assumed that in a relative measurement, i.e.,

when the purpose is to compare thruster behavior under

different conditions, the above described procedure for

estimating the ion current is useful.

6. Results and
A photograph of the Soreq experimental thruster dlSCUSSionS

during operation is presented as Figure 6. An extensive

study of the experimental Hall thruster behavior and the

dependence of thruster performance on design and

operational parameters has been conducted. This paper

covers thruster operation experiments with glass ceramic
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Fig. 6: The Soreq experimental
Hall thruster in operation.

6.1 Magnetic and electric
characteristics

and boron-nitride channels, at three channel lengths, 20, 30

and 40 mm (only 30 and 40 mm with the BN channel).

Measurements were performed at the discharge voltage

range of 100-500V, xenon mass flow range of 0.8- 3.5

mg/s, and coil current of 1-5A. At each operating point, the

discharge current and thrust were measured, from which

magnetic and electric characteristics and the specific

impulse and efficiency were deduced. In addition, in many

of the working points, probe measurement of the emerging

plasma flux was performed, from which the ion current and,

as a result, the propellant utilization and the current ratio

were also deduced. Due to space limitations, only

representative results highlighting the major findings of the

study are presented below. More detailed descriptions of the

experiments and the results obtained can be found in other

publications from this laboratory" " 3\

Figure 7 shows the dependence of the discharge

current on the magnetic field strength (coil current) for

given channel length, discharge voltage and mass flow rate

values (^=40mm, Ua = 250V, rh = 1.04 mg/s in this case),

and for the two channel materials. The behavior of each of
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the two curves, which is typical of Hall thruster operation
(l6), was observed by us in most of the range of geometrical,

voltage and mass flow values under study. As can be seen, a

value of the coil current, Ic*, exists for which the discharge

current is minimal. The behavior below Ic* is due to the

decrease of the axial electron mobility as the magnetic field

strength is increased, which results in a reduced axial

electron current and hence total discharge current. The

increase of Id for Ic > Ic* was observed to be associated with

the appearance of current and voltage oscillations'16 l9) at

frequencies of tens of kilohertz, cheir amplitude increasing

with Ic. The behavior above Ic* and the nature of these

oscillations are not fully understood yet and are subject of

ongoing investigations'710171. A possible explanation is that

these are 'transit ionization oscillations'110) which are

excited when the steady-state axial electron current is too

low to sustain the ionization of the flux of neutrals from the

anode.

As observed experimentally, the minimal discharge

current point is also in most cases the point of maximum

thruster efficiency when the coil current is varied and all

Fig. 7: Discharge current vs coil
current (magnetic field strength)
obtained at a discharge voltage of
250V and xenon flow rate of 1.04
mg/s, with 40 mm glass ceramic
and boron-nitride channels.
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other parameters are held fixed. This behavior is due to the

fact that at this point the input power is also minimal, while

around it the thrust typically remains constant. For this

reason, the minimal discharge point is usually the preferred

working point. As the discharge voltage or the mass flow is

increased, Ic* also increases In order to keep the axial

electron current minimal, the higher magnetic field is

required in the case of the discharge voltage to compensate

for the increased axial electric field, whereas in the case of

the mass flow rate it is required to compensate for the

higher rate of electron collisions due to the larger atom (and

ion) density (Je/ =Jee/cocT).

The dependence of the curves shown in Figure 7 on

the channel material used has not yet been reported. As can

be seen, the BN curve is flatter than the GC curve, a

behavior which repeated itself at higher mass flow rate

values. At these higher values it even became difficult to

observe with the BN channel the increase in the discharge

current for Ic > Ic\ Alternatively, this behavior can be

attributed to saturation in the iron core of the magnetic

circuit, which limited a further increase in the magnetic

field strength as the coil current was increased. As the

discharge voltage increased, so did the difference in \c'

between the two channel materials, where a larger magnetic

field strength (larger I c ) was required to minimize the axial

electron current with the GC channel.

A strong dependence on channel material is evident

also from Figure S which shows the plot of the current ratio,

— . v.v the discharge voltage for two mass flow values, 1.04

and 1.53 mg's, and the two channel material cases
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{(. = 40mm). As with most of the results presented below,

measurements were performed at the corresponding Ic*

points. With the BN channel the current ratio remains

almost constant up to 500V, whereas it decreases sharply

above 270V with the GC channel. Above 400V, thruster

operation with the GC channel becomes unstable, followed

by a significant heating of thruster parts, and therefore it

was impractical to perform measurements in that range.

