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A 0D model for an iodine-fed Hall thruster is presented. A complete set of reactions is used to account for iodine7

plasma chemistry phenomena and trace the presence of multiple neutrals and ionized species. The model is developed8

using novel assumptions based on experimental data trends as derived from the literature. The simulation domain is9

divided in two zones in order to refine the iodine molecule dissociation process localized in the low electron temperature10

region found upstream in the channel. After validating a xenon version of the model against SPT-100 characteristics,11

numerical results are compared against experimental data relative to a low-power iodine-fed Hall thruster. Discharge12

current and thrust are predicted with satisfactory quantitative agreement and overall trends are effectively captured.13

The numerical results indicate a relatively large portion of ionized molecules, while negative ions appear to occur in14

non-negligible amount upstream in the thruster channel.15

I. INTRODUCTION16

Propellants with a low ionization threshold, large ioniza-17

tion threshold and high atomic mass are sought-after in order18

to maximize thrust-to-power ratio of electrostatic propulsion19

devices. These aspects historically led to the utilization of20

xenon in gridded ion thrusters and Hall thrusters. Its scarce21

natural occurrence in the current context of industrial produc-22

tion capacity versus market demand, however, leads to signifi-23

cant price fluctuations over a large baseline price, often deter-24

minant for typical commercial missions. Propulsion systems25

utilizing alternative propellants have been already deployed in26

orbit. At the time of writing, the Starlink constellation counts27

more than 4700 krypton-fed and more than 1600 argon-fed28

Hall thruster systems in orbit. These solutions, however, sac-29

rifice thrust-to-power ratio due to the lower atomic mass of30

the chosen propellants. On the other hand, iodine-fed propul-31

sion systems provide significant advantages over both xenon32

and other noble gases. Iodine provides the same performance33

achievable with xenon at 1−2% the cost. Furthermore, while34

xenon-fed systems require the propellant to be stored at high35

pressures (14 MPa - 20 MPa) at relatively low storage den-36

sity (1.6 gcm−3), iodine is stored solid, resulting in a higher37

storage density (4.9 gcm−3)1 and without the need of high38

pressure rated hardware. These factors have thus driven an39

increased interest in iodine2,3. While iodine-fed gridded ion40

thrusters is a proven and viable technology for very low power41

systems4, Hall thrusters (HTs) become increasingly attrac-42

tive at higher power levels, as they feature higher thrust-to-43

power ratios and a higher thrust density. With this in mind,44

iodine-fed HTs have been previously tested at different power45

ranges undertaken5,6 and ThrustMe has set out to develop a46

low-power iodine-fed HT7.47

a)PhD Candidate, ThrustMe (associated with LAPLACE, Université de
Toulouse), francesco.bianchi@thrustme.fr
b)Plasma Physicist, ThrustMe, alfio.emanuele.vinci@thrustme.fr
c)Director of Research at CNRS, LAPLACE, laurent.garrigues@laplace.univ-
tlse.fr

