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Abstract 

This paper presents the results of a project to map the 
magnetic field of the DERA T5 Kaufman-type ion 
thruster, as used in the UK-10 Ion Propulsion 
System. The role of the magnetic field within the 
thruster is first considered and magnetic field 

mapping requirements are established. The 
development of a mapping system to meet these 
requirements is discussed, leading to a summary of 
experimental results and analyses. Conclusions are 
drawn with regard to the evaluated magnetic field and 
the effectiveness of the mapping system. Suggestions 
for mapping system improvements and further 
experimental studies are also presented. 

Introduction 

The T5 is a Kaufman-type electron bombardment ion 
thruster that has been developed by the Defence 
Research Agency, DRA (now known as the Defence 
Evaluation & Research Agency, DERA). This 
thruster forms the basis of the UK-10 Ion Propulsion 
System[‘l under development by Matra Marconi 
Space and has been selected to fly in a north-south 
station keeping role on the European Space Agency’s 
Artemis (SAT-2) experimental communications 
satellite[21. Using xenon as the propellant the T5 has a 
nominal thrust of 18mN to 25mN, but can be 
throttled between 0.3mN and 70mN thrust, making it 
a versatile thruster suitable for various other mission 
requirements[31. Its distinguishing features are the use 
of hollow cathodes, dual propellant flows to the 
discharge chamber, triple-grid ion extraction system 
and the use of electromagnets for the discharge 
chamber plasma control. 

The purpose of this paper is to consider the latter of 
these, presenting the development and use of a 
ground test facility to map the induced magnetic field 
within the volume of the discharge chamber over all 
operating regimes. A summary of experimental 
results is presented, with conclusions drawn as to the 
effectiveness of the mapping system and the 

0 British Crown Copyright 1997, DERA. 

evaluated magnetic field within the thruster. This 
study is the most comprehensive so far undertaken by 
the UK electric thruster industry. 

Role of the Magnetic Field 

The T5 employs six solenoids equispaced around the 
discharge chamber to generate magnetic flux. An 
outer pole assembly near the ion extraction grids and 
an inner pole assembly surrounding the discharge 
cathode are employed in conjunction with the 
solenoids and thruster backplate to induce a magnetic 
field within the interior of the discharge chamber. 
This magnetic field plays three important roles[41 in 
the plasma processes within the discharge chamber, 
having implications on both stability and propellant 
utilisation efficiency. Reference to Figure 1 will aid 
in understanding the following discussion. 

Coupling Plasma 

The (hollow) discharge cathode generates a coupling 
plasma consisting of ions, electrons and neutral 
atoms. The magnetic field aids in extracting the 
primary electrons (which cause propellant ionisation) 
from this plasma through the annular gap between the 
inner pole and baffle disc, gaining energy in the 

Figure 1 Schematic of DERA T5 Ion Thruster 
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process. Optimisation of this process is a function of 
the cathode xenon flow rate, electron temperature in 
the coupling plasma and the exact configuration 
(shape and magnitude) of the magnetic field at the tip 
of the inner pole. 

Electron Constraint 

The second task of the magnetic field is to constrain 
the primary electrons f?om reaching the positive 
anode in the discharge chamber. Interaction of the 
primary electrons with the divergent magnetic field 
causes them to gyrate around the magnetic field lines 
as they move from the edge of the plasma sheath at 
the inner pole to the equivalent sheath at the outer 
pole. During this motion collisions with xenon 
particles excite and ionise the propellant; migration 
of electrons to the anode ensues due to their 
associated velocity changes. The design of the 
discharge chamber and the magnetic field 
configuration ensure the efficiency of this ionisation 
process, the desired shape of the plasma density 
profile and the stability of the discharge (provided the 
cathode is operating in the correct regime). 

Drift 

The final task of the magnetic field is to promote drift 
of the ions towards the extraction grids, in 
combination with a density gradient, whereby 
electrostatic acceleration through the grids results in 
an energetic ion beam. 

