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Global modeling of iodine Hall thruster performance and discharge

properties
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DIAPLACE, Université de Toulouse, CNRS, INPT, UPS, 31062, Toulouse, France

2)ThrustMe, Verriéres-le-Buisson, 91370, France

(Dated: 11 December 2024)

A 0D model for an iodine-fed Hall thruster is presented. A complete set of reactions is used to account for iodine
plasma chemistry phenomena and trace the presence of multiple neutrals and ionized species. The model is developed
using novel assumptions based on experimental data trends as derived from the literature. The simulation domain is
divided in two zones in order to refine the iodine molecule dissociation process localized in the low electron temperature
region found upstream in the channel. After validating a xenon version of the model against SPT-100 characteristics,
numerical results are compared against experimental data relative to a low-power iodine-fed Hall thruster. Discharge
current and thrust are predicted with satisfactory quantitative agreement and overall trends are effectively captured.
The numerical results indicate a relatively large portion of ionized molecules, while negative ions appear to occur in

non-negligible amount upstream in the thruster channel.

I. INTRODUCTION 8

49

Propellants with a low ionization threshold, large ioniza- *
tion threshold and high atomic mass are sought-after in order
to maximize thrust-to-power ratio of electrostatic propulsion 52
devices. These aspects historically led to the utilization of %
xenon in gridded ion thrusters and Hall thrusters. Its scarce
natural occurrence in the current context of industrial produc- 5
tion capacity versus market demand, however, leads to signifi- %
cant price fluctuations over a large baseline price, often deter-
minant for typical commercial missions. Propulsion systems
utilizing alternative propellants have been already deployed in *
orbit. At the time of writing, the Starlink constellation counts
more than 4700 krypton-fed and more than 1600 argon-fed ©
Hall thruster systems in orbit. These solutions, however, sac- 2
rifice thrust-to-power ratio due to the lower atomic mass of
the chosen propellants. On the other hand, iodine-fed propul- &
sion systems provide significant advantages over both xenon
and other noble gases. Iodine provides the same performance ¢
achievable with xenon at 1 — 2% the cost. Furthermore, while ¢
xenon-fed systems require the propellant to be stored at high ¢
pressures (14 MPa - 20 MPa) at relatively low storage den-
sity (1.6 gcm’3), iodine is stored solid, resulting in a higher 7
storage density (4.9 gcm™3)! and without the need of high 7
pressure rated hardware. These factors have thus driven an
increased interest in iodine>>. While iodine-fed gridded ion 7
thrusters is a proven and viable technology for very low power
systems®, Hall thrusters (HTs) become increasingly attrac-
tive at higher power levels, as they feature higher thrust-to-
power ratios and a higher thrust density. With this in mind, 7
iodine-fed HTs have been previously tested at different power
ranges undertaken>® and ThrustMe has set out to develop a 7
low-power iodine-fed HT”.

7
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One of the main challenges in the development of an iodine
HT is to grasp the plasma chemistry. As iodine is present in
both atomic and molecular forms, and given the electroneg-
ative nature of iodine, a larger variety of species are found
in the plasma when compared to devices using noble gases.
Studies of this type are scarce in the literature, and previous
efforts have been largely focused on iodine-fed ion thrusters
and fundamental plasma discharges®'?, where however elec-
tron temperature never exceeds a few electronvolt, leading to
different phenomena being more relevant in comparison with
HTs, where electron temperature can reach tens of electron-
volts. 0-D models represent a powerful tool for the purpose
of plasma chemistry studies and global thruster metrics es-
timation. HTs have been previously modeled through a 0D
framework, though mostly in order to shed light on breathing
mode oscillations in xenon-fed thrusters'!'~!4. Consequently,
it is necessary to analyze iodine HT to estimate energy losses
caused by plasma processes and thruster performance.

This paper focuses on analyzing the global effects of iodine
chemistry on thruster performance through the development
of a 0D model. Section II introduces the set of equations and
plasma chemistry utilized in the model. Section III reports
on the assumptions made in order to implement the conser-
vation equations. Section IV presents and discuss numerical
results of the model, simulating both xenon and iodine-fed
HTs, through comparison with experimental data. Finally, in
Section V conclusions are provided.

Il. NUMERICAL MODELING
A. Domain

The model domain is comprised of two 0D zones. A first
zone, called the dissociation zone, extends from the anode to a
fraction of the channel, where only low temperature electrons
are typically found. Using literature data'>~'3, it is deduced
that this length can be assumed to be 0.425 L., from the an-
ode plane, with L., being the channel length. Due to the low
electron temperature plasma found in the dissociation zone,
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only dissociation of neutral iodine molecules I, and formation

of negative ions I~ are taken into consideration. Other reac-,,,
tions are assumed to play a negligible role due to their high,,,
threshold, as noted in Table I. The second zone extends from,,,
0.425 L.y to 1.2 L. In this zone the ionization and accelera-,,,
tion phenomena are addressed. "™

Preliminary tests of the model that accounted for dissocia-142
tion, ionization and acceleration in a single zone revealed that,43
as a consequence of the global nature of the model, the beam:4+
would be primarily composed of ionized molecules, resulting4s
from a relatively low dissociation rate. This is in contrast with4
some experimental evidence!®. The use of a single node al-17
lows high temperature electron to ionize a large proportioni
of molecules before they are dissociated, due to ionizationi4®
having a higher reaction rate for 7,>5eV, as shown in Fig.2.150
From experimental and numerical data!”!8 it is expected thatis:
low temperature electrons are found in the upstream half of?s2
the discharge channel causing neutral molecules to preferably:ss
dissociate. Eventually, as the flow of neutrals reaches the ion-15+
ization and acceleration zone, a relatively small fraction ofiss
molecules is present, leading to only an ion beam primarilyise
composed of atomic ions, with a smaller group of moleculariss
ions (I;r ). The separation of the domain in two zones allowsiss
for molecules to be first dissociated in the first zone withoutise
being ionized by the high temperature electrons found in theieo
second zone, reflecting the spatial separation found in the dis-i6:
charge channel. 162

