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Abstract - The current development of many microspacecraft concepts, as well as constellation and inflatable spacecraft 
missions, has increased the need for effective micropropulsion systems. A micro-ion thruster assembly has been developed at 
JPL for testing and optimization of various system parameters.  Some of the design and scaling optimization techniques that 
have been used for larger ion thrusters are tested in the micro-ion thruster environment. Multiple discharge chambers of 
approximately 3cm diameter are experimentally tested to determine configuration performance trends.  Several magnetic 
field configurations, including ring cusp and divergent axial are being tested to determine their behavior at this smaller 
operating scale. Numerical models were used for the initial design and will be used for comparison with experimental results.  
The performance of a two-grid accelerator system is also being assessed.  The accelerator system uses two micromachined 
molybdenum grids.  Concurrent efforts in field emission array (FEA) cathodes and the implementation of small hollow 
cathodes should supply a large increase in the overall integrity of the design.  Similar operating parameters are used for all 
configurations so that they may be compared primarily on propellant utilization, ion production cost, and total efficiency.  
This technique allows for a comparison of the relative behavior trends of the configurations but at this time is not an effort to 
determine optimal operating conditions.  The primary system parameters considered for each configuration are the beam 
current, chamber length, and xenon propellant feed rate.  A range of magnetic field designs was tested at chamber length-to-
diameter ratios (L/D) of 1.0, 0.75, and 0.5.  Tests are performed in a vacuum chamber.  From the experimental results, it is 
clear that the discharge chamber performance is an important issue at the micro-ion scale due the large surface-to-volume 
ratio of the chamber and an inherently small primary electron containment length.  The best overall performance was found 
using divergent axial and double ring cusp magnetic field configurations at L/D = 0.75 and with a double ring cusp at L/D = 
1.0.  Improvements in the magnetic field and anode designs have shown increased performance over preliminary tests; 
however, further improvements to these, and other designs, are necessary.   

 
Introduction 

 
Background and Motivation 

With the advent of many new microspacecraft 
concepts, including constellation and inflatable spacecraft 
mission initiatives, the need for effective microporpulsion 
systems is significant1.  A micro-ion thruster offers a 
unique combination of high specific impulse (Isp), high 
efficiency, low thrust, and benign propellants, with the 
capability for a continuous mode of operation2.  This 
combination lends itself well to many possible missions 
such as interferometry and large inflatable craft.  An 
interferometry mission requires precise control of a 
constellation of craft without the possibility of significant 
self or craft-to-craft propellant contamination.  A large 
inflatable craft may require a quasi-continuous, low-level 
thrust to offset solar pressure induced disturbance torques.  
Full scale and miniaturized spacecraft components and 
sensors may be sensitive to propellant contamination 
necessitating the development of small propulsion 
systems using benign propellants.  It is also possible that a 
micro-ion thruster can serve as auxiliary propulsion for 
spacecraft using a larger ion thruster for primary 
propulsion. 

Micro-ion propulsion offers the advantage of 
benign propellants and the potential for greater thrust-to-
power ratios when compared with other low-thrust 
propulsion concepts.  However, there are many 
difficulties associated with a miniaturized xenon ion 
thruster design.  The typical characteristic diameter of 
current ion thrusters ranges from over 30cm to no less 
than 10cm.  Ion thrusters require gaseous discharge 
containment and inherently suffer from increased electron 
wall losses at greater surface-to-volume ratios indicative 
of smaller discharge chambers.  Consequently, 
maintaining sufficient electron residence time in the 
chamber presents a formidable challenge.  The 
development of a small low-power cathode is integral to 
miniaturized ion thrusters3.  The issue of fabricating 
miniaturized accelerator grids has been sufficiently 
addressed in previous studies2.  Theoretically, the 
performance of the accelerator grids scales favorably with 
decreasing size.  However, the performance of smaller 
grid sizes at the required high voltages has yet to be fully 
assessed.  A micro-ion thruster also requires the 
development of appropriately sized power conditioning 
units and propellant feed system. 
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Objective 
This report investigates the performance of the 

discharge chamber and screen grid of a 3cm diameter 
micro-ion thruster and addresses the unique operational 
and performance issues of an ion thruster at this scale.  A 
micro-ion thruster assembly has been developed at Jet 
Propulsion Laboratory (JPL) that utilizes micromachined 
exit grids and is capable of testing a range of plasma 
discharge chamber configurations.  A successful 
experimental investigation of the micro-ion thruster’s 
capabilities had not been achieved previous to this report4.  
Consequently, the earliest part of this investigation was 
devoted to reconciling the performance pathologies.  
After initial performance data were assessed, additional 
discharge chamber configurations were designed and 
tested. 
 
Data Analysis 
 The performance of the thruster is assessed using 
the ion thruster performance relations that are shown in 
the Theory and Analysis section of this report.  The 
performance behavior of each discharge chamber 
configuration is determined by adjusting electrical 
operating parameters through a predetermined test matrix.  
The magnetic field configuration, chamber length, beam 
current, and xenon propellant feed rate, parameters that 
specifically effect and elucidate the discharge chamber 
performance, were used to define the test matrix.  The 
resulting loci of operating points are used to determine 
performance trends, relative effectiveness, and the 
potential of each configuration. 
 