One of the main challenges in the development of an iodine48

HT is to grasp the plasma chemistry. As iodine is present in49

both atomic and molecular forms, and given the electroneg-50

ative nature of iodine, a larger variety of species are found51

in the plasma when compared to devices using noble gases.52

Studies of this type are scarce in the literature, and previous53

efforts have been largely focused on iodine-fed ion thrusters54

and fundamental plasma discharges8–10, where however elec-55

tron temperature never exceeds a few electronvolt, leading to56

different phenomena being more relevant in comparison with57

HTs, where electron temperature can reach tens of electron-58

volts. 0-D models represent a powerful tool for the purpose59

of plasma chemistry studies and global thruster metrics es-60

timation. HTs have been previously modeled through a 0D61

framework, though mostly in order to shed light on breathing62

mode oscillations in xenon-fed thrusters11–14. Consequently,63

it is necessary to analyze iodine HT to estimate energy losses64

caused by plasma processes and thruster performance.65

This paper focuses on analyzing the global effects of iodine66

chemistry on thruster performance through the development67

of a 0D model. Section II introduces the set of equations and68

plasma chemistry utilized in the model. Section III reports69

on the assumptions made in order to implement the conser-70

vation equations. Section IV presents and discuss numerical71

results of the model, simulating both xenon and iodine-fed72

HTs, through comparison with experimental data. Finally, in73

Section V conclusions are provided.74

II. NUMERICAL MODELING75

A. Domain76

The model domain is comprised of two 0D zones. A first77

zone, called the dissociation zone, extends from the anode to a78

fraction of the channel, where only low temperature electrons79

are typically found. Using literature data15–18, it is deduced80

that this length can be assumed to be 0.425 Lch from the an-81

ode plane, with Lch being the channel length. Due to the low82

electron temperature plasma found in the dissociation zone,83
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FIG. 1. Schematic of the simulation domain with the two zones high-
lighted.
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FIG. 2. Reaction rate of ionization and dissociation of the iodine
molecule. Based on data of Lafleur10 and Esteves9.

