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This paper presents the optimization of the zero-dimensional plasma models developed
by CIRA for cathodes, obtained removing some of the previous models’ assumptions. Par-
ticularly, Xenon electron-neutral cross section has been updated to consider only the elastic
collisions: the proposed correlation agrees with the experimental data with an R-squared
value of 0.99. The cathode internal total pressure, originally calculated using a theoretical
approach, has been estimated by means of an empirical scaling relationship. The formula
for the calculation of the internal plasma resistance has been revisited. A plasma model
for the keeper region has been proposed, too. A LaB6 based emitter OHC fed by Xenon
has been selected as baseline geometry to test the model. The trends of electron tem-
perature, plasma densities, neutral densities and wall temperatures, as function of mass
flow rate and discharge current, are in agreement with those reported in literature, as well
as their distributions along the axis of the cathode. The electrical characteristic of the
baseline cathode has been studied as function of mass flow rate at 3A and as function of
the discharge current at 0.2 mg/s. The results have shown that the total voltage drops
have been rebuilt with an accuracy ranging from 1 to 6% and from 5 to 14%, respectively.
The effect of modeling a double sheath after the orifice exit has been also discussed. The
results shows that the model can be used with 1+-5% of uncertainty when the cathode is
operating in plume mode whereas the differences increase to ~15% in spot mode.

Nomenclature
A = Area
L = Length
r = Radius
q = Elementary charge
kp = Boltzmann’s constant
I; = Discharge current
j = Current density
J = Radiosity
K; = Ionization rate coefficinet
m., = Electron mass
m; = lon mass
m = Mass flow rate
n. = Electron density
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no = Neutral density

n = lon rate

P = Pressure

P = Power

R = Resistence

T = Temperature

Te = Electron temperature
\%4 = Potential

e = Degree of ionization
n = Plasma resistivity

v = Collision frequency

o = Coss section

v = Specific heat ratio
(&) = Average ionization energy loss
Subscripts

e = emitter

0 = orifice

k = keeper

en = electron-neutral

el = electron-ion

i = ion moving at Bohm speed
on = jonization

er = electron recombination
em = thermionic emission
conv = convection

cont = continuum flow

kin = kinetic

th = thermal

eff = effective

s = emitter surface

w = wall

ds = double sheath

I. Introduction

Thermionic hollow cathodes have been widely used in wide variety of areas such as spacecraft electric
propulsion systems, material processing and lasers for more than half a century as efficient electron sources.
Especially in electric propulsion systems, hollow cathodes are used as electron sources for propellant ion-
ization and ion beam neutralization. The small geometry of the typical Orificed Hollow Cathodes (OHCs)
make the plasma diagnostics difficult which is why numerical studies become important for understanding
the driving physical processes behind their operation, and the effects of the geometry and the operation
parameters on cathode performance.

At present, several global 0D models have been developed to determine the plasma properties in hollow
cathodes?3 and also The Italian Aerospace Research Centre (CIRA), in the frame of the activities on space
electric propulsion®, is developing a tool to support the preliminary design of OHCs for research purpose®”.

The tool features plasma models validated by means of numerical and experimental cross checks &7 |
but, being inspired by the existing ones™?34, they suffered of inherited approximations which affects the
handling of the cathodes’ plasma physics®.

Xenon electron-neutral collision frequency is usually':2»3

computed using the numerical fit to experimen-
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tal data proposed by Katz et al.”. However this expression fits the total collision cross-section, which also
includes inelastic collisions, instead of the more appropriate momentum transfer cross-section. Katz et al.’s
correlation® approximates reasonably well the momentum transfer cross-section for electron temperatures
between 0.8 and 2 eV whereas overestimates momentum transfer data by a factor of 2 for electron tem-
peratures above 2 eV. More recent elastic electron-neutral cross-section data'® also indicates that the fit
underestimates the electron-neutral cross-section at low electron energies as shown in Ref. 8. For these rea-
sons, retrieving the most recent elastic cross-section data from the LXCAT website'!, a new expression for
the Maxwellian Average Electron Neutral Cross-section has been proposed and integrated into the plasma
models described in this paper.