B. Equations

The core of the model consists in the numerical integra-
tion of ordinary differential equations (ODEs). These equa-
tions are evaluated and propagated in time through Euler for-
ward integration. All equations are integrated simultaneously.
At each timestep, algebraic equations are also solved, both
for post-processing purposes and to calculate source and sink
terms found in the right-hand side of the ODEs. A constant
timestep of 6 x 108 s is used. All simulation are run for 1 ms,
after which convergence is confirmed by ensuring that the
variation of the main plasma properties between steps does not
exceed 0.001%. The plasma is assumed to be quasi-neutral,
electron inertia is considered negligible, neutrals are assumed
to have a constant velocity and all heavy species (neutrals and
ions) are considered cold. The ODEs are obtained through do-
main integration of a fluid 1D1V model, similar to those found
in Refs.[17, 20]. In the dissociation zone, a set of continuity
equations are propagated. In the ionization and acceleration
zone, continuity, momentum, electron energy equations are
propagated. Additionally, an electrostatic relation is solved at
each timestep.

1. Continuity in dissociation zone

In the dissociation zone a set of simplified continuity dif-
ferential equations are integrated, accounting only for neutral
and negative species (o = { I,LLI” }). These equation read:

aﬁa,diss _ ( 1

ot Ldiss

> (nin,auz,in.a - ”lA,aMz,A,a) + Scoll,oc,diss;

ey
where 7 g4iss indicates the average numerical density of
species ¢ in the dissociation zone, A indicates the anode, L
the length of the dissociation zone. At each timestep, the con-
tinuity equations are integrated to obtain the average numer-
ical density of the considered species within the dissociation
zone. By assuming constant velocity and a linear spatial dis-
tribution within the dissociation zone, the densities of / and
I, at the entrance of the ionization zone can then be derived.
They are dependent of the rate of dissociation and dissociative
electron detachment.

Negative ions are assumed to be generated and removed
from the dissociation zone entirely through collisions, there-
fore neglecting any flux term of I~ towards the ioniza-
tion/acceleration zone. Negative ion flux towards the anode
and the channel walls is also neglected, due to the presence
of positive ion sheaths. Thus, for the purposes of this model,
{Mz,A,I* ) ”z,in,I*} =0.

In order to calculate 36.(,117%‘1,-”, the plasma density in the
dissociation zone must be known. Given the lack of experi-
mental data regarding electric field magnitude in the upstream
half of the discharge channel, estimation of electron transport
is difficult. To avoid the introduction of modeling errors, a
simple assumption is taken: the plasma density in the dissoci-
ation zone is assumed to be a fraction of the average plasma
density in the ionization and acceleration zone. This is sup-



163

164

165

166

167

168

169

170

171

172

173

174

175

176

177

178

179

180

181

182

183

184

185

186

187

188

189

190

191

192

193

194

195

196

197

198

199

200

201

202

203

204

205

ported by experimental and numerical data®!??, which indi-2

cate that plasma density in the upstream half of the dischargezo
channel is roughly one order of magnitude lower than that inzes
the ionization region. Said ratio is then represented by an ar-200
bitrary coefficient, By;;: 210

_ 211
Nplasma,diss = ﬁdissnplasmm (2)212

where npiammadiss 18 the plasma density in the dissociation,;
zone and 7 pjqgmq 18 the average plasma density in the ioniza-»,
tion and acceleration zone. The coefficient ;s is then sweptys
between two extreme values, 0.1 and 0.75, representing thes
uncertainty surrounding plasma density deep in the channel.,;,
When calculating the collision rate in the dissociation zone,
in order to account for the presence of negative ions, electron
density is assumed to be equal to:
218

e diss = Nplasma,diss — n]*,diss' (3)
Note that this parameter affects the plasma density in the dis-,
sociation zone, which is assumed to be equal to that at the
in boundary, consequently affecting the dissociation process.
This has an important influence on the composition of the
plasma beam, and the effects of By;s; on the model results are
discussed in Section IV. Continuity equations relative to the
dissociation zone are integrated at each time step to provide
the equations modeling ionization and acceleration with thezx
necessary boundary conditions.

220

. . . . . 222
2. Continuity in the ioniz./acc. zone

A continuity equation is solved for all species, both charged
and neutral. Electron density is calculated from quasi-,,,
neutrality, and as such does not require the integration of a,,,
dedicated ODE. Analytical integration of the generalized con-,,,

tinuity equation® leads to the expression: 6

— — 227

= - (llJ) (nout,ocuz,out,oc - nin,tx”z,in,a) +Sw,oc +Scall,ot> 228
(4)229

where a = { I, LI, IT, I**, 17} or o = {Xe, Xe ™, Xe?* }, n2
is the numerical density, u, is the velocity along the thruster’s?!
axis, Sy, is the flux of particles to the walls, S,,;; is the rate of?®?
particles lost or generated due to collisions, out and in indicate®?
the end and start respectively of the ionization and accelera-2**
tion zone, with L being its length (see Fig.1). 235

236

oz

ot

237

3. Momentum in the ioniz./acc. zone 238

Following the generalized momentum conservationys

equation®’, the scalar global momentum conservation
equation for heavy species reads:
240
J_____ 1/L 2 2
@”auz,a =—(1/ )(”aﬂutuz,(x,out —”a,in”z.a,in) + 241
N’ - 242
momentum convection
qa . 243
ng—=FE;, (5)24a
Mg,

245

electric field 246

where E, is the electric field along the thruster axis, ¢ is the
particle charge and m is its mass. Note that g E, # ngE,, as
both ny and E; vary along z. However, as the exact value of
ngE, cannot be calculated within a OD framework, and ap-
proximation is necessary, and a product of averages is instead
used. In this model, E; = 0.88V,/L, with V, being the an-
ode potential. This choice is coherent with the assumptions
taken on ion velocity shape within the domain shown in Sec-
tion III. Neutral momentum is not resolved, and their velocity
is considered constant in time and equal to a fraction of ther-
mal velocity at the anode as verified by prior Monte-Carlo
simulations’, and to sonic velocity at the end of the domain.