Equipment and Procedure 
 

Experimental Setup and Equipment 
The testing facility used to conduct the 

experiment is comprised of 4 primary systems: thruster 
assembly, vacuum chamber, power conditioning and 
diagnostics, and xenon propellant feed system.  The 
micro-ion thruster assembly includes the thruster, an 
isolation box, and a neutralizer cathode.  The thruster is 
primarily comprised of a 3cm diameter discharge 
chamber, two molybdenum accelerator grids, propellant 
feed lines, propellant inlet diffusion plate, and discharge 
and neutralizer cathode filaments. An isolation box is 
used to prevent ambient electrons from impinging on the 
thruster’s exterior components.  This isolation box 
surrounds the entire thruster assembly except for a small 
opening to allow for beam extraction.  A stand, located 
near the opening, is used to hold the neutralizer cathode, 
as shown in Figure 1.  The propellant feed line and 
electrical leads to the thruster are located on the opposite 
side of the box.  The box may be opened to allow access 
to the thruster, Figure 2. 

 

Figure 1.  Isolation Box Opening and Neutralizer 
Stand 

Figure 2.  Micro-Ion Thruster inside open Isolation 
Box 

 
 A mechanical and oil diffusion pump tandem 
assembly is used to create the vacuum environment used 
for testing.  The vacuum is maintained within a ~1.2 m 
tall / 0.6m diameter glass dome and interfaces for the 
vacuum pumps and electrical power supply.  The 
diagnostic interfaces are located at the base of the 
chamber. 

A simplified schematic of the electrical system 
and associated diagnostics is shown in Figure 3. 

 

Figure 3.  Electrical Diagram of the Thruster, Power 
Supplies, and Digital Diagnostic Equipment 
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The propellant feed system is comprised of a pressurized 
xenon (Xe) supply tank, digital monitor, flow valve, rate 
monitor, and associated control devices.  
 
Experimental Procedure  

Tests are performed at vacuum chamber 
pressures in the range of mid-10-6 to low-10-5 Torr, 
depending on the magnitude of the xenon propellant flow 
rate.  Each configuration is run through a predetermined 
matrix of operating points.  As will be discussed later in 
this report, the primary parameters used to develop a 
range of operating conditions for the thruster are the beam 
current at constant discharge voltage and the propellant 
mass flow rate.  From the tests performed in this 
investigation it was found that the propellant flow rate is 
best kept constant while other parameters are changed 
since the flow meter and control valve system possesses 
inherent lag times which can increase data collection 
times significantly.  The phenomenon of electron 
backstreaming, as described in the Theory and Analysis 
section of this report, can generate erroneous data points.  
As a result, the accelerator grid voltage is varied 
temporarily during testing to determine the onset of 
electron backstreaming and validate a given range of 
datum sets. 
 
Calibration 

The calibration for the propellant flow control 
and meter tandem was performed using a JPL-built four-
channel propellant feed calibration system, with LabView 
for calibration data collection.  The flow and flow valve 
voltage response was determined three separate times at 
every 0.300 sccm (cm3/min) from 0.300 to 1.500 sccm.  
The propellant line response time was 60 minutes to 
accommodate the low flow rates.  The flow meter display 
was then calibrated by comparing the voltage response of 
the flow control valve with a range of flow meter display 
values.  The voltages from both calibration efforts were 
then used to determine the actual flow rate in sccm 
corresponding to given display values.  The digital 
multimeters used for the power system diagnostics 
possess 0.1% DC voltage accuracy and a 0.05% DC 
current accuracy and are regularly calibrated on-site. 

 
 

Theory and Analysis 
 
Ion Thruster Operation 

The principles of ion thruster scaling and 
operation explained in the following sections were used to 
develop the thruster configurations investigated herein.  
The operation of an ion thruster is best regarded as the 
culmination of three main processes. A schematic of these 
processes is shown in Figure 4.  The first process involves 
the generation of positively biased voltage plasma within 

the discharge chamber.  This is achieved by the 
introduction of energetic electrons to a gaseous xenon 
propellant that is ionized through a number of particle 
interactions.  Since these positive xenon ions are at a 
voltage on the order of +1000V with respect to space 
potential, considerably high specific impulse (Isp) values 
can be obtained.  A magnetic field is used within the 
discharge chamber to increase the probability that an 
electron will ionize a propellant atom before being lost to 
the chamber walls.  The chamber interior surfaces that are 
biased positively with respect to the cathode are 
commonly referred to as the “anode.”  A pair of electro-
static ion “acceleration” grids is placed at the exit of the 
thruster to properly contain the plasma and the energetic 
electrons, and to help focus the ion beam5.  The positive 
ions that exit the thruster through the grids represent a 
sufficient current of positive ions to the ambient 
environment.  This will cause the thruster and craft to 
quickly obtain an overall negative charge.  As a result, a 
neutralizer cathode is placed near or in the beam to emit 
electrons into the positive ion beam.  This process will 
keep the spacecraft from obtaining an overall negative 
charge while also preventing an increase in positive 
space-charge potential just outside of the thruster exit.  It 
is also important to note that this neutralization process 
creates a benign, uncharged exhaust, especially in the case 
of noble-gas propellants such as xenon6. 