Calculation of the total pressure within the OHCs has been performed in Ref. 6 and 7. using a modi-
fication of Poiseuille flow theory? (to take into account compressibility and molecular flow effects) and an
equivalent temperature or modified specific gas constant taking into account the ionization fraction'*. De-
spite of the good results, an analytical description of the flow physics inside the hollow cathode remains
a challege. Phenomena not yet properly taken into account concern heat addition from Joule heating in
the orifice, frozen flow and wall losses due to ionization and plasma sheath fluxes, a transition from incom-
pressible to sonic flow over the length of a short orifice, viscous effects, and a transition to molecular flow.
Recently Taunay et al.'? have proposed an empirical correlation able to calculate the pressure inside OHCs
over a range of three orders of magnitude or five orders of magnitude in the non-dimensional space, and able
to capture the dependency of the total pressure on the discharge current where theoretical models can not.
For this reason, it has been decided to replace the theoretical approach with the empirical one in the model
presented in this work.

The resistivity of the internal plasma has been calculated in Ref. 6 and 7 in a similar fashion as in
the literature’?3, assuming that current is conducted radially. To account for radial conduction, it was
introduced an average cross-sectional area, but a factor of 7 has been missed in the original expression®. An
update of the model®7” was due in order to take into account this note.

Finally, a model to compute plasma parameters within keeper region has been also proposed in order to
simulate diode discharge mode of type closed OHCs. Care was taken in the coupling between the orifice and
the keeper region. According to Ref. 1, 2 and 13 which follow Andrews and Allen idea'?, the existence of
a double-sheath at the entrance of the orifice region is considered. This hypothesis is currently disputed?®.
Goebel et al.'> shows that there is a potential discontinuity in the profiles measured, but it is situated after
the orifice entrance and most likely at/after the orifice exit similarly to what Siegfried and Wilbur observed
in the keeper region of their cathode in the plume mode'®.

The paper investigates the effect of modeling the double sheath at the orifice exit and at the orifice
entrance, studying particularly the differences on the total voltage drop with respect to the discharge current
and the mass flow rate.

II. Cathode Architecture

A sketch of a typical Orificed Hollow Cathode configuration is shown Fig. 1(a). A neutral gas (e.g. Xenon,
Argon, Krypton) flows in a conductive tube made of refractory metal (e.g. tantalum or molybdenum) or
graphite. A low-work function material, namely insert, is placed inside the main tube. The electrons are
extracted from the insert material by means of thermionic effect at a lower temperature with respect to
the main tube. Several insert materials have been used. The most common are barium-based emitters,
equipping the dispenser impregnated cathodes, and rare-earth emitters (e.g. LaBg, CeBg), which have
respectively a work function of about 2 eV and 2.7 eV. They provide a current densities as high as 10° Am?
at a surface temperature of about 1300 K and 1900 K, respectively. The first type of emitters are highly
susceptible to oxygen contamination while rare-earth based emitters react with many refractory metals at
high temperatures (in this case a thin graphite sleeves is placed between the emitter and the main tube).

An orifice plate is placed at the downstream end of the tube to increase the internal pressure. The high
pressure results in a low plasma potential, which, in turn, increases the ionization efficiency and reduces the
energy of the ions reaching the cathode walls.

The insert reaches the emission temperature with the aid of a heater wrapped around the tube, which is
provided with thermal shields to reduce the radiation losses. The cathode tube and heater are surrounded
by the keeper electrode, whose function is to help the extraction of the electrons to the discharge plasma
and to protect the cathode from the ion bombardment.
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ITII. Model Overview

The model consists of four main modules: the keeper plasma model, the orifice plasma model, the insert
plasma model, and the cathode thermal model. The models are consecutively solved by means of an iterative
procedure to calculate the plasma properties, along with the temperature profile and heat exchanges in the
cathode assembly. The plasma properties are averaged in each control volume, Fig. 1(b), and steady-state
conditions are assumed. The quasi-neutral plasma is considered to be a mixture of three perfect gases:
thermalized electrons, single-charged positive ions, and neutrals. Ions and neutrals are considered to be
at the same temperature of the cathode wall. Cathode’s geometry and materials, operative conditions,
propellant properties, and the effective emission length are the input of the model.

The main modifications to the model described in Ref. 6, referred here as Basic model, are based on the
following assumptions:

o Xenon electron-neutral cross section was computed using the formula of Katz et al.” that fits the total
elastic cross section considering the database of Hayashi?® collected in 1983, instead of the elastic
momentum-transfer cross section;

e The plasma resistivity of the internal region was estimated by a formula that missed a 7 factor;

e The internal pressure was computed using a theoretical approach, that is not able to take into account
all the aspect of plasma physics within OHC and did not consider any variation with respect to the
discharge current;

e Keeper region plasma parameter were not calculated.