4. Energy in the ioniz./acc. zone

The conservation of energy is solved for the electrons.

o (3 —
E <2angTe> =

———

internal energy

5
- 5 ( 1 /L) (ne,outhTe,out Ue z out — ne,inkBTe,in ue,z,in) +

convection

(JA 4088V — Pooam)
AaL

electric field

- Sen,coll - Sen,wall ) (6)

collisions  wall losses

where kg is the Boltzmann constant, 7, is the electron tem-
perature, S, o1 is the energy lost to collisions, Se;, ,q 18 the
energy lost to channel walls and (JA:,0.88V; — Pyeam)/ (AchL)
is the contribution of the electric field with J being the cur-
rent density, A., the channel cross section and Py, the beam
power. The power delivered to the electron via the electric
field can in principle be approximated as 7%, .E,, yet this
was found to introduce a large error, leading to unrealistic
amounts of power delivered to the electrons. This error has
been attributed to the largely non-constant nature of the spa-
tial distributions of n,(z), E;(z), . ;(z), leading to a large dif-

ference between the exact integral n.u, ;E, and the approxi-
mation 72, @, ; E. The contribution of the electric field is then
calculated by subtracting the beam power from the total dis-
charge power (as seen in Fig.3). The beam power is calculated

as:

1
Poeam = Z Ena,outma”za,omAchy (7N

o

with o = {T" 1+ 1] }.

Conduction and pressure terms are not considered, as their
relevance becomes secondary in a global model. While lo-
cal gradients in the electron temperature may be locally sig-
nificant, their contribution to overall electron energy is a few
orders of magnitude lower than other more significant terms.
This is also reflected in the work of Lafleur et al.!!.
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5. Electrostatic relation 274

275

The electrostatic relation is utilized to obtain the current?®
density, which is used in the conservation of electron energy.
It is derived from the electron momentum conservation equa-2r
tion, where the inertia has been considered negligible and it is
referred to as Ohm’s law??. The current density J is defined,
as: 279

280

J=q. (ZZ(xnocuz.oc) —geNeUz e = ij,oc - jz,e: (8)2a
o o

282

where Z is the charge number and o represents the various

charged heavy species. Within a fluid 1D framework, the cur-**
rent density J can be considered spatially constant if the chan-

nel walls are dielectric. As a consequence of said property, anzs
integral form of Ohm’s law can be used. The relation used byzss
Giannetti et al.'” in their 1D1V fluid model can in principlezss
be formulated in a 0D framework, reading: 267

AV .
J = Getele =+ e Y (0 0naZa) + 1eV(neksT,),  (9)

288
o

where U, is the electron mobility and AV is the total poten-,
tial drop across the domain, accounting for the anode sheath,
potential, which is assumed to be electron repelling. This for-
mulation did however lead to large underestimations of the,,
current density, potentially caused by the large approxima-,,
tions errors generated in the management of the product of,,
averages, as mentioned before. As a consequence, Ohm’s law,
is evaluated at the end of the domain, again exploiting the as-,
sumption of a spatially constant current density: sor

dn,T,
J= Qene,our,ue,outh,out - “e,outh T
2 out 208
+ZZaCIenoc,outuz,oc,out (10)
o

299

where the electron mobility U, ., accounts for anomalous
transport by assuming Bohm-like transport, as previously em-
ployed in literature?*:

,
Ve = Velassical + ﬁan — (1 1)

16’
where V is the collision frequency and w, is the electron cy-
clotron frequency. For all cases simulated f3,, = 0.1 was uti-
lized. A more complex model of anomalous transport cannot
be justified, given the limited nature of a global model. The
electric field at the end of the domain has been estimated as:

0.25AV

e 12
0.29L;, (12)

Ez,out =

This assumption is based on the considerations made in
Refs.[25,26] concerning the location and the spatial extension
of the acceleration zone as functions of anode potential and
channel length.

C. Plasma chemistry

The model presented implements either iodine or xenon
chemistry, and, as such, two set of reactions are presented.
Only binary reactions involving collision between an electron
and a heavy species are considered. Charge exchange reac-
tions are ignored, due to the 0D nature of the model which
cannot grasp local velocity difference between species. When
modeling iodine-fed systems, the following species are con-
sidered: Ip,LI7,IT, I>T,I". When modeling xenon-fed sys-
tems, the following species are considered: Xe, Xe™, XeZt,

1. Calculation of particles generation rate

The averaged continuity source/sink is approximated in the
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following manner: 344

gcoll,a = Z ﬁeﬁmrgetfreaction (Te) - Z ﬁeﬁ(xkreaction (Te ) 5 345

reactions reactions
( 1 3 )346

where Kieacrion 1S the reaction rate of a given reaction and*’
Myarger 18 the density of the species that is impacted by an elec-*®
tron to generate ¢¢. The average densities are directly found
by the integration in time of the continuity equation. The av-
erage reaction rate is calculated using an approach detailed in
section III. Please note the difference between the average ofs«
the maxwellian distribution 7, (local property) and the aver-3so
age electron temperature in the domain T, which is the spatialss
average of the former. 352
Reaction rates are calculated from cross section curves aftersss
integration over a Maxwellian distribution. Which are avail-3s
able from experimental data?™2  numerical data3%-32 and nu-3ss
merical calculations performed during the development of thissse
model. All the reactions considered are presented in Tabless?
I and Table II. The cross sections that have been calcu-sss
lated in this work exploit the method presented in Belengersse
et al.>3, used to estimate the cross section of multiple ion-3
ization events. This method was at first validated for iodine
by comparing its results with the cross section of the double
jonization of the iodine atom (I + e~ — I** + 3¢™) measured®:
experimentally by Hayes et al.?”.