only dissociation of neutral iodine molecules I2 and formation84

of negative ions I− are taken into consideration. Other reac-85

tions are assumed to play a negligible role due to their high86

threshold, as noted in Table I. The second zone extends from87

0.425 Lch to 1.2 Lch. In this zone the ionization and accelera-88

tion phenomena are addressed.89

Preliminary tests of the model that accounted for dissocia-90

tion, ionization and acceleration in a single zone revealed that,91

as a consequence of the global nature of the model, the beam92

would be primarily composed of ionized molecules, resulting93

from a relatively low dissociation rate. This is in contrast with94

some experimental evidence19. The use of a single node al-95

lows high temperature electron to ionize a large proportion96

of molecules before they are dissociated, due to ionization97

having a higher reaction rate for Te>5 eV, as shown in Fig.2.98

From experimental and numerical data17,18, it is expected that99100

low temperature electrons are found in the upstream half of101

the discharge channel causing neutral molecules to preferably102

dissociate. Eventually, as the flow of neutrals reaches the ion-103

ization and acceleration zone, a relatively small fraction of104

molecules is present, leading to only an ion beam primarily105

composed of atomic ions, with a smaller group of molecular106

ions (I+2 ). The separation of the domain in two zones allows107

for molecules to be first dissociated in the first zone without108

being ionized by the high temperature electrons found in the109

second zone, reflecting the spatial separation found in the dis-110

charge channel.111

B. Equations112

The core of the model consists in the numerical integra-113

tion of ordinary differential equations (ODEs). These equa-114

tions are evaluated and propagated in time through Euler for-115

ward integration. All equations are integrated simultaneously.116

At each timestep, algebraic equations are also solved, both117

for post-processing purposes and to calculate source and sink118

terms found in the right-hand side of the ODEs. A constant119

timestep of 6×10−8 s is used. All simulation are run for 1 ms,120

after which convergence is confirmed by ensuring that the121

variation of the main plasma properties between steps does not122

exceed 0.001%. The plasma is assumed to be quasi-neutral,123

electron inertia is considered negligible, neutrals are assumed124

to have a constant velocity and all heavy species (neutrals and125

ions) are considered cold. The ODEs are obtained through do-126

main integration of a fluid 1D1V model, similar to those found127

in Refs.[17, 20]. In the dissociation zone, a set of continuity128

equations are propagated. In the ionization and acceleration129

zone, continuity, momentum, electron energy equations are130

propagated. Additionally, an electrostatic relation is solved at131

each timestep.132

1. Continuity in dissociation zone133

In the dissociation zone a set of simplified continuity dif-134

ferential equations are integrated, accounting only for neutral135

and negative species (α = { I2,I,I−}). These equation read:136

∂nα,diss

∂ t
=−

(
1

Ldiss

)
(nin,α uz,in,α −nA,α uz,A,α)+Scoll,α,diss,

(1)137

where nα,diss indicates the average numerical density of138

species α in the dissociation zone, A indicates the anode, Ldiss139

the length of the dissociation zone. At each timestep, the con-140

tinuity equations are integrated to obtain the average numer-141

ical density of the considered species within the dissociation142

zone. By assuming constant velocity and a linear spatial dis-143

tribution within the dissociation zone, the densities of I and144

I2 at the entrance of the ionization zone can then be derived.145

They are dependent of the rate of dissociation and dissociative146

electron detachment.147

Negative ions are assumed to be generated and removed148

from the dissociation zone entirely through collisions, there-149

fore neglecting any flux term of I− towards the ioniza-150

tion/acceleration zone. Negative ion flux towards the anode151

and the channel walls is also neglected, due to the presence152

of positive ion sheaths. Thus, for the purposes of this model,153

{uz,A,I− ,uz,in,I−}= 0.154

In order to calculate Scoll,α,diss, the plasma density in the155

dissociation zone must be known. Given the lack of experi-156

mental data regarding electric field magnitude in the upstream157

half of the discharge channel, estimation of electron transport158

is difficult. To avoid the introduction of modeling errors, a159

simple assumption is taken: the plasma density in the dissoci-160

ation zone is assumed to be a fraction of the average plasma161

density in the ionization and acceleration zone. This is sup-162
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ported by experimental and numerical data21,22, which indi-163

cate that plasma density in the upstream half of the discharge164

channel is roughly one order of magnitude lower than that in165

the ionization region. Said ratio is then represented by an ar-166

bitrary coefficient, βdiss:167

nplasma,diss = βdissnplasma, (2)168

where nplasma,diss is the plasma density in the dissociation169

zone and nplasma is the average plasma density in the ioniza-170

tion and acceleration zone. The coefficient βdiss is then swept171

between two extreme values, 0.1 and 0.75, representing the172

uncertainty surrounding plasma density deep in the channel.173

When calculating the collision rate in the dissociation zone,174

in order to account for the presence of negative ions, electron175

density is assumed to be equal to:176

ne,diss = nplasma,diss −nI−,diss. (3)177

Note that this parameter affects the plasma density in the dis-178

sociation zone, which is assumed to be equal to that at the179

in boundary, consequently affecting the dissociation process.180

This has an important influence on the composition of the181

plasma beam, and the effects of βdiss on the model results are182

discussed in Section IV. Continuity equations relative to the183

dissociation zone are integrated at each time step to provide184

the equations modeling ionization and acceleration with the185

necessary boundary conditions.186

2. Continuity in the ioniz./acc. zone187

A continuity equation is solved for all species, both charged188

and neutral. Electron density is calculated from quasi-189

neutrality, and as such does not require the integration of a190

dedicated ODE. Analytical integration of the generalized con-191

tinuity equation20 leads to the expression:192

∂nα

∂ t
=−

(
1
L

)
(nout,α uz,out,α −nin,α uz,in,α)+Sw,α +Scoll,α ,

(4)193

where α = { I2, I,I+2 , I+, I2+, I−} or α = {Xe, Xe+, Xe2+ }, n194

is the numerical density, uz is the velocity along the thruster’s195

axis, Sw is the flux of particles to the walls, Scoll is the rate of196

particles lost or generated due to collisions, out and in indicate197

the end and start respectively of the ionization and accelera-198

tion zone, with L being its length (see Fig.1).199

3. Momentum in the ioniz./acc. zone200

Following the generalized momentum conservation201

equation20, the scalar global momentum conservation202

equation for heavy species reads:203

∂

∂ t
nα uz,α︸ ︷︷ ︸

momentum

=−(1/L)(nα,outu2
z,α,out −nα,inu2

z,α,in)︸ ︷︷ ︸
convection

+204

nα

qα

mα

Ez︸ ︷︷ ︸
electric f ield

, (5)205

where Ez is the electric field along the thruster axis, q is the206

particle charge and m is its mass. Note that nα Ez ̸= nα Ez, as207

both nα and Ez vary along z. However, as the exact value of208

nα Ez cannot be calculated within a 0D framework, and ap-209

proximation is necessary, and a product of averages is instead210

used. In this model, Ez = 0.88Vd/L, with Vd being the an-211

ode potential. This choice is coherent with the assumptions212

taken on ion velocity shape within the domain shown in Sec-213

tion III. Neutral momentum is not resolved, and their velocity214

is considered constant in time and equal to a fraction of ther-215

mal velocity at the anode as verified by prior Monte-Carlo216

simulations7, and to sonic velocity at the end of the domain.217

4. Energy in the ioniz./acc. zone218

The conservation of energy is solved for the electrons.219

∂

∂ t

(
3
2

kBneTe

)
︸ ︷︷ ︸
internal energy

=220

−5
2
(1/L)(ne,outkBTe,outue,z,out −ne,inkBTe,inue,z,in)︸ ︷︷ ︸

convection

+221

+
(JAch0.88Vd −Pbeam)