Development of the Magnetic Field 

The electromagnetic circuit (the components that 
generate the induced magnetic field) and the 
discharge chamber have been carefully designed to 
satisfy all of the above requirements. In particular, 
the use of electromagnets as opposed to permanent 
magnets allows (by variation of the solenoid current) 
the magnetic field to be optimised for a specific 
operating point. However, the selected configuration 
of the T5 magnetic field owes much to previous 
versions of the thruster’51, especially the mercury 
propellant T4, that have been under development 
since 1967 by the Defence Research Agency and its 
UK partners. 

Whilst spot measurements with Hall effect devices 
have been used to roughly confirm the correct 
configuration of the induced magnetic field, little 
more experimentation to prove that the achieved 
magnetic field configuration satisfies what was 
intended has been carried out. After some minor 
modifications, correct operation of the thruster was 
achieved, and with more pressing research and 
development objectives the magnetic field 
configuration was left unaltered. It is now clear that 

this is an inadequate approach and with a requirement 
for both larger and smaller thrusters having been 
identified it was considered necessary to develop a 
facility to comprehensively map the induced 
magnetic field in a non-operating thruster (the 
operating case being too complex). 

Measurement of the Magnetic Field 

Consideration of the above led to certain key factors 
that needed to be confirmed: 

l discharge chamber and inner pole field shape. 
l field magnitudes (flux densities) for the above. 
l presence of ‘spoking’ effects from the solenoids. 
l linearity over normal operating regimes. 
. residual magnetism (remanence) effects. 

The requirements of a mapping system to achieve this 
can be broken down further: 

Induced Magnetic Field 

The mapping system must be capable of measuring a 
magnetostatic field - the induced magnetic field 
within the discharge chamber can be considered as a 
constant DC field for any specific operating point. 

Mapped Volume 

Measurements within the entirety of the discharge 
chamber are required; greater detail within the 
bounds of the baffle and inner pole is highly desirable 
in understanding the coupling plasma processes. 
Measurements external to the thruster are of lesser 
importance for spacecraft integration issues. 

Resolution 

Spatial resolution of measurement points must be 
adequate for (and is dependent on) any specific 
analysis, but not so as to generate excessive data i.e. 
of millimetre order. Measurement of the magnetic 
field must be at least one order of magnitude better 
than the smallest expected reading i.e. 0.1 Gauss or better. 

Repeatability 

Measurement positions from one test must correlate 
with those from another in order that comparisons 
can be made between current settings and to establish 
linearity. Repeatability of magnetic measurements 
must be adequate for the above, as well as to carry 
out analyses of remanence. 

Practicality 

The mapping system is required to test multiple 
thrusters and possibly form part of space qualification 
testing of T5 ion thrusters. Ease of use is important to 
save time setting up and carrying out tests. 
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Mapping System Development 

The mapping system has been developed to meet the 
requirements outlined previously and comprises of 
three key components that are discussed later: 

l gaussmeter with Hall effect probes. 
l three-axis positioning rig. 
. control computer and software. 

A photograph of the system is shown in Figure 2. 

Experimental Procedure 

Mapping of a thruster is carried out under ambient 
atmospheric conditions since the relative magnetic 
permeability of air at standard atmosphere and 
pressureL6’ is 1.0000004. Only the thruster 
components that play an active part in creating the 
magnetic field are of interest, hence a ‘stripped 
down’ thruster containing just the electromagnetic 
circuit is used (see Figure 1). Other thruster 
components exhibit no magnetic behaviour. 

A variable voltage AC power supply is used to apply 
current to the solenoids prior to any test. The voltage 
(and hence solenoid current) is gradually reduced to 
zero over a 30s period in order to remove any 
remanence within the electromagnetic circuit, thereby 
de-magnetising it. Tests (maps of the magnetic field) 
are then carried out using a constant DC solenoid 
current, in the same manner that the thruster would be 
operated. Some supervision of the solenoid current is 

required due to resistivity changes in the solenoid 
coils caused by heating. 

The magnetic flux density B can be considered as the 
characteristic factor governing the three roles of the 
magnetic field: the force on a moving charge due to 
the presence of a magnetic field is a function of 
charge, velocity and magnetic flux density. This is a 
vector parameter, the magnitude of which is related 
to magnetic field strength (or intensity) by[‘! 

