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Abstract: High Efficiency Multi Stage Plasma Thrusters (HEMPTs) developed by
THALES Electron Devices GmbH represent a new concegor ion thrusters with unique
operational and performance characteristics. The pdicular magnetic field topology of
HEMP-Ts provides stable and erosion-free operatiomip to high specific impulses with a low
amount of thermal losses and allows for a compactnd robust design. The instant-on
properties and the absence of discharge instabilds strongly facilitate the propulsion system
layout. Therefore HEMP-Ts are an ideal basis for cst-effective, reliable and long-life
electric propulsion systems. In the past three year THALES has addressed two main
development axes directed towards HEMP thrusters wlh nominal specific impulses of 3000
s: the medium power HEMP-T 3050 and the high poweHEMP-T 30250 with nominal
thrust and input powers of 50 mN and 1500 W and 25énN and 7.5 kW, respectively. The
activities have been performed under support form @rman and European Space Agency
DLR and ESA. Product development is focused on thel EMP-T 3050 capable for position
and orbit control of small, mid and large-size teleom satellites. Currently, a radiation
cooled HEMP-T 3050 engineering model is being dewged, which represents the basic
design for the HEMP-T 3050 qualification and flightmodels. The HEMP-T 30250 has been
developed to breadboard level and demonstrates thecalability of the HEMP thruster
concept towards high power and thrust levels. Thipaper reviews the development status,
operational and performance characteristics of bothHEMP-T 3050 and HEMP-T 30250
thrusters and outlines further activities towards pace-qualification.
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l. Introduction

N the recent years, an increasing interest haslalse@ for using ion propulsion systems on boardhath

scientific and commercial satellites. Particuladywestern Europe, Hall Effect thruster (HET) syssehave
shown to perform well on Astrium’s geo-stationaryréstar 3000 telecommunication satellite platforand on
ESA’s Smart-1 missidn respectively. Despite the good performance, éafyecommercial satellite manufacturers
still hesitate to equip their space crafts with fmopulsion systemisThis is because the benefits arising from the
high specific impulse compared to conventional dleahpropulsion systems are foiled by the higheystosts and
complexity of the ion propulsion systems existiogar.

Since the year 2000, THALES Electron Devices TEB ktarted the development of a completely new ion
thruster concept, the so-called High Efficiency Muhge Plasma Thruster HEMP-T. This developmest een
performed in course of diversification activitiesr fsatellite applications, where TED is world markeading
supplier of traveling wave tubes (TWTs) for telecomication satellités The basic HEMP-T concept was derived
from TWT physics and technology with respect tacelmn beam focusing and multi-stage electrostattemtials in
the collector stage Since then, due to continuous improvements inrétieal understanding of the thruster physics,
in testing and diagnostics infrastructure and imufiacturing technologies, the HEMP-T performanceldde
steadily improved and adapted to the market naegmiticular for commercial geo-stationary telecamination
satellite§ %% The main features of recently developed HEMPEsaabroad operational regime with respect to
power, thrust and specific impulse, a high thergaffitiency resulting in a minimum of thermal lossabsence of
discharge channel erosion, calm and stable diseHagbavior with absence of current fluctuations anig regular
discharge current oscillations and instant turnomg characteristics. This specific performance apdrational
characteristics allow for HEMP-T based electricquision systems with uniquely low complexity andthicost-
effectivenes$

Currently, HEMP-Ts are developed for two power st&s and thrust regimes, both optimized for specific
impulse operation at about 3000s: HEMP-T 3050 witftominal thrust of 50 mN (thrust range 15mN to RQrat a
nominal input power of 1500W and HEMP-T 30250 va80mN (range 50mN to 330mN) at 7.5kW, respectively
In this operational ranges, anode efficiencies pfta 46% for HEMP-T 3050 and 51% for HEMP-T 3025@ a
achieved. HEMP-T 3050 is on breadboard level, analdatively cooled engineering model is being deped at
the moment. Qualification model level of a complefEMP-T based propulsion system shall be achiewethiol
2008 followed by qualification and life testing.i$lso-called HEMP Thruster Assembly HTA also inésdhe own
developed HKN 5000 neutralizétsand will be entirely integrated and tested by THEDorbit demonstration shall
occur from 2010 onwards on board of OHB’s Small Gtdionary satellite platform SGEO developed inrse of
the ESA ARTES-11 prograth HEMP-T 3050 will be the basis for a modular, able and cost-effective
commercial propulsion system for state-of-the aral$ to large communication satellites with typlgahvailable
input powers for the propulsion system of up to 4kWde high power HEMP-T 30250 is on breadboardlldte
represents scaling-up efforts in cylindrical coofigtion towards higher thrust and power levels g/hilaintaining
the unique features of the HEMP-T concept.