362

363
2. Calculation of electron energy collision sinks 364

The energy lost by electrons in elastic collisions is esti-3®
mated by
366

(14)367

368

_ m —_
Sen,coll,el = Z 37L)kBTenn ne Kel.,n(Te)v

neutrals "

where n = { I, I, } or n = { Xe}. The energy lost in inelastic,
collisions is:
370
Sen,coll inel = Z &;7; 1;K;(T,), (15)

reactions 371

where g;; is the threshold energy for a reaction with 7 as a
reagent and j as a product. This is a constant value except’™
for excitation reactions, where an effective level is used, with®”
the cumulative cross section of all excitations, the energy
of which is adjusted with electron temperature to represent
different excitation processes with different thresholds. Ex-"
citation reactions are only considered as an energy sink, as
metastable states are not tracked species, as previously done®”
by Lafleur'©. 37

377

D. Wall interaction 378

379

Two types of wall interaction are considered in this model:sso
charged species falling through the sheath and neutral iodiness:
atoms recombining into a molecule at the wall. The energyas:
deposited by electrons impacting wall is also calculated. 383

1.  Wall collision rate for charged species

The wall interaction frequency is calculated for each ion
species having positive charge, since negative ions are re-
pelled by the sheath. For each ion species, the loss to the
wall is calculated as:

- (1—-0.425)L,, _ 2 [ZakpT,
Swa = [(1.2 - 0.425)Lch] 0w exp (0.5)1a 3o [ = "=
(16)
where the first term scales the wall losses according to the
fraction of the domain that is inside of the channel, AR is the
difference between outer an dinner radius of the channel, o,
is a calibration factor which has been set to 0.11 as done by
Leporini et al.!2. The exp (0.5) term accounts for the density
at the sheath edge being lower than the bulk density due to
presheath acceleration®®. The 2/AR term is the result of the
volume averaging and accounts for thruster geometry. The
last term, under the square root, is the Bohm ion velocity.
For each ion impacting the wall, a neutral of the same species
is emitted and inserted back into the simulation domain.

2.  Wall recombination

In iodine chemistry wall recombination is also considered,
where two neutrals atom impacting the wall can recombine
into a molecule:

1
I+ wall = 21, (17)

Lafleur et al.lo, among others, model wall recombination with
a sticking probability factor 7,,. The recombination rate is then
calculated as:

_ 2 1_ 2
Swall,l,recomb = _Eznluth,l (2 _%;/ ) s (18)
W
_ 1 -
Swall,lz,rec()mh = +§ wall I,recomb (19)

where u;, ; is the atom thermal velocity and ¥, is the wall
sticking probability.

3. Electron energy deposition to wall

The power delivered to the walls of the discharge channels
by electrons is calculated as:

Sen,wall =n,exp (O~5)Ve,wgwalla (20)

where V., is the wall collision frequency, €,y is the energy
associated with each electron. As the channel walls are as-
sumed dielectric, the electron wall collision frequency can be
calculated by balancing the flux of positive ions to the wall
with the flux of electrons, keeping secondary electron emis-
sion in mind:
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Name Reaction Threshold [eV] | Source/Comments

Elastic I+e = 1+e” 0 Ref. 30

Excitation I+e  —I"+e” [0.9426 - 8.14] | Combined curve from Ambalampitiya et
al. 30, threshold energy is adjusted in 4
steps to represent 4 groups of possible
excitations.

Ionization I+e =17 +2e” 10.45 Ref. 27

Double Ionization I+e =P +3e” 29.58 Ref. 27

Elastic h+e  —h+e 0 Numerical data from Ambalampitiya et
al.*% up to 10 eV. Trend after 10 eV is 1/E
as in Esteves®.

Elastic momentum h+e —h+e 0 Ref. 30

Tonization L+e =1 +2e 9.31 Ref. 30 and 31

Dissociative ionization L+e —1IT +1h3+2e |11.94 Ref. 30

Dissociative Attachment h+e =1 +h), 0 Numerical data from Ambalampitiya et al.
Ref. 30 up to 20 eV, power law after as
done by Esteves®.

Dissociation hte” —=2L+e 1.542 Numerical data from Esteves® up to 10 eV,
after which a log(E)/E law is used, as
done by Esteves®.

Excitation bh+e =1L +e 2.18 Numerical data from Ambalampitiya et
al.30 up to 15 eV and a l/E2 law after, as
done by Esteves®.

Negative Ion Detachment |/~ +e~ — I35 +2e” 3.059 Numerical data from Esteves® is used,
though found to be potentially inaccurate
due to lack of data points near the thresh-
old and a very high cross section when
compared to similar species.

Ionization from anion I"+e” — I +3e” 13.5 This work.

Triple ionization from anion |1~ 4+ e~ — I>* 4 4e~ 32.64 This work.