B=#LlH 

where, 

B* magnetic flux density in tesla, T. 

fi* magnetic permeability of the medium 
(4n: x 1W’ henrys per metre for free space). 

H* magnetic field strength, in amperes per metre. 

Mapping of the magnetic field is therefore 
accomplished by the measurement of magnetic flux 
density in three orthogonal directions. The result is a 
flux density vector giving both the magnitude of the 
magnetic field and the instantaneous direction of the 
magnetic flux. This is commonly visualised by the 
use of ‘magnetic field lines’ - lines drawn tangential 
to the magnetic flux throughout a magnetic field. For 
convenience measurements are taken in gauss (G, 
where 1G = 1 x lOAT), which are more appropriate 
for the magnitudes found within the TS thruster. 

Figure 2 Photograph of the Magnetic Mapping System 
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Hardware and Control Software 

The gaussmeter employed is a single-axis 
commercially available device that uses both an axial 
and a transverse Hall-effect probe to measure 
magnetic flux density. Both probes have a sensitivity 
of approximately 0.05 Gauss, using a 0.2mm x 
0.2mm sensor element. The transverse probe has the 
sensor element embedded at one end of a 90mm x 
4mm x Imm semi-flexible arm. The axial probe 
utilises a 90mm x 5mm diameter rigid metallic arm. 

Because of the single-axis nature of each probe it is 
necessary to run each test three times (axial probe 
once, transverse probe twice at two orthogonal 
angles) in order to map in three orthogonal magnetic 
axes. Three separate data files are produced and have 
to be combined later by computer. Calibration of the 
probe positions such that the data points Tom all 
three data tiles are coincident is difficult. One further 
problem that exists is that the probes are flexible and 
delicate - in order to minimise the positional errors 
that this might introduce it was decided to mount the 
Hall probes in a fixed position and instead move the 
thruster around the probes. 

Three-Axis Positionine Rig 

The latter is accomplished by means of the three-axis 
positioning rig, to which the thruster is attached. This 
consists of three commercially available linear 
translation stages, mounted in an orthogonal manner. 
Each stage uses stepper motors and rotary encoders to 
position to an accuracy of lOpm, using movement 
steps of the order of Imm. These stages are 
controlled via an appropriate amplifier rack and 
interface card to the control computer, which can 
determine and control very accurately the position of 
each translation stage using a Cartesian co-ordinate 
system. Each stage has a ‘home’ or zero reference 
position that ensures that the start positions for each 
test are always coincident. 

Control Comuuter & Software 

Both of the above components are controlled in an 
automated manner via the control computer. Software 
to perform supervisory control and data acquisition 
(SCADA) has been written and can be set up to run 
the experimental tests with little user involvement. 
Configuration of the gaussmeter, together with 
measurement triggering and collection of results is 
carried out via an RS-232 serial link between the 
gaussmeter and control computer. An average of 
multiple readings is used together with error 
correction on the serial link to ensure the integrity of 
the flux density readings. A high-speed and high- 

resolution interface card in the control computer is 
used to control and measure the positions of the 
three-axis positioning rig. 

To carry out a test, the experimenter must select a 
Hall probe and manually calibrate its position with 
respect to the thruster. The de-magnetisation 
procedure is then carried out, after which the Hall 
probe can be nulled (zeroed). The DC power supply 
must be set up for the required solenoid current, at 
which point the control software can be started. 

The control software allows the experimenter to 
select fkom a variety of volumetric or planar mapping 
regimes. These utilise either Cartesian or polar co- 
ordinate systems and allow the data point positions to 
be optimised for any required magnetic analysis. The 
step size and/or planar positions and orientations may 
be accurately controlled. The software uses these 
inputs, together with knowledge of the size and shape 
of the thruster and Hall probes, to step the Hall 
probes throughout the volume of the discharge 
chamber and map the magnetic field. In doing so, the 
control software attempts to map as large a 
proportion of the discharge chamber and get as close 
to the two magnetic poles as possible. 

The mapping procedure is thus automated - once 
begun the software program will step throughout the 
thruster in the selected manner and for each data 
point will measure the magnetic flux density and the 
position of the Hall probe sensor element with 
respect to the thruster. These measurements are then 
time-stamped and logged to a computer data tile; 
each data point takes approximately 7s. Analysis of 
the data is carried out at a later date. 

