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ABSTRACT

Typically, Hall Effect thrusters have been designed
to operate in the kW regime, but due to their de-
sirable thrust to power ratio and reliability they have
recently undergone a significant amount of research
to miniaturise and optimise for small satellites.

Within the Astronautics group at the University of
Southampton, the design, manufacture, and test-
ing of a 100 W miniature, annular, krypton Hall
effect thruster with magnetic shielding was under-
taken. This thruster, designated MaSHEKT-100,
was tested with krypton propellant over anode pow-
ers of 30 W - 450 W, and anode voltages of 100
V - 600 V. The highest performance was measured
at 540 V with 5.43 mN of thrust and 10.8 % anode
efficiency. The designing of this thruster followed
two main scaling methods comparing and combin-
ing the results of both with target parameters of 100
W power and 300 V anode voltage [1, 2].

The design method was also partially extended to
compare designs for various alternative propellants.
Xenon, krypton, and magnesium are investigated as
these have been previously identified as viable alter-
natives [3]. The resulting thruster was sized with a
mean channel diameter, channel length and chan-
nel width of, d =30 mm, L =32 mm, A= 5 mm, re-
spectively.

1. INTRODUCTION

For the last half a century, space propulsion has
utilised Hall effect thrusters (HET) in the kilowatt
regime to great success. In recent years, the power
available to large satellites has continued to grow

[4], although in the last decade there has been a fast
growing demand for electric propulsion from micro
and nano class satellites. These smaller scale satel-
lites lack the large power sources afforded to larger
missions in the past [5], with the power available to
the electric propulsion system limited to hundreds
of Watts. For Hall effect thrusters to be applied to
these power regimes, they need to be scaled down
in terms of input power, as well as physically.

The design, manufacture, and testing of a low
powered Hall effect thruster was undertaken by fol-
lowing published scaling methods. The thruster
was designated the MaSHEKT-100, the Magnet-
ically Shielded Hall Effect Krypton Thruster de-
signed for 100 W anode power. The MaSHEKT-
100 was subsequently tested with krypton within the
large vacuum chamber facilities at the University of
Southampton over a power range of 30 W - 450 W,
and a range of anode mass flow rates of 5-11.5 stan-
dard cubic centimetres per minute (sccm) of kryp-
ton. Over this range the thruster exhibited thrusts of
4-5 mN at specific impulses up to 1200 s and anode
efficiencies up to 10.8 %.

2. HALL EFFECT THRUSTER DESIGN

2.1 Alternative propellant considera-
tions

During the design of the thruster, alternative propel-
lants were considered by taking into account the ef-
fect on performance of the differing atomic mass,
ionisation energies, and the cross-sectional areas
of impact ionisation. Although, to understand ionisa-
tion for the effective consideration of alternative pro-
pellants, a way of quantifying ionisation is needed.
One such method is the Melikov—Morozov criterion,
as this has a strong impact on effective ionisation
within a HET. This criterion states that free path of
ionisation must be significantly less than the chan-



nel length [1, 2],

Ai << L Eq.1

where A; is the ionisation free path, and L is the
channel length from anode to channel exit. Given v;
is the ionisation frequency resulting from electron-
neutral impacts. This can be expressed as,

Vi = n,(0;V,) Eqg.2

where n, is the neutral number density, o; is the
cross-sectional area for impact ionisation of the pro-
pellant, and v, is the electron velocity. The Melikov-
Morozov criterion can therefore be described as,

i = v—n << L

nn<0-ive>
where (o;V,) is the reaction rate coefficient, normally
on the order of 0.5 —4(x10~13), and v, is the as-
sumed thermal velocity of the propellant. It is impor-
tant to note that (o;v,) # o;v, as the electron energy
distribution will have additional contributions to ion-
ising collisions that the mean electron velocity can-
not capture.

Changing the propellant has several effects on
Eq.3. A lighter element would have a greater v,
for the same anode temperature, a different mass
flow rate to achieve the same n,, as well as differ-
ent electron impact ionisation cross-sectional area,
when compared to xenon.

To investigate the effects that alternative propel-
lants have on ionisation, a range of measurements
of cross-sectional area of ionisation were used. The
values used and compared are from both experi-
mental and numerical results for various elements,
available from independent studies.

