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Abstract. The article presents the results of design, development and laboratory tests at Space Electric Thruster
Systems (Dnipro, Ukraine) of a hollow filament cathode based on lanthanum hexaboride (LaB6). The cathode is
designed for joint operation with Hall thrusters of various input powers. The emitter material LaBs is very
promising, because has a high emissivity and low ionization potential. However, to realize all the advantages of
considerate material, it is necessary to provide a sufficiently high operating temperature (1400 ° C). Therefore,
when developing the filament cathode, special attention was focused on the development and research of one of
the key elements of the filament cathode - the heater. Thermal calculations of the hollow cathode were carried
out when it was heated with a heater, as well as when the cathode was operating in auto mode. The results of
thermal calculations made it possible to identify the shortcomings of the cathode structure and parameters and
determine the ways to eliminate them. Laboratory tests of a cathode with a different number of heater thermal
shields have been carried out. The results obtained made it possible to provide the required operating temperature
of the cathode emitter with a minimum number of heat shields. Laboratory tests of the cathode were carried out
both in diode mode (to the external anode) and in conjunction with the ST-25 Hall thruster developed by the
company. In the course of laboratory tests of the cathode, the power supplies for the discharge, the keeper, and
the heater, which are components of the power processing unit of the Hall thruster, were used. In the frame of
experimental studies, a cyclogram of the cathode starting process was obtained, which is necessary to form the
Hall thruster starting sequence. The tests carried out confirmed the correctness of the selected technical solutions
for the choice of the cathode and its heater. The developed cathode can be used both in low-power (up to 200 W)
Hall thrusters and in thrusters with increased input power (up to 5 kW).

Keywords: PREHEATED HOLLOW CATHODE, LANTHANUM HEXABORIDE, CATHODE HEATER,
HEAT SHIELDS, HEAT CALCULATION, LABORATORY TESTING, HALL THRUSTER.
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AnHotanus. B craTbe npeacTaBiieHbl pe3yabTaThl Pa3padoTKH U J1a00PATOPHBIX HCIBITAHUI B KOMIAHHHN SpPace
Electric Thruster Systems (r. uenp, YkpanHa) HAKaJIbLHOI0 MOJIOr0 KaToJla Ha 0a3e rexcadopuaa JaHTaHa
(LaBs). KaTton mpeaHa3Ha4yeH Jjisi paGoThl COBMECTHO ¢ XOJUIOBCKHMH JBHUTaTeJIIMH Pa3jHYHONl MOIIHOCTH.
Matepuan smurTrepa LaBs sBasierci BecbMa MNeEpPCHEKTHBHBIM, T.K. 00JI1aaeT BBICOKOW 3MHMCCHOHHOI
CIOCOOHOCTBIO M HH3KHM NOTeHHHAJIOM HoHuM3anuu. OpHako, /I peajluM3anMi BceX JAOCTOUHCTB
paccMaTpUBaeMoOro MaTepuaJia Heo0XoAuMo 00ecreYnTh 10CTATOYHO BBICOKYI0 padouyio Temneparypy (1400°C).
Io3TOoMy mpu pa3padoTke HAKAJIBHOIO KaTo/a 0c000e BHUMAaHHe ObLIIO CKOHLIIEHTPHPOBAHO Ha pa3padoTke U
HCCTeIOBAHMM OHOT0 U3 KJIKOYEBbIX 371eMEHTOB HAKAJIBHOI0 KaTo/1a - HarpeBaTeJ/isi. BbIM NpoBedeHbI TeNJI0BbIe
pacyeThl 0J0r0 KATO/1a NPH ero HArpeBe ¢ NOMOLILIO HarpeBaTeJis, a TaK:Ke NPH padoTe KaTOa B aBTOPeKUMe.
Pe3yabTaThl TENJIOBBIX PACYETOB MO3BOJININ BbISBUTH HEJOCTATKN KOHCTPYKIIMU KAaTOAA M ONPeIeJTMTh IYyTH UX
ycrpanenusi. IIpoBeneHbl 1a0opaTopHble HCHBITAHHS KaTOJa € Pa3JIMYHBIM YMCJIOM TeIIOBBIX JKPAHOB
Harpesartes. [lorydeHHbIe pe3yJbTaThl HO3BOJININ 00eceYUTh TpedyeMyl0 padodyl0 TeMIepaTypy SMUTTepa
KaTo/1a TP MHHIMAJILHOM YHCJIe TeII0BBIX 9KpaHoB. JIaGopaTopHbie HCIIBITAHUS KaTOAA OBLIH MPOBEIEHbI KaK
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B IHOTHOM peskiMe (Ha BHEIIHU aHOT), TAK U COBMECTHO ¢ XO/UIOBCKHM JBHraTtejeM ST-25, pa3padoTaHHBIM B
KoMnaHuM. B xoe 1a00paTOpHBIX MCHBITAHUN KATOA HCMOJIb30BAJNCH HCTOYHUKH YIEKTPONUTAHUS pa3psiia,
KHIlepa W HarpeBaTejisl, BXOJsIIHe B COCTAB CUCTEMbl JJIEKTPONMUTAHUA XOJUIOBCKOro apurateiasi. Ilpu
NMpOBeJeHUs IKCMEPUMEHTATbHBIX HCCIeI0BAHMI OblIa MoJIydyeHa HUKJIOrpamMMa Ipolecca 3amycka KaToaa,
KOTOpasi HeoOxoauMa AJas (GopMHPOBAHUS HUKJIOrpaMMbl 3amycka aBuratess. IIpoBeaeHHble HCHBITAHHSA
NOATBEPAUIN NMPABWIHLHOCTh BBIOPAHHBIX TEXHHYECKHX pellleHHil MO BbHIOOPY KOHCTPYKLIHMHM KaToAa H €ro
HarpeBare/isi. Pa3padoTanHblii KaTOJ MOKET MCHOJB30BATHCH Kak B MajaoMomHbIX (10 200 Bt) XosaaoBckux
JBHUTATENSAX, TAK U B IBUTATEJAX MOBBINIEHHOH MOIIIHOCTH (10 5 KBT).