This paper is organized in five sections: the HEMPBencept and operational features are given iptene.
Chapter 3 and 4 review the status of the HEMP-T03@d 30250 development, respectively. Chaptern8sga
summary and outlook to the next development steps.
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Il. Thruster Concept and Operational Features

A scheme of the cylindrical HEMP-T concept is givarfigure 1. A dielectric discharge channel isreunded
by a system of periodically arranged permanent misg(PPM system). At the upstream end of the digeha
channel the anode and the propellant gas inletremented, and at the downstream end a neutralizeode is
placed. The PPM system forms magnetic cells in Wwhitectrons are efficiently trapped in a cusp-nmirro
configuration. As a consequence, the plasma elestane prevented from contacting the discharge raiamalls
and their flow to the anode is strongly impededha zones of high radial magnetic field. Due to #fificient
electron confinement starter electrons from th&é@de are strongly amplified by an ionization avatenand the
plasma is sustained with a minimum electrical powwput. Since electron diffusion to the discharparmel wall is
minimized, the sheath potential becomes minimad, anly a minimum ion current at energies below shetter
threshold reaches the wall. Therefore, HEMP-Ts shoverosion phenomena at the inner discharge charaile

The minimized electron losses
1+ 3008 b 20000 heikom cathods newnrdlicer to the wall and the high

I ,
b B e ™5 impedance towards the anode
Job edm emirieatic allow thruster operation without
an external cathode to sustain
N S| |5 N N S ' the discharge. As a

consequence, there is no
electron loss current flowing
i from the cathode to the anode.

TN ST ONEIDI T g RT This, together with the
T TR + symmetry negligible power losses to the
ok discharge channel, provides a
dectrons on dosed deift oriits high thruster thermal efficiency.
Figure 1: Schematic view of the HEMP thruster concet. As an example, an Typically, HEMP-T's
arrangement with a cylindrical discharge channel ad 3 magnet rings is shown, €xhibit 3 magnetic stages
such that 3 cusp zones with high radial field aredrmed in the discharge channel. provided by means of 3

oppositely polarized ring
magnets. The zones with maximum radial magnetid flenoted as cusps are close to the anode betivedfiand
2" magnet downstream (“anode cusp”), in the middléhefthruster between th&”and the § magnet (“middle”
or “main cusp”) and at the thruster exit after #femagnet (“exit cusp”). Electrostatic potentialstie plasma are
formed self-consistently due to the respective retignfield configuration, neutral gas density andctarge
channel geometry. Current HEMP-T models are dediginieh that the main potential drop occurs at #ieceisp
with minimum potential drops at the other cuspgtHieflection of electrons in the cusp-mirror sitoa is achieved
for a high ratio of the (predominantly radial) mago field strength at the inner discharge tubeusmat the cusp
middle plane to the (predominantly axial) magnégtd strength downstream the cusp. In additibe, ¢urvature of
the magnetic field at the exit cusp is mainly affieg ion beam formation. Since electrons are képthe dielectric
channel wall, this charges up positively due to edons reaching the wall and therefore the disehatmannel
serves as additional focusing element for the iean. The main cusp typically carries the highetiporof
electronic wall losses and, together with the anodsp, serves for discharge stabilization. Beanerdience is
mainly caused by ionization and charge-exchangewrpotential in the plume region downstream theigker exit
cusp and is therefore influenced by electronic idapee of the exit cusp radial magnetic field andheyneutral gas
density at the thruster exit. Development effats directed towards optimization of magnetic fisidology and
discharge channel geometry and an optimum adaptafithe neutral gas density distribution to achievinimum
electronic losses on anode and discharge chandielataw ion beam angle, a high ionization effiody inside the
discharge channel and a minimum plume potentiatletailed overview on HEMP-T physics and on theoatti
modeling is given in referente
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1. Status of HEMP-T 3050
A. HEMP-T 3050 Breadboard Models