The reaction rate coefficient, (o;v.), is the resul-
tant product of probabilistic velocity of the electrons
at a particular electron temperature, and the cross-
sectional area of inelastic interaction for the neutral
atoms in the plasma. This estimate of ionization rate
is calculated by integrating a Maxwellian-Boltzmann
distribution of the microscopic (individual) electron
velocity of thermal origin, defined as w [6]. The 3-
dimensional velocity w described independent of the
directional velocity is,

()—\/Z L B =
SW=N T\ ) P T 20T <

where T is the electron temperature in Kelvin, m,
is the electron mass, and kg is the Boltzmann con-
stant. This integral can be expressed as a function
of electron temperature [7],

Eq.3

(o) ()= [ ;mwcimwg(w)dw Eq.5
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Figure 1: A comparison of the cross-sectional area
of impact ionisation of various potential propellants
under consideration. Cross-sectional area data is
sourced from the following: xenon and krypton - [8],
zinc and magnesium - [9], and argon - [10]. Ref.
[8, 10] data is from experiments, and Ref. [9] is from
computational simulations.
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Figure 2: Shows the calculated reaction rate coeffi-
cient against bulk electron temperature for the pro-
pellants considered in Fig. 1 by using a computa-
tional result of Eq.5.

Eq.5 was numerically solved using the Numpy
Python 3.2 library. Where o; is a function of elec-
tron temperature in electron volts, and g(w,) is the
function as described in Eg.4. The results of this
calculation for several elements can be seen in Fig.
2.

2.2 Scaling methodology

The scaling methodologies used were those of Dan-
nenmeyer and Mazouffre [1] and Lee et al. [2].
Both share similarities, with both methods derived
from correlations present in databases of proven
thrusters, in conjunction with simplified plasma and
performance equations. Dannenmeyer [1] uses a
database of 33 thrusters ranging in power of 10 W
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- 50 kW, whilst Lee [2] used 17 exclusively sub-kW
thrusters with only slight variations on the scaling
equations used. Both methods are based around
setting up a group of equations that allow a com-
plete thruster channel geometry to be obtained from
an input anode power and voltage.

These scaling methods require several assump-
tions and stipulations. Firstly, the anode mass flow
rate is chosen to meet an optimal number den-
sity. From literature, this has been seen to be
n, ~ 1.2 x 10" m=3, with the electron number den-
sity was also found to be ~ 0.1 x n,, = 1.2 x 10'8 ;3.
This ensures a sufficient rate of ionisation and opti-
mal thermal effects, as found by [11]. The electron
temperature is also a very important parameter to
characterise the plasma and its behaviour. An esti-
mation of the bulk electron temperature is [1],

where U, is the anode discharge voltage. It is also
assumed that the neutral propellant is released at
a temperature of 800 K, although in literature this
value has been varied between 800 — 1300 K for the
same calculation [1, 7, 12]. For the calculation within
this paper 800 K was used, although this range has a
non-negligible effect on the ionisation free path and
highlights another potential issue with this method
of scaling. For example, xenon at 800 K and 1300
K has a neutral velocity of 360 m/s and 460 m/s, re-
spectively.

2.2.1 Scaling equations

The equations that form the scaling methods will not
be fully derived here but the initial equations and the
final scaling group will be shown.

Firstly, the Melikov—Morozov criterion, seen in
Eqg.1, is used to ensure sufficient ionisation. The
equations try to preserve the plasma’s physical be-
haviour over a range of power, so the relations of
electron confinement need to be preserved. This is
achieved by the following criterion,

Tre << L Eq7

where r;. is the electron Larmor radius, the radius
of the electron circular motion within the magnetic
field. Ensuring this radius is much smaller than the
channel length, the electrons will not be impacting
the walls. The definition of the electron Larmor ra-
dius is,

meVe(Te)

= Eq.8
L B q

where e is the elementary charge and B is the field
strength. Secondly, for effective electron confine-

ment, the electron gyro-period needs to be signifi-
cantly shorter than collision period. Such that,
Ton _ Dee 51 Eq.9
TL‘K ven
where 7., = 1/ Ve, T is the electron gyro-period and
.. is the electron gyrofrequency. The fulfilment of
these two criteria is required for all HETs, as the
trapping of a sufficient number of electrons is re-
quired for the large potentials that accelerate the
ions.
The relationship between the scaling and mass
flow rate is strongly tied to the assumption of n, =
1.2 % 10" m~3 and described with,

Hy = Ny X My X vy X Ag Eq.10

where m,, is the neutral atomic mass and A, is the
cross-sectional area of the channel. From this it can
be seen that, )

my
= hd
where h, and d are the channel width, and mean
channel diameter, respectively. After this several
other relations are formed with performance values
that can be easily measured and are available from
the databases of thruster performance.