DC&AC 
Power Supplies 

Thruster Hall Probe 

ciWm1 &Data 
AC&&ion Corncuter Gaussmeter 

Figure 3 Magnetic Mapping System 
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Data Analysis Software 

Once the magnetic field has been mapped it is 
necessary to visualise and analyse the data. To 
accomplish this a computer program has been written 
using a commercially available data analysis and 
visualisation package. This allows the use of a simple 
graphical user interface (GUI) with which to apply 
various analytical processes to the data and generate 
2D plots (on-screen and printed) t?om the 2D/3D data. 

Data File Re-Combination 

The three separate data files are checked for 
coincidence between their data points and if 
successful are combined into a single 3D data set. 
This contains the (x, y, z) positions together with the 
(I&, B,, &) magnetic field components (the three 
orthogonal magnetic flux density measurements) for 
each data point, using a Cartesian co-ordinate system. 
A combined magnetic flux density magnitude for 
each point is also calculated: 

The effects of background magnetic fields are taken 
into account during this process, using spot 
measurements to compensate for the small effects of 
the Earth’s magnetic field etc.. 

2D Visualisation of a 3D Magnetic Field 

Any visualisation must ultimately be done in 2D, 
whether on a computer monitor or on paper. This is 
achieved by slicing the volume represented by the 
data set into appropriate planes of interest e.g. planes 
normal to the thrust axis and planes parallel to the 
thrust axis. The first is useful for evaluating the radial 
symmetry of the magnetic field, together with 
solenoid ‘spoking’ effects, whilst the latter is useful 
for evaluating the magnetic field shape between the 
two poles. Vector plots of the 3D field are possible 
(see below) but of limited benefit. 

Vector Plots 

These can be generated directly using the (x, y, z) 
position data and the (&, B, BJ components of the 
magnetic field which are contained in the 3D data set. 
Both 2D and 3D plots can be generated to show the 
shape and direction of the magnetic field. These are 
usually overlaid with colour to represent the 
magnitude of each vector. 

Contour Plots 

These are used to plot the magnetic contours 
(magnitudes of the field) throughout selected planes 
of the thruster, using (B(. Linear interpolation of 
contour line co-ordinates as they pass between 

adjacent data points gives the resulting contour linet’], 
with a colour fill between contours to represent the 
magnitudes. Transformation to a polar co-ordinate 
system usually gives better results for planes normal 
to the thrust axis. 

‘Field Line’ Plots 

These are not strictly ‘magnetic field lines’ but 
represent a macroscopic approximation of a line 
passing tangential to the instantaneous flux direction 
at any point. These plots are generated by 
interpolation of the vector data, effectively showing 
the shape and direction of the magnetic field in a 
more continuous manner than a vector plot. 

The (x, y) positions through which a field line passes 
are interpolated using an Euler integration scheme[‘]: 

x m+l =X,+dXmXS 

Y m+l =Ym+azI,Xs 

s + step size less than the spacing between real data. 

The (u!x,,,, dy,) components of the magnetic field for 
each interpolate are found using a nearest neighbour 
method, assuming flux density varies with inverse 
proportionality to distance squared: 

ci!xm = (myc, + W&, + w,dx3 +. . . W,akJ/n 

where, 

dx, . . .,, * x components of the nearest n vectors 

4, “.n 3 y components of the nearest n vectors 
WI..., 3 weighting factors for the nearest n 

vectors, i.e. for four vectors: 

where, 

d /...n 3 distances from the nearest n vectors to 
the interpolate. 

Currently only 2D plots are generated, because the 
algorithm is computationally intensive. These are 
usually overlaid with colour to represent the variation 
of magnetic flux density magnitudes throughout the 
magnetic field region studied. 
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Experimental Results 

Using this facility it has been possible to carry out 
extensive mapping of the magnetic field of the T5 
thruster. A discussion of some key results follows, 
which may be aided by reference to Figures 4 to 7. 

Discharge Chamber Configuration 

Qualitative consideration of planes containing the 
thrust axis shows that the evaluated magnetic field 
shape (Figures 4 and 5) differs from the assumed 
magnetic field configuration (Figure 1). 