 
Figure 4. The Three Main Ion Thruster Processes 

 
Discharge Chamber 

To relate and understand the discharge chamber 
performance, it is common to compare the amount of 
energy needed to make a single beam ion versus the 
propellant utilization efficiency6.  We define the thruster 
electrical efficiency, ηE, and total thruster power, PE, as 
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where JB, VB, JD, VD, Po, are the beam current, beam 
voltage, discharge voltage, discharge voltage, and 
miscellaneous power (which includes cathode operation). 
Combining theses relationships we can determine an 
expression for the energy per beam ion, which is inversely 
proportional to the engine efficiency. 
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We can see from the following equation that the 

propellant utilization, ηu, is directly proportional to the 
beam current, JB, and the total propellant mass flow rate, 

Tm , 
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where mi is the mass of an ion and e is the charge of an 
electron.  This relation does not account for the effect of 
multiply charged ions, which may be neglected for first 
order approximations and performance comparisons.  An 
effective way of determining chamber performance is to 
plot the beam ion energy cost, εB, versus ηu, the 
propellant utilization efficiency 6. 
 To assess the relative performance of multiple 
thruster configurations, it is also important to compare 
their total efficiency values.  The total efficiency of an ion 
thruster may be expressed as 
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Magnetic Field 

Due to the relatively high surface-to-volume 
ratio and low primary electron containment length, le, of 
the micro-ion chamber the electron residence time should 
be maximized to increase probability that the electron will 

ionize the propellant before being collected by the anode.  
Proper interaction of an externally applied magnetic field 
and the electron will increase the electron residence time 
and the ionization efficiency.  

Since smaller ion thrusters generally benefit 
from stronger magnetic fields, it is important to 
understand that the strength of a magnetic field drops very 
quickly with increasing distance from the poles by the 
relation7 
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In addition, the strength of a magnet decreases with 
increasing temperature, up to the maximum operating 
temperature where it becomes partially to completely 
demagnetized8.  The distance and temperature behavior of 
the B-field of a rectangular samarium cobalt (Sm2Co17) 
magnet of identical dimensions to most of those used in 
the thruster configurations is shown in Figure 5.  From 
this plot we see that distance from the magnet is a more 
important issue than temperature as long as the maximum 
operating temperature is not reached.  The maximum 
operating temperatures for the types of samarium cobalt 
magnets used in this investigation are 250-350 oC. 

 

Figure 5. Variation of Magnetic Field with Distance 
and Temperature for Grade 26 Samarium Cobalt 

(Sm2Co17) Rectangular Block 
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Accelerator Grid System 
As shown in Figure 6, the screen grid is 

responsible for focusing the ions through the smaller 
accelerator grid apertures.  The relatively negative voltage 
of the screen grid with respect to the chamber plasma 
attracts ions to the exit while preventing electrons from 
leaving the chamber.  Essentially, the screen grid is 
relatively transparent to ions and not to electrons.  The 
primary function of the accelerator grid is to prevent the 
backstreaming of neutralizer electrons into the highly 
positive discharge chamber.  Electron backstreaming 
appears as an increase in beam voltage that may result in 
false beam extraction values.  The relatively smaller open 
area fraction of the accelerator grid also helps to reduce 
the loss of neutral propellant atoms from the discharge 
chamber. 
 

Figure 6.  Ion Accelerator System 
 
The radial distribution of beam current density, 

termed the beam flatness parameter, relates the total beam 
to the beam current per aperture through the relation 
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where fb, r, R, j, are the beam flatness parameter, radial 
coordinate, beam radius, and current density9.  Most ion 
thruster designs possess a maximum beam current density 
near the thruster axis that decreases towards the outer 
edge of the grids.  However, proper selection of the 
discharge chamber geometry and magnetic field can 

mitigate this variation9.  Beam flatness values 
approaching 1.0 indicate a better utilization of the entire 
radial extent of the thruster and grid system and will 
likely translate to a more even distribution of grid erosion 
and greater thruster lifetime. 
 

Thruster Configurations 
 
 The three primary systems of the micro-ion 
thruster are the discharge chamber, the accelerator grid 
system, and the cathodes.  The issues discussed below 
were used to determine the current thruster design.  Figure 
7 contains a picture of the assembled thruster and a two-
dimensional side view with part identification. 
 

Figure 7.  Thruster Components and Arrangement 
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Discharge Chamber 
Discharge chamber performance is particularly 

important to the efficient operation of a micro-ion 
thruster.  The effective surface area-to volume ratio may 
be decreased through the refinement of the chamber 
geometry, magnetic fields, and electric fields. 
 
Chamber Geometries 

According to Reader10, the radial potential 
gradient is inversely proportional to the diameter and 
beam current density.  As the chamber diameter is 
decreased, the radial potential increases and the ion 
chamber power goes increasingly to ohmic heating of the 
plasma and not into the ionization process.  Therefore, for 
small diameter thrusters an increase in beam current 
density should provide more favorable performance.  For 
larger ion thrusters, decreasing the length-to-diameter 
ratio (L/D) has been shown to increase the current density 
and the beam flatness, while decreasing the discharge 
power losses9.  Decreasing the length of the thruster can 
decrease the number of ions produce in the upstream 
portion of the thruster that are unlikely to leave through 
the accelerator grids before recombination occurs.  
Cylindrical discharge chambers of three lengths, with a 
common interior diameter of 3.3cm, were fabricated to 
allow L/D values of 1.0, 0.75, and 0.5 to be tested.  The 
three chamber geometries are shown in Figure 8.  