The scaling group of equations as derived by
Dannenmeyer [1] are,

Eq.11

Ny

Ty = Cryrity\/Ua Eq.12
T, = Cr,d*\/Uy Eq.13
Iy =C1,\/Ua Eq.14
I, =Cid? Eq.15
P =Cpd*\/Uy Eq.16
h=Cyud Eq.17

and those derived by Lee [2] are as follows,

T = Criity\/Uy Eq.18
Py = CpUyd? Eq.19
tity = Cihd Eq.20
h = Cpqd Eq.21

where Cr,, etc... are all coefficients of proportion-
ality. It is noteworthy to mention that magnetic field



Scaling coefficient | value | units
Lee & etal. [2]

Cr 892.7 ms IV
Cp 633 kgs*ZV*l
(o™ 0.003 kgmfzs*l
Cha 0.242 -
Dannenmeyer & Mazouffre [1]
cr, 10773 | ms IV
cr, 0924 | kgm~'s 2V
a, 109.835 sV
Cp 11928 kgs 2V
Cra 0.242 -
Hybrid
Cr, 854.1 ms~ V!
Cr, 0.7153 | kgm s 2V
c, 86.3 sVv !
Cp 11711 kgs 2V !
Cra 0.256 -

Table 1: A comparison between the scaling coeffi-
cients for both [2] and [1]. The Hybrid section was
computed using the method as constructed by Dan-
nenmeyer and Mazouffre [1] with the database from
Lee et al.[2]

strength is not directly related to the geometry for
either of these scaling methods, with it assumed to
be ~ 200 G regardless of the discharge power [1, 2].
Although, should be considered post scaling and se-
lected such that there is sufficient electron confine-
ment, and the ions are not significantly magnetized.
It is stated that B « 1/hd, suggesting that low pow-
ered, small HETs would require large field strengths
[1]. The exclusion of magnetic field strength in scal-
ing equations directly could limit this methods ability
to appropriately scale a sub-kW HET.

2.2.2 Scaling coefficients

The scaling coefficients that relate to Eq.12 - Eq.21
are shown in Tab. 1. The Coefficients for a hybrid
method are also shown, where the equations from
[1] are used in conjunction with the database pre-
sented within [2].

2.2.3 Scaling results

It is important to understand that both methods used
rely upon databases of existing thrusters, with the
implications of using previously developed thrusters
for the scaling laws. For example, all the database
thrusters operated exclusively with xenon as a pro-
pellant. As a result, the ability to scale directly for

Output | Dannenmayer [1] Lee[2] Hybrid

d, mm 22.0 22.95 22.2
h, mm 5.32 5.5 5.68
F, mN 7.75 5.91 6.107
Ty, MY/s 0.415 0.38 0.412
Tilg, SCCME, 6.7 6.1 6.6

Table 2: Outputted values for geometry of a HET
with anode power of 100 W, discharge voltage of
300 V, and magnetic field strength of 200 G. This
table compares the results from the [1], the [2] and
a hybrid between the two.

thrusters using alternative propellants such as kryp-
ton or magnesium is not feasible. Moreover, the
fact that field topology effects are omitted in scal-
ing introduces numerous issues. Firstly, it limits the
ability to physically design a magnetic circuit for the
outputted geometry. Secondly, the overall effect of
the topology, for example with a magnetic field de-
signed to apply shielding, there is normally a pro-
nounced gap between the plasma volume and the
channel walls. This can be viewed as having an
impact on the effective channel width and length.
These clarifications do not remove the usefulness
of these methods but do highlight the limitations for
scaling to low powers, alternative propellants, and
novel field topologies.