AchL︸ ︷︷ ︸
electric f ield

− Sen,coll︸ ︷︷ ︸
collisions

− Sen,wall︸ ︷︷ ︸
wall losses

, (6)222

where kB is the Boltzmann constant, Te is the electron tem-223

perature, Sen,coll is the energy lost to collisions, Sen,wall is the224

energy lost to channel walls and (JAch0.88Vd −Pbeam)/(AchL)225

is the contribution of the electric field with J being the cur-226

rent density, Ach the channel cross section and Pbeam the beam227

power. The power delivered to the electron via the electric228

field can in principle be approximated as neue,zEz, yet this229

was found to introduce a large error, leading to unrealistic230

amounts of power delivered to the electrons. This error has231

been attributed to the largely non-constant nature of the spa-232

tial distributions of ne(z), Ez(z), ue,z(z), leading to a large dif-233

ference between the exact integral neue,zEz and the approxi-234

mation ne ue,z Ez. The contribution of the electric field is then235

calculated by subtracting the beam power from the total dis-236

charge power (as seen in Fig.3). The beam power is calculated237

as:238

Pbeam = ∑
α

1
2

nα,outmα u3
z,α,outAch, (7)239

with α = {I+,I2+,I+2 }.240

Conduction and pressure terms are not considered, as their241

relevance becomes secondary in a global model. While lo-242

cal gradients in the electron temperature may be locally sig-243

nificant, their contribution to overall electron energy is a few244

orders of magnitude lower than other more significant terms.245

This is also reflected in the work of Lafleur et al.11.246
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FIG. 3. Example of distribution of power within the simulation domain.

