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Abstract: The Thales HCN5000 neutralizer for ion propulsion systems has a Barium
impregnated hollow dispenser cathode, which are known to be sensitive to poisoning effects.
During the manufacturing, assembly, integration and testing phase the unprotected cathode
is exposed to humidity in laboratory/clean room conditions, as well as during long delays
within the launcher fairing on the launch pad. In order to show that the Thales hollow
cathode can cope and recover from such extensive exposure a storage qualification test was
performed on four HCN5000. Although an additional initial facility induced poisoning effect
caused degradation of these neutralizers, all of them recovered after an upgrade of the gas
feed line system. All four neutralizers passed the storage qualification on showed healthy
operating parameters at very low cathode temperatures. A consecutive 1300 cycle test
showed stable neutralization operation with healthy keeper and coupling voltages and low
cathode temperatures under absolute worst-case conditions, covering the 3-year in-orbit
verification phase for the SGEO HAGL mission. Parallel accelerated life time testing is
possible due to the nature of the mixed metal matrix of the Thales hollow cathode and has
already proven 70khours of operation.
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. Introduction

hales is the world leader for space bound travghimve tubes (TWT). Flight experience of over 500iom
accumulated operational hours in space creates@kigow-how regarding space qualified processesravid
components, specifically of the applied cathodénetogy.

As a spin-off of the TWT technology Thales bedaa development of the HEMP-T ion thruster basezhuthe
mirror-cusp magnetic field topology. A key componhehany electric propulsion system (EPS) is thatradizer.
The purpose of a neutralizer is to start the pladimeharge within the electric thruster and prowdeeutralizing
current to the ion beam in order to prevent thell& from charging itself negatively. In coursetbe HEMP-T
development and in-orbit verification program HEMFS it was chosen to develop and qualify such araémer
based upon the TWT cathodes.

The Thales hollow cathode neutralize
HCN5000 contains a cathode made of a Bariu Vacuum Vacuum
Calcium-Aluminate impregnated mixed met:
matrix. Barium impregnated dispenser cathodes
known to be sensitive to oxygen, during operatic
and water during atmospheric conditions when I
unprotected due to the reaction where Barium ree
with water to form different types of Bariun Free metal
hydroxides. Fraamptal - ON d-Orbital™-

. i . i . d-Orbital ——= ] o N
Nominally Barium evaporation during the heatin 3 o= o
phase of the neutralizer causes a monolayer — [T AT 7
Barium to form on the surface of the cathode, whi Tungsten e.g. Osmium, Iridium
in turn forms a Barium-Oxide molecule, oriente., Figurel. Orientation of a BaO molecule on a
such to minimize the work function, see Fig. 1. The cathode surface
introduction of water contaminants results in the
reaction towards Barium hydroxide; this greatlyeaft the surface properties and prevents migr&argim from
wetting the complete surface, thus increasing tbekviunction. This increase leads, by constantentremission, to
an increase in the cathode temperature and thausgduction of the cathode life.

During the manufacturing, assembly, integratiod &sting (MAIT) phase it is unavoidable that tla¢hode will
be exposed to air and therefore the cathode/neagradlesign must be robust enough to withstandhtimaidity
exposures expected during this phase. This paperides the qualification method and results ofwlek that was
performed in course of the HEMP-TIS program to fyetthat the HCN5000 is able to cope with and recdwem
extended humidity exposure during worst-case cardif such as a delayed sea launch and still réiaimequired
functionality and expected life. During the storapgelification a facility induced poisoning effagas discovered,
causing neutralizer degradation. Corrective actiorthe gas feed system proved the recoverabilitthefThales
cathode.
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Figure2. a) M-Type cathode with Osmium coating b) MM-Type cathode with Osmium
mixed into the metal matrix
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II. Layout of the HCN5000

