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ABSTRACT 

Magnetic dipole moment measurements of a Thruster with Anode Layer Hall-type 
thruster were obtained, under an interagency development effort which combined the, 
Russian Hall Electric Thruster Technology 2 (RHETT2) and the Electric Propulsion 
Demonstration Module (EPDM) programs. It was determined that the magnetic field 
from the propulsion system resulted from the thruster electromagnets and the plasma 
discharge. The magnetic dipole moment produced by the electromagnets was 
approximately 1 A-m’. The plasma discharge increased the magnetic field 
significantly with the resultant dipole moment being 1.25 A-m’ for the flight system 
operating at a discharge power level of 660 W. 

INTRODUCTION 

RHETI2APDM is an interagency program with 
the goal of flight demonstrating ad 
commercializing low-power Hall thruster 
technology. The Russian Hall Electric ‘Thruster 
Technology (RHETI’) effort, which was 
sponscnzd by the Ballistic Missile Defense 
Organization (BMDO) and implemented by the 
National Aeronautics and Space 
Administration’s Lewis Research Center (NASA 
LeRC), had the responsibility for bringing Hall 
technology to flight readiness. The companion 
Electric Propulsion Demonstration Module 
(EPDM) program, which was implemented by 
the Naval Research Center (NRL) had 
responsibility for integrating an entire flight 
propulsion system and assuring delivery to the 
host spacecraft for on-orbit demonstration. 

The EPDM system is scheduled for launch in the 
near future and will be the first Western flight of 
a Hall thruster system. EPDM is a hybrid of 
Russian and US technology. The thruster 
selected was the Thruster with Anode Layer 
(TAL) model D-55 manufactured by the Central- 
Scientific Research Institute for Machine 
Building (TsNIIMash) in Korolev, Russia. This 

unit was combined with a cathode supplied by 
NASA LeRC. Power conditioning for the 
system was provided by a power processing unit 
(PPU) developed by Primex Aerospe Co. 
(PAC). A separate Analog Interface Unit (AIU), 
which passed the telemetry data to the spacec& 
and controlled the heaters, was developed by 
NRL. The propellant system featu& a 
Moog/Space Products xenon regulator and was 
integrated by NRL. A description of the system 
and an overview of the joint NASAISMDOINEU 
technology programs is provided in Ref. 1. 

A new propulsion system requires significant 
development and qualification testing to validate 
system petfmrnance and to identify and m 
any potential SpacecraA integration issues. The 
latter are particularly important for electric 
propulsion systems which, due to the presence of 
plasma diibarges, raise concerns about 
electromagnetic compatibility, plum&~raft 
surface interactions, and impacts on the spacecraft 
attitude control system (ACS). ACS issues 
include momentum exchange from the plume to 
the solar arrays, induced torques from the plume, 
and magnetic dipole effects. 
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Magnetic fields from the propulsion system can 
be caused by current through the system and/or 
magnetic materials and circuits used in the 
thruster design. A conceptual schematic dii 
of a typical Hall thruster system is shown in 
Figure 1. Magnetic field effects due to electric 
current through the system can be minimized by 
proper shielding of the power processor and 
twisting of the supply and return power leads to 
the thruster. One item which cannot be 
controlled is the magnetic field produced by the 
current through the plasma discharge, between 
the cathode and anode. Another component of 
the magnetic field pmduced by the propulsion 
system is due to magnets in the thruster. Ion 
thrusters which use permanent magnets amund 
the discharge chamber have a significant 
magnetic dipole moment (on the onk of 10 A- 
mz).’ Hall thrusters utilize electromagnets which 
reduce the undesired field effects during the period 
of non-operation, but still generate a dipole 
moment during operation for which the spacecraft 
ACS must compensate. The TAL D-55 is 
shown in Figure 2 and contains four 
electromagnets (an inner solenoid, and three 
outer solenoids) which am critical elements for 
thruster operation. The electromagnets are used 
to generate a radii magnetic field across the 
discharge chamber which serves to impart an 
azimuthal drift to the electrons exiting the 
cathode, along with retan-ling their flow to the 
anode. The circulating electrons ionize the 
propellant which is injecud through the anode. 
The xenon ions are then accelerated 
electrostatically from the discharge chamber by 
the electric potential maintained across the 
elect&es by the power processor. Proper 
design of the magnetic circuit can minimize the 
external magnetic field; however, this can in 
some cases mduce performance. Also of interest 
for integration is the determination of the 
location of the center of the magnetic dipole 
which is not necessarily the center of the 
thruster. 