5. Electrostatic relation247

The electrostatic relation is utilized to obtain the current248

density, which is used in the conservation of electron energy.249

It is derived from the electron momentum conservation equa-250

tion, where the inertia has been considered negligible and it is251

referred to as Ohm’s law23. The current density J is defined252

as:253

J = qe

(
∑
α

Zα nα uz,α

)
−qeneuz,e = ∑

α

jz,α − jz,e, (8)254

where Z is the charge number and α represents the various255

charged heavy species. Within a fluid 1D framework, the cur-256

rent density J can be considered spatially constant if the chan-257

nel walls are dielectric. As a consequence of said property, an258

integral form of Ohm’s law can be used. The relation used by259

Giannetti et al.17 in their 1D1V fluid model can in principle260

be formulated in a 0D framework, reading:261

J = qeµene
∆V
L

+qe ∑
α

(uz,α nα Zα)+µe∇(nekBTe), (9)262

where µe is the electron mobility and ∆V is the total poten-263

tial drop across the domain, accounting for the anode sheath264

potential, which is assumed to be electron repelling. This for-265

mulation did however lead to large underestimations of the266

current density, potentially caused by the large approxima-267

tions errors generated in the management of the product of268

averages, as mentioned before. As a consequence, Ohm’s law269

is evaluated at the end of the domain, again exploiting the as-270

sumption of a spatially constant current density:271

J = qene,out µe,outEz,out −µe,outkB
dneTe

dz

∣∣∣∣
out

+272

+∑
α

Zα qenα,outuz,α,out (10)273

where the electron mobility µe,out accounts for anomalous274

transport by assuming Bohm-like transport, as previously em-275

ployed in literature24:276

νe = νclassical +βan
ωe

16
, (11)277

where ν is the collision frequency and ωe is the electron cy-278

clotron frequency. For all cases simulated βan = 0.1 was uti-279

lized. A more complex model of anomalous transport cannot280

be justified, given the limited nature of a global model. The281

electric field at the end of the domain has been estimated as:282

Ez,out =
0.25∆V
0.29Lch

. (12)283

This assumption is based on the considerations made in284

Refs.[25,26] concerning the location and the spatial extension285

of the acceleration zone as functions of anode potential and286

channel length.287

C. Plasma chemistry288

The model presented implements either iodine or xenon289

chemistry, and, as such, two set of reactions are presented.290

Only binary reactions involving collision between an electron291

and a heavy species are considered. Charge exchange reac-292

tions are ignored, due to the 0D nature of the model which293

cannot grasp local velocity difference between species. When294

modeling iodine-fed systems, the following species are con-295

sidered: I2,I,I+2 ,I+, I2+,I−. When modeling xenon-fed sys-296

tems, the following species are considered: Xe, Xe+, Xe2+.297

1. Calculation of particles generation rate298

The averaged continuity source/sink is approximated in the299
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5

