Global Numerical Model For Orifice and Insert Region of a
Lanthanum Hexaboride Thermionic Hollow Cathode

Oguz Korkmaz* Murat Celik!
Bogazici University, Istanbul, 34342, Turkey
oguzkorkmaz89@gmail.com

SP2014_2979704

Thermionic hollow cathode is an indispensable component for the applications which require electrons.
This device has been used in wide variety of areas such as spacecraft electric propulsion systems, material
processing, lasers. Especially in electric propulsion systems, hollow cathodes are being used as electron
source for propellant ionization and beam neutralization. Moreover, it is also a promising candidate for
utilization as propulsion system in microsatellites or nanosatellites due to its small physical volume. On the
other hand, the small geometry of it makes the plasma diagnostics difficult to perform which is why numerical
studies become important in order to understand the driving physical processes behind its operation. In
this paper, a global numerical model for the insert and orifice plasma of a hollow cathode is presented. In
the present model, it is assumed that the properties of the plasma both in the orifice and insert regions
are volume-averaged. The results of this preliminary study show that it is a promising modelling tool for
orificed hollow cathodes since general tendency in the properties of the insert and orifice plasmas against
the changes in operation conditions and geometry is captured.

Nomenclature
Aemit = Insert effective emission area [m?]
Te = Insert radius [m]
Lemit = Insert effective emission length [m]
To = Orifice radius [m]
d, = Orifice diameter [m)]
e = Insert region plasma density [m~3]
No = Orifice region plasma density [m~3]
N. = Insert region plasma neutral density [m~3]
N, = Orifice region plasma neutral density [m~3]
o = Work function of the insert material [V]
P = Pressure [Torr]
R, = Specific gas constant of propellant [J/kgK]
Tev,ins = Insert region plasma electron temperature [eV]
Te ins = Insert region plasma electron temperature K]
¢ = Viscosity [Poise]
m = Propellant flow rate [mg/s]
Q = Propellant flow rate [scem]
T ins = Insert wall temperature (K]
Toworf = Orifice wall temperature K]
U; = First ionization energy of propellant [eV]
0% = Specific heat ratio of propellant
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I. Introduction

Thermionic hollow cathodes have been used for
more than 50 years in wide variety of applications.
In ion and Hall thrusters, ionization of neutral pro-
pellant atoms through both electron impact and
step-wise ionization and neutralization of ion beam
to prevent spacecraft charging require electrons.
Hence, installation of a particular device which can
release electrons is a must for these systems to work.
Due to its small physical volume, simple geometry
and ease of operation, thermionic hollow cathodes
have been used in these and many other devices for
years.

Orificed hollow cathodes (OHC) that are used in
electric propulsion systems typically consist of a
thin, long, hollow cylindrical refractory metal tube
in which an insert material with a low work func-
tion is placed. A schematic of a hollow cathode
is shown in Figure Orifice, a refractory metal,
is welded at the downstream end. The reason
of orifice utilization in OHC is to maintain high
internal pressure, on the order of 10° - 10* Pa.
Moreover, orifice also contributes to heating of the
emitter material. The electron release from insert
material with thermionic emission is an important
phenomenon which can determine the power con-
sumption and operation parameters of hollow cath-
ode. Work function, evaporation rate and poison-
ing resistance against the impurities in the propel-
lant are important parameters for emitter mate-
rial selection. Barium-Oxide impregnated tungsten
(BaO — W) and Lanthanum hexaboride (LaBg) are
most common materials used as thermionic emit-
ter in OHC. BaO — W material has work function
around 1.6 eV and can emit electrons under 1000°C.
However, this material can easily be poisoned. For
this reason, high purity propellant usage is an ex-
treme importance in order to ensure high lifetime in
OHC. LaBg, on the other hand, is resistant against
poisoning and it also has low evaporation rate. This
emissive material was first discovered by Lafferty
[1]. Its high thermal conductivity ensures uniform
temperature distribution on the insert surface [2].
The work function of this material is around 2.67
eV [3]. Due to the fact that LaBg has higher work
function than BaO — W material, it requires higher
temperature to give same amount of current den-
sity. Apart from its high work function, another
shortcoming of LaBg is that rapid cooling and heat-
ing causes it to fracture. The supportive material
of LaBg should also be chosen cautiously because
it reacts with many refractory materials such as
tungsten, molybdenum. Since thermal properties
of graphite is similar to those of LaBg and it does

not react with LaBg, it is a good option to be used
as supporting material [4], [5].