 
Figure 8.  Discharge Chambers (L/D = 1.0, 0.75, and 

0.5) 
 
Magnetic Fields 

To ensure that the cyclotron radius of the 
primary is a constant fraction of the ion chamber diameter 
the magnetic field strength should vary inversely with the 
ion chamber diameter for ion thrusters with axial 
fields(10,11).  A micro-ion thruster will likely exhibit better 
discharge chamber performance by using strong magnetic 
fields.  However, increasing the magnetic field can yield 
decreased performance beyond certain field strengths10. 
Cusped magnetic field configurations depend on a locally 
strong magnetic field near the anode surface to prevent 
primary electrons from being lost to the anode before they 
have a chance to ionize a propellant neutral.  It has been 

shown that divergent axial, ring cusp, and radial magnetic 
fields yield favorable beam flatness profiles and overall 
performance for typical scale ion thrusters (12,13,9). 

The components were designed such that 
multiple magnetic field configurations can be tested.  The 
most common field types investigated for ion thrusters are 
the divergent axial, axial, ring cusp, multipole, and 
radial(9,11,13,14,6).  Each configuration possesses advantages 
and disadvantages that have yet to be assessed at the 
micro-ion scale.  Three discharge chambers of L/D = 0.5, 
0.75, and 1.0 of both paramagnetic and nonmagnetic 
materials were fabricated to accommodate multiple 
magnetic field designs at each chamber size.  The 
paramagnetic chambers provide a magnetic field return 
path for configurations with magnets placed 
predominately inside the chamber.  When magnets are 
configured inside the chamber they are wrapped with a 
nonmagnetic conductor to prevent excessive current 
through the magnets and possible demagnetization.  By 
using a nonmagnetic chamber, the magnets may be placed 
outside the chamber and still impose a considerable 
magnetic field inside the chamber.  This allows the 
magnet configurations to be changed quickly, without 
having to access the interior of the discharge chamber 
during testing.  The chamber walls are less than 1-mm 
thick to minimize the distance between the exterior 
magnets and the chamber interior. 
 Paramagnetic and nonmagnetic pole pieces 
where fabricated to provide a range of possibilities for the 
magnetic field design.  For configurations using 
permanent magnets on the exterior of the nonmagnetic 
chamber, the paramagnetic pole piece provides a 
convenient and quick means to fix the magnets in place.  
This control over the exact placement of the magnets is 
particularly important for the cusp configurations to 
ensure that the magnets are flush with the chamber walls 
so that sufficient field strengths will exist inside the 
chamber for the magnetic mirror effect.  Unfortunately, a 
paramagnetic grid pole piece grid supplies an undesirable 
return path for the magnetic field if used in the cusp 
configurations.  To minimize this effect, the thickness of 
one of the paramagnetic grid pole pieces was reduced 
from 2.5mm to less than 0.5mm.  This reduction in 
thickness also creates a better overall field configuration 
since the cusp configurations benefit from having 
magnetic field concentrations close to the grids.  A thin, 
nonmagnetic grid pole piece was fabricated and will be 
incorporated in future thruster configurations that will use 
precisely sized cylindrical sleeves to hold the magnets in 
place. 
 The thruster is also designed to accommodate 
axial and cusp electromagnetic fields.  The pole pieces 
can currently accommodate up to 8 electromagnets 
oriented in the axial or radial directions.  By using 
electromagnets, the field strength can be varied with 
greater control and resolution and can be done without 
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having to open the vacuum chamber regularly as is 
required for permanent magnet field reconfiguration.  For 
field strength requirements beyond the capacity of the 
electromagnets, permanent magnets will be used to 
provide baseline field strengths. 
 
Electric Fields (Chamber Voltages) 

The distributor pole piece, shown in Figure 7, 
may be biased to cathode potential to prevent excessive 
discharge losses to the distributor surface.  Unfortunately, 
cathode potential surfaces tend to consume plasma15.  
With a proper magnetic field configuration and cathode 
placement, the loss of electrons to this surface should be 
minimized such that it may be run at or closer to anode 
potential to push ions created in the upstream   portion of 
the chamber toward the accelerator grids.   For this 
investigation, the distributor pole piece is electrically 
isolated from the anode so that it can be biased to either 
cathode or anode potential and current to its surface can 
be monitored. 

Since the discharge voltage, VD, is directly 
proportional to the beam ion energy cost, εB, and 
inversely proportional to the total efficiency, ηT, it is 
desirable to operate at low discharge voltages if stable 
discharge chamber operation can be maintained.  Also, 
high discharge voltage can decrease thruster lifetime6.  

 
Accelerator Grid System 
 Although the performance of the grid system 
scales favorably with decreasing size, the fabrication of 
the grids and the possibility of high-voltage grid shorting 
present some difficulties.  The aperture diameters and 
corresponding open area fractions of the three micro-
machined molybdenum gird sets fabricated for this 
investigation are shown in Table 1.  Higher open area 
fractions closer to 67% with aperture sizes of 400 microns 
may require a new fabrication technique3.   
 

Table 1.  Aperture Diameter 
 

Screen Grid Accelerator Grid 
Grid 
Pair Aperture 

Diameter 
(µm) 

Open Area 
Fraction, φ 

Aperture 
Diameter 

(µm) 

Open Area 
Fraction, φ 

A 330 45.7% 200 16.8% 

B 300 37.8% 200 16.8% 

C 200 16.8% 100 4.2% 

 
The beam current density generally decreases at 

greater radial distances from the thruster axis, while the 
loss of neutral propellant atoms through the grids is 
radially uniform.  Consequently, a grid diameter smaller 
than the chamber diameter may improve the beam flatness 
and the propellant utilization.  The grids in Table 1 have 
an active beam diameter of 3cm while the chamber is 

3.3cm.  Since it is likely that a gird diameter less than 
3cm may provide better performance, sets of mica and 
carbon masking washers were fabricated that can create 
effective grid diameters of 2.5cm and 2cm.  The carbon 
washer provides a low-sputter surface to mask the 
chamber plasma from the grids while the mica washer 
electrically isolates the carbon from the screen grid 
potential. 
 