The HCN5000 consists of a barium impregnated holtispenser cathode where the Barium-,Calcium, -
Aluminate is impregnated into a porous Tungsten-sOsnmmixed metal matrix: the MM-type cathode witlwark
function of 1.98eV. The difference of such an MNpaycathode with respect to an M-type cathode fBérOsmium
layer, which in case of the M-type cathode coverly the outer layer of the cathode, whereas inNi-type
cathode the Osmium is part of the porous matrig, [Sg. 2. The Osmium addition compared to a puneg$ten
cathode is a reduction of the work function by ¥.1ler an effective temperature decrease of 50K afifetime
extension by a factor of 3.3
Key geometric feature of the cathode is the emisBint disc with an orifice bore, which lowers tkeeper ignition
voltage and the coupling voltage between cathodegaound, see Fig. 3. The cathode hollow cylindet front
disc are manufactured from a single pellet and farm
combined Barium reservoir. A heater wire, embedd

in a ceramic, is brazed to the rear side of thbozh B e

and is able to heat the cathode up to the requi

temperature where the keeper discharge can Impregnated./ 5 Diffusion

. . . . . porous W/Os insert o of Ba

ignited. Precise thermal insulation of heater a 3

cathode assembly reduces thermally losses anddov Orifice

the thermal gradient over the neutralizer compael bore

The Xenon gas for the keeper plasma dischargehwl  Zis'ofsymmetry — =~~~ F'Or;ti'on - Ba— ''''' -
is ignited and sustained between the keeper ebitr wetting layer

and the cathode emissive insert, is fed from tlae r throughout the

side of the cathode through a thermal and eledyic: orifice channel

isolating feed line assembly. The complete newteali Figure3. Layout of the Thales cathode with a

assembly is highly compact and weighs only 82  Barium wetted orifice bore
grams.

1. Qualification Target

The HCN5000 qualification in course of the HEMP-H®gram is a twofold process. The first qualificathas the
purpose of proving the cathode resistance to tmeidity it is exposed to during the MAIT phase, thisalification
includes the neutralizer exposure to air whilegheellite is mounted inside the launcher fairind awaiting launch
without the open cathode’s protective covers. Thestvcase conditions

are experienced during a sea-launch campaign; ftrerethe NTR stored in

qualification for such a launch covers those of atlger launcher.

During the MAIT phase at Thales the HEMP-Thrusterxddle (HTM) is Operation in

exposed several times to plasma operation, intaggthwith exposure NTR test facility Storage for 1 day
to air. Nominal handling procedures and storagelitioms are targeted feisday atT=30°Cand
to reduce cathode expose to air as much as pasSitlethe exposure Operation in it
cannot be completely av0|de_d, therefore the qualifbn includes fc_)ur NTR test facility Storage for 1 day
cycles where the cathode is operated for 24 hoteprdsentative for 1 day at T = 30°C and

operation time during performance or thermo-vacuasts) in between 70% humidity

which the cathode is exposed a minimum of 24 htwes humidity rich N%’?ratt'cf’n .

; - £ e iy Storage for 1 day
atmosphere at elevated temperature, see Fig. 4.latimeher fairing for 1 day Gl
exposure period is a maximum of 60 days, previougliich a 3 day 70% humidity
exposure period needs to account for integratiorkwioring assembly Operation in

NTR test facility

Storage for 3 days
for 1 day

a1 =30Cand
70% humidity

and testing on spacecraft level. This qualificati®successfully passed
when the cathode can be reignited and nominal pagoce is
recovered during a cycling test of at least 100e3/c

It is expected that neutralizer exposure to airdmwvthe initial

Storage for 60 days
at I = 30°C and

Operation in NTR

current emission performance, due to the accunomatf Barium 60% humidity test facility and
hydroxide on the cathode surface. Once a plasmahalige is assesment of
successfully started the cathode is heated dukedtrenic contributioh NTR performance

rather than ionic bombardment. Although the ion barmdment of the . o
Xenon gas is a secondary effect in the heating®fathode it acts as a F19ure4. Storage qualification
cleaning process in which the top layer of the odéh for instance  Schemefor the HCNS000
Barium hydroxide is removed. The remaining MM-tyqgehode surface
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is insensitive to ion bombardment due to its contjmrs with Osmium as part of the metal matrix; thfere
removal of the top layer by sputtering has no imhmecthe work function. The newly formed top lagérBarium
wetted Tungsten-Osmium reacts to create Bariumeoaidl thus recovers the initial cathode properties.

The second qualification process is a cycle aretifife qualification, which takes place after therage
qualification. This test simulates the first thrgears of the SGEO HAG1 mission during which theoihit
verification time of the HEMP-T EPS is covered rfprming 1300 SGEO representative cycles. Theesyate a
nominal 40 minutes ON time and a 20 minute OFF timallow for cathode cool-down. In parallel to tbygcle
qualification an accelerated lifetime test takescpl on sub-assembly level, focusing on the catmaa&manship
verification for batch release. The cycles are grankd with nominal keeper and neutralization cutremeaning
1.5A and 1.38A respectively. These are the exaneszonditions for operation of the neutralizer wieenpled to a
thruster.