The scaling has succeeded in producing a rea-
sonable sizing for a small HET of this power scale,
although there are some irregularities with regards
to how valid this approach is for low power HETSs.
For example, in both methods the channel width
is calculated via the Cj,; scaling coefficient, un-
der the assumption that there is a strong relation-
ship between the width and diameter. Whilst there
is a strong correlation at the kilowatt regime, the
deviation for sub-kW Hall thrusters is significant.
Within the database provided by [2], the C,; for each
thruster is computed and compared. This shows,
Cpa = 0.257 and that ¢(C;;) = 0.041. This is a non-
negligible deviation, suggesting that after scaling the
h/d ratio can be subjected to more variation without
losing the key plasma formation mechanisms. For
example, the SPT-100 has a mean channel diame-
ter of 85 mm and a channel width of 15 mm, for the
same mean channel diameter this method suggests
a channel width of 25.3 mm and 18.4 mm for one
standard deviation plus and minus from the mean,
respectively.

2.2.4 Selected geometry

The final design chosen for the MaSHEKT-100 did
deviate from the suggested values produced by the



Table 3: A table for the selected geometry for the
MaSHEKT-100.

scaling method. This was primarily due to the in-
tended inclusion of MS field topology. As a result,
the magnetic circuit was more complex than could
be easily implemented within the produced designs.

It is possible to compare the thruster’s theoretical
performance for various alternative propellants with
the work completed in section 2.1. Firstly, thrust for
an electric propulsion system can be expressed as,

T = vyt Eq.22

where v, is the exit velocity, and r; is the mass flow
rate of ejected ions. Although this is an ideal equa-
tion, assuming that all ions are accelerated perfectly
axially, and that all motion of electrons can be ne-
glected.

Secondly, specific impulse of a thruster can be ex-
pressed as,

T
80y,
where g is the gravitational rate of acceleration
and i, is the mass flow rate of neutral propellant.

Thirdly, the total efficiency for an electric propulsion
system can be described as,

Iy = Eq.23

Pjel
== Eq.24
n P q
where 1, is the anode efficiency and P, and P, are
the jet power, and anode power, respectively [13].
Pj,; can be described as the kinetic energy of the
ejected mass, such that,
1

Pfet = E’hive)(2 Eq25

with Eq.22 and Eq.24, it can be seen that,
TZ
B 2miPin

Na Eq.26
For HETs, the mass of ejected fuel can be as-

sumed as the mass of the ions accelerated by the

electric field, where 77; and v; are described as,

i — LM Eq.27
q
and,
2
b= |24l Eq.28
m;

Value Kr Xe Mg
Thrust, mN 4.70 5.88 2.53
Isp, s 1655 | 1322 | 3073

Ai, mm 354 | 1.95 | 4.95
tity, Mg/s 0.354 | 0.443 | 0.191
(o;v.), x10713 | 1.059 | 1.535 | 1.405
Na, % 312 | 39.1 | 16.8

Table 4: A comparison of predicted performance of
the MaSHEKT-100 with alternative propellants using
Eq.3, Eq.4,Eq.10, Eq.26, Eq.30, & Eq.31. All com-
parisons were done at 100 W anode power and 300
V anode voltage. [1, 8, 9, 13]

where ¢ is the average charge of the ions, assumed
to be equal to the elementary charge. Such as,
Eqg.22 and Eq.23 can be expressed as,

T= 1/%1;,\/Ud Eq.29

1 2eUd
Ly=—
80 ny
where I, is the ion beam current, and m; is the mass
of single ion. For krypton, /2m;/e =1.32x 1073 [13].
The beam current can be roughly approximated as
the anode current, I;, with the addition of an ionisa-
tion efficiency coefficient, a,. To include the effects
of beam divergence on thrust the vy, correction factor
is also included, allowing the final thrust equation to
be,

and,

Eq.30

T:ydae\/ %Id\/Ud Eq31

For an anode voltage of U; = 300 V, this gives
o, ~0.71, and that the beam divergence is normally
~ 30°, as a result, v, =~ 0.87 [1, 13].

With Eq.22 - Eq.31, and the information in section
2.1 an estimate for performance can be formed for
alternative propellants.

The results of these calculations can be seen in
Tab.4.