Cathodes 
 The thruster is currently outfitted with hot-
filament discharge and neutralizer cathodes.  The filament 
cathodes allow for relatively expeditious testing and 
evaluation of various configurations while field emission 
array (FEA) cathodes and small hollow cathodes are 
being investigated and developed for this thruster.  The 
implementation of these technologies should supply a 
large increase in the overall integrity of the design.  For 
this investigation the filament is oriented axially to avoid 
a non-axial distribution of electrons due to the 5 to 10V 
potential drop across the discharge cathode during 
thruster operation,.  The most negative end of the cathode 
filament is placed near the downstream to encourage 
ionization close to the exit grids. 
 The initial cathode design used a continuous 
0.005 mm diameter tungsten wire that comprised both the 
leads and the filament coils.  This design consistently 
failed at the leads since the rigidity of relatively thin 
filament was not sufficient for carrying the necessary 
current and supporting the filament coil.  A more robust 
filament was developed by using two 0.010 mm tungsten 
wires leads that are capable of carrying the necessary 
current while supporting the 0.005mm diameter tungsten 
filament coil.  The smaller wire was used for the coil 
since the power required to cause a 0.010mm tungsten to 
emit the necessary electrons is well beyond the capacity 
of the available power supplies and would likely overheat 
the discharge chamber.   
 
Error Calculation 
 The greatest source of error in the micro-ion 
thruster tests is the propellant mass flow rate readings.  
Due to the extremely low propellant mass flow rates used 
in the experiment, the variability in mass flow rate far 
outweighs the possibility error associated with the power 
system diagnostics.  Different flow mass rates exhibited 
various fractional uncertainties that are incorporated into 
the calculations of the fractional uncertainty of the 
appropriate parameters. The multimeters used for 
monitoring many of the voltage and current outputs 
contribute a fractional uncertainty of 0.1% for DC voltage 
and 0.05% DC current readings.  The readings from the 
power supplies contribute error within one-half the 
resolution of their gauges16. 
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Magnetic Field Mappings 
 

The magnetic fields of many of the 
configurations were mapped with a tesla-meter using 
radially and axially oriented probes.  Field magnitude and 
direction was determined at 100 points throughout a 
uniform radial mesh inside the chamber to generate 
contours of the approximate field shape and strength.  For 
the cusp configurations, the field strength near the face of 
the magnets was determined so the potential for a 
magnetic mirror can be assessed.  Examples of the results 
of these mappings are shown in Figure 9, which shows 
three magnetic field configurations for the L/D = 0.75 
chamber geometry.  The contours in these plots represent 
equipotential lines; therefore it can be assumed that the 
magnetic field lines are essentially orthogonal to these 
contours.  The contours in Figure 9 show that the field 
strength in the chamber is an order of magnitude greater 
than the field strengths found in larger ion thrusters of 
similar configurations.   
 

 
Figure 9.  Magnetic Field Contours for Nonmagnetic 

Chamber (L/D = 0.75) 

 
 Due to the thickness of the radially oriented 
probe, the magnetic field strength at the chamber wall 
interior is not properly reflected in the contour plots.  For 
the cusp configurations it is important to determine the 
magnitude at the wall to determine the potential for the 
magnetic mirror effect.  As a result, a refined mesh of 
field strength data was taken near the face of the magnet.  
A curve-fit of the magnetic field strength versus the 
distance from the magnet face was used to extrapolate this 
data to estimate the magnetic field at the interior of the 
chamber wall.  The values determined with this method 
(~1,700 – 2,300 gauss) will likely provide a sufficient 
magnetic mirror for the primary electrons6,17. 
 

 
Thruster Performance 

 
Performance Matrix 

At this point in the investigation, the thruster 
configuration parameters that were expected to have the 
most profound effect on thruster performance, assuming a 
constant chamber diameter, were the magnetic field 
configuration and the chamber length.  Consequently, 
chambers with length-to-diameter ratios of 0.5, 0.75, and 
1.0 where tested at similar magnetic field configurations 
to determine their relative performance.  After 
preliminary tests, a single test matrix was created such 
that the configurations were each run at three propellant 
mass flow rates, Tm , which seem to correspond to low, 
medium, and high values respectively for this thruster 
size.  At each flow rate the cathode filament current was 
adjusted to produce the discharge current, JD, necessary to 
attain beam current, JB, values of 7.5mA or greater, at 
increments of 2.5mA.  All other parameters were held 
constant to the extent possible.  The parameter ranges are 
summarized in Table 2.  A minimum JB of 7.5mA was 
chosen since early tests had shown that when the thruster 
was run at lower values of JB   it did not produce desirable 
efficiency values (< 20%).  A relatively low beam 
voltage, VB, of 700V was chosen to avoid arcing problems 
that can occur between the thruster and the isolation box. 
 