Current HEMP-T 3050 models are the so-called demmaios models DM9-1 and 9-2, which have been
developed under DLR contract 50JR0341. DM9-1 artda®e conductively cooled thruster models on breadb
level and form the basis for further developmenivaxs engineering and qualification models. Thnuste
characterization has been performed in the ULAN faaslity by means of a thrust balance, and angida beam
characteristics have been investigated with a betemand a retarding field potential analySeDespite having a
broad operational range in applicable anode votagel power levels, DM9-1 and 9-2 were optimizecfoerating
at high specific impulses of about 2500 to 3000anatde voltages between 800 and 1000V with thralsteg from
15mN to 70mN corresponding to power levels from #®@000W. In this range, the anode efficiency emnfjom
36% at the low power point to 46% at high powerrapien. Nominal operation is at about 1650W, 3086d

50mN with an anode efficiency of about 45%. The
’I‘ corresponding power-to-thrust ratio is about 33W/rahd
RS the divergence is about 50° for the 90% total iorrent solid
angle integral (a detailed discussion on the evianaf the
beam divergence is given in ré&y.
wmﬂ:&“mm i A photograph of DM9-1 mounted on the thrust balamice
‘ ' TED’s ULAN facility is given in figure 2. In this ase the
thruster is already equipped with a radiation shiebunted
on the exit to get first experience with radiaticooling for
the engineering model and to verify thermal caldotes. The
radiation shield is thermally decoupled from thé exagnet
and is in addition electrically isolated. It mainbgrves to
dissipate the power coming from ion backflow frotret
= Z . - plume. The isolated configuration allows for measyrthe
Figure 2: HEMP-T 3050 DM9-1 mounted on floating plume potential at the location of the etii and
the thrust balance of TED's ULAN testing effectively reduces the energy of ions impinging shield by
facility. this floating potential. As a result, the temperatat the
thruster exit magnet could be reduced by 40K datraster
input power of 1400W compared to the original DMSeit-

up without the radiation shield.

Emphasis was laid on the investigation of the tieudischarge stability. It is observed that theme no irregular
current fluctuations for the entire operational @ope and there is only a regular nearly sinusomatent
oscillation with a frequency of about 80 to 100kéigpending on operational regime. The amplitudénefdurrent
oscillation is about 25 to 30% of the DC currentueaat the nominal operational point. As a consagaeof the
calm and stable discharge behavior, no additiaitatihg network with capacitive and inductive lsaid needed.
Operation with space-type power processing uni&dJ$) originally designed for supplying the gridtagje for grid
thrusters from Astrium and ETCA demonstrated atisghistable thruster operation and full PPU efficig

First technology tests have been performed withaessto vibration loads as expected during sagdiditinch. It
was observed, that thé' Eigen frequency of the thruster was at about 80@Hbad of 20g RMS provided by the
TED vibration test bench has been applied for 3uteis. After disassembling the thruster componemdsjamage
or wear mechanisms could be identified.

A further main focus was to investigate the perfange stability in course of long term thruster agien. For
this purpose, two 400h endurance runs have bedorped. The thruster has been operated at an araitige of
1000V, a Xenon flow of 16.25sccm and an anode pakédr4kW corresponding to the nominal working gan
OHB’s SGEO satellite. During both runs the thruster kept steadily ragrénd there was no single flame out. The
thruster was only switched off when the cryo purgpsiystem of the vacuum system had to be regeneiateas
been observed, that once thermal equilibrium has lbbeached, the thruster temperatures and theadggelcurrent
stayed constant with running time. Measurementh@thrust, which could not be performed continlypbsit were
taken typically once or twice between 2 cryo systeggeneration cycles, also showed a constant #rrust
performance. As an example, the evolution of disph&urrent and relevant thruster temperaturesuvsiing time
is given in figure 3 for a 3 days run between Dcsystem regeneration cycles.
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Figure 3: Thruster anode current |, and relevant thruster temperatures Ts1...5 vs. runmig time for
a 3 days run of HEMP-T 3050 DM9-1 in course of a 4h endurance test.