2.3 Field design
2.3.1 Field strength

Although the primary scaling laws considered here
do not include magnetic field within the scaling
[1, 11], these studies have included ways of esti-
mating the post scaling magnetic field strength re-
quired. The scaling laws in these studies concerned
with magnetic field are;

VUs

By =Cp, I Eq.32



and,

By = ng%ﬁ" Eq.33

Using these, a coefficient of magnetic field
strength can be deduced from a database of
thrusters resulting in By =0.0447 T, and B, = 0.0117
T from EqQ.32 and EQ.33 respectively. This rela-
tively large range is most likely due these zero-
dimensional scaling models not encompassing the
field topologies. With this, a target field strength was
chosen to be 200 G as it was between the range
and is the almost universally selected field strength
for thrusters with flight history [1, 2, 11, 14, 15].

2.3.2 Magnetic shielded topology

For estimates of and one-dimensional simulations of
HET it is common to assume that the magnetic field
profile along the mean diameter can be described

as, [16, 17]
z 2
fK(zﬁ) } Eq.34

Eq.34 is the ideal magnetic field distribution for
an unshielded HET, where K is the field shape coef-
ficient, for the SPT-100 K = 16, and z is the distance
from the anode. Once z > L the field intensity de-
creases linearly.

The ability for HET to be magnetically shielded
is a relatively new consideration. The widely ac-
cepted first instance of MS occurring was in 2010
by de Grys et al. [18], where after a long dura-
tion test of 5,600 hours, the erosion of the channel
walls in the BPT-4000 appeared to completely stop.
It was then postulated that by carefully designing the
magnetic field topology at the channel exit, a zero-
erosion state could be reached quickly, effectively
extending the lifetime of the thruster considerably.

The main feature of MS topology is the magnetic
field lines are parallel to the wall to prevent the im-
pinging of electrons and maintain a high wall poten-
tial. For the MaSHEKT-100 the magnetic circuit se-
lection was chosen to give a large amount of con-
trol and tune-ability to the magnetic profile. For this
reason, 3 separate electromagnets were chosen to
control the field strength in the entirety of the chan-
nel, two smaller coils and a main outer coil.

To design the thruster and the magnetic field
topology a finite element software was utilised.
"Finite Element Method Magnetics” (FEMM) is a
two-dimensional simulation software that allows the
modelling of material and magnetic fields. This was
used to design and iterate through different coil con-
figurations, until a final design was chosen [19, 20].

B(Z) = Byaxexp

Unshielded (US)
configuration

Magnetically shi‘eldedl\ \
(MS) configuration \

¢'3Vd_ .-»—"]'E: ;‘ I
Nraging lind
¢
Tc R N Tc ------------
z along wall z along wall >

Figure 3: A comparison between the magnetic field
lines and electron temperatures of an unshielded
(US) and a magnetically shielded (MS) HET [19].

Coil | Current, A
Top coil 3.2

Trim coil 2.045
Outer coil | 2.46

Table 5: The selected coil currents for adequate
field strength and , a desirable field topology as sug-
gested by FEMM simulations.

e-003
0.000e+000 : 1.500e-003

<0. ¥
Density Flot: |81, Tesla

Figure 4: Magnetic field topology, designed and
modelled in FEMM, using an axisystematic mag-
netic simulation.
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Figure 5: The radial field strength measured using a
Hirst Magnetics GM07 Gauss Meter and a brushed
motor translation stage. The coil currents used for
this plot can be seen in Tab.5 and ideal case is de-
scribed by Eq.34 [16, 17].

The results from the FEMM simulation can be
seen in Fig. 4. Whilst this simulation suggests a MS
field topology, as shown in Fig. 3, the field strength
peaks at 240 G and is outside of the channel. In Fig.
5, the radial component of the field strength along
the channel mean diameter line can be seen plot-
ted against the actual readings of the manufactured
thruster. It can be seen from this that the simula-
tions significantly under compute the field strength
and the profile. As a result, without further testing
and measurements of the magnetic field, the validity
of the magnetic shielding is unclear. This is planned
to be addressed with a future long duration test and
precise scanning of the channel.

The FEMM simulation assumed that the main
body material was 1010 steel, in reality this was
manufactured from a low-cost mild steel, this has
appeared to have saturated much faster. This is a
possible explanation for the stronger than expected
magnetic field along the channel up to the exit.

As can be seen in Fig. 5 and 6, the peak field
strength occurs beyond the channel exit. Although
this is characteristic of magnetically shielded de-
signs, it in of itself does not suggest that the final
topology was shielded, but merely in-line with what
would be expected of a shielded topology.