Table 2. Test Parameter Ranges 
 

Parameter Test Value(s) 
Tm  0.029, 0.043, 0.057 (mg/s) 

JB 7.5, 10, 12.5, ...  (mA) 
JD Typical Range (60 – 600mA) 
VB ~ 700 (V) 
VA ~ 280 (V) 
VD ~ 25 – 30 (V) 

VDPP Anode (700V) and Cathode (675V) 

500

200200

500

100

500

200200

500

100

500

100

500

100

50 50

5010
00 1000

500

100

500

100

50 50

5010
00 1000

50

200200

100

400400

150

50

200200

100

400400

150

50

200200

100

400400

150
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Configurations Tested 
 The configurations tested in this investigation 
use the nonmagnetic chambers of L/D = 1.0, 0.75, and 
0.5.  Each chamber size is tested through a range of 
magnetic field configurations, which are shown in Table 
3.  The nonmagnetic chamber and the associated magnetic 
fields were chosen for this initial phase of testing because 
of the relative ease of thruster reconfiguration afforded by 
the design.  The smallest chamber, L/D = 0.5, could not 
accommodate the double ring cusp designs due to current 
spacing limitations.  Also, at L/D = 0.5, the divergent 
axial and single ring cusp did not perform well, so two 
line cusp configurations were used to generate 
performance curves to help understand the small anode 
performance.  The permanent magnet configurations and 
field strengths were selected due to the results of some 

preliminary tests that were conducted to determine 
approximate field strength ranges that yield favorable 
performance for each magnetic field design and chamber 
size.  For example, when the double ring cusp design was 
tested while using twice as many magnets for the two 
chamber rings, there was a noticeable decrease in 
performance.  As will be discussed later, an increase in 
the divergent axial field strength made it very difficult, if 
not impossible, to initiate chamber plasma.  

The potential drop across the 4mm, axially-
oriented discharge cathode filament ranged from 5 to 10V 
depending on the heater current required.  The more 
negative end of the filament was positioned downstream 
and was located ~5mm upstream of the screen grid for all 
configurations.  All configurations used grid pair “A,” 
from Table 1, with a grid spacing of 300 microns. 

 
Table 3.  Tested Configurations 

 

Magnetic Field Configuration 
L/D 

Divergent 
Axial Single Ring Cusp 

Double Ring 
Cusp 

(with cathode ring) 

Double Ring 
Cusp 

(without cathode ring) 
Line Cusp 

1.0 

 
   

Not 
Tested 

0.75 

    

Not 
Tested 

0.5 

 

 

Not 
Configurable 

Not 
Configurable 

 
A

xial V
iew
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Performance Results and Comparison 
The performance of a given thruster 

configuration with respect to a range of operating 
conditions may best be seen by plotting the beam ion 
energy cost, εB, versus the propellant utilization 
efficiency, ηu.  An example of one such curve is shown in 
Figure 10.  Similar data was collected for all 
configurations tested.  The curves in this plot represent 
the range of achievable beam currents for the given 
configuration.  Plots of εB vs. ηu for ion thrusters typically 
show a performance “knee,” where slight increases in 
propellant efficiency yield drastic increases in beam ion 
energy cost.  This performance knee is indicative of an 
optimal operating point for a given thruster11.  From 
Figure 10 we see that it is likely that data at higher values 
of ηu are necessary to reveal optimum operating 
conditions for the micro-ion thruster.  Nonetheless, as can 
be seen in Figure 10, higher beam currents generally give 
better thruster performance for the micro-ion thruster.  At 
lower propellant flow rates, beam currents greater than 
12.5mA were not attained by all configurations.  This is 
possible due to an undesirable beam flatness profile for 
those configurations. 

Figure 10.  Example of Data Plotted as εB vs. ηu, 
Double Ring Cusp without Cathode Ring (L/D = 0.75) 

 
The relative performance of the configurations 

tested may be assessed at JB = 12.5mA for each of the 
three propellant flow rates, and is given in Figure 11.  The 
data points at ηu = 0.305, 0.403, and 0.595 reflect thruster 
operation at constant JB = 12.5mA and propellant flow 
rates, Tm = 0.029, 0.043, and 0.057mg/s respectively.  
The trends shown in Figure 11 are similar to the given 
configuration’s performance behavior at other beam 
current values.  The divergent axial and double ring cusp 
(with cathode magnet), which exhibit the lowest beam ion 
energy cost, εB, at the highest propellant efficiency, ηu, 
show an unexpected peak in εB at Tm = 0.043mg/s.  This 
may represent a bifurcation of optimal micro-ion thruster 
operation regimes at low and high propellant flow rates 

for these configurations.  However, further data will be 
needed to verify this possibility. 

For clarity, Figure 11 includes only the 
distributor pole piece potential values that yielded the best 
performance for a given physical configuration.  For the 
cusp configurations, performance did not vary 
considerably with the choice of distributor voltage.  
However, the divergent axial configurations were unable 
to achieve beam currents in excess of 7.5mA when the 
distributor pole piece was at anode potential.  Referring to 
Figure 9 we see that the primarily axial orientation and 
low strength of the divergent axial field between the 
cathode and the distributor pole piece does not likely 
supply adequate resistance to the electrons attracted to the 
pole piece if it is held at anode potential.  On the other 
hand, this same orientation supplies a considerable 
amount of resistance to the electrons that are attracted, in 
the radial direction, to the chamber walls.  This resistance 
is due to an increase in the primary electron containment 
length, le, and requires the discharge voltage to be 
increased to values in excess of 70V to initiate a plasma.  
Once the plasma was initiated inside the chamber the 
voltage could be brought down to the operational range of 
25 to 30V.  This effect was further illustrated when the 
axial configuration was run at a high magnetic field 
strength (8 magnet post instead of 4, see Table 3) and 
plasma discharge could not be initiated even at the 
physical limits of the test equipment (VD = 120V, 
discharge heater current > 3 amps) and through a broad 
range of propellant flow rates.  The cusp configurations 
for the chambers of L/D = 1.0 and 0.75 did not exhibit 
this hysteresis-type behavior. 