The results show a significant component of the 
magnetic field parallel to the thrust axis; previously 
the magnetic field had been assumed to be purely 
divergent between the inner and outer poles. It is 
evident however that the magnetic field lines do not 
intersect the anode (which would lead to direct flow 
of primary electrons to the anode), so the requirement 
to constrain the primary electrons is achieved. The 
overall shape is very similar to measurements on a 
mercury propellant C3 thruster taken by AEA 
Culham Laboratory using a similar technique[“l. 

Qualitative consideration of planes perpendicular to 
the thrust axis shows that azimuthal symmetry is 
acceptable for solenoid currents of 15OmA or more. 
There is evidence of asymmetry at the outer pole for 
lower solenoid currents: for a 50mA solenoid current 
the centre of the magnetic field is offset by 
approximately 15mm from the axial centre of the 
thruster. This effect decreases with increasing 
solenoid current and may result fi-om a localised 
material defect or from the asymmetric mass 
distribution of the outer pole due to the provision of a 
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Figure 4 Vector Plot Between a Pair of Solenoids 
at a Current of 2OOmA 

mounting bracket for the neutraliser assembly. 
However, there is no evidence that this asymmetry 
causes discharge instabilities at low thrust. 

Inner Pole Configuration 

Mapping of the region outside the inner pole shows a 
larger influence than expected from the backplate and 
main flow distributor assembly. This results in the 
magnetic field produced by the inner pole being 
poorly defined in comparison with that produced by 
the outer pole. The shape of the field at the tip of the 
inner pole (which determines the initial launch 
direction of primary electrons and has implications 
upon thruster lifetime) does however correlate with 
the assumed magnetic field configuration. 

Possible causes for these effects are flux leakage at 
the interfaces between individual components, 
together with stray field effects that are a function of 
the material microstructure i.e. flux leakage above 
domain boundaries. These stray field effects are not 
required in the discharge chamber for the operation of 
the thruster, but are important within the confines of 
the inner pole and baffle disc for the coupling plasma 
processes. Unfortunately, mapping of the region 
inside the inner pole was impeded due to the size of 
both Hall probes. 

Magnitudes and ‘Spoking’ 

The magnetic flux density magnitudes have been 
determined to be as expected. For a normal 2OOmA 
operating point (18 to 25mN thrust), the field in the 
centre of the discharge chamber is approximately 
20G, whilst near (limited by the Hall probe sizes) the 
inner and outer poles it is approximately 30G. 

-60 k...I..,,...A 
-100 -80 -60 -40 -20 0 20 

X Distance From Front Pole (mm) 

Figure 5 Field Line Plot Between a Pair of Solenoids 
at a Current of 200mA 
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The intended purpose of the solenoids is to generate 
magnetic flux in their soft-iron cores, which flows 
throughout the magnetic circuit and induces the 
magnetic field between the inner and outer poles. 
#en looked at in a direction normal to the thrust 
axis this field should ideally be radially symmetric 
i.e. have circular contour lines. However, the 
solenoids do generate a small amount of magnetic 
flux around their exteriors (effectively a stray field), 
which can distort the induced magnetic field within 
the discharge chamber in a nodal manner, the contour 
lines becoming hexagonal in nature. If this effect 
were large it could result in a non-symmetric ion 
density profile, which may adversely affect lifetime 
and efficiency. Analysis of the data shows that this 
‘spoking’ effect is extremely small - the worst case 
being shown in Figure 6 for a 400mA solenoid 
current (twice the normal operating point). 