3. TESTING

3.1 Vacuum chamber

The main vacuum chamber consists of a 2 m diam-
eter, 4 m long steel cylinder. The combination of
vacuum, turbo, and cryogenic pumps results in the
vacuum chamber achieving 7 x 10~% millibar with no
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Figure 6: The radial field strength measured using a
Hirst Magnetics GM07 Gauss Meter and a brushed
motor translation stage. The coil currents used can
be seen in Tab.5.

Figure 7: The MaSHEKT-100 operating within the
large vacuum chamber at approximately 280 W with
6.0 sccm of krypton.

Figure 8: The MaSHEKT-100 mounted on the pen-
dulum thrust stand in the large vacuum chamber at
the University of Southampton before testing.
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Figure 9: The effect on anode current as cathode
flow rate is varied for three separate anode mass
flow rates, all tests were conducted in a voltage lim-
ited state, with an anode voltage of 220 V.

gas flow rate into the vacuum chamber, and of the
order of 107° — 107> millibar when a flow rate of 1 —
10 sccm of krypton is fed into the vacuum chamber.
The inside of the vacuum chamber can be seen in
figure 8.

3.1.1 Cathode

The cathode used for the entirety of the testing was
a "Model 5000 Hollow cathode electron source” from
lontech, a cathode designed to provide 0-20 amps
to gridded and gridless ion sources. The cathode
uses a tungsten filament for electron emission, and
can be seen in Fig. 8 on the right-hand side of the
thruster.

This cathode is not a space grade cathode and
as a result it requires flow rates on the order of 10s
of sccm, this is significantly higher than a normal
space grade cathode. As a result, the total efficien-
cies have not been included as the high cathode
flow rates cause these to be significantly reduced.

The anode and cathode were both run, for these
tests, on krypton. As a result of the high flow rates
the cathode requires, some unionised gas from the
cathode could be entering the thruster causing ad-
ditional thrust to be produced, this does bring into
question the validity of the results of thruster perfor-
mance. This has been investigated by measuring
the performance of the thruster as the cathode flow
was varied. The result of these tests can be seen in
Fig. 9 and 10.

For the test data presented within this paper, the
thruster was operated at using 8 sccm of kryp-
ton as the cathode flow, unless stated otherwise.
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Cathode flow rate, sccm

Figure 10: The effect on anode efficiency as cath-
ode flow rate is varied for three separate anode
mass flow rates, all tests were conducted in a volt-
age limited state, with an anode voltage of 220 V.

This does have an influence on the performance al-
though given context that Fig. 9 and 10 provides,
this data is considered valid.

3.1.2 Thrust stand

The thrust stand used for all the testing, as seen in
Fig. 8, was designed for testing for a cylindrical Hall
thruster used by the University of Southampton for
Undergraduate and Postgraduate laboratories [3].
The thrust stand uses a simple "Micro-epsilon 1700”
laser triangulation sensor to measure displacement
whilst under load. This was calibrated by using a
brushed motor linear displacement stage to displace
a known mass hung from the stand to apply a known
force. The thrust stand was calibrated multiple times
throughout the testing of the thruster. The calibra-
tion factor determined after the most recent calibra-
tion of the thrust was 295.12 +£35.20 mN/mm. The
error in this calibration is significant, at almost a 12
% range.. As a result, the thrust stand will hopefully
be improved before future testing.

3.2 Testing methodology

For the vast majority of testing performed, the
thruster was run in a voltage limited state. This was
due in part to the two power supplies used were lim-
ited to 1 and 2 amps, respectively. So, to achieve
desired power of several hundred Watts, it was nec-
essary to operate at several hundred volts, with a
sub-ampere discharge current.

The thruster would be powered on after a suc-
cessful ignition of the cathode, little care was taken

11
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Figure 11: An example of the raw and filtered data
from the thrust stand. The white lines indicate the
mean values of the filtered data before and after
thruster deactivation and the difference in these dis-
placements were used to compute the thrust.

to ensure the thruster was up to a consistent tem-
perature before data was recorded. As a result, all
data points were recorded thrice at different times
after ignition, such it was thought that any thermal
variation would average out. Nothing was seen dur-
ing these testing that could suggest a significant
variation of performance with overall temperature.