Figure 11. All Configurations Compared at JB = 
12.5mA as εB vs. ηu 

 
Figure 11 does not include the performance of 

the L/D = 0.5 chamber since beam current values in 
excess of 7.5mA could not be obtained with the single 
ring cusp and divergent axial configurations.  The results 
obtained at 7.5mA also reflected very poor performance.  
The small chamber exhibited the aforementioned 
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hysteresis effect for both the divergent axial and the 
single ring cusp.  From the contour plots for the small 
chamber, Figure 12, we can see that the intersection of the 
magnetic field lines (perpendicular to the contour lines) 
with the screen grid may have caused an extremely low 
flatness parameter.   A low flatness parameter occurs 
when a large fraction of the beam is concentrated through 
a relatively small are of the grid accelerator system.  This 
phenomenon will limit the maximum possible beam 
current. 

To avoid the problems of the intersection of the 
magnetic field lines with the screen grid a line cusp 
configuration was tested.  The distributor pole piece was 
run at cathode potential to avoid excessive primary 
electron losses to this surface.  The line cusp 
configuration with the L/D = 0.5 chamber and a ring of 8 
magnets could not achieve the desired range of beam 
currents (7.5, 10, and 12.5mA) at each flow rate.  
Strengthening the field by doubling the number of 
magnets, refer to Table 3, allowed the thruster to behave 
consistently and predictably.  However, the values that 
were collected revealed relatively poor performance. 
 

 
Figure 12. Magnetic Field Contours for Nonmagnetic 

Chamber (L/D = 0.5) 
 

Table 4 encapsulates the results of this 
investigation by comparing the nominal operating 
conditions at JB = 12.5mA and Tm  = 0.029mg/s, the 
maximum attainable beam current JB[max], the associated 
maximum thrust T[max], and the maximum total efficiency 
ηT[max].  The calculation for total efficiency does not take 
into account the cathode operation power and is 
determined strictly for comparative purposes.  Most 
configurations were run at relatively low discharge 
chamber voltages, VD, (~25V) since preliminary tests 
confirmed that low VD values yield improved 
performance.  As shown in Table 4, some configurations, 

such as the divergent axial, generally required higher 
voltages (~30V) for stable operation. 
 

Table 4.  Thruster Performance Comparison 

 
 

Conclusions and Future Work 
 

Modifications and refinements of the micro-ion 
thruster geometry and magnetic field have shown marked 
improvement over preliminary results.  The thruster 
performance is sensitive to configuration modification 
and should benefit significantly from further 
improvements.   

For the magnetic field configurations tested, the 
performance of the chamber size L/D = 0.5 was poor.  
However, additional magnetic field configurations, such 
as radial and multipole, may prove effective at this 
chamber size.  Performance with the chamber size L/D = 
0.75 was generally better than L/D = 1.0 at most operating 
points run in this investigation.  The divergent axial 
configuration yielded considerably better performance at 
L/D = 0.75 while the cusp configurations yielded closer 
agreement between the L/D = 0.75 and 1.0 chamber sizes. 

The highest performance values were attained by 
the divergent axial and double ring cusp (with cathode 
magnet) configurations.  The latter is intentionally similar 
to the NSTAR magnetic field design.  The divergent axial 
field yielded slightly higher maximum total efficiency, 
while the double ring cusp was able to achieve 
appreciably higher thrust and could run stably at lower 
discharge voltages.  An important advantage of the cusp 
configurations is that they do not require the high starting 
voltages necessary for the divergent axial configurations. 

The performance of the micro-ion thruster 
appears to be strongly affected by changes in the 
magnetic field strength and shape.  Thus, the effect of 
various field strengths and shapes, such as radial and 
multipole, should be investigated.  The sensitivity and 
flexibility of electromagnets should be crucial in the 
determination of the optimal field strength values; 

Configuration L/D VDPP VD 

(nominal) 
ηT  

(nominal) 

ηT  

(max) 

JB [mA] /  
T [mN] 

(max) 
1.0 Anode 26.5 32.7 32.7 20 / 0.88 Single Ring 

Cusp 0.75 Anode 24.6 33.6 34.9 20 / 0.88 
1.0 Cathode 24.7 37.6 41.3 27.5 / 1.21 Double Ring 

Cusp 
(w/ cathode magnet) 0.75 Cathode 25.3 38.1 41.7 30 / 1.32 

1.0 Cathode 24.8 26.9 26.9 18 / 0.843 Double Ring 
Cusp 

(w/o cathode magnet) 0.75 Cathode 24.7 30.4 34.0 22.5 / 0.99 
1.0 Cathode 29.2 18.9 29.7 22.5 / 0.99 Divergent 

Axial 0.75 Cathode 30.7 37.8 43.5 20 / 0.88 
Line Cusp 0.5 Cathode 27.7 19.1 22.2 25 / 1.10 

500 500

200200

1000 1000
500 500

200200

1000 1000

75 75
5050

100 100
75 75

5050

100 100
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however, permanent magnets will likely be used in the 
final design.  As discussed earlier, the use of nonmagnetic 
pole pieces should improve the shape and strength of 
some of the magnetic field configurations.  Refinements 
to chamber shape will also be investigated.  One such 
refinement will utilize conical chamber sections, similar 
to that used for the NSTAR ion thruster, which may prove 
to be an effective way to minimize superfluous chamber 
volume and weight. 