Kmiouessie caoBa: HAKAJIBHBIM TOJIBIM KATOJ, TEKCABOPHJ] JIAHTAHA, HAI'PEBATE.Ib
KATOJA, TEINOBBIE 3JKPAHBI, TEIIJIOBBIE PACYETBI, JTABOPATOPHBIE WCIIBITAHUSI,
XOJUIOBCKHUM JABUI'ATEJIb.
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AHoTanis. Y crarTi npeacraBiieHi pe3yJbTaTH Po3po0KH Ta Jja0opaTopHHMX BHIpoOyBaHb B KoMmaHii Space
Electric Thruster Systems (m. dninpo, YkpaiHa) HAKaJILHOr0 MOJOr0 KaToAy Ha 6a3i rexcadopuiay JaHTaHy
(LaBs). Katon mpusHaueHWii JJjisi poGOTH CHIJIbHO 3 XOJUIOBCKHMH JIBUTYHAMH Pi3HOI MHTOMOI MOTY:KHOCTI.
Martepian emitepy LaBs € mocnTh nmepcneKTMBHUM, OCKIJILKM Ma€ BHCOKY eMiciiiHy BJIaCTHBicTBh i HU3BKMIl
norenuian ionizauii. OaHak, 1/ peaJiizauii Bcix iioro nepeBar Heo0XiqHO 3a0€3MeYUTH J0CTATHHLO BUMOKY Po0ouy
Temmnepartypy (1400°C). Ocb yomy mix 4ac po3poOKH HAKAJIBHOI0 KaToAy 0CO0/IUBY yBary 0yJi0 CKOHLEHTPOBAHO
HA Po3podui Ta JOCTIIZKEHHSIX OJHOTO0 3 KJIIOYOBHMX eJIeMeHTiB HAKaJIbHOI'0 KAaTOAY — HarpiBaya. By npoBeaeni
TeIJIOBi PO3pPaxXyHKHU I0JI0T0 KaTOAy IPH HOro HArpiBi 3a 10MOMOrol0 Harpisaya, a TAaKo npu podori karoay B
aprope:xxuMi. Pe3yJbTaTH TemIoBHX PO3PaxyHKiB J03BOJIWJIM BHAABUTH HeJOJIKM KOHCTPYKUii KaTroay Ta
BU3HAYUTH ULIAXM iX ycyHeHHs. [IpoBeaeHo J1a0opaTopHi A0CHiIKeHH KATOAY 3 Pi3HOK KiJbKICTIO TeJIOBHX
ekpaHiB HarpiBaya. OTpumMaHi pe3yJbTaTH J03BOJWIM 3a0e3Ne4YuTH NOTPiOHY podouy TeMmepaTrypy emirepy
KaTody NpH MiHiMaJbHIl KiIbKOCTI Temy10BUX ekpaHiB. JlabopaTopHi BUNpoOyBaHHs KaToAy 0y.1U NMPoBeeHi AK
B JiogHOMY pexxumi (Ha 30BHilIHii aHox), Tak i cminbHO 3 Xo/uTOBCKMM JBUTYHOM ST-25, po3podsieHHM B
xomnaHii. Bnpoaosx JadopaTopHMX AOCHiAKeHb KaTOAy BHKOPHCTOBYBAJIUCH JKepeja eJeKTPOKUBJICHHS
po3psay, Kinepy Ta HarpiBaua, siki BXOASTh y CKJIaJ CHCTEeMH eJeKTPOKMBJIeHHS XO0JJI0BChKOro aBuryHa. Ilig
Yyac NMpoOBeJeHHS eKCIePUMEHTANBHUX 0CTizkeHb 00JI0 OTPHMAHO HMKJIOIpaMy Npolecy 3alMycKy KaToay, sika
HeoOXimHA A8 ¢opMyBaHHSI UMKJOrpamMm 3amycky JaBuryHa. IlpoBeneni BUNpoOyBaHHS MiATBepIMJIH
NPAaBWIbHICTh BUOPAHUX TeXHIYHMX PilleHb 100 KOHCTPYKUIi KaToay Ta iioro HarpiBauya. Po3po0/ienunii kaToxg
MOke OyTH BHKOPUCTAHMI sIK B Majonotry:kHux (10 200 Brt) Xo/u10BcbKHMX JABUIYHAX, TaK i B JABHIyHax
nigBUIIeHOI NOTY:KHOCTI (10 5 KBT).