It is observed, that after a warming up time ofwhb.5h, the anode current stays constant withmAL5AlIso all
relevant thruster temperatures remain nearly urgddmith a maximum variation of 4°C. The differericeurrent
immediately after thruster start-up and steadyestgeration is about 70mA. This variation will bEpensated in
case of operation on a satellite, since the thrwgtenot be operated with a constant Xenon mémss fs in case of
the endurance runs, but the mass flow will be osetl-loop regulation with the anode curfers pointed out
above, no single flame out has occurred. The tarusas only switched off once the end of the rum 4623.07,
10:00h) to zero the thrust balance and measuréhtbst.

B. HEMP-T 3050 DM10

HEMP-T 3050 DM10 is a further conductively cooleckddboard model, some aspects of which have been
developed in the framework of the ESA TRP prograd®1®/06/NL/SFe. DM10 is currently being set-up and
thruster characterization will be performed by esfdSeptember 2007. The goal of DM10 developmendns
improvement in anode efficiency towards 50% anéduction in ion beam divergence to below 45°. Iditah,
DM10 incorporates technology features designediferHEMP-T 3050 engineering model.

5
The 30" International Electric Propulsion Conference, Florence, Italy
September 17-20, 2007



In order to increase the anode efficiency, the m#greircuit has been modified to further reducecebn wall
losses by improving the electron confinement in thesp-mirror configuration. Therefore the magndtad
topology has been changed as to increase the ¢abietween radial field in the cusp plane and axeldf
downstream the respective cusp. The magnetic fietadiit has also been modified to minimize the negnstray
field and the magnetic dipole moment of the thmysb®th issues being important for satellite ingtigm. In
addition, the discharge channel diameter has be@eadsed. This reduces the power density at ther idischarge
tube radius in the cusp planes and it reduces ¢hral gas pressure at the thruster exit for argiemization
efficiency. Therefore a reduction in plume divergets expected due to a reduced charge exchargandtdue to
a reduced plume potential, respectively. A comparisetween DM9-1 and DM10 of the changeg§ at the anode,
main and exit cusp (“(AC/MC/EC)"), in the dischargeannel diametdr at the main cusp and at the thruster exit
(“(MClexit)”), in the magnetic dipole moment D inn# and in the magnetic stray field B inIDin 25cm distance

to the thruster middle axis is
given in table 1. It can be seen,

Z(ACMCIEC) | O/mm | D/Am2 | B/105T ”.‘at.f.for ID'V'.loz C?j“'? be”
(MC/exit) (r:25cm) signi |canty INcrease or a

cusps by a factor of 2.66 to

DMO-1 [1.53/1.70/3.0f 225/45 | 955 55 3.44. The increase in diameter
will reduce the neutral gas

DM 10 | 4.07/4.2/1051 37/48 579 | 4.0 (FEMF) density at the exit by a factor of

about 2 and enhance the Hall
parameter also for the inner
cusps. It will also reduce the
power density dissipated to the
wall at the anode and main cusp
middle plane by a factor of 1.6
and of 1.06 at the exit cusp
assuming the same amount of
power losses as in case of DM9-
1. The clear reduction of the magnetic dipole manigra factor of 16 and of the stray field closehe thruster by
a factor of 14 will strongly facilitate thrustert@ggration on the satellite, in particular whenithre propulsion system
is foreseen to be placed close to magnetic fialdisee payload elements such as TWTs.

Table 1: Comparison between DM 9-1 and DM 10 of theusp-mirror ratio
{ for anode, main and exit cusp, of the inner diamer O of the discharge
channel at main cusp middle plane and thruster exjtof the dipole moment
D and of the magnetic stray field induction B in aradial distance of 25cm to
the thruster middle axis. EMF denotes the Earth reislual magnetic
induction of 4Gauss.

C. HEMP-T 3050 EM Engineering Model

The HEMP-T 3050 EM engineering model is a compjetatliatively cooled thruster and forms the basiglie
later HEMP-T 3050 QM qualification model for theopulsion system on board of OHB’s SGEO satéfiite