following manner:300

Scoll,α = ∑
reactions

nentargetKreaction(Te)−∑
reactions

nenα Kreaction(Te),

(13)301

where Kreaction is the reaction rate of a given reaction and302

ntarget is the density of the species that is impacted by an elec-303

tron to generate α . The average densities are directly found304

by the integration in time of the continuity equation. The av-305

erage reaction rate is calculated using an approach detailed in306

section III. Please note the difference between the average of307

the maxwellian distribution Te (local property) and the aver-308

age electron temperature in the domain T e, which is the spatial309

average of the former.310

Reaction rates are calculated from cross section curves after311

integration over a Maxwellian distribution. Which are avail-312

able from experimental data27–29, numerical data30–32 and nu-313

merical calculations performed during the development of this314

model. All the reactions considered are presented in Table315

I and Table II. The cross sections that have been calcu-316

lated in this work exploit the method presented in Belenger317

et al.33, used to estimate the cross section of multiple ion-318

ization events. This method was at first validated for iodine319

by comparing its results with the cross section of the double320

ionization of the iodine atom (I + e− → I2++3e−) measured321

experimentally by Hayes et al.27.322

2. Calculation of electron energy collision sinks323

The energy lost by electrons in elastic collisions is esti-324

mated by9,10:325

Sen,coll,el = ∑
neutrals

3
me

mn
kBT enn ne Kel.,n(Te), (14)326

where n = { I, I2 } or n = { Xe}. The energy lost in inelastic327

collisions is:328

Sen,coll,inel = ∑
reactions

εi jni n jKi j(Te), (15)329

where εi j is the threshold energy for a reaction with i as a330

reagent and j as a product. This is a constant value except331

for excitation reactions, where an effective level is used, with332

the cumulative cross section of all excitations, the energy333

of which is adjusted with electron temperature to represent334

different excitation processes with different thresholds. Ex-335

citation reactions are only considered as an energy sink, as336

metastable states are not tracked species, as previously done337

by Lafleur10.338

D. Wall interaction339

Two types of wall interaction are considered in this model:340

charged species falling through the sheath and neutral iodine341

atoms recombining into a molecule at the wall. The energy342

deposited by electrons impacting wall is also calculated.343

1. Wall collision rate for charged species344

The wall interaction frequency is calculated for each ion345

species having positive charge, since negative ions are re-346

pelled by the sheath. For each ion species, the loss to the347

wall is calculated as:348

Sw,α =−
[

(1−0.425)Lch

(1.2−0.425)Lch

]
αw exp(0.5)nα

2
∆R

√
Zα kBT e

mα

,

(16)349

where the first term scales the wall losses according to the350

fraction of the domain that is inside of the channel, ∆R is the351

difference between outer an dinner radius of the channel, αw352

is a calibration factor which has been set to 0.11 as done by353

Leporini et al.12. The exp(0.5) term accounts for the density354

at the sheath edge being lower than the bulk density due to355

presheath acceleration36. The 2/∆R term is the result of the356

volume averaging and accounts for thruster geometry. The357

last term, under the square root, is the Bohm ion velocity.358

For each ion impacting the wall, a neutral of the same species359

is emitted and inserted back into the simulation domain.360

2. Wall recombination361

In iodine chemistry wall recombination is also considered,362

where two neutrals atom impacting the wall can recombine363

into a molecule:364

I+wall → 1
2

I2. (17)365

Lafleur et al.10, among others, model wall recombination with366

a sticking probability factor γw. The recombination rate is then367

calculated as:368

Swall,I,recomb =− 2
∆R

1
4

nIuth,I

(
2γw

2− γw

)
, (18)369

370

Swall,I2,recomb =+
1
2

Swall,I,recomb, (19)371

where uth,I is the atom thermal velocity and γw is the wall372

sticking probability.373

3. Electron energy deposition to wall374

The power delivered to the walls of the discharge channels375

by electrons is calculated as:376

Sen,wall = ne exp(0.5)νe,wεwall , (20)377

where νe,w is the wall collision frequency, εwall is the energy378

associated with each electron. As the channel walls are as-379

sumed dielectric, the electron wall collision frequency can be380

calculated by balancing the flux of positive ions to the wall381

with the flux of electrons, keeping secondary electron emis-382

sion in mind:383
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Name Reaction Threshold [eV] Source/Comments
Elastic I + e− → I + 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− → I++2e− 10.45 Ref. 27
Double Ionization I + e− → I2++3e− 29.58 Ref. 27
Elastic I2 + e− → I2 + e− 0 Numerical data from Ambalampitiya et

al.30 up to 10 eV. Trend after 10 eV is 1/E
as in Esteves9.

Elastic momentum I2 + e− → I2 + e− 0 Ref. 30
Ionization I2 + e− → I+2 +2e− 9.31 Ref. 30 and 31
Dissociative ionization I2 + e− → I++ I3/2 +2e− 11.94 Ref. 30
Dissociative Attachment I2 + e− → I−+ I3/2 0 Numerical data from Ambalampitiya et al.

Ref. 30 up to 20 eV, power law after as
done by Esteves9.

Dissociation I2 + e− → 2I3/2 + e− 1.542 Numerical data from Esteves9 up to 10 eV,
after which a log(E)/E law is used, as
done by Esteves9.

Excitation I2 + e− → I∗2 + e− 2.18 Numerical data from Ambalampitiya et
al.30 up to 15 eV and a 1/E2 law after, as
done by Esteves9.

Negative Ion Detachment I−+ e− → I3/2 +2e− 3.059 Numerical data from Esteves9 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 I−+ e− → I2++4e− 32.64 This work.
Second Ionization I++ e− → I2++2e− 29.58 Ref. 27
Ion dissociation I+2 + e− → I++ I + e− 2.1768 Ref. 34

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

Name Reaction Threshold [eV] Comments
Ionization Xe+ e− → Xe++2e− 12.13 Numerical data from LXCat, Hayashi

database35.
Double Ionization Xe+ e− → Xe2++3e− 32.64 Ref. 28
Ionization of ion Xe++ e− → Xe2++2e− 20.98 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.

∑
α=ions

Zα nα να,w = neνe,w(1−σSEE), (21)384

385

νe,w = ν i,w
1

1−σSEE
=386

= ∑
α=ions

αw,α Zα

(
nα

ne

)√
Zα kBT e

mα

(
2

∆R

)
1

1−σSEE
, (22)387

where the secondary electron emission yield σSEE is calcu-388

lated following the expression recommended by Goebel and389

Katz37. The energy associated with each electron can be cal-390

culated as:391

εwall = 2kBT e +φ wall , (23)392

where φwall is the sheath potential. For a plasma with multi-393

ple positively charged species, we can derive the sheath po-394

tential by assuming a collisionless pre-sheath and sheath. In395

said sheath, each ion reaches the pre-sheath/sheath boundary396

at Bohm velocity. By equating the total ion current flux (de-397

rived from the Bohm velocity) at the wall with the electron398

current flux (due to the dielectric walls assumption), and uti-399

lizing Boltzmann’s relation, it is possible to derive an integral400

equation to calculate the domain-average sheath potential:401
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φ wall =
kBT e

qe
ln

(
1

1−σSEE

1
ne

√
2me ∑

ions
Zionnion

√
Zion

mion

)
.