Kmiouosi ciosa: TIOJHUM KATOI, TEKCABOPUJI JIAHTAHY, HATPIBAY KATOY, TEILVIOBI EKPAHU,
TEILTIOBI PO3PAXYHKH, TABOPATOPHBI BUITPOBYBAHHS, XOJVIOBChbKH IBUT'YH.

Introduction positively charged ions flowing out of the
accelerating channel [1 - 3].

The efficiency of the Hall thrusters One of the most promising emitter
operation is largely determined by the materials in hollow cathodes is lanthanum
parameters of the hollow cathode, which hexaboride (LaBs). Cathodes based on LaBs
provides the emission of electrons to maintain are stable under ion bombardment conditions,
an electric discharge between the hollow less sensitive to low vacuum and poisoning by
cathode and the anode in the accelerating oxygen, water vapor, air, CO», etc. compared
channel of the thruster, as well as neutralize the to other emitter materials.
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Hollow cathodes based on LaBe in Hall
thrusters are capable of working in contact
with various working substances.

LaBs has a high emissivity and low work
function of electrons (¢ =2.66 eV) [4].

A feature of LaBs application in hollow
cathodes is a rather high operating temperature
(1400 - 1500°C) compared to other emitter
materials, which causes certain problems in the
development of a heater that provides initial
heating of a hollow cathode.

Formulation of the problem

To develop a heater for a laboratory
model of a filament cathode based on
lanthanum hexaboride for its operation with
Hall-effect thrusters, which are being
developed by Space Electric Thruster Systems
(SETS, Dnipro, Ukraine).

The developed hollow cathode should
ensure the operation of Hall thrusters with low
input power (up to 200 W), medium power (up
to 600 W), and high power (up to 5 kW).

It needs to carry out the thermal
calculations of the developed cathode, select
the design and materials of the hollow cathode
heater, and conduct laboratory testing of the
laboratory cathode prototype.

Solution of the task
To solve the set tasks, a structure diagram
of a laboratory model of the filament hollow
cathode with lanthanum hexaboride was
chosen, which is shown in fig. 1.

Figure 1 — Structure diagram of hollow
cathode
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The structure of the hollow cathode, as
shown in fig. 1, includes the following main
components:

1 - emitter (LaBs);

2 - tube;

3 - pusher;

4 - copper seal,

5 - the base of the cathode;

6 - heater.

The emitter of electrons (1) has the shape
of a cylinder with two holes - longitudinal
along the cylinder and through, crossing the
first hole, for feeding of the working gas. The
tube (2) is made of refractory metal. The
emitter (1) is held against a diaphragm with a
small-diameter hole in a special sleeve made of
material neutral for interaction with LaBs and
is pressed by a pusher (3), which is acted upon
by a spring. The materials used in the cathode
were selected based on the analysis of the
already existing cathode structures with
lanthanum hexaboride.