Linearity 

Using the de-magnetisation procedure previously 
presented, it has been determined that the magnetic 
flux density within the discharge chamber is linearly 
proportional to solenoid current for currents up to 
45OmA, significantly above the normal operating 
point. As Figure 7 shows, above 450mA there is 
evidence of non-linearity, suggesting that some part 
of the electromagnetic circuit is approaching its 
saturation point (note that the scatter at lower currents 
is attributable to experimental error). Whilst this 
implies inefficient use of solenoid power, a worse 
effect would be to distort the magnetic field shape, 
having similar implications as for ‘spoking’. At such 
high currents however this does not present any 
problems for normal T5 operation. 
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Y Distance From Axial Centre (mm) 

Figure 6 Contour Plot Normal to Thrust Axis at a 
Current of 2OOmA, 30mm from Grids 

Remanence 

When not using the de-magnetisation procedure 
previously presented, the electromagnetic circuit 
exhibits a small amount of remanence (permanent 
magnetism when the solenoid current is switched 
off). This represents approximately 15 to 17% of the 
induced magnetic field at the normal operating point 
of 200mA solenoid current, or 50% of the induced 
magnetic field at a 50mA solenoid current. This can 
be seen for one selected position within the discharge 
chamber in Figure 7. As expected, the magnitude of 
the remanence remains constant for increasing 
solenoid current, solenoid operating time and 
solenoid on-off cycles. 

This should pose no problem for the T5 thruster’s 
primary role (north south station keeping, NSSK) but 
may compromise operation on inter-planetary science 
missions. Without de-magnetising, the T5 would in 
effect be a small permanent magnet, possibly 
affecting such instruments as magnetometers. In this 
case a degaussing circuit (to provide an alternating 
solenoid current) would need to be added to de- 
magnetise the thruster after every ‘on’ period. It 
should be noted that this ability to eliminate the 
remanence is not available in thrusters using 
permanent magnets. 

This effect can be improved by modifying the 
material processing treatments of the Swedish Iron 
from which the electromagnetic circuit is 
manufactured . @I However, reducing the remanence 
will also reduce the permeability of the material, 
requiring larger solenoid currents for the same flux 
densities; it will also lower the saturation point. 

70 , 
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Figure 7 Flux vs. Solenoid Current Linearity Curve, 
Without Degaussing 
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Conclusions 

Mapping Facility 

The magnetic mapping facility developed has 
provided valuable information on the achieved versus 
the intended magnetic field configuration of the T5 
thruster, which should lead to a better understanding 
of thruster operation and benefit future thruster 
design. Mapping of the magnetic field configuration 
in a comprehensive manner can be accomplished 
with minimal experimenter supervision via 
automated operation. Accuracy and repeatability have 
proved sufficient to compare the T5 magnetic field 
configuration over a wide range of solenoid currents, 
allowing assessment of linearity and remanence. 

Limitations on the above result primarily from the 
single-axis Hall probes. Having to run each test three 
times requires re-calibration of probe positions, and 
is a possible cause of error, as well as consuming 
operator time and reducing the automation that is 
possible. The large size of the probes compared to 
their actual sensor elements restricts their use close to 
the two poles, in particular within and around the 
inner pole. Consequently, the exact shape of the 
magnetic field in this region still cannot be 
determined. A smaller, three-axis Hall probe or other 
device needs to be developed to meet this objective. 

Evaluated Magnetic Field 

Mapping of the T5 thruster has shown that the 
achieved magnetic field configuration does differ 
from previous assumptions. A significant field 
resulting from the backplate and main flow 
distributor is present; the assumed ‘divergent field 
configuration presented in Figure 1 is an over- 
simplification. There is enough common ground to 
suggest that the magnetic field does operate in a 
similar manner and this is borne out by correct 
operation of the T5 design. However, the effects of 
the magnetic field around the backplate and main 
flow distributor should be considered in any future 
design work. 

Some degree of asymmetry near the front pole at low 
solenoid currents is evident. The cause of this has not 
yet been established, but could result from a localised 
material defect or poor mass distribution due to the 
provision of a neutraliser mounting on the outer pole. 
This is an area in need of further investigation. 

Saturation of the magnetic field, together with 
‘spoking’ resulting from the use of six equispaced 
solenoids were considered as potential problems. 
Both could lead to distortion of the magnetic field 
shape, with detrimental effects on both thruster 
lifetime and efficiency. This work has shown that 

there is no evidence of these effects at normal 
solenoid operating currents. 

Some degree of remanence is present, which could 
affect the use of sensitive magnetometers for 
scientific satellite missions. In this case a degaussing 
circuit would be required to de-magnetise the thruster 
after every ‘on’ period. The use of material processing 
treatments to improve the remanence is an area also 
worth investigating. 
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