There is also a cylindrical keeper tube which is
mounted around the cathode tube. Main function
of the keeper is to create an attracting potential dif-
ference for electrons. At initiation stage of hollow
cathode, this potential difference is used to accel-
erate thermionically emitted electrons in order to
make them have enough energy to ionize the neu-
tral propellant atoms. The neutral propellant atoms
injected from upstream end of hollow cathode, ex-
perience collision with primary electrons when they
reach insert region. As a result, a dense plasma
environment is created in the emitter region. Af-
ter system reaches steady state, keeper is used to
regulate the electron discharge. In addition, keeper
protects the cathode assembly from ion bombard-
ment coming from thruster plasma. Another task
of the keeper is to maintain high insert temperature
[6].
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Figure 1: Schematic of a hollow cathode

Heater coils, wrapped around the insert region of
the cathode tube, are mostly made of refractory
metals such us tantalum. The heater supplies the
necessary amount of heat to increase the temper-
ature of the emitter material to its emission tem-
perature. As mentioned earlier, utilization of low
work function insert can minimize the power con-
sumption of heater, and thus power consumption of
hollow cathode. A radiation shield is also placed
between heater and keeper in order to minimize the
energy loss due to radiation. The heater is turned
off after the system becomes self-sustained [7]. Af-
ter this point on, the amount of heat which is essen-
tial for continuation of electron release from emit-
ter is supplied by heat conduction from orifice and
bombardment of insert surface with ions and elec-
trons coming from insert plasma [§],[9]. In order
for the electrons to reach the insert surface, they
must have enough energy to overcome the reverse
potential present at the cathode sheath. The thick-
ness of this sheath is on the order of several Debye
lengths. The presence of an electric field at the cath-
ode sheath reduces the experimentally found work
function of the emitter material as well.



II. Hollow Cathode Global Model

The main goal of the model is to assess the cath-
ode for different geometry and operating conditions.
In this model, it is assumed that quasi-neutral
plasma with uniform plasma parameters (electron
density, electron temperature, neutral density etc.)
is present in both emitter and orifice region. The
plasma in both regions is considered as if it is a com-
bination of thermalized electrons, singly-charged
ions and neutrals and it is enclosed within a cylin-
drical control volume. The model considers that
the particles in the orifice and insert plasma have
Maxwellian distribution. The collisions occuring
in the plasma cause the particles to deviate from
their Maxwellian distribution however within the
time between collision they again relax to their
Maxwellian distribution. During the modelling, it is
assumed that the heavy particles (neutrals and ions)
are at the same temperature with the cathode wall.
Ton conservation and plasma energy balance equa-
tions are solved with an iterative procedure until
current balance equation written for insert plasma
and surface energy balance written for orifice wall
are satisfied. The work presented here follows the
previous studies of different researchers [§], [10],
[11]. The wall temperature of the insert and orifice
was varied until the insert current balance and ori-
fice surface energy balance is satisfied. Throughout
the iterations, ion conservation and plasma energy
balance equations are solved using bisection method
in order to obtain electron temperature and plasma
density.