This paper summarizes the magnetic dipole 
measurements that were taken as part of the 
EPDM development program. Measurements of 
the magnetic field both upstream and downstream 
of the TAL thrust axis ate mported and show the 
location of the center of the dipole moment. 
Measurements were also taken during system 
qualification with the thruster firing to show the 
effects of the discharge on the magnetic dipole. 

APPARATUS AND PROCEDURE 

Magnetic field measurements wete conducted at 
the thruster component level and at the 
propulsion system level. In all cases, the 
magnetic field was measumd by a commercially 
available *axis fluxgate magnetometer 
capable of measuring magnetic flux densities 
below 1 nT. 

The first set of measurements was conducted on 
the thruster alone to determine the magnetic 
dipole produced by the electromagnets of the 
thruster. The engineering model thruster was 
used for those measurements and was identical in 
form and function to the flight unit. The thruster 
was designed to operate at a nominal discharge 
power level of 1.35 kW. At this power level a 
current through both the inner and outer 
electromagnets of 4 A is required for nominal 
operation. For the EPDM application, the 
discharge power level was den&d to a nominal 
660 W, requiring a magnet current level of 2.5 
A. For this study, all measurements were 
obtained at the 2.5 A magnet cumnt level. 

The primary dificulty in making tbe 
measurements at the component level was to 
obtain an area with minimal extraneous magnetic 
fields. To accomplish this, the measurements 
were obtained outside and during times in which 
normal business activities, such as passing 
vehicles, would not affect the results. In 
addition, the thruster and magnetometer wae 
mounted on a nonferrous StIUCtlUC. 

Measurements were referenced to the front face of 
the thruster and were obtained at locations along 
the thrust axis ranging from 2.8 m downstream 
of the exit plane to 3.0 m behind the thruster 
exit plane. For reference, a positive field was 
defined in the direction opposite the exhaust 
flow. The effects of the cabling and test 
apparatus were examined with the thruster 
removed and the magnet power supply leads 
shorted with 2.5 A of current. The cables and 
test apparatus were found to have an insignificant 
effect. In all testing the thruster was fixed ad 
the magnetometer probe was moved in 0.2 m 
increments in order to minimize the risk of 
damage to the thruser via handling. At each 
location existing fields were nulled b&m the 
solenoids were energized by commercially 
available power supplies and measurements 
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obtained. Measurements were mpeated four 
times and average values were used in the 
calculations. After the test sequence, the 
thruster was removed, the probe set at the 1.0 m 
location and zeroed. The thruster was then 
replaced and measurements obtained to determine 
any residual magnetic fields from the thruster 
with the magnets unenergized. The result showed 
no measurable effect behind the thruster and a 
slight effect in front. 

The magnetic dipole moment was then calculated 
from the on-axis measurements using the 
following equation taken from Ref. 2: 

M=5x106?B 

where M is the magnetic dipole moment (A-m2), 
B is the magnetic flux density (T), and r is the 
distance from the center of the dipole (m). 