(24)402

III. MODELING APPROACH403

The differential equations at the core of the model propa-404

gate the extensive properties, such as the average momentum405

of I+ nI+mI+uz,I+ . However, it is of interest to infer the in-406

tensive properties for linking the two modeled zones and for407

the sake of modeling itself. There is also a need to correlate408

an average value with physically appropriate boundary values.409

In summary, given the extensive properties obtained by inte-410

grating the ODEs, it is necessary to obtain intensive average411

plasma properties and boundary values of plasma properties.412

A solution utilized in the literature11,12 is a constant or linear413

spatial distribution of plasma properties along the axis of the414

domain. For example, by assuming n = n(z) = const., it is415

then possible to derive:416

nuz = n uz, (25)417

418

nout = n, (26)419

this, however, introduces large errors. For example, the steady420

state solution of the momentum equation becomes:421

uz,α,out =

√
nα qe∆V
nα,outmα

=

√
qe∆V
mα

, (27)422

which is equivalent to a voltage efficiency of ηv = 0.5, much423

lower than what typically found in HTs, i.e. ηv ≈ 0.8. This424

can explain the low ion drift velocity predicted by the 0D425

model of Lafleur et al.11. Similarly, while early works of Lep-426

orini et al.12 assumed a spatially constant plasma density, their427

most recent work38 makes use of a set of arbitrary coefficients428

within the ODEs, with the goal of correcting the errors dis-429

cussed above.430

A. Assumptions on spatial distribution of plasma properties431

In order to correlate the extensive plasma properties with432

their intensive counterparts, experimental and numerical data433

have been analyzed to identify trends in the spatial distribution434

of plasma properties in unshielded HTs. These trends have435

been condensed into a set of normalized curves Te(z), uz(z)436

and n(z) which allow to find a relation between nuz,nTe and437

(n,uz,T e). These curves do not provide any local information438

on plasma properties, as they are merely a representation of439

the global trends, exploiting similarities in spatial distribution440

of plasma properties among unshielded HTs.441

Due to the lack of experimental data observing plasma den-442

sity inside the discharge channel, numerical data from Adam443

et al.39 is used.444

The normalized curves are scaled to represent a variety of445
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FIG. 4. Normalized curve of ion velocity. Experimental data from
Scharfe et al.21, Mazouffre et al.40, Mazouffre et al.41 and Gawron
et al.42.

possible n, uz and T e values and eventually combined to asso-446

ciate each (n,nuz) tuple with the relevant uz, and each (n,nTe)447

with the relevant T e. Normalized curves are shown in Fig.4448

and Fig.5 for ion velocity and electron temperature, respec-449

tively. The ion density curve is modeled as two matched gaus-450

sian curves:451

n(z) =


a sl

sr
1√

2πsl
exp
[
−0.5

(
z−c
sl

)2
]
+0.3a if z < c

a 1√
2πsr

exp
[
−0.5

(
z−c
sr

)2
]
+0.3a if z > c,

(28)452

with c = 0.84, sl = 0.225, sr = 0.092, and where a is a scaling453

factor. The ion velocity curve is modeled as a sigmoid:454

uz(z) =
u f in

1+ exp(−kz0)exp(−kz)
+b. (29)455

The two parameters affecting the shape of the sigmoid func-456457458

tion k,b are obtained by running a fitting function which nu-459

merically fits the sigmoid curve to two points: uz = 0 at z = 0460

and uz = 0.95u f in at z = 1.5Lch. The center of the sigmoid461

function, z0, is set at 1 for all of the tests reported here, but462

could however be modified in future versions to adjust the as-463

sumed position of the acceleration zone. The final velocity464

u f in is used as a scaling factor. Given the normalized curve465

obtained, the ions reach the end of the domain with the veloc-466

ity equivalent to 0.88 of the total potential drop Vd . This value467

is then used in the conservation of momentum to estimate the468

average electric field, as previously discussed.469

The electron temperature curve is modeled as two matched470

gaussian curves:471
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FIG. 5. Normalized curve of electron temperature. Experimental
data is taken from Hofer et al.18, Staack et al.43, Saravia et al.16 and
Giannetti et al.17.