Emitter Model

Ton conservation, plasma energy balance and insert
current balance equations are written for the emit-
ter region. As depicted in Figure [2| the ion loss
mechanism in this region is the thermal flux toward
the cathode base and the strike of ions to the insert
surface and orifice wall. The ions passing through
the sheath on the insert gain Bohm velocity and hit
the surface of the insert material and orifice wall.
The ion generation mechanism, on the other hand,
is ion production due to the electron impact ion-
ization. The ion conservation equation of emitter
region plasma in steady-state operation is given as
follows:

qWTgLemitNene <0'7)e> = Ji,th (7’['7“3) (1)

+Ji,Bohm (27rTeLemit + 7”“2 - WT?)
The left hand-side of the Equation represents
the amount of ion produced by electron impact ion-

ization. The first term on the right hand side stands
for the thermally lost ions to upstream and the sec-
ond term shows the ion loss to the insert surface
and orifice wall. The ionization rate function, as a
function of electron temperature, Ty, is calculated
according to the expression given in [§]. Even tough,
it is speculated by [12] and experimentally observed
by [13] that a double layer is formed at the constric-
tion between insert and orifice region plasma, it is
not taken into account in Equation ([1)).
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Figure 2: Mobility of ions in the emitter region

Apart from ion conservation, energy balance equa-
tion of the emitter plasma is also solved. The en-
ergy balance for the insert region plasma involves
all the energy that comes in and out of the plasma
region. In the insert region of the hollow cathode,
the energy gain of the plasma due to ohmic heat-
ing and thermionic electron emission is balanced by
the energy loss due to ions leaving the control vol-
ume, random electron current to the insert surface
and electron discharge current. In energy balance
equation, it is considered that the plasma is opti-
cally thick enough, so that radiated energy is again
absorbed by the plasma. Thus, radiation losses are
not considered. Energy removed via excitation is
also ignored [8]:

+ 2kpTy.i
Lem®s + Reli = I out <Uz~ + BW"S)
q (2)

+ (2TeV,7Lns + (bs) Ir + gTeV,insId

Here I.,, represents the thermionic emission current
in Amperes, ¢ represents the sheath voltage built
in plasma in Volts, R is the resistance of the plasma
in Ohms, I; is the current extracted from the cath-
ode in Amperes, I; ot is the ion current out of the
control volume in Amperes, U; is the first ioniza-
tion energy of xenon in eV, Tey is electron temper-
ature in eV, and I, is the random electron current
to the insert surface in Amperes at the insert region
[8].

Iem@s term represents the energy input by
thermionically emitted electrons that are acceler-
ated by sheath plasma potential. Relg term repre-



sents the energy lost by the electrons to the plasma
due to collisions with the ions and the neutrals in
the plasma. First term on the right hand side ac-
counts for the energy lost due to the ions leaving the
control volume. (27.y + ¢5)I, term represents the
energy that is drawn from the plasma as the elec-
trons overcome the sheath potential at the sheath
edge and reaches the insert wall. %Tevld term is
the energy spent to energize the extracted current.
Here 3/2 of this represents total kinetic energy in
three degrees of freedom (z, y, z, 1/2 each) and 1
comes from work done on the electrons by pressure.
As the current is extracted, this energy is carried
away.

In order to calculate emitter plasma energy gain due
to ohmic heating, the emitter plasma resistance, Re,
is found from the following expression [10]:

Te

R —p_ ¢
¢ 774/37"6Lemit

(3)
where Ly, is the length of the actively emitting re-
gion of the emitter, also corresponding conduction
length of the plasma, 7. is the radius of the emitter
region plasma, 7 is the resistivity of the insert re-
gion plasma. It is assumed that most of the current
is carried in radial direction, thus for the current
conduction an average cross-sectional area is used
as given in [I0]. The resistivity of the plasma is
given by: N
Vei + 1,
€’Lq2n6 en (4)
where n. is emitter plasma density, ¢ is the elec-
tron charge, v.; and v, are electron-ion and and
electron-neutral collision frequencies respectively.
The electron-ion collision frequency is calculated as
follows:

1= Me

neln A
12 =7 (5)

eViyins

Vei = 2.9 x 107

where the quantity In A, is the Coulomb logarithm
and it is given as:

1 10~ 5n,

The electron-neutral collision frequency is
given:
8kpT, ;
Ven = OenMo —Bcins (7)
TMe

where o, is the electron-neutral collision cross sec-
tion:

TeVins
~Vins () |
Oen = 6.6 x 10717 4 (8)
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Cathode Tube

Figure 3: Schematic of the current balance in the
insert region

Another equation written for emitter is the current
balance. There are four currents that play part in
the plasma as shown in Figure In this figure
the dashed line represents the sheath edge of the
plasma at the insert region. The four currents that
enter and leave the insert region plasma have the
following relationship [§]:

Iem +1; = I+ I (9)

In this equation, I.,, is the amount of electron cur-
rent emitted from insert with thermionic emission.
Thus, I, represents the total electron current leav-
ing the insert surface and entering the insert region
plasma. The thermionic current density is evaluated
from Richardson-Dushman equation:

q9
Jom = DTimSe:Up <_k Teff ) (10)
BLw,ins

where D is material constant and T ins is the emit-

ter wall temperature. D is taken as 29 Acm 2K 2
for LaBg [1].

In the presence of an electric field on the insert ma-
terial, the apparent work function decreases. This
phenomena is referred to as Schotky effect and ef-
fective work function is given as:

qE;s
4meq

beff = Puwf — (11)

where ¢, 7 is the value of the work function in the
literature, Es is the electric field of the cathode
sheath acting on the insert material and it is given

as follows [14]:
200 1/2
aPs
241+ ———-14 12
\/ +kBTe,ins ] ( )

B, = \/nkBTe,ins
€0

where ¢4, the emitter sheath voltage drop, is given

as [§]:

k Teins
Qbs — Bi’ln |:
q

The electric field caused by the sheath potential on
the emitter reduces the literature work function of
insert material, and thus enhances the thermionic

o (13)

TMe



electron emission. Eventually, electron emission
current from insert with field-enhanced thermionic

emission can be calculated as follows:
Iem — JemAemit (14)

I, is the ion current that leaves the insert re-
gion plasma and reaches the surface of the emitter.
These ions that reach the surface bombard the sur-
face with their energy and contribute to the heating
of the surface. I; is calculated from Bohm sheath
criterion as follows:

kBTe,ins

my;

I; = 0.61qn. Aemit (15)

where ng is the electron density in the insert re-
gion plasma, T ins is electron temperature in K. In
equation @D, I, the random electron current at the
sheath edge, is given by:

I = ln SkBTe,ms 1/2 ex _q¢s A )
r 4 eq TMe p kBTe,ins emit
(16)

The neutral density in the insert region is deter-
mined by assuming Pouiselle flow through the ori-
fice. Taking reduced temperature 7T, as the ratio
T,,/289.7. The viscosity is given by [§]:

0.714 %29
¢(=23x 1074, T (17)

Then the pressure of neutral atoms will be deter-
mined in terms of Torr as follows [§]:

0.78Q(T, L,
P ,/Cfé (18)

where L, and d, are orifice length and diameter in
cm respectively, @) is the mass flow rate in sccm.
Finally, neutral density, N,, is found from:

N, = 9.65 x o L (19)
T,

The active emitting length of the insert depends on
the discharge current, mass flow rate and orifice di-
ameter [I5]. Even tough the thermal conductivity of
LaBg is high, at high discharge currents and gas flow
rates, density of the insert plasma becomes greater
in the region close to the orifice [16]. Operation at
high mass flow rate and discharge current elevates
the temperature of the orifice. Consequently, heat
flux towards insert increases and parts of the in-
sert adjacent to the orifice get hotter. This uneven
distribution of temperature on the emitter surface
causes the hotter regions to emit more electrons.
For determination of the effective emission length

of the insert, the simple methodology proposed by
Alta group is used [17]. It is assumed that the prod-
uct of the effective emission length and the insert
plasma pressure is equal to 15 mPa.