Second Ionization It e = 1P 42e 29.58 Ref. 27

Ton dissociation Li+e —IT+1+e  |2.1768 Ref. 34

TABLE I. Set of reactions considered in the iodine chemistry model.

Name Reaction

Threshold [eV] | Comments

Ionization Xe+e —Xet +2¢ 12.13

Double Ionization|Xe+ e~ — Xe2T + 3¢~ |32.64
Ionization of ion | XeT +e~ — Xe2T +2¢7|20.98

Numerical data from LXCat, Hayashi
database™.

Ref. 28

Ref. 29

Excitation Xe+e  —Xe*+e~ [8.32 - 10.40] |Cumulative curve for all excitations.
Numerical data from LXCat, Morgan
database32. Threshold energy is picked
among selection [8.44, 9.57, 9.917, 10.40]
to represent different types of excitation
TABLE II. Set of reactions considered in the xenon chemistry model.
Z ZonoVa,w = neve,w(l - GSEE)7 (21)s02 Ean = 2kpT, +$wall7 (23)
a=ions
7 7 1 . . . .
Vew=Viws———— = 33 where ¢, is the sheath potential. For a plasma with multi-
1— OSEE L. . .
s ple positively charged species, we can derive the sheath po-
g ZokgT, [ 2 1 35 tential by assuming a collisionless pre-sheath and sheath. In
- Z OwaZo 7, Mg AR ) 1—oger’ (22),,;  said sheath, each ion reaches the pre-sheath/sheath boundary
o=ions

397
where the secondary electron emission yield osgg is calcu-sos
lated following the expression recommended by Goebel andae
Katz?’. The energy associated with each electron can be cal-uo
culated as: 401

at Bohm velocity. By equating the total ion current flux (de-
rived from the Bohm velocity) at the wall with the electron
current flux (due to the dielectric walls assumption), and uti-
lizing Boltzmann’s relation, it is possible to derive an integral
equation to calculate the domain-average sheath potential:
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— kgT 1 Z;
¢wall = l; “In ( =V 2m, Z ZionTion s )
e

1 — OseE 7ie -~ on
(24)

Ill. MODELING APPROACH

The differential equations at the core of the model propa-
gate the extensive properties, such as the average momentum
of I nprmprug . However, it is of interest to infer the in-
tensive properties for linking the two modeled zones and for
the sake of modeling itself. There is also a need to correlate
an average value with physically appropriate boundary values.
In summary, given the extensive properties obtained by inte-
grating the ODEgs, it is necessary to obtain intensive average
plasma properties and boundary values of plasma properties.
A solution utilized in the literature!"12 is a constant or linear
spatial distribution of plasma properties along the axis of the
domain. For example, by assuming 7 = n(z) = const., it is
then possible to derive:

T, = 7 1L, (25),,

447
oyt = 1, (26)448
449

this, however, introduces large errors. For example, the steady**

state solution of the momentum equation becomes: 1

o geAV [ geAV
Uz, a,out = o = qm ) (27)
o

NooutMa

which is equivalent to a voltage efficiency of 1, = 0.5, much
lower than what typically found in HTs, i.e. 7, ~ 0.8. This,g,
can explain the low ion drift velocity predicted by the 0D,
model of Lafleur et al.'!. Similarly, while early works of Lep-,,
orini et al.!? assumed a spatially constant plasma density, their
most recent work>® makes use of a set of arbitrary coefficients
within the ODEs, with the goal of correcting the errors dis-
cussed above.

455

A. Assumptions on spatial distribution of plasma properties **

459

In order to correlate the extensive plasma properties w1th °
their intensive counterparts, experimental and numerical data N
have been analyzed to identify trends in the spatial distribution™”
of plasma properties in unshielded HTs. These trends have™™’
been condensed into a set of normalized curves T,(z), u-(z)""
and n( ) which allow to find a relation between 7z, n7T, amd465
(m,7,,T.). These curves do not provide any local 1nf0rmat10n °
on plasma properties, as they are merely a representation of o
the global trends, exploiting similarities in spatial distribution™”
of plasma properties among unshielded HTs. o

Due to the lack of experimental data observing plasma den-47
sity inside the discharge channel, numerical data from Adaman
et al.’? is used.

The normalized curves are scaled to represent a variety of

Scharfe et al.

A
I 1.01 —O— Mazouffre et al. W
k3 —>— Mazouffre et al.
2 {
L 0.8 Gawron et al.
= - Domain boundary
<] 064 —— Fitted curve
2
T 044
g
]
2021
)
Z.
0.0 — =

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
Normalized thruster axis

FIG. 4. Normalized curve of ion velocity. Experimental data from
Scharfe et al.2!, Mazouffre et al.**, Mazouffre et al.*! and Gawron

et al.42.

possible 72, i, and T, values and eventually combined to asso-
ciate each (72,7 tuple with the relevant %, and each (7,nT,)
with the relevant T,. Normalized curves are shown in Fig.4
and Fig.5 for ion velocity and electron temperature, respec-
tively. The ion density curve is modeled as two matched gaus-
sian curves:

2

s 1 _ z=c ;

a5 oy SXP [ 0.5 (ZS[ ) ] +03a ifz<c

2

a\/sz, exp [0.5 (%) ] +03a  ifz>c
(28)

with ¢ = 0.84, 5; = 0.225, 5, = 0.092, and where a is a scaling

factor. The ion velocity curve is modeled as a sigmoid:

n(z) =

Ufin

1+exp (—kzo) exp (—kz)

u(z) = +b. (29)

The two parameters affecting the shape of the sigmoid func-
tion k,b are obtained by running a fitting function which nu-
merically fits the sigmoid curve to two points: u, =0atz=0
and u, = 0. 95ufm at z = 1.5L.,. The center of the sigmoid
function, zo, is set at 1 for all of the tests reported here, but
could however be modified in future versions to adjust the as-
sumed position of the acceleration zone. The final velocity
uyip is used as a scaling factor. Given the normalized curve
obtained, the ions reach the end of the domain with the veloc-
ity equivalent to 0.88 of the total potential drop V. This value
is then used in the conservation of momentum to estimate the
average electric field, as previously discussed.