The working substance for cathode
operation (Xe) is feeding into the tube (2) at a
predetermined mass flow rate, which is set by
the laboratory system for storing and feeding
of the working gas. By choosing the diameter
of the diaphragm opening, it is possible to set
the required working gas pressure inside the
hollow cathode to ensure the discharge inside
the cathode.

The heater (6) provides preheating of the
cathode emitter to the operating temperature at
which an internal discharge occurs. A separate
power supply with stabilize the heater current
is used to operate the cathode heater. When an
internal discharge occurs in the cathode, the
heater power supply turns off and the cathode
continues to operate in auto mode.

The structure of the heater prototype was
chosen from proposed by M.S. McDonald,
A.D. Gallimore, D.M. Goebel (Naval Research
Laboratory & California Institute of
Technology) [5 - 6], a general view of which is
shown in fig. 2.

Inside the hollow cathode, the heater is
covered by heat shields (not shown in fig. 1),
which reduce heat losses both during
preheating process and in auto mode operation.



The developed hollow cathode also has
outer cylindrical electrode - a keeper (not
shown in fig. 1). The keeper is used to initiate
a preliminary internal discharge, as well as to
protect the cathode from ion bombardment
during of the Hall thruster operation

y

Figure 2 — Prototype of the hollow cathode
heater general view

Test equipment

The developed hollow cathode was
tested in the SETS vacuum chamber both in
diode mode (when operating with a separate
anode) and in conjunction with an ST-25 Hall
thruster. The general view of the vacuum
chamber in which laboratory tests of the
hollow cathode were carried out is shown in
fig. 3.

The vacuum chamber is equipped with a
turbo-molecular pump, which provides the
following conditions for the cathode testing
behavior: residual pressure in the chamber
5.0-10° Tor (in the absence of a working gas
flow through the cathode); 1.0 - 10 Tor (at the
working gas mass flow rate through the
cathode — 1.0 mg/sec).

Heater calculation

One of the most critical components of
the hollow cathode is a heater, especially if this
heater provides a high temperature above
1400°C.

The ANSYS software environment at a
heater temperature of 1400°C carried out
thermal calculations of the cathode, which is
sufficient for generating electrons by the
emitter.

The results of thermal calculations for
simulating heating of the cathode at its start are
shown in fig. 4. The calculations made it
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possible to determine the temperature
distribution along the cathode structure, the
magnitude of heat losses, and also to identify
the most thermally stressed sections of the
cathode

Figure 3 — General view of the vacuum
chamber for the hollow cathode testing

Along with determining the temperature
regimes of the cathode during start-up (when
the heater is working), it was also calculated
the temperature distribution along the cathode
structure in auto mode (with the heater source
turned off) after the initiation of an internal gas
discharge in the hollow cathode.

The calculation results when the cathode
is operating in the auto mode are shown in
fig.5. The calculation results showed that the
temperature of not the entire emitter is
maintained at the same level sufficient to
maintain the process of thermal emission of the
cathode, but only two-thirds of the emitter will
emit electrons, since the rear part of the emitter
has a temperature of about 900°C.

Based on the calculation results, the
following changes in the structure of the
cathode and heater were carried out:

1. Modification of the pusher in order to
reduce the contact area of the pusher with the
emitter surface to reduce heat transfer losses.

2. Equipping the cathode heater with
heat shields.

3. The sleeve of the cathode is designed
and manufactured from a carbon composite
material, in which the anisotropy of the
thermal conductivity of the material was
realized.



Figure 4 — Results of the cathode thermal calculation at cathode starting proces

During the development of the hollow
cathode, laboratory tests of four modifications
of the heater were proposed and carried out.
The wire VR5 with a thickness of 0.35 mm was
used as a filament element. The heater
structure is shown in fig. 6.

To compare the results obtained in the
frame of thermal calculations with the results
of experimental studies of the cathode, the
temperature was measured at two points of the
cathode  wusing  thermocouples. One
thermocouple was located at the outlet
diaphragm of the cathode (T1.1), and the
second was located on the heater mounting
flange (T1.2), as shown in fig. 7.