At first a double-sheath at the constriction between the insert and orifice regions will be modelled in
agreement with Ref. 1, 2 and 13. Then, the modifications to the equations, need to model the double sheath
at the orifice exit section, will be described.

The following subsections will show and discuss the main equations of the model emphasizing the part
which have been modified with respect to Ref. 6.

Keeper

Heat Shield

Heater O OO OO0 Emitter

Region

Keeper
Region

Orifice
Region

Orifice

(a) (b)

Figure 1. Architecture of typical Orifice Hollow Cathode (a). Sketch of plasma model regions (b).

A. Double Sheath between orifice and insert regions
1. Keeper Plasma Model

The keeper model is made of three equations expressing current density balance, Eq.1(a), the balance of
ion flux, Eq.1(b) and equation of state, Eq.1(c), to compute the plasma number density (n. ), the electron
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temperature (7. k), and the density of the neutrals (ng ).

. Ao Te,o ( )
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The first equation, Eq.1(a), states, as a first-order approximation, that plasma density in the keeper
region (n. ) scales linearly the orifice plasma density (n.,) with the orifice-to-keeper area ratio (A,/Ax)
and the square root of electron temperatures ratio (y/Te,o/Te k), since a remarkable plasma density drop
takes place in the orifice-keeper gap!”.

Equation 1(b) writes the balance between the ion production (o, k) and the ion loss rate (Royr k). A
sketch of current density fluxes is depicted in Fig. 2. Ions leave the control volume with the Bohm velocity
toward the keeper orifice walls and with the thermal speed upstream to orifice and downstream to the
environment (indeed j; and j;;, are the Bohm and the thermal current densities, respectively).

The last balance, Eq.1(c), equates the plasma pressure as computed from the kinetic theory of gases
(Prin) With the pressure of a continuum (peont) flow chocked at the orifice exit!+4.

keeper
orifice .
I]i,k 2mrlLy
Double sheath [
.. . 2 o
ji,a T.','T'g Miono Jen g T ﬁ-ian,k jth,k TCT%
ji,a 2nryl, lji’k 2mry Ly

Figure 2. Sketch of ion fluxes when a double sheath is modeled between orifice and emitter regions.
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2. Orifice Plasma Model

The system of equations 2 is solved to get the plasma number density (n.,), the electron temperature (T ,),
and the density of the neutrals (ng,) in the orifice region.

qﬂ-rgLonO,one,oKi +jth,kAk = ji,o (27TT0L0 + 777“2) + jth,oﬂ-rg (a)
——
7.7f'ion,o hin,k hout,o
5k

RIS{ = hion <62> + 773[d (Te.o_Te,e) (b)
~ Y~—— 24 '
Pohm Pion (2)

Peonw

ode, m | RgTywo ode,
(ne,o + no,o> kpTwo (1 + Two) = 71'7‘3\/ ~ 1+ Too (c)
Pkin

Pcont

The conservation of the ion flux, Eq.2(a), imposes a balance between the ions formed by ionization
(Mion,0) and the ions crossing the boundaries of the control volume (7, and Moyt ). Ions moves from
keeper to orifice region, Fig.2, since it is expected that the electron temperature increases along the cathode
axis!®18:19 Equation 2(a) can be rewritten considering the relation between the Bohm and thermal current
density (jin ~ 0.665;) and recalling Eq.1(a):

11 /3
211 L, 21—y /=
i +”°< 40.61V7r>

This results is very interesting because keeper plasma parameters (densities and temperatures) do not
appear. This simplifies the resolution of the full model because no loop from keeper to orifice must be taken
into account.

The plasma power balance, Eq.2(b), states that the resistive heating (Pg), balances the energy losses due
to neutral-particle ionization (P;,,), to the electron convection (P.,ny), neglecting the ion losses across the
double sheath to simplify the coupling with the emitter module. Here the plasma resistance is calculated as:

qTrrgLo’nO,one,oKi: .71 +jth,o77’rg (3)

1L, VM,

P— 4
2 " ng? (4)

where 7 is the plasma resistivity that depends on the total collision frequency which includes the contributions
of electron-ion and electron-neutral collisions (v = ve; + Vey,). Particularly the electron-neutral collision is
proportional to the Maxwellian Average Cross section, (oey):

ten = (om0 (£22°) (5)

Ne

According to literature'>2313, the Basic model® used the numerical correlation® of Katz et al. which fits
old data of total collision cross-section of Xenon?°, which also includes inelastic collisions, instead of the
momentum transfer cross-section®. The present model, on the other hand, features a new correlation for the
most recent elastic electron-neutral cross section'!. The fit agrees with experimental data with an R-squared
value of 0.99 and it works in the range of electron temperature 0.1+10eV and gives cross section values in
square meters, Eq. 6.