HEMP-T 3050 EM incorporates the magnetic circuidiogy and discharge channel geometry developed for
HEMP-T 3050 DM10. Therefore it is expected that HEW 3050 EM will provide anode efficiencies of ab80%
and a beam divergence ef 45°. The technologies applied for material procegssurface treatment and for
soldering and brazing processes are mainly deffirad space qualified TWT technologies. Addition&og has
been made to qualify specific ceramic-to-metaltpisnd surface coatings with respect to thermdirgycthermally
and conductive properties and robustness agaimsition loads.
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One main difference of HEMP-T 3050 EM comparedreabboard level models is the change from conductio
to radiation cooling. Therefore, a thermal desigs been developed to cool the thruster by meamasradliator in
analogy to the collector cooling scheme of somesypf TED's traveling wave tubB8sThe thermal design has to
assure that even under maximum heat dissipatighetdhruster, i.e., at 1400W thruster input powed sadiator

ai coolant flow

u,

gLl el %

N\ N NN
NS S NGNS

183
: t
exit cusp: 20 W
‘main cusp: 80 W

anode cusp: 30 W

anode: 120 W

Figure 3: Schematic view of the heat flux distribuion
calculated from the thermal model based on
measurements with HEMP-T 3050 DM8 at 1800W input
power.

orientation directly towards the sun, the
temperature of the permanent magnet system
does not exceed 250°C. This provides a safety
margin of 50°C, since the magnet material used
is capable to withstand 300°C without
irreversible losses in magnetization. In addition,
the temperature at the connection of the anode
power line is to be kept below 180°C which
represents the maximum  qualification
temperature of space-qualified PTFE insulated
cable technology. One main input for the
thermal design was a detailed thermal analysis
performed on HEMP-T 3050 DM8. In course of
a 250h endurance t&sbM8 was equipped with

10 temperature sensors, 3 of which were placed
inside the permanent magnet stack to measure
the temperature at the inner magnet radius close
to the cusp middle planes. The temperature

distribution at thermal equilibrium of the

thruster allowed determining the total amount of
dissipated power losses and the heat flux disiohumpinging on the different thruster componerntshas been
calculated, that at a thruster input power of 1800\ total amount of dissipated losses is 270W clvlis about
15% of the input power. This result has been cowdd experimentally, where a power loss of 260W was
determined by applying heating elements at
the thruster to simulate the temperatures
measured in thermal equilibrium. The heat
flux distribution calculated by means of the
thermal model is given schematically in
figure 3. The main locations where power
losses are dissipated are the anode (120W),
the anode cusp (20W), the main cusp
(80W) and the exit cusp and thruster exit
plane (20W).

For the radiator design for HEMP-T
3050 EM, as a conservative assumption
280W were assumed as thermal losses,
which corresponds to 20% of the nominal
input power of 1400W. The same relative
heat flux distribution as observed for DM8
was assumed. For the thruster design
possibly low temperature gradients are
anticipated, which is provided by the
appropriate choice of materials and
geometries. In order to reduce the
temperature at the anode and, in particular,
to the anode cable, a radiator is placed on
the anode with a double radiation shield.
This allows for radiating anode losses towardstéimeperature relatively insensitive discharge chband towards
the thruster exit. Special care has been takemiteghe heat flux dissipated onto the inner disph@hannel wall
at the cusp middle planes via the magnetic cirasgembly towards the radiator cones to keep thenetagn a
sufficiently low temperature level. The thermal mbdor HEMP-T 3050 EM is given in figure 4. The raitr
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Figure 4: Thermal model of HEMP-T 3050 EM. Assumedvere
280W of thermal power losses dissipated to the thster and a
background temperature of 100°C corresponding to truster
operation with the radiator pointing directly towar ds the sun.
The geometry shown is not to scale.



essentially consists of three radiator cones, twsedo the anode, one at the main cups middleegad one on the
exit, respectively. The shape and the surface rgaif the radiators is such as to radiate the mi$sd power in
radial and forward direction to provide a minimumteraction with the satellite surfaces. The tempeea
distribution along the main thruster elements which the anode assembly, the magnetic circuit ddgenhe
radiator assembly and the discharge channel asgarblshown. The calculation is based on the assompf a
dissipated loss power of 280W and a background ¢eatypre of 100°C which corresponds to thruster atjr with
the radiator pointing directly towards the suncdnh be seen, that there are only small tempergradients along
the radiator and the magnetic circuit assembly. Bweest temperature is 233°C at the outer radiugheffirst
radiator cone close to the anode. The maximum testyre on the magnets is 250°C; a detailed viewthan
temperature distribution along the magnets is ginefigure 4. The discharge channel stays below86Which is
far away from the critical temperature of about Q22D of the ceramic material used. The hottest serfa
represented by the radiator mounted on the anoldiehvgets as hot as 1120°C. This allows for a ldgiount of
radiated power and reduces the heat flux to the@bg about 80%.