V. Acceerated CathodeLife Test

lon bombardment, evaporation and consecutive elgettic
transport mechanismsconstantly remove Barium from th
wetting monolayer on the cathode surface. Duringufecturing a0 1000 1oso 1100 1150 1200
Barium is impregnated into the porous metal madrid forms a 1000000 ¥— f t ; —
reservoir which sustains the surface monolayer uiino
migration to the surface. The life of the Thalewutrdizer is
limited by the cathode Barium reservoir, this falk from an 100000
operational temperature above 900°Cb and both geke:
discharge and coupling voltage below £5% nominal operation
when coupled to a thruster.

Since the operational lifetime of the cathode it teebe
dependant upon the cathode temperature it canrmsucted that
an accelerated life time testing can be performedderating the 2000
cathode at elevated temperatures. This is validtHer Thales
cathode since the Osmium is part of the metal matnd not
only a coating, therefore diffusion of the Osmiumtoi the bulk 100 .
body does not cause performance degradation whdleasing 8 75 7 65 6
the cathode temperature. The life accelerationofabbs been
determined by testing on tetrodes, see Fig. 5, evhan
acceleration factor of 60 can be reached by inargashe
operational temperature from 980°Cb to 1170°Cb.

So far the accelerated life test on two cathodes tlie
HCN5000 have already shown 70.000 operational hdfiars
exceeding the required 4800 hours for the SGEO HA®Gkion.

cathode temperature [°Cs]

10000

time [h]

cathode temperature 1/T [10°K]

Figureb5. Cathode life versus cathode
temperature

V. Facility Induced Cathode Poisoning

In course of the storage qualification a cathodie@ung effect was observed by the first neutralizsed for
pre-qualification and test-setup verification. Theutralizer had successfully passed the storageates was
performing representative SGEO cycles at the enthefqualification when a steady degradation sefilist the
cathode temperature, coupling and keeper voltageased, eventually the cathode failed to igniterahe nominal
ignition sequence. The test setup was such thdéed-line components were located externally ftbm vacuum
chamber to increase changeability of the setup. @rbe components is a mass flow controller, cagisi high
pressure of more than 2 bar on the upstream endrardssure of around 10 mbar on the downstreamTéred
cause for the cathode degradation was oxygen isignés the feed line system at the low pressure sidhe mass
flow controller, causing oxygen to be transportethvthe xenon flow into the hot cathode. Standamakitesting
methods proved unsuccessful in detecting any letks, is in line with findings from the DERA cathed
qualification test for the UK-10 for the ESA Artesnmissiod. The subsequent solution to the problem was a
redesign of the gas feed system such that no lessprre tubing is present outside of the vacuuntitfaend all
external tubing is welded instead of screwed whenpussible. After these measures cycled retesteofieutralizer
was performed and full recovery and successful detiop of the cycled test is shown without deteatdn.
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Figure 6. Mean values over 40 minute cyclic operation of the HCN5000 after the storage qualification
program. a) failure due to facility induced cathode poisoning. b) healthy cathode operation after gas
feed line upgrade.
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Figure 7. a) Keeper ignition voltage over 1300 cycles b) healthy cathode operational values under wor st-
case conditions operation after gasfeed line upgrade.

VI. Qualification Test Results

The operation parameters of the HCN5000 for th&E@GHHAG1 mission at keeper ignition are at a keeper
current of 2A, when the thruster is started a radizaation current of 1.38A is added and the keeperent reduced
to 1.5A. Initial separate testing of a neutralizea vacuum chamber without a thruster showedewated cathode
temperature with respect to those measured whemehéralizer is coupled to a thruster, where thehame
temperature can be linearly deduced during testa the heater resistance. The increased cathogeetatare was
thought to be caused by an increased resistantieeimeutralization current due to the absence eftthuster
plasma. In order for representative testing thdrabegation current was reduced to 0.5A (keeperaiasat 1.5A) to
keep the cathode temperature between 1000°C arif@H5 well as the coupling voltage around 15Vtimgsafter
the gas feed line refurbishment however showedineahthode temperatures when operating at a keepent of
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1.5A and a neutralization current of 1.38A durihg L300 cycle test. From this it is clear that fdmlity induced
poisoning was responsible for the increased catheaperatures and the neutralizer can be fullyesgmtatively
tested in the neutralizer test facility withoutrgicoupled to a thruster.