*5 *4 *3 *2 *
P1Lr° + pdy" + sy + pad}” 4+ psT) + D6 o
Lo Oen)) = , I, = Lo T, 6
910({(Ten)) T2 T + 0 g10(Tev) (6)

b1 b2 Ps3 P4 D5 Pe q1 q2
Values 0.0350 —0.3057 —0.6698 —18.5416 —12.8821 —9.9614 0.7093 0.5227

The last equation of system 2 equates the pressure computed by the kinetic theory of gases (pin) with
the pressure of continuum flow (peont), just like modelled in the keeper region (Eq. 1(c)).
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8. Insert Plasma Model

The insert plasma model is composed of four equations. The unknown are the plasma number density (ne ),
the electron temperature (T ), the density of the neutrals (ng.) and the emitter sheath voltage drop (V},)
in the insert region.

qﬂ-rgLefan,ene,eKi +ji,o7r7ﬁg = ji,e (Aeff + WT? - 7TT¢2)) + jth,eﬂ-rg (Cl)
——
hion,e ﬁin,o 'flovj,t,e
j = Ailjf = ji,e + jem - jer (b)
. kpT. . 3 kT,
Jijo (Vds—‘rZ Bq s)ﬂri—Fng + Jem (Vp+2 I; ‘S)Aeff:
Po}wn

Pio Pem (7)
. kT . kpT. 5 kpT.
Nout,e <<5z> +2 Bq s> +jer2%Aeff —+ 5 Bee 1, (C)

P; Per Peonw

aTe,e B 9 Id0.3Tg0.95m0.57L00.15
(Ne,e +mno,e) kpTs (1 5 ) =1.36-10 N0-10¢,0.20, 03543171 (d)
Pkin Pemp—corr

The ion balance, Eq.7(a), has been written equating the sum of ion production rate due to direct electron-
impact ionization (7o) and the contribution of the ions generated in the orifice with accelerated toward
the insert as they cross the double sheath (n,,) with the losses at the sheath boundaries as well as the
thermal flux to the upstream section of the control volume (fipys.e)-

In the current conservation equation, Eq.7(b), the total current is the sum of the ion current density
collected at the emitter surface, as computed from the Bohm sheath criterion (j;) the thermionic current
density (jen) minus the thermal flux of electrons recombining on the insert wall (je,).

The power balance at the plasma, Eq.7(c), takes into account the plasma heating due to the Joule effect
(Pohm), the energy delivered to the plasma by the ions of the orifice, (P, ,), as well as the energy gain due to
the emitted electrons (P.,,). The energy is lost by the ions leaving the control volume (P;), and the electrons
recombining on the emitter surface (P.,), as well as by the effect of the electron current convection, (Peopy)-
Here the formula for the calculation of plasma resistance has been corrected with respect to the Basic model®
adding a 7 to the denominator®, Eq. 8.

_ 50
B 47T'L€ff

(8)

The model assumes the existence of a planar double sheath at the entrance of orifice’?13. The value of
voltage drops is computed by means of the formula of Capacci et al.'® who simplifies the rigorous derivation

of a double-sheath potential over a distance d described by Langmuir?!.

kpT, [me)??
Vie= (e 22505 (9)
7.9 Ne,0Toq 2q

Particularly, Capacci et al.'® consider the distance between the two planar sources of charged species as
the Debye length (Ap) computed using orifice plasma electron density and temperature.

In this work it is preferred an empirical approach to calculate the total static pressure inside the OHCs
over the theoretical one! implemented in the Basic model®. The selected empirical correlation'?, RHS of
Eq.7(d), agrees with the fitted experimental data with an R-squared value of 0.98 and average error of 24.5%,
and allows to capture the dependency of the pressure with both mass flow rate and discharge current, while
theoretical models can not. Moreover the cathode internal pressure can be computed over an extremely wide
range of operating conditions that could not be captured by a flow model incorporating only a single flow
regime.