4. RESULTS

4.1 Thruster performance

The equations used to evaluate the thruster are,
F = sgis*C Eq.35

where s4;; is the measured displacement from the
thrust stand and C is the calibration value. For much
of the testing the calibration value used was 0.295
N/mm. An example of the raw and filtered thruster
measurement can be seen in Fig. 11.

With the measured thrust and the known an-
ode voltage, current, and mass flow rate, all per-
formance values can be calculated. The specific
impulse can be calculated using Eq.23 and EQq.35,
where i, is equal to the anode mass flow rate sup-
plied. The Anode efficiency can also be calculated
by using,

F2
do= ——— Eq.36
Manode 2P, anodeManode
where Nuuode, Panode, aNd ritg,0q. are the anode effi-
ciency, power, and mass flow rate, respectively [13].
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Figure 12: Effect of power on thrust for various an-
ode mass flow rates, all tests were operated in a
voltage limited state.
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Figure 13: Effect of power on anode efficiency for
various anode mass flow rates, all tests were oper-
ated in a voltage limited state.

4.1.1 Mass flow rate

Here the data produced by the thruster has been
grouped by the anode mass flow rates. The thruster
operated well at flow rates above 5 sccm of krypton,
but had difficulties operating at lower flows, requiring
the flow to be increased to ignite the thruster and
subsequently lowered to the desired flow.

The thruster showed a very linear thrust to power
relationship, as seen in Fig. 12, rather than the nor-
mal second order exponential shape. This is similar
behaviour to other thrusters that have been directly
compared a US and MS shielded configuration [21].
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Figure 15: Thrust against power for different voltage
ranges.

4.1.2 \Voltage

Here the data collected from the thruster has been
grouped into anode voltage ranges. In Fig. 15
a clear relationship between higher voltages and
higher thrust can be seen. The interesting relation-
ship appears between 400 - 500 V. This is likely a re-
sult of at the higher voltages low mass flow rates (j 6
sccm) were required to manage the power. At these
flow rates operation became more unstable and the
thermal effects due to the high voltages caused fluc-
tuations in anode currents.

4.2 Comparison to other Krypton HET

The comparison between the MaSHEKT-100 and a
large database of published HETs at the Univer-
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Figure 16: A comparison between the thrust against
power for the MaSHEKT-100 and a large database
of published HET performance data running on
krypton [22, 23, 24, 25, 26, 27].
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sity of Southampton can be seen in Fig. 16 and
17. Here it can be seen that the thruster perfor-
mance is of similar trend between 40 - 200 W, as
this is the designed operational range, whilst failing
to compete at higher powers which is to be expected
[22, 23, 24, 25, 26, 27].

4.3 Evaluation of erosion

As can be seen in Fig 18, there is no obvious wear,
but some pitting of the boron nitride channel was ob-
served. It is unclear as the origin of the blackening
of the channel, either from impurities in the addi-
tively manufactured anode or returned splutter from
the graphite beam dump in the large vacuum cham-
ber. The absence of the deposit at the exit could
suggest either some level of erosion is present or
that the mechanism of the deposition cannot exist
at the conditions near the exit.

Figure 18: Pictures taken of the thruster before and
after testing. The first image before any testing and
the second was taken after approximately 30 - 45
hours of operation.

5. CONCLUSION & FUTURE WORK

In this paper the successful process from inception
to initial testing of a low powered krypton Hall ef-
fect thruster with magnetic shielding has been pre-
sented and discussed. The process from start to
end was under 1 year for design, manufacture and
testing, whilst the cost of thruster itself was {£1000
for materials and manufacture. The thruster pre-
formed as expected and was likely a design opti-
mal for anode powers of ~ 150 — 230 W. Thrust was
measured using a pendulum thrust stand and anode
efficiency and specific impulse was also calculated.
The thruster operated well but could become unreli-
able at high anode voltages (> 400 V) and low mass
flow rate (< 5.5 sccm). The project has been suc-
cessful in producing an operational low power kryp-
ton Hall effect thruster which will hopefully operate
as a test bed for future testing of alternative propel-
lants at the University of Southampton.
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The design was intended to be a test platform for
further investigation of alternative propellants at the
University of Southampton, with work now continu-
ing to operate this thruster on a range of gaseous
propellants.
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