The main focus of the thermal design of HEMP-T 3@80 is to keep the magnets on a temperature ofQ%0°
maximum even under worst case
conditions. The detailed temperature
distribution along the magnets is given in
figure 4. The hottest zone at 250°C is at
the inner magnet radius of the first anode
sided magnet, whereas the minimum
temperature amounts 241°C at the outer
radius of the exit sided magnet.

In summary, the model calculations
show that the thermal design is sufficient
to maintain the temperatures of all
components of the HEMP-T 3050 EM
engineering model, in particular of the
permanent magnets, on a safe level
including large margins.

Figure 5: Thermal model calculations for the tempeature
distribution along the magnets of the radiatively coled HEMP-
T 3050 EM at a thruster input power of 1400W and a
background temperature of 100°C. The geometry showis not
to scale.

V. Status of HEMP-T 30250

HEMP-T 30250 represents an up-scaling of the HEMfchnology towards higher thrust and power levels
while maintaining the typical HEMP-T operationahferes and characteristics. Nominal thrust and pdswels are
250mN and 7kW at a specific impulse of 3000s. Thaeetbpment activities were supported in the franméwal
DLR contract 50JR0341 and ESA TRP program 200180&Fe.

Two design philosophies have been followed: A caladEMP-T with a coaxial discharge channel andraref
and outer magnetic circuit assemBlgnd a cylindrical HEMP-T where the physics bougdzonditions from the
HEMP-T 3050 are transferred towards a larger digghaolum& Though it could be shown, that the HEMP-T
concept can be transferred to a coaxial geométtyrried out that cylindrical scaling yields bettesults and needs
less technological effort. 4 HEMP-T 30250 demornstranodels DM1 to DM4 have been developed and pebtl
which DM2, DM3 and DM4 are on breadboard level. DMl DM3 differ by small modifications in the magjoe
circuit layout and have essentially the same peréorce characteristics. Peak performance valuesEfiFHT
30250 DM3 are a thrust of 330mN, a specific impuf8150s and an anode efficiency of 51.5% at aatipower
of 10kWP. DM4 shares the same magnetic field topology aisgthdrge channel geometry but incorporates a
radiation cooled anode and a radiator at the tarustit to improve the thermal stability under hjgtwer operation.
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In figure 5, a photograph of HEMP-T 30250 DM4 madbn the thrust balance of TED’s ULAN test fagili
shown. The thruster discharge channel exit diamgt@2mm and the total thruster length and weigt250mm and
14.5kg, respectively.

Figure 5: HEMP-T 30250 DM4 mounted on the thrust béance of the ULAN test facility.
Left: side view; right: front view.

Tests have been performed in grounded configuratiitim a laboratory type hollow cathode used forcHarge
ignition. HEMP-T 30250 DM4 has shown the same pemnce as DM3 as expected due to the same layout in
magnetic circuit and discharge channel propertiesvever, the temperature on the rear side of tioel@massembly
could be significantly reduced. As a consequerteethruster could be operated under steady-staiditmms at an
input power of 6kW without running into the tempteira limit of 180°C of the anode power cable, wlasran case
of DM3 steady-state operation was limited to 4kW.

V.  Summary and Outlook

In course of TED’s diversification activities, HEMRrusters with a nominal specific impulse of 300@se
been and are being developed in two power and ttlstasses: HEMP-T 3050 with a nominal thrust amgut
power of 50mN and 1500W and HEMP-T 30250 with 250rahd 7.5kW, respectively. At the moment,
development is focused on HEMP-T 3050, which fotimes basis for a modular, reliable and cost-effecion
propulsion system for commercial small to large -g&tionary telecommunication satellites and faerstific
missions. An advanced breadboard model targetingrawed anode efficiency and reduced plume divergenc
HEMP-T 3050 DM10, is currently being set-up, and tlesign and technology of a radiation cooled esgging
model, HEMP-T 3050 EM, is being developed. Quadificn and life tests of a complete HEMP-T basegpision
system for OHB’s SGEO satellite is foreseen totstad 2008, and in-orbit-demonstration onboard GE® shall
start in 2010.
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