According to the empirical correlation, pressure in the insert region in Pa is a function of the orifice and
insert diameters (d,,d.) in meters, the orifice length (Lo) in meters, the discharge current (I3) in Amperes,
the mass flow rate () in kg/s, the atomic mass of the propellant considered (M) in kg, the ionization energy
of the species considered (¢;) in eV, the dynamic viscosity (u,) in Pa-s and the gas temperature (Ty) in K.
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4. Thermal Model

A Lumped Elements Thermal Model, named LETherM”, has been developed to quickly compute the tem-
perature profile along the cathode axis, and more particularly the insert and orifice temperatures (used in
the plasma model). The cathode is subdivided into few elements with the purpose of getting a simple ther-
mal network, where each node refers to a specific element. Perfect contact conditions are assumed among
the cathode elements and the thermal deformations are neglected thus considering constant areas for heat
exchanges. The thermal model includes temperature dependent expressions for the thermal conductivity of
the materials and for the surfaces’ emissivity”. The model allows to assign different material properties for
each node.

The temperatures of the nodes are obtained by solving the set of equations having fixed a cathode base
temperature that have been varied in the range 800-1200 K. Two types of equation compose the system
depending on the type of node. The first power balance writes:

(ossTH—Ji) > (Ti—1Ty)

—P;y, =0 10
M Ri N Rcondi,j ( )

where, ogp is the Stefan-Boltzmann constant, R, are the equivalent resistance and P;, stands for the
external power input to node #-th. Particularly the emitter is heated by the ions recombining on the wall
and the back-streaming electrons, while is cooled by the emitted thermionic electrons leaving the surface
whereas the ohmic power, as computed in the orifice model, is assumed to be completely transferred to the
orifice wall. The power balance of the node representing the insert includes the loss by evaporation, too.
The convective heat transfer is included in the model where nodes are in contact with gas.

For the second kind of node the power balance is expressed as:

S U sl = 1) _ (11)
~ R, ; R;
J
The background temperature for radiation has been set to 300 K.
Keeper nodes are not modelled. Keeper wall temperature has been supposed to be a constant fraction
of orifice wall temperature. According to the experimental measurements provided in literature?? and FEM

simulations, a keeper-to-orifice wall temperature ratio of 0.8 has been used.

B. Double Sheath between orifice and keeper regions

The modifications of the plasma models’ equations, required to account for the double sheath between orifice
and keeper regions, will be presented in the following subsections. The sketch of ions current density fluxes
in this case is depicted in Fig.3. Modifications of the thermal model were not needed.

keeper
orifice )
Double sheath []i,k 2mrLy
— ] o —
jth,o Tﬂ‘g Mion,o hiun,k jth.k Tﬂ",z(
Jio2mrol, Joemr: \ji,k 2mry Ly,

Figure 3. Sketch of ion fluxes when a double sheath is modeled between orifice and keeper regions.
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1. Keeper Plasma Model

The ion balance equation, Eq.1(b), was modified considering the flux of ions through the double sheath
(Ji,k), that is calculated by means of the Bohm condition.

qmﬂiLkno,kne,kKi: ]zk (27T7’]€Lk + WT%) + jth»kaT';% (12)

2. Orifice Plasma Model

To take into account that ions move counter-streaming from keeper region to orifice with Bohm velocity, the
therm 7y, of Eq. 2(a) was updated.

qﬂ—TSLonO,one,oKi + ji,kAk = ji,o (27TT0L0 + 7(-7'3) + jth,o’frrg (13)
g
Nin,k
The equation can be rewritten considering Eq.1(a) as follows:

qWT(Q)LonO,One,OKi: ji,o (27TTOLD) + jth,oﬂ—rg (14)

3. Insert Plasma Model

The contribution due to the incoming ions from the orifice (7;y,,) in the ion balance Equation 7(a) was
updated because ions enter in emitter region with thermal speed (Eq. 15). The energy delivered to the
plasma by the ions of the orifice (P;,) in the power balance equation, Eq.7(c), was modified for this reason
and to account for the displacement of the double sheath , Eq. 16.