Orifice Model

Similar to the emitter model, ion conservation and
energy balance equations are written for orifice
plasma as well. In steady state operation, there is a
balance between produced ions and lost ions. The
volumetric ion generation is balanced with thermal
ion loss to downstream and ion loss to the orifice
exit surface as shown in Figure
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Figure 4: Mobility of ions in the orifice region
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Just like emitter region ion conservation equation,
left hand side of Equation represents the ion
generation due to direct electron impact ionization
and first term on the right hand side represents the
amount of ion loss to the orifice wall and the sec-
ond term represents the thermal ion loss out of the
orifice control volume.

Orifice plasma energy balance equates the energy
gain of the plasma due to resistive heating with the
energy loss due to ionization and convection of elec-
trons from orifice to insert. Since the electron tem-
perature in the orifice is larger in comparison to the
insert plasma electron temperature, the convection
loss occurs. The energy equation for orifice plasma
is written as follows:

R,15 = (qnriLoNono(ove)) (Us)

k (21)
+2.5?de (T&orf - Te,ins)

In Equation , the term on the left is the en-
ergy gain due to ohmic heating, the first term on
the right is energy loss due to ionization and fi-
nally the last term is the energy loss due to electron



convection. Orifice plasma resistance is evaluated
as R, = nL,/nr2. Resistivity of the orifice region
plasma is calculated following the same procedure
explained in the previous section.

In order to calculate the neutral density in the ori-
fice plasma, it is assumed that choked flow phe-
nomenon occurs at the orifice exit. Under this as-
sumption neutral density can be calculated as fol-
lows [1§]:

m

N, =
Mvorf 'YRgTw,orf

(22)

where At represents the orifice cross sectional area,
M, is the atomic mass of xenon and m is the pro-
pellant flow rate in terms of [kg/s].
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Figure 5: Orifice wall energy fluxes
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Another equation written for the orifice model is
the energy balance on the orifice surface. The ions
passing the sheath reaches the orifice and give their
energy to the orifice. Electrons striking to the ori-
fice surface are also another energy gain mechanism.
The energy loss mechanisms for the orifice is the
heat conduction to the base and the insert, and ther-
mal radiation to its surroundings. Figure [5| depicts
the energy exchange in the orifice. Under these con-
ditions, orifice wall energy balance can be written
as follows:

kpT,
IBohm,orf (Uz + ¢s,orif + 05;707"]()

+Ir,orf(2TeV,orf) = Hbase + Hins + Hrad

(23)

In Equation , Hyp.ee stands for the amount or
heat that is lost to base by conduction, Hj,s repre-
sents the amount of heat that is lost to insert by
conduction and H;,q is the amount of heat that is
lost by radiation.

III. Solution of Model Equations

The reference geometry used to obtain the results
are given in this section. Basically, there are three
main geometric parameters that are associated with

the hollow cylindrical insert: the inner diameter,
din = 3.8 mm, the outer diameter, dyyt = 6.4 mm,
the length Li,s = 25 mm. Length of the orifice and
its diameter are L, = 0.75 mm, d, = 0.75 mm re-
spectively. Lastly, the total length of the tungsten
cathode tube must be known in order to calculate
heat loss to the base Liype = 80 mm. The thickness
of the cathode tube is taken as 1 mm. The transfer
coefficient of the cathode tube material and insert
material must be known in order to be able to per-
form heat loss calculations. The thermal conductiv-
ity of insert material is taken as ky = 130 W/m.K.
The cathode tube is assumed to be made of tung-
sten, thus ky = 107 W/m.K. Cathode base temper-
ature is kept constant at 1000 K and the tempera-
ture of the shield at 1200 K during the heat trans-
fer calculations and the variations of the thermal
property of the materials due to the temperature
are ignored. Since hollow cathode works in vacuum
environment, there is no heat loss with conduction
from insert or orifice to the radiation shield. The
view factor, used in radiation heat loss calculation,
is taken as unity.