Phase one of the qualification involved the sterggalification during the HEMP-T EPS MAIT phaseridg
which the facility induced poisoning effect was ef#ed while testing the pre-qualification neutralizThe three
gualification models had all already undergoneigbstorage qualification testing before the oxygegression into
the feed line was found and were thus exposed tboda poisoning. The cathode temperature of the pre
qualification neutralizer before the gas feed lipgrade increased up to 1130°C during cycling dperawhereas
after the upgrade the retesting of the cathode sHoav healthy operating temperature of around 1020t
recovery of the cathode after the feed line upgiaddso measured by the ignition voltage of theples, starting at
22V at the beginning of the repeated cycles andadied to 15V after 110 SGEO HAGL1 representativdes/cT his
is in line with the general observation of the dfiction neutralizer tests, which were performéigathe feed line
upgrade, that the keeper voltage and cathode tetuperreduces to lower values in the 24 hoursezdst plasma
operation after each exposure of an unprotectettalizer to the high-humidity environment. It waswever found
necessary to alter the standard activation proeediter the 60 days of exposure, such that aabivadkes 24 to 48
hours at 50°C elevated temperature. This is a iome-procedure to be performed before the firshdjrof each
neutralizer in space and will not influence thehodte life. Despite the initial facility induced bate poisoning the
pre-qualification and all three qualification nelizers passed the storage qualification test &odved complete
recovery from the initial poisoning.

Phase two of the qualification and part of thetradizer batch release is the extended cycling agst 1300
representative SGEO HAGL1 cycles. This test wasopadd with one of the qualification neutralizerseafit
successfully passed the storage qualification gting these cycles a steady decrease of the @atbperating
temperature was observed, most pronounced in tselfd0 cycles and also visible in the operatid@sdper and
coupling voltage. This leads to the conclusion tinat cathode, performing at very low cathode tempees, is
highly resilient to poisoning and will recover owéme. The cathode’s very low operating temperaturder these
conditions leads to very high expected life timaradre than 100khours and the shown 1300 cycleadyreovers
the in-orbit verification time of three years witltdndication of any life or cycle limiting effect.

VII. Conclusons

The Thales developed HCN5000 is a low-weight ndm&nabased upon a hollow dispenser cathode made of
Tungsten-Osmium metal matrix impregnated with BariuCalcium-Aluminates. These cathodes are knowbeto
sensitive to humidity and are poisoned when exptsectygen during operation.

The Qualification of the HCN5000 involves a staragialification, where the exposure of the opehar to
humidity during the MAIT phase including waitingrié within the launcher fairing on the launch paad a life
qualification. Operation of the neutralizers on thealification chamber without being coupled tohauster is a
worst-case condition due to the absence of thesthirplasma environment. The storage qualificationsists of
cycled plasma operation with exposure to a highitditynenvironment in-between. During this storagmlification
a facility induced poisoning effect was discovenegjuiring an upgrade of the gas feed line to resrlow pressure
tubing outside of the vacuum chamber. All neutealizthat showed slow degradation due to oxygenopiig
during plasma operation were found to be recovesiigy the facility upgrade, performing at the fiparformance
test with healthy cathode temperatures and keapbcaupling voltages. In conclusion all neutralizeuccessfully
passed the atmospheric storage qualification progra

The Lifetime qualification consists of an acceleddlife test by operating the cathode at an etal/&@mperature
of 1170°C, this causes an acceleration factor ofvil respect to the life time at the nominal 98030 far these
tests have shown an available lifetime of at I&&&hours. Additionally a cycling test was perforr@done of the
storage qualification test neutralizers. A totall8D0 representative SGEO HAG1 cycles was perfoyroeekering
the 3 years of the in-orbit verification, and ngrsbf neutralizer degradation was detected. Rattsteady lowering
of the cathode temperature showed a recoveringhaatthy cathode operating approaching 950°C whdctvell
below its defined maximum temperature. Also a stead low keeper ignition voltage of around 15V sonps the
analysis of a healthy operating cathode, whichaizable of operating well beyond the required lde the SGEO
HAG1 mission.
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