qmﬂgLeffno’ene,eKi —&—jth,om‘g = Jie (Aeff + m‘g — wrg) +jth7rr§ (15)
——

Nin,o

kpT, . kpT,
jth,o (2 Bq ) 7r7“§ “V‘RIC% + Jem (V;; +2 Bq ) Aeff =
P, (16)

kpTs kBT 5kpTe
hout <<52>+2 L >+]er23quff+ &

2

14

IV. Results

The results of the models are presented in the following sections, along with a preliminary validation
of the models themselves. The baseline cathode geometry is that of ALPHcA developed and tested by
SITAEL?324, Tt consists of a tantalum tube 7.5 mm in diameter, with a polycrystalline LaB6 insert 3 mm
in internal diameter and 6 mm in length. Given the reactivity of LaB6 with refractory metals at high
temperature, the direct contact between the emitter and the tube is prevented by means of thin graphite
sleeves in a cup-arrangement at the insert ends. The thickness and the length of the tube are approximately
equal to 0.3 mm and 20.6 mm, respectively. The orifice has a diameter of 0.4 mm and a length of 0.36 mm.
The molybdenum-alloy keeper presents a 0.6 mm diameter orifice, whereas the cathode-to-keeper gap is 2
mm in the longitudinal direction. Because the length of keeper orifice has not been found, a realistic value
of 0.3 mm has been selected to perform the calculation. The propellant is pure Xenon (contamination issues
are not considered in the model). The cathode operates at a discharge current ranging from 1 to 3 A and
at mass flow rates between 0.08 and 1 mg/s. In this operational envelope, electrical characteristics in diode
mode with keeper, are reported in Ref. 24.

A. DMass Flow Rate sensitivity study

The effect of the mass flow rate on the plasma parameters is presented for ALPHcA at a discharge current
of 3 A. At first the effect of model updates will be shown; then the effect of the position of double sheath
(before orifice entrance and after the orifice exit) will be discussed.
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1. Effect of Model updates

The average plasma densities and electron temperatures in the insert and the orifice regions are reported
in Fig. 4 as a function of mass flow rate for ALPHcA operating at 3A of discharge current. The com-
parison between the numerical results of the basic model and the updated one is presented. The plasma
densities increase with mass flow rate consistently with both theoretical and experimental trends found in
the literature®*2® The electron temperature plots in the two cathode regions display a decreasing trend as
in Ref. 2, 4 and 25. Both emitter and orifice surface temperature (Fig. 5) increases with mass flow rate,
according to Ref. 22 and 25.

. « 1020 Emitter o w1021 Orifice
— H — Basic Model
(3] (3]
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. —_— -0 -
= - =
g L I D E
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g o28r
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Figure 4. Plasma densities and electron temperatures in the insert and the orifice regions as function of mass
flow rate for ALPHcA at 3A: Numerical Results.

The plot of the effective emission lengths as function of mass flow rate are reported in Fig. 6 at 3 A.
The results of the update model particularly show a decreasing trend as theoretically?® and experimentally?®
verified in literature.

The dependence of the discharge voltage on the mass flow rate for ALPHcA is shown in Figure 7 for a
discharge current of 3 A. The numerical value of total voltage, V;, is computed by the basic model as the
sum of the potential drops from the emitter to the orifice:

Vi=Ve+Vp+Vas+V, (17)
where V. and V, are the ohmic potential drops in the emitter and orifice regions, respectively, Vy, is the
voltage drop between emitter and orifice regions and V), is the emitter sheath voltage drop. Because the
keeper plasma region a new ohmic contribution, Vi, must be added to the Eq. 17:

‘/t:‘/e“‘vp"‘Vds“_Vo“FVk: (18)
The discharge voltage displays the typical increase at the lowest values of mass flow rate (plume mode) and
both models predict values of tension on average & 1 to 3% the experimental value, Fig. 7.

Figure 8 reports the distribution of plasma density, electron temperature and pressure along the ALPHcA
cathode axis at 3 A and 1 mg/s computed by means of the updated model. The trend of a linearly increasing
plasma electron temperature and increasing-decreasing plasma density along the cathode axis is evident from
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Figure 5. Emitter and the orifice wall temperatures as function of mass flow rate for ALPHcA at 3A: Numerical
Results.
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Figure 6. Effective emission length as a function of mass flow rate for ALPHcA at 3 A. Numerical result.
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Figure 7. Discharge voltage as function of the mass flow rate for ALPHcA at 3A: Numerical results vs.
experimental data (Test n.1 and n.3 from Ref. 24)

the experiments performed by several authors'®?226 and is correctly predicted by the model, Fig. 8(a).