The electron temperature curve is modeled as two matched
gaussian curves:
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506

n:

a-ao (=) exp [~bi (55)7] + 7o

507

l:fZ<C508

509

510
2
1 Z—¢C 511
1—c 2 lf 7> Cy
_(Te,A - Te,plume) €Xp _bl (S) 514

(30)

with ¢ = 0.89987, s = 0.147529, b = 1.0238, b, = 0.206867
and ap = 0.264274. The scaling factor is a. T, 4 and T, pjume
are, respectively, the electron temperature at the anode and at™°
the near-field plume. Both are chosen parameters. In the sim-"""
ulations presented in this work, T, 4 is set to 4eV and T, plume_ .
issetto 3eV.

519

520
B. Boundary values

521
In order to solve the algebraic equations and the ODEs

found in the model, assumptions on the boundary values ofsz.
some plasma properties have to be taken. 523

524
1. Dissociation zone

525

As far as the dissociation zone is concerned, the following®®
boundary conditions are assumed: 527

mglow
=(1-&)—~F——, 31
nn.A ( &) M, Ao ( )528
Mfiow 529
=—, 32
na =4 mpug pAch 52

531
where & accounts for the degree to which part of the iodiness

is dissociated by thermalization with the anode walls. It is
calculated based on the assumptions of Holbrook et al.**. If
the simulated HT is xenon-fed, the following neutral density
is assumed at the entrance and exit of the dissociation zone:

Mglow

_ Dflow (33)
mxelxe hAch

NxeA =

Neutral velocity is equal at the entrance and exit of the dis-
sociation zone, and is assumed to be a fraction of the thermal
velocity:

8kpT,
Upgh = 0.4 =22 (34)
Tmy

withn = {I,b} or n = {Xe} and T,, being set equal to the an-
ode temperature, a set parameter. In the simulations presented
in this work, 7, is set to 750 K. This value is higher than what
was estimated from measurements in proximity of the anode.
It was however used in light of a potential under-prediction of
dissociation, as further detailed in section IV D. It should be
mentioned that such a value is inline with what was experi-
mentally found by Mazouffre et al.*>. Ton density in the dis-
sociation zone is considered constant and equal to that found
at the starting boundary of the ionization and acceleration do-
main. All ions are assumed to exit the dissociation zone with
a velocity equal to that of their respective neutral species, thus
assuming no electric field is present. Electron temperature in
the dissociation zone is assumed constant and is a calibration
parameter set to 4 eV.

2. lonization and acceleration zone

As far the ionization and acceleration domain is concerned,
the following boundary conditions are assumed:

nr,i» and np, ;, = calculated in the dissociation zone. (35)

Ion density at the entrance of the domain is considered equal
to a fraction of its domain average:

Njon,in = Bdissﬁiam (36)

as mentioned in II. Density of neutrals at the end of the do-
main is assumed to be a fraction of the domain average:

Npour = 0.0017,,, (37)
the ratio based on the results of prior Monte-Carlo
simulations’. Considering the kinetic energy on an ion ac-

celerated across the domain potential drop:

2 AV
Uy otou = \/—qen’zv : (38)
o

where 1), is the voltage efficiency, and considering the steady-
state solution of the conservation of momentum Eq.27, it is
possible to assume the density of ions at the end of the domain
as:
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Nion
Nion,out = ﬁ, (39)°
v 576

where the voltage efficiency is a chosen parameter, and has””

been set to 0.8 in all the simulations presented in this work.””
Negative ions are assumed to not be present at the boundaries. o7
Due to the quasi-neutrality assumption, electron density can, o

581

be derived as:
582

Nein = Zzana,ina (40)sss
o

584
e out = Zzana,(mt- (41)%es
a 586

Ion velocity at the end of the domain is derived from the™

average ion velocity #; o, and is obtained by using the nor-"*
malized shape shown in Fig.4. o

Neutral velocity at the exit of the acceleration zone is set
equal to the sonic velocity:

590
591

502
Uz n,sonic = \/ YaRnTh, (42)

where 7 is the heat capacity ratio and R is the specific gasses
constant.

594

595

C. Calculation of reaction rate 596

593

Utilizing the same methodology used to derive 0D equa-se

tions from a 1D model, one could express the reaction ratesoo

term used in continuity and energy equations as: 601

Kreaction (Te ) . (43)503

This, however, would introduce large inaccuracies, due to the
largely non linear nature of reaction rate curves. By using the :
scalar average electron temperature, reactions with an energy
threshold higher than T, would be largely under—predlcted
For these reasons, the normalized electron temperature curve’”
shown in Fig.5 is scaled according the current average elec—611
tron temperature T, (which itself is obtained by solving the o
conservation of electron temperature ODE), the reaction rate_ o
is then calculated for each point of the scaled electron temper- o
ature curve and then averaged:

Freaction (Te (Z)) , (44)

with 7,(z) being the scaled electron temperature curve. This
approximation still provides a global value, but was found to
be more accurate at representing the chemistry taking place in
the acceleration zone compared to using the spatial average of
electron temperature.