0.7 , • i

0.62

0.54

0.46
150

1" v*
! " •

GC | x

1.04 mg/s
1.53 mg/s i
BN
1.04 mg/s
1.53 mg/s

270
Discharge

•

390
voltage, V

510

These results, as well as those in Figure 7, seem to indicate

the existence of a mechanism affecting strongly the axial

electron current, which depends on some properties of

channel material and therefore involves most probably near

wall processes of some sort. Although material-dependent

near-wall processes have been already discussed by other

investigators (l4>, the wall mechanism suggested here seems

to be of a different nature. Bugrova et al <l4> compared Hall

thruster operation with quartz and BN channels. According

to them, the granular structure of BN was the main reason

for an increased axial electron current at high discharge

voltages. Since GC is non-sintered and has a smoother

surface than BN, it seems that other material properties, for

Fig. 8: The current ratio,I/Ij, vs
the discharge voltage, measured at
xenon flow rates of 1.04 and
1.53mg/s, with 40mm glass
ceramic and boron-nitrid
channels.
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Fig. 9: V-l characteristics of the
experimental thruster measured at
five mass flow rate values with a
30 mm boron-nitride channel.
Shown also are the characteristics
ut the two lowest mass flow rates
obtained with a glass ceramic
channel of the same length.

example the dielectric constant, affect the axial electron

current by a new kind of mechanism which is the subject of

further investigations.

Figure 9 shows the voltage vs current characteristics

of the experimental thruster operating with the BN channel

(f = 30 mm) at five mass flow rate values.
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Shown also are the characteristics obtained at the two

lowest flow rates with a GC channel of the same length. As

can be seen, the discharge current in the BN channel is

almost independent of the voltage in the 200-500V range,

and is roughly proportional to the mass flow rate with the

proportionality factor changing from about 0.8 at the lowest

mass flow rate to about 0.9 at the largest one. Similar

behavior was observed also with the GC channel although,

in this case, the slope of each characteristic is less steep.

Only minor differences in the discharge current values were

observed when the channel length was extended to 40 mm.

This type of behavior is generally understood when we
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remember that each point on the V-I characteristics is taken

at the corresponding lc*, i.e., when the axial electron current

is minimized. Under these conditions the discharge current

is determined mainly by the ion current, which, in turn, is

determined by the mass flow rate. The lower slope of the

characteristics with the GC channel is a result of the

increase of the axial electron current with the voltage, as

demonstrated in Figure 8.

Figure 10 shows the propellant utilization vs the mass

flow rate obtained with a GC channel at three channel

lengths, f = 20, 30 and 40 mm, and at a discharge voltage of

300V. As we can see, in all three length cases the propellant

utilization increases with the mass flow rate. At low mass
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and channel length
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Fig. 10: Propellant utilization
values vs the mass flow rate,
obtained for a discharge voltage of
300V with a glass ceramic channel
at three channel lengths: 20, 30
and 40 mm.
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flow rate, the highest propellant utilization was obtained

with the longer cannel, whereas at high flow rates the best

results were obtained with t = 30 mm. Similar dependencies

on the mass flow rate and channel length were obtained

with the GC channel at 200 and 250V as well(25). Thruster

operation experiments were performed with the BN channel

at channel lengths of 30 and 40 mm only, and at fewer mass
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flow rate values. Still, the behavior at these two lengths

was qualitatively similar to that of the GC channel. The

dependence of the propellant utilization on the mass flow

rate is understood when we note that, using the

quasi-neutrality condition, the electron density can be

written as n =—-—, where S is the cross-sectional
mv,S

channel area. Plugging this expression in Eq. (4), we find

that the ionization mean free path is inversely proportional

to the mass flow rate. Then, for a given channel length, the

ionization probability and, therefore, the propellant

utilization, are expected to increase with the mass flow rate.