Moreover, as expected, pressure decreases along the cathode axis, Fig. 8(b).
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Figure 8. Distribution of plasma density, electron temperature and pressure along the ALPHcA cathode axis
at 3 A and 1 mg/s. Numerical results.

The dependence of the internal pressure on mass flow rate for ALPHCcA is shown in Fig.9. Particularly,
the comparison between the Basic and the update model is reported in Fig.9(a), whereas Fig.9(b) compares
the internal pressure, computed with the update model, with the experimental data at 1.5A. It is worth
to notice that the grow rate of pressure with the mass flow rate is under predicted with respect to the
experimental data because the insert plasma model features the assumption that the temperature of heavy
species (ions and neutrals) is set equal to the wall temperature.

2. Effect of the position of the Double Sheath

The effect of modeling the double sheath at the orifice exit on the total voltage is studied here for ALPHCcA,
setting a discharge current of 3A. Figure 10 reports the total discharge voltage plots computed considering
the Double Sheath (DS) at orifice entrance and at orifice exit. It is interesting to note that with the
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Figure 9. Internal pressure as a function of mass flow rate for ALPHcA at 3 and 1.5 A.

second assumption the model predicts with good approximation the tension values in plume mode but it
underestimates them in spot mode, with an increasing trend with respect to mass flow rate.

The total discharge voltages have been computed using Eq. 18. Care was taken evaluating the double
sheath voltage drop intensity (Vys). The formula of Capacci et al.'® refers to a Debye length computed with
the plasma density and the electron temperature of the orifice region, when the double sheath is modeled at
the orifice entrance. To verify if this assumption would be still suitable when the double sheath is modeled
at the orifice exit, two experimental test campaigns, where the plasma potential profile along the axis were
measured, have been selected. The cathodes tested are the NSTAR!18:19 and the Sigfried and Wilbur?” Hg
cathode. The double sheath voltage drops (V) have been computed using both orifice and keeper plasma
parameters and they have been compared to the retrieved experimental values in Table 2.

For both the NSTAR operation levels considered (namely TH15 and THS), the best agreement with the
experimental value is obtained using the keeper plasma parameters. Here it has been verified experimentally
that a large voltage drop occurs after the orifice exit!?!819,
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> 167
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Figure 10. Discharge voltage as function of the mass flow rate for ALPHcA at 3A: Numerical results vs.
experimental data (Test n.1 and 3 from Ref 24) .

13
The 36th International Electric Propulsion Conference, University of Vienna, Austria
September 15-20, 2019



Sigfried and Wilbur?7 reports the plasma potential profile both in plume and spot mode, where a potential
drop is located, respectively, at the orifice entrance and at the orifice exit. In the first case the intensity of
voltage drop (Vys) closest to the experimental value is computed using keeper plasma parameter. On the
contrary, in the second one, where the double sheath is located near the orifice entrance, the best result is
obtained using orifice parameters.

As a result, the intensity of a double sheath located after the orifice exit has been calculated using keeper
plasma parameter in the formula of Capacci et al.'® (Eq. 9).

CATHODE NSTAR!:18:19 Hg Cathode?’
(TH 15) (TH 8)

mode spot spot plume spot

I, A 13.3 8.24 2 6

d,, mm 1.02 1.02 0.75 0.75

Me.o, M3 4.70E+20 3.60E+20 1.00E+20 3.00E+19

T..., eV 1.4 1.4 0.5 0.5

Ne f, M3 2.30E+19 5.00E+19 1.00E+18 3.00E+18

Ter, eV 2.0 2.0 0.5 0.5

Vas (location) after orif.exit after orif.exit after orif.exit before orif.entrance

Vas, V 6 4 6 2

Vas, V (Orifice*)  0.72 0.63 0.43 2.02

Vas, V (Keeperf) 6.85 3.16 9.36 9.36

Table 1. NSTAR/Hg cathodes test cases. Comparison of the Double Sheath Voltage Drop, V;s;, computed
using orifice plasma parameter (*) and keeper plasma parameter (f), with the experimental value.

B. Discharge current sensitivity study

This section reports the electrical characteristics and plasma parameters of ALPHcA at low, 0.2 mg/s, and
high, 1 mg/s, mass flow rate as function of the discharge current.