For the solution of emitter region plasma, the emit-
ter wall temperature is varied. The ion conservation
equation, Equation , is solved using bisection
method to obtain the plasma electron temperature
(Tev,ins). Insert plasma energy balance equation,
Equation ([2)), is also solved with the same method
to have the emitter plasma density (ne). The cur-
rent balance equation, Equation @D, is used as con-
vergence criterion.

The same logic is applied for the orifice region
plasma model as well. While the orifice wall temper-
ature varies, the orifice ion conservation equation,
Equation , and orifice plasma energy balance
equation, Equation , is solved with bisection
method in order to obtain the orifice plasma elec-
tron temperature (Tev orf) and density (n,). This
time, energy balance equation written on the orifice
wall, Equation , is used as convergence crite-
rion.

For lifetime calculation, a mathematical expres-
sion, Equation , is obtained for LaBg evapo-
ration rate versus current density graph given in
[19].

W =3 x 107112569 (24)

Lifetime of insert calculated as time required to
halve the initial mass of emitter. It should be noted
that this approximation for lifetime determination
does not consider any other factor that can affect
lifetime significantly such as poisoning.



IV. Results

Even though the calculated insert region plasma
electron temperature is relatively low, the tendency
with respect to discharged current is captured. As
can be seen in Figure [6] the electron temperature
slightly increases with increasing discharge current
at a given flow rate. It is also found that the emitter
plasma electron temperature is an increasing func-
tion of mass flow rate.

1,030

1,029
1,028 /.//.
3, 1027 /./ /
o
S 1,026
B
§ 1025 /
E 1,024
§ 1023 | —-1.735CCM
B 2.7350CM
@ 1,022 -
w
1021 / 3.75CCM
1,020

1,019

5 6 7 8 9 10
Discharge Current [A]

Figure 6: Emitter electron temperature as a func-
tion of discharge current

As it was shown experimentally in studies [14], [20]
and [21], insert wall temperature is an increasing
function of both discharge current and propellant
flow rate. As can be seen in Figure [7] the emit-
ter wall temperature increases with increasing dis-
charge current and mass flow rate.
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Figure 7: Insert wall temperature as a function of
discharge current

The plasma density in the emitter region is plotted
in Figure [§] The number density of the emitter
plasma increases with increasing discharge current
as experimentally shown by Jameson [22].

As was the case for emitter, it is found that the
orifice plasma density is also an increasing function
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Figure 8: Emitter plasma density as a function of
discharge current
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of both discharge current and mass flow rate as seen
in Figure [9

The electron temperature of the orifice region is
found to increase with discharge current whereas
it decreases with the propellant flow rate as shown

in Figure [T0}

At 1.73 sccm xenon flow rate and 10 A discharge
current, the influence of the geometry on the cath-
ode has been also studied. According to Figure
the insert temperature is a decreasing function of
the insert inner diameter. Another finding from the
model is that the wall temperature of the insert de-
creases with the orifice diameter as seen in Figure
Larger orifice length causes a local power depo-
sition in the orifice as a consequence the heat con-
duction from orifice toward the thermionic insert
material enhances. In other words orifice heating
becomes an important insert heating mechanism.
This behaviour of hollow cathodes is captured in
the present model as shown in Figure

Lifetime of insert with respect to orifice length is
also given in Figure T4l Heat conduction from ori-
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Figure 10: Orifice electron temperature as a func-
tion of discharge current
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fice to insert increases with increasing orifice length.
As a result, insert lifetime decreases with increasing
orifice length.

V. Conclusions

A volume-averaged model for orifice and insert re-
gions of a typical orificed hollow cathode working
with LaBg thermionic emitter was developed. Even
tough this model does not consider the spatial dis-
tributions of the particles in plasma, the results are
encouraging for using it as a guideline for design-
ing more efficient and longer life time hollow cath-
odes. The model can capture the effect of geometry
and operation conditions on emitter and orifice re-
gions. On the other hand, results of the present
model needs to be compared with experimental and
other theoretical models in order to verify that it is
a reliable modelling tool for hollow cathodes.
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