The relatively long ionization mean free path at low mass

flow rate can be compensated for, at least partially, by

extending the channel length. An atom entering the channel

through the anode has now a longer distance to travel before

exiting the channel and, as a consequence, a greater

probability of being ionized by an impacting electron. At a

high mass flow rate, the 30 mm channel is long enough to

obtain good propellant utilization, whereas the 20 mm

channel is still too short. The fact that a better propellant

utilization was obtained with the 30 mm than with the 40

mm channel seems to indicate the existence of a length

dependent ionization loss mechanism. A reasonable

candidate for this is recombination losses at the channel

walls acting as a 'big' third body. The above discussed

dependence of propellant utilization on channel length

result led us to suggest that when the mass flow rate is

specified, there is an optimal channel length for which the

propellant utilization and, as a result, the thruster efficiency

are maximized. Alternatively, if thruster operation at a

broad range of mass flow values is required, a possible
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solution is a movable anode which effectively changes the

channel length.

Figures 11 and 12 show, respectively, the specific

impulse and the efficiency of the experimental thruster as

functions of the mass flow rate obtained with the GC

channel for channel length of 30 and 40 mm at a discharge

voltage of 300V. Both specific impulse and efficiency

follow the dependence of the propellant utilization on the

mass flow rate and geometry, as described above and

demonstrated in Figure 10.

6.3 Specific impulse and
thruster efficiency
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Fig. 12: Thruster efficiency values
vs the mass flow rate, obtained for
a discharge voltage of 300V with a
glass ceramic channel at three
channel lengths: 20, 30 and 40
mm.
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Fig. 13'. The specific impulse vs
the discharge voltage measured
with 40 mm glass ceramic and
boron-nitride channels at two mass
flow rates, 1.04 and 1.53 mg/s.

Figures 13 and 14 show respectively the specific

impulse and the efficiency v.v the discharge voltage for two

mass flow rates, 1.04 and 1.53 mg/s, obtained with the GC

and BN channels (f = 40 mm). While the specific impulse
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Fig. 14: Thruster efficiency vs the
discharge voltage measured with
40 mm glass ceramic and
boron-nitride channels at two mass
flow rates, 1.04 and 1.53 mg/s.
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for each case follows roughly the U j ' ' dependence, the

higher specific impulse and efficiency for the higher mass

flow rate are mainly the result of the better propellant

utilization. As regards the channel material, better overall

results were obtained with the BN channel. The difference

in the efficiency, which increases with the voltage, may be

attributed in part to the different behavior of the current

ratio as demonstrated in Figure 8. Nevertheless, since the
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specific impulse is not directly dependent on the current

ratio, and since we observed only subtle differences in the

propellant utilization between the two materials which were

mostly in favor of the GC channel, the better specific

impulse obtained with the BN channel and demonstrated in

Figure 11 indicates greater voltage utilization with that

channel. This could be the case if, for example, the larger

axial electron mobility 'smears', the voltage drop in the

'acceleration region'. Still, to answer this question, a

comparative probe measurement of the potential profile

inside the channel is required. The highest specific impulse

in Figure 13 was obtained with the BN channel at a mass

flow rate of 1.53 mg/s, and a discharge voltage of 500V. At

this point, the specific impulse was 2120 s and the

efficiency 45.5%. The corresponding propellant utilization

and current ratio factors were 0.83 and 0.65, respectively,

thus, the voltage utilization factor calculated from the

efficiency equals 0.84.

7. Conclusions
An extensive parametric study of the Hall current

plasma thruster has been conducted with an experimental

thruster of a modular and flexible design. The dependence

of the discharge characteristics, propellant utilization

(ionized fraction of the flow rate), specific impulse and

thruster efficiency on operational and design parameter,

including the magnetic field strength, discharge voltage,

xenon flow rate, and channel material and length, was

investigated over a broad range of values. The major

findings of the study to date are as follows:

I. Channel material has significant effect on the electrical

characteristics, and in particular on the dependence
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of the axial electron current on the magnetic field

strength and the discharge voltage. The nature of this

effect and its relation to specific material properties are

not yet understood and require further investigation.

2. The characteristic dependence of propellant utilization,

and therefore of the specific impulse and efficiency on

the propellant flow rate and channel length, and the

existence of an optimal length for a given flow rate.

Additional experiments, especially with more channel

materials, are still required in order to understand better the

significance of these findings. However, even at this stage,

they are already useful as guidelines in thruster design. The

large set of measured data obtained in this study serves also

as input for theoretical work on the development of models

to explain the behavior of these devices (~~\ Meanwhile,

additional experimental studies are being conducted or

planned, including the variation of the profile of the channel

cross-section and the magnetic field, and the use of gases

other than xenon or gas mixture as propellants.
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