The average plasma densities and electron temperatures in the insert and the orifice regions are reported
in Fig. 11 as a function of discharge current at 0.2 mg/s Xe mass flow rate. Figure 11 shows the results of
both models with DS at the orifice entrance and after the orifice exit. The dependence of the plasma densities
on discharge current is consistent with both theoretical and experimental trends found in the literature*:2%:28,
The electron temperatures in this two cathode regions display a decreasing trend* even if that of insert is
negligible dependent on the considered range of discharge current as shown in Ref. 17. Little gap between
the models’ predictions is visible on plasma density and electron temperature in the orifice region. The
difference between the results depends on the velocity with which ions come from keeper region, i.e. Bohm
or thermal speed.

Plasma density and electron temperature as function of discharge current in keeper region, Fig. 12, show
an increase trend in accordance to literature!”>27.

Emitter and orifice wall temperatures as function of discharge current are reported in Fig. 13. Tem-
peratures increase with discharge current, consistently with both theoretical and experimental trends found
in the literature®2°27. The internal pressure increases with the discharge current at 0.2 mg/s, Fig. 14, as
expected by the empirical correlation, RHS of Eq. 7(d). The results obtained by the models are almost
overlapped. The basic model, using the theoretical model to compute the internal pressure, does not predict
the dependence on the discharge current.

Total voltage as function of discharge current at 0.2 mg/s Xe mass flow rate is shown in Fig. 15.
Numerical data computed by the model with the double sheath at the orifice exit, are, on average, 8% below
the experimental Test 1 from Ref. 24. It is interesting to observe that the total voltage are close to those
obtained modeling the double sheath between the orifice and the emitter. An exception it is found at 1.5 A
where the model with a DS at the orifice entrance underpredict of 20% the experimental data.

The experimental data presented in Ref. 24, show that when the mass flow rate is 0.2 mg/s the cathode
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operates in plume mode for every discharge current. In accordance with the results discussed above (cf.
section A.2) it seems that the code modeling the double sheath at the orifice exit, for this type of cathode,
works well in plume mode, when a large voltage drop occurs.
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Figure 15. Discharge voltage as function of the discharge current for ALPHcA at 0.2mg/s: Numerical results
vs. experimental data (Test 1 from Ref. 24).

Finally Figure 16 reports the total voltage as function of discharge current at 1 mg/s computed with
the aid of the numerical code modeling the double sheath at orifice entrance compared to the experiment.
Numerical data are presented collecting all the solutions obtained varying the effective emission length
(Lesy), that is an input parameter of the model. The experimental electrical characteristics are plotted,
having gathered all the available data from the test campaign performed by Albertoni et al.?*. The model
produces very good agreement with the experiment.

ALPHcA: m = 1 mg/s

26 T
T —l - Exp.
- —— DS orifice entrance i

]

3]
T
1

]
(=]
T
1

—-
oo
T

Total Voltage, V

—
(=)
T
b

T

12 1 1 1 1 1
0.5 1 1.5 2 2.5 3 3.5

Discharge current, A

Figure 16. Total voltage as function of discharge current for ALPHcA at 1 mg/s: Numerical Results vs.
experiments24,
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V. Conclusion

The updates of the zero-dimensional plasma model for Orificed Hollow Cathodes developed at the Italian
Aerospace Research Centre have been presented. An empirical approach have been used to compute the
internal pressure. The calculation of the internal plasma resistance has been reviewed. A new fit formula of
the most recent experimental data of Xenon elastic collision cross section has been proposed. Furthermore,
a keeper plasma region has been included.

The model has been applied to a LaB6 based cathode. The updated model is still able to predict both
the trends of the plasma parameters and wall temperatures with mass flow rate and discharge current, as
found in literature. Particularly the empirical approach for the calculation of the internal pressure allows to
predict also its variations with the discharge current.

The total voltage drop as function of mass flow rate when cathode is operating at 3A has been rebuilt
with an accuracy ranging from 1 to 6%. The electrical characteristic at 0.2mg/s have been also studied. It
was found that the numerical results under-predict the total voltage on average by 8%.

The variation of the internal pressure with the mass flow rate at 1.5A has been studied. The model is
able to predict that pressure increases but the gap between the numerical results and the experimental values
grows, too. These outcomes suggest a critical review and a refinement of the model, particularly regarding
the calculation of heavy species temperatures.

Finally, the paper has investigated the effect of modeling a double sheath after the orifice exit. According
to the study the total discharge voltages are predicted with 1+5% of approximations in plume mode but
the model tends to underestimate tensions in spot mode. Here the difference between the numerical and the
experimental data increases with respect to the mass flow rate.
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