A second set of measurements were taken using 
the flight propulsion system, including the 
thruster, AIU, PPU, and flight cabling. The test 
was conducted inside LeRC’s large (5 m diameter 
x 21 m long) space simulation testbed. The 
chamber, shown in Figure 3, has an inner surface 
of stainless steel and an outer surface of carbon 
steel. The facility provided shielding from stray 
magnetic fields. Measurements were obtained 
during system qualification testing and the 
thruster firing. The magnetometer was initially 
lucated on the thrust axis, 1.11 m behind the 
aluminum honeycomb mounting panel of the 
thruster, cathode, and the orifice block. This was 
1.28 m behind the thruster exit plane at 
Location 1 (shown in Figure 4). A second 
location (Location 2) was also investigated to 
determine off-axis effects. The second location 
was at the same height as the thruster centerline 
but was behind the thruster mounting panel at 
1.11 m on a 45” radius as shown in Figure 5. 
With the thruster off and the chamber door 
closed, an external power supply was used to 
energize the magnets at 2.5 A and measurements 
of the magnetic field were made. Combining 
that data with the data From thruster operation, an 
estimation of the contribution of the current flow 
through the plume on the magnetic dipole was 
obtained. Effects of the plasma discharge on the 
probe was minimized through careful electrical 
shielding. 

RESULTS 

The results of the magnetic field measurements 
with the electromagnets energized are presented in 
Table I. The plot of the data (Figure 6) shows 
that the center of the dipole is clearly not the 
front face of the thruster. By shifting the curves 
equivalent distances toward each other until the 
data coincides, the center of the dipole can be 
determined From the figure, it was de@&ned 
that center is located approximately 10 cm 
behind the exit plane of the thruster. This 
location is the back plate of the thruster at the 
point of attachment to the thruster mount. 
Using that point as t=O, the magnetic dipole was 
calculated. 

The results of the magnetic dipole calculations 
using data beyond 1 m to eliminate near field 
effects are presented in Table II. The results 
show very good agreement with an average value 
of 0.87 A-m’ for data taken upstream of the 
thruster exit plane and 0.86 for data taken 
downstream of the exit plane. 

The data obtained with the flight system 
operating is presented in Tables III and IV. 
Table III shows the data obtained at Location 1. 
At 1.28 m upstream of the thruster exit plane, 
the axial magnetic field was 1245 nT with the 
electromagnets energized. Firing the thruster 
increased the field by 22% to 1520 nT with 
minimal effect in the two other axes. In the 
flight system, cable hanresses ‘were shielded and 
the power lines were twisted as they would be on 
the spacecraft. Also, when the magnets wem 
energized with the external supply, the wiring 
harness was moved with no effect. With the 
location of the PPU below and in front of the 
probe, any contributions from the power supply 
to the sensed axial magnetic field would also 
result in components in the other two axes. 
With a null result in the off-thrust axes during 
thruster operation, it was concluded that the 
increase in axial magnetic field was due to the 
discharge. The ,measurements in the vacuum 
facility on the fIight unit and those on the 
engineering model presented in Table I agree 
within 13%. The reason for the diffennce could 
be due to thruster-to-thruster variation or an effect 
of the test environment. The resultant dipole 
moment , again assuming the center was 10 cm 
behind the thruster exit plane, was calculated to 
be 1.0 A-m’ with the diicharge off and magnets 
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on and 1.25 A-m2 with the thruster operating. 
Off-axis measurements obtained at Location 2 are 
presented in Table IV. Similarly, with the 
discharge on a significant effect is noted. B, (the 
magnetic field along the radius leading to the 
center of the thruster mounting panel) shows a 
40% increase with the discharge on over the field 
generated by the electromagnets as energized 
without the plasma. The other component, B,, 
perpendicular to B,, shows a 23% increase. 

Although the discharge does contribute a 
significant amount to the magnetic field and 
hence the magnetic dipole moment, the absolute 
value of 1.25 A-m’ and below is not large and 
should pose minimal integration issues.’ In fact, 
the value is an order of magnitude less than 
typical ion engines which have been accepted for 
space science and commercial missions. 

It also should be noted that all measurements 
were obtained for the EPDM flight conditions 
which derated the TAL D-55 thruster by 
operating it at 660 W discharge power instead of 
the design 1350 W. As part of the derating 
process, the thruster magnetic field was decreased, 
by reduction of the electromagnet current from 
the 4.0 A nominal design point to 2.5 A for the 
EPDM flight point. This was done to increase 
discharge stability. Also the discharge current 
was cut from 4.5 A to 2.2 A. Further testing 
would be required to determine the magnetic 
fields and resulting magnetic dipole moments at 
the higher-power, nominal operating point of 
1350 w. 