The data for most of the configurations tested 
suggest a limit to the attainable propellant efficiency, 
which may represent a universal limitation of the designs 
tested.  It is possible that the beam flatness profile is 
inherently small for the chamber-to-grid diameter ratio 
used in this investigation.  In future tests, a Langmuir 
probe may be used to determine the beam flatness and 
divergence.  If the beam flatness profile is small, tests 
using the 2.0 and 2.5cm grid masking should show an 
increase in the overall propellant utilization and thruster 
efficiency.  A program is currently being developed that 
will help determine the effect of modifications to the 
accelerator grid system.  Improvements should be found 
with greater screen grid aperture sizes and closer grid 
spacing.  
 In an effort to test multiple configurations, the 
nominal beam voltage, VB, was held at 700V to avoid 
shorting failures.  This value is sufficient for comparative 
analysis of thruster configurations; however, higher 
voltages (~1000V) will be used for future tests since 
higher beam voltage corresponds to greater overall 
thruster performance.  Also, the choice of cathode or 
anode potential of the distributor pole piece proved to not 
greatly affect the performance of the cusp configurations, 
however, the electron and ion current ratios within the 
chamber changed considerably.  Consequently, fixing 
distributor pole piece potential, VDPP, somewhere between 
anode and cathode potential may reveal an attractive 
balance between the tendency for the distributor surface 
to repel or attract plasma electrons and ions. 

 The hot filament cathode, due to its 
relative ease of use, will continue to be used for testing 
until some refinements to the thruster design are made.  
Once these refinements are made, a hollow or FEA 
cathode system may be incorporated for future 
investigations.  

 
 

Acknowledgements 
 
 The authors would like to give special thanks to 
the Advanced Propulsion Group at JPL for their 
indispensable advice and assistance. 

 
 

References 
[1] – Mueller, J., et al., “An Overview of MEMS- Based 
Micropropulsion Developments at JPL,” IAA Paper B3-1004, 3rd 
International Symposium on Small Satellites for Earth Observation, 
International Academy of Astronautics (IAA), Berlin, Germany, April 
2001 
[2] - Mueller, J., Tang, W., Li, W., Wallace A., “Micro-Fabricated 
Accelerator Grid System Feasibility Assessment for Micro-Ion 
Engines,” IEPC Paper 97-071, 25th International Electric Propulsion 
Conference, Cleveland, OH, Aug 1997 
[3] - Mueller, J., Marrese, C., Wang, J., Polk, J., “Design and 
Fabrication of a Micro-Ion Engine,” AIAA Paper 2000-3264, 36th 
AIAA/ASME/SAE/ASEE Joint Propulsion Conference and Exhibit, 
Huntsville, AL, July 2000 
[4] - Baccheschi, N., Amy, M., “Optimization of the Magnetic Field in a 
Micro-Ion Thruster,” Worchester Polytechnic Institute, Project No. ME-
NAG-0001, December 2000 
[5] – Jahn, R., “Physics of Electric Propulsion,” 1968 
[6] – Brophy, J. R., “Ion Thruster Performance Model,” NASA-CR-
174810, December, 1984 
[7] – Dexter Magnet Technologies, “Reference and Design Manual,” 
2001 
[8] – Magnet Sales and Manufacturing Inc., “High Performance Magnets 
7,” 1995 
[9] - Beattie, J. R., “Cusped Magnetic Field Mercury Ion Thruster,” 
NASA-CR – 135047, July 1976 
[10] – Reader, P.D., “Scale Effects on Ion Rocket Performance,” ARS-
IAS Joint Meeting, May 1962 
[11] - Kaufman, H. R., “Technology of Electron-Bombardment Ion 
Thrusters,” Advances in Electronics and Electron Physics, Vol. 36, 
Academic Press, Inc. New York, 1974 pp. 265-373 
[12] - Knauer, W., Poeschel, R., “Discharge Chamber Studies for 
Mercury Bombardment Ion Thrusters,” NASA-CR-72350 
[13] - Poeschel, R. L., Vabrenkamp, R., “The Radial Magnetic Field 
Geometry as an Approach to Total Ion Utilization in Kaufman 
Thrusters,” International Telecommunications Satellite Consortium 
(INTELSAT), 1973 
[14] - Sovey, J. S., “Performance of a Magnetic Multipole Line-Cusp 
Argon Ion Thruster,” AIAA-81-0745R, April 1981 
[15] - Tsujihata, A., Kajiwara, K., “Development Status of 20mN Xenon 
Ion Thruster,” AIAA-2000-3277, 36th Joint Propulsion Conference, 
Huntsville, AL, July 2000 
[16] – Taylor, J., “Error Analysis – The Study of Uncertainties in 
Physical Measurements,” Second Edition, 1982 
[17] – Chen, F., “Plasma Physics and Controlled Fusion, Volume 1: 
Plasma Physics,” 2nd Edition, 1984 