IV. RESULTS
A. Calculation of performance metrics

The ability of the model to predict global performance of
the thruster is evaluated through analysis of expected dis-
charge current and thrust. The former is calculated by sum

of the flux of charged species crossing the boundary at the
end of the domain, each weighted by its charge. The sum
is then multiplied by channel area. Thrust is calculated as a
sum of the momentum flux of each heavy species, multiplied
by the channel area A., and by a cosine losses factor. Co-
sine losses account for the effect of beam divergence. They
are not predicted by the model and are instead taken as as-
sumption. It has been shown that beam focusing improves
with higher anode potential*®, potentially due to a shift in the
position of the acceleration zone*’. To account for such ef-
fect, a simple linear relation is used in calculating the cosine
losses factor. In the case of the SPT-100, experimental data
are used*®*8. When the low-power iodine-fed thruster is sim-
ulated, a simple linear correlation of divergence with anode
potential is also used, with an assumed divergence of 40° at
400V and of 50° at 200V, similar to what has been found
experimentally for SPT-100. The correlation is kept constant
among all the simulated mass flow rates.

B. Validation against SPT100 data

The model has been initially benchmarked in its xenon
version against experimental SPT100 data as extensive in-
formation are available regading this reference thruster*’
Fig.6 shows discharge current as the anodic mass flow rate
is changed, at three different anode potentials. The OD model
systematically over-predicts the experimental results, but suc-
cessfully captures the trend. The source of the over-prediction
may be found in the estimation of the electric field intensity at
the end of the domain, described by Eq.12, or in the assump-
tions regarding anomalous transport. The numerical thrust re-
sults are presented in Fig.7 showing quantitative agreement
with the experimental data. Fig.8 shows, for an exemplary
operating point (anode potential of 300 V and mass flow rate
of 4.5mgs™!), how the power injected into the numerical do-
main is distributed, with a large portion used to accelerate the
ions in the beam (Ppe,y,), @ smaller portion delivered to elec-
trons (Pg). The latter is then lost to the walls (P,,;;) and used
in inelastic collisions (P.,;). Due to the boundary assump-

5 A b
= A% o™
= A ]
~ 4 B 1 -

.

5] mm o m

£ a® 1 '

3 35 40 45 50 55
<]

j=10)

2 54 3

E A Xe—200V
[}

é 44 s m] Xe—250V

N i Xe— 300 V

35 40 45 50 55

Anode mass flow rate [mg/s]

FIG. 6. Experimental (scatter points) and numerical (solid lines)
SPT-100 discharge current versus anode mass flow rate at three dif-
ferent anode potentials.
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of 4.5mg s—L 669

tions, a small amount of power (Py.,,) is lost by the stream
of electrons leaving the domain, which, even if colder than
the electrons entering the domain at the near-field boundary,
is much greater in flux. The model finds the total discharge
power to be 1272 W, i.e. 10 % above the experimental data.
The right side of Fig.8 shows the beam composition, with sin-
gle charged ions composing the large majority of the beam.
This result follows available experimental data, which found
single charged ions composed 86% of the beam, followed by
doubly charged ions at 13%°.

C. Comparison against iodine-fed HT data

The model has been used to simulate the performance of a
low-power iodine-fed HT being developed at ThrustMe, and
the numerical results have been compared with experimental
data measured at ThrustMe premises. The thruster, named
JPT-150, has been designed to function at around 150 W. The
thruster was operated at five different anodic mass flow rates,
with anode potential sweeping between 200V and 400 V.
During a preliminary performance characterization, filament
cathodes have been used as electron source. Facility pressure

10

was maintained at 1 mPa during operations. Details on the ex-
perimental campaign can be found in a separate publication”.

Fig.9 shows the discharge current predicted by the 0D
model along with the experimental data. Numerical simula-
tions were conducted with varying assumptions on the plasma
density in the dissociation zone, by sweeping the ;s param-
eter between 0.1 (bottom of the shaded areas) and 0.75 (top of
the shaded areas). Differently from the xenon-operated SPT-
100, higher plasma densities in the dissociation zone have a
significant effect on the thrusters performance, causing higher
discharge current due to a higher degree of dissociation taking
place before the ionization and acceleration zone. As visible
in Fig.9, higher dissociation leads to a higher discharge cur-
rent, due to the larger proportion of individual atoms being
ionized. The effect of varying the By parameter can also
be seen in Fig.10, with the relative proportion of the flux of
iodine molecules leaving the domain diminishing as By is
increased.

When compared to experimental data, it can be noted that
the model fails to predict accurately the thruster discharge cur-
rent, but it grasps the qualitative trend of discharge current,
with an error between 5 % and 15 % for all but the small-
est mass flow rate, where an error between 30 % and 40 %
was found. The source of the error may be attributed to a
lack of detailed anomalous transport modeling or to under-
prediction of I, dissociation leading to a lower estimated dis-
charge current, as indicated by the predicted proportion of the
beam composed of ionized molecules being larger than what
experimentally measured by Szabo et al.>.

The predicted thrust against the anode potential is shown in
Fig.11. Due to the nature of the model, assumptions on the di-
vergence half-angle have to be taken, as mentioned in section
IV A. The numerical results follow quantitavely the experi-

0.8
0.6 1 1 -
0.4 1 a i
[ ] 8
—o2le & & & ¢
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g
£ 0.6 1 1 3
o \
; v ..V
0.4 ¥ E -
&
2
< 024 . . . , ,
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0.6 1 I, — 0.40 mg/s
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0.2 +— ; ; I, — 0.70 mg/s
200 300 400

Discharge voltage [V]

FIG. 9. Discharge current versus discharge potential in JPT-150. Ex-
perimental data (scatter points) and numerical data (shaded areas).
Numerical results include a sweep of the By, parameter between
0.1 (bottom shaded area) and 0.75 (top shaded area).
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mental results with an average error of 15 %. Fig.12 presents™

the distribution of power sources and sinks in the model of the
iodine-fed thruster. A larger fraction of the power is delivered™
to the walls via electrons when compared to the results of the