CONCLUDING REMARKS 

The RHBTT’2/BPDM program has completed the 
development and qualification of a Hall thruster 
system using a mr with Anode Layer. 
Numerous qualification tests were performed and 
included determination of the magnetic dipole 
moment of the thruster. Both the electnnnolgrees 
on the thruster and the plasma disehsrge wae 
determined to contribute to the magnetic field 
along the thruster centerline. 

Measurements of the magnetic i?eld due to the 
thruster electromagnets showed that the inducad 
magnetic dipole was on the order of 0.85 A-m’ 
and was centered at the base of the thruster 10 cm 
from the exit plane. Measurements were also 
obtained in the vacuum chamber on the flight 
propulsion system with the thruster firing. The 
effect of the discharge is significant End inaeaasd 
the axial magnetic field by 22% at 1.28 m behind 
the thruster exit plane. The net dipole moment 
with thruster ftring was 1.25 A-ml. Although 
the effect is measurable, the absolute value is 
small and should not be a problem for most 
spacecraft attitude control systems. 

REFERENCES 

1. Sankovic, J.M., Caveny, L.H., and Lynn, 
P.R.,‘The BMDO Russian Hall Electric Thruster 
Technology (RHBTP) Program: From 
Laboratory to Orbit,” AIAA-Paper-97-2719, 
July 1997. 

2. Danilowicz, R.L.,” Magnetic-Flux Density 
Environment of Several Blectmn-Bombardment 
Ion Thrusters,” NASA TM X-68239, May 
1973. 

3. Larson, W.J., Wertz J.R Space Mission 
Analysis and Design, Microcosm, Inc., 
Torrance, CA., 1992. p. 354. 



IEPC-97-109 687 

Table I. Magnetic field measurments 
of engineering model thruster 

Table II. Magnetic dipole measurements 

1.1 0.74 
1.3 0.83 

_._._: : “7 0.85 0.87 
1.9 0.81 
2.1 0.84 _ 
2.3 0.89 
2.5 0.95 
2.7 0.90 
2.9 0.92 

Average 0.86 

Table III. Magnetic field and dipole measurements 
with thruster firing at Location 1. 

B (nT) r (m) M (A-m21 

Discharge and magnets on; Location 1 
1520 I 1.18 I 1.25 

Discharge off magnets at 2.5 A; Location 1 
1245 I 1.18 1.02 

Table IV. Magnetic field measurements 
with thruster firing at Location 2. 

_ Bx (nT) 1 By (nT) 

.Discharge off magnets at 2.5 A; Location 2 
1050 343 I 

,Discharge and magnets on; Location 2 

1473 423 I 
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Figure I- TypicalkalI thruster system schematic diagram. Note electromagnet may be either in 
series with the discharge or operated by a separate power supply as in RJSE’XUEPDM 

ELECTROMAGNETS 

Figure 2(a). @rant view 
Figure 2(b). Side view 

Figure 2. JSPDM flight Thruster with Anode Layer model D-55 
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Figure 3. Vacuum Facility 5 (VFS) at NASA Lewis Research Center 
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Figure 4. Location 1 of magnetometer placement Figure 5. Location 2 of magnetometer placement 
relative to EPDM flight hardware inside VF5. relative to EPDM flight hardware inside VFS. Sensor located 
Sensor located on thruster centerline 111 cm from on thruster centerline 111 cm from back of thruster 
back of thruster mounting plate. mounting plate at 45’ 
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Data taken upstream of thruster exit plane 
+ Data taken downstream of thruster exit plan 

0 0.5 1 1.5 2 2.5 3 

Distance from front face of thruster, m 

Figure 6(a). Linear scale 

+ Data taken upstream of thruster exit plane 
+ Data taken downstream of thruster exit plane 

““““‘~““‘““~.““““~““““‘~““‘““~“‘””’., 

0 0.5 1 1.5 2 2.5 3 

Distance from front face of thruster, m 

Figure 6(a). Semilogrithmic scale 

Figure 6. Magnetic field measurements obtained upstream and downstream of thruster exit plane 
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