Figure 6 — Cathode heater structure
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As the thermocouple T1.1. thermocouple
Tungsten-Rhenium VR5 / VR20 was selected,
such thermocouples are used for long-term
operation and obtaining accurate results at
extremely high temperatures (up to 2500 °C) in
a number of both chemically inert and
aggressive environment. These thermocouples
work well in vacuum as well as in
environments with high nitrogen, hydrogen,
helium and argon contents.
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Figure 7 — The locations of the
thermocouples on the cathode

As a thermocouple T1.2 a Chromel-
Alumel thermocouple, type K, is selected.
Temperature measurement with such a
thermocouple can be carried out in the range
from -200 to +1100 ° C. This range is sufficient
for measuring the temperature at the base of the
cathode

In the course of laboratory tests of the
hollow cathode, the following heater structure
design options were tested:

- heater without thermal shields;

- heater with 5 thermal shields;

- heater with 11 thermal shields and 3
end shields;

- heater with 19 thermal shields, 5 end
shields and 9 shields in front of the diaphragm.

In fig. 8 the curves of the maximum
temperature values measured after reaching
thermodynamic equilibrium, depending on the
heater power, are showed.

From the test results of the hollow
cathode presented in fig. 8, it can be seen that
an increase in the number of heat shields
makes it possible to achieve the required
temperature of 1400 - 1500°C in the emitter
zone, as well as to significantly reduce the
power consumption for heating the emitter.
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Figure 8 — Dependence the diaphragm
temperature in point T1.1 from heater

In particular, an emitter temperature of
1200°C can be achieved in a maximally
shielded heater with an expenditure of 25 W of
electrical power, in contrast to a heater without
heat shields, for which 195 W is required.

The process of testing a hollow cathode
is shown in fig. 9 (9.a - cathode heater with 5
heat shields; 9.b - with 19 shields).

As a result of the laboratory tests carried
out, the correctness of the thermal calculations
was confirmed. The number of heat shields
obtained as a result of experimental studies is
optimal. This is due to the fact that a further
increase in the number of screens does not lead
to a significant decrease in heat losses, while

the dimensions of the cathode increase
significantly.
Further improvement of shields is

associated with the optimization of the process
of perforating shields and their polishing (to
increase the radiation reflection coefficient), as
well as the choice of the distance between the
shields.

For the operation of the filament
cathode, an important process is the process of
cooling the cathode after the heater is turned
off.

Experimental investigation of the hollow
cathode have shown that the cooling rate of
both the diaphragm and the base of the cathode
is practically independent of the number of
heater shields, as shown in fig. 10.



The performed experimental
investigation of the cathode cooling process
are of great importance. The results obtained
are necessary:

1) for a correct assessment of the starting
point and the time of subsequent heating;

2) to determine the time when the

vacuum chamber can be opened during

cathode and thruster tests;

3) to set the value of the starting current
for heating the cathode - a low currentup to 2.5
A if the cathode has cooled down below
300°C, and with a high current of 4 A and
above if the cathode is hot

a) 5 shields, T=1400°C
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Figure 10 — Change of the diaphragm and
base cathode at the heater turned off for 5
and 19 shields

The purpose of the following
experiments was to find out whether it is
possible to use small additional heating to
maintain the self-heating mode of the cathode.

The results presented in fig. 11 show that
in the temperature range above 1200 ° C, small
additional heating has no effect on the cathode
cooling rate.
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b) 19 shields, T=1537°C
Figure 9 — Cathode testing with heater turned on
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Figure 11 — Process of the diaphragm and
base cathode cooling: a) full heater turned
off; b) small heating (4.3 W) using 19
shields of heater

Scientific novelty

1. Experimental studies of a hollow
cathode heater have shown that an increase in
the number of thermal shields leads to an
increase in the temperature of the diaphragm, a
decrease in the temperature on the mounting
flange, a decrease in energy consumption and
an increase in the efficiency of the heater.



2. In the absence of cathode heater
screens and 183 W of heater power, it is
possible to reach a temperature of 1180 C © at
the cathode diaphragm.

3. Using 19 heater screens and 47 W of
heater power, it was possible to reach a
diaphragm temperature of 1517 C °, reduce the
temperature on the cathode flange to 306 C °,
and significantly increase the heater efficiency,
spending 3.1 W for every 100 C °.

Conclusions

The laboratory investigation of a hollow
cathode heater with lanthanum hexaboride
have confirmed the correctness of the selected
technical solutions for the choice of design and
parameters of the heater providing the
operating temperature of the emitter.

It is possible to recommend the proposed
heater design for all filament cathodes
developed by SETS.
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