SPT-100 simulation, as expected due to a higher surface-to-

volume ratio as typical of low-power thrusters. Also shown in™
Fig.12 is the proportion of bulk plasma densities in the ion-
ization and acceleration zone. It is worth noting the large
proportion of molecular ions, and the presence of negative®"
ions. More negative ions are expected in the dissociation zone,

where the electron temperature is lower and a larger amountso2
of iodine molecules are found. The latter is relevant, as disso-

ciative electron attachment is expected to be the main mech-g,;,
anism behind the formation of iodine negative ions due to its,,
large cross section. For the simulation case presented in the,
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FIG. 12. Power sources and sinks present in the 0D model (left).
Predicted bulk plasma densities in the ioniz./accel. zone (right). Case
simulated is JPT-150 prototype operating at 300 V with an anodic
mass flow rate of 0.47 mgs~!.

figure, the model predicts a bulk density of negative ions of
6.2 x 101 m—3 in the dissociation zone and of 1.5 x 1015 m~3
in the ionization/acceleration zone.

D. Presence of negative ions in the dissociation zone

At steady state, the density of negative ions in the dissocia-
tion zone is found to approximately be:

Ne diss 1, 7dissI(DEA (Te,diss)

~

ny- diss ~

; (45)
ne,disstetach. (Te,diss)

where Kppa and K400 are the reaction rates for dissocia-
tive electron attachment and electron detachment respectively.
It can be noted from Eq.45 that the density of negative ions
does not depend on electron density directly, and is instead
a fraction of the density of iodine molecules present. This
fraction depends on the reaction rates involved in the genera-
tion and elimination of negative ions and, at 7, 4;;; =4 €V, is
around 0.007. This ratio holds true until a saturation point,
where negative ion density approaches plasma density, lead-
ing to the formation of an ion-ion plasma. This effect is how-
ever unlikely to be physical, given that an ion-ion plasma in
proximity of the anode would not be capable of conducing
the discharge current, as negative ions lack the mobility to
overcome the anode’s sheath. Comparing the results with
those of other numerical works simulating iodine-fed ICP
discharges®!°, which do not report this phenomena but make
use of similar negative ion collisional sources and sinks, it is
believed that the prediction of anomalously high negative ion
density is caused by an under-prediction of dissociation and
an over-estimation of I, density in the dissociation zone. This
was accounted for by increasing the ratio between the injected
mass flow of iodine atoms and that of iodine molecules arti-
ficially by increasing the anode temperature to 750 K, above
what was estimated from measurements in proximity of the
anode.
Electronegativity in the dissociation zone can be calculated
as:
e — ny ,dtss. (46)

Ne diss.
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774

775
Fig.13 shows how higher plasma densities (higher By ) leadss
to a lower electronegativity. Higher plasma densities lead to
a larger fraction of I, dissociating, and consequently to a re-
duced amount of negative ions, while at the same time pro- .
viding a higher amount of electrons. This results in a strong
reduction in electronegativity. Anode potential also influences
electronegativity in the dissociation zone, with higher anode™®
potentials resulting in lower plasma densities due to higher™
acceleration of the charged species. 780

Electron temperature in the dissociation zone was also™
found to affect electronegativity, especially when set to par-"*
ticularly low values (7, 4i55, =2 €V), where a large amount of
negative ions was predicted. This dependence is due to the
previously mentioned ratio of Kpga and Keqcn.. Future workzes
will further analyze this dependence.

The sources to the aforementioned under-estimation of
dissociation may be multiple, including further dissociation,,
downstream the injection point caused by collision with therss
ceramic walls of the channel. Hall thruster with discharge7ss
powers similar to those considered in this study have been™
reported to present wall temperatures between 570 K and:Z:
670K3!. 700

Another potential source of dissociation is photo-7a
dissociation caused by radiation emitted by excited species™?
found in the acceleration zone. The I, molecule presents’’
multiple excited states above 20000cm™! that result in,,
dissociation®>>, At the same time, neutral atomic i0-7es
dine 7 presents many atomic lines between 50000 cm ™! andror
70000 cm™!, indicating that some of the radiation emitted by™®
atoms excited in the hotter ionization and acceleration zoneszzz
might contribute to the dissociation of molecules deeper in they,

channel. 802
803

7

804
805

V. CONCLUSION 806

807

A global model suitable to analyze iodine-fed Hall thrusterszzz

is comprehensively presented. Experimental data from liter-,,
ature has been exploited in order to refine several model as-su:

12

sumptions. This approach leads to an innovative Hall thruster
global model that differs from other studies previously pub-
lished enabling relatively accurate prediction capabilities. To-
dine chemistry is implemented accounting for L, LI 2T 1.
In order to improve the accuracy of molecule dissociation phe-
nomena the domain is divided in two zones, allowing to iso-
late the low electron temperature environment found in prox-
imity of the anode. The model has been validated against
experimental SPT-100 data from the literature. Comparison
with experimental data of an iodine-fed Hall thruster proto-
type developed at ThrustMe is especially addressed and dis-
cussed. It was found that thrust generation and discharge cur-
rent are quantitavely reproduced with an average error of 14
% and 15 %, respectively. With the exception of the lowest
mass flow rate case, the thruster discharge current was con-
sistently under-predicted. This inaccuracy is attributed to an
under-predicted dissociation of I and to assumptions taken on
anomalous transport. Future experimental campaigns will ex-
plore the presence of ionized molecules in the thruster plume
to further analyze the model capabilities.
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