Te =472 

a ·a0

(
1√
2πs

)
exp
[
−bl

( z−c
s

)2
]
+Te,A if z < c

a ·a0

(
1√
2πs

)
exp

[
−br

(
z− c

s

)2
]
+Te,plume+

−(Te,A −Te,plume)exp

[
−bl

(
z− c

s

)2
] if z > c,

(30)

473

with c = 0.89987, s = 0.147529, bl = 1.0238, br = 0.206867474

and a0 = 0.264274. The scaling factor is a. Te,A and Te,plume475

are, respectively, the electron temperature at the anode and at476

the near-field plume. Both are chosen parameters. In the sim-477

ulations presented in this work, Te,A is set to 4 eV and Te,plume478

is set to 3 eV.479

B. Boundary values480

In order to solve the algebraic equations and the ODEs481

found in the model, assumptions on the boundary values of482

some plasma properties have to be taken.483

1. Dissociation zone484

As far as the dissociation zone is concerned, the following485

boundary conditions are assumed:486

nI2,A = (1−ξ )
m f low

mI2uI2,thAch
, (31)487

488

nI,A = ξ
m f low

mIuI,thAch
, (32)489

where ξ accounts for the degree to which part of the iodine490

is dissociated by thermalization with the anode walls. It is491

calculated based on the assumptions of Holbrook et al.44. If492

the simulated HT is xenon-fed, the following neutral density493

is assumed at the entrance and exit of the dissociation zone:494

nXe,A =
m f low

mXeuXe,thAch
. (33)495

Neutral velocity is equal at the entrance and exit of the dis-496

sociation zone, and is assumed to be a fraction of the thermal497

velocity:498

un,th = 0.4

√
8kBTn

πmn
, (34)499

with n = {I, I2} or n = {Xe} and Tn being set equal to the an-500

ode temperature, a set parameter. In the simulations presented501

in this work, Tn is set to 750 K. This value is higher than what502

was estimated from measurements in proximity of the anode.503

It was however used in light of a potential under-prediction of504

dissociation, as further detailed in section IV D. It should be505

mentioned that such a value is inline with what was experi-506

mentally found by Mazouffre et al.45. Ion density in the dis-507

sociation zone is considered constant and equal to that found508

at the starting boundary of the ionization and acceleration do-509

main. All ions are assumed to exit the dissociation zone with510

a velocity equal to that of their respective neutral species, thus511

assuming no electric field is present. Electron temperature in512

the dissociation zone is assumed constant and is a calibration513

parameter set to 4 eV.514

2. Ionization and acceleration zone515

As far the ionization and acceleration domain is concerned,516

the following boundary conditions are assumed:517

nI,in and nI2,in = calculated in the dissociation zone. (35)518

Ion density at the entrance of the domain is considered equal519

to a fraction of its domain average:520

nion,in = βdissnion, (36)521

as mentioned in II. Density of neutrals at the end of the do-522

main is assumed to be a fraction of the domain average:523

nn,out = 0.001nn, (37)524

the ratio based on the results of prior Monte-Carlo525

simulations7. Considering the kinetic energy on an ion ac-526

celerated across the domain potential drop:527

uz,α,out =

√
2qeηv∆V

mα

, (38)528

where ηv is the voltage efficiency, and considering the steady-529

state solution of the conservation of momentum Eq.27, it is530

possible to assume the density of ions at the end of the domain531

as:532
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nion,out =
nion

2ηv
, (39)533

where the voltage efficiency is a chosen parameter, and has534

been set to 0.8 in all the simulations presented in this work.535

Negative ions are assumed to not be present at the boundaries.536

Due to the quasi-neutrality assumption, electron density can537

be derived as:538

ne,in = ∑
α

Zα nα,in, (40)539

ne,out = ∑
α

Zα nα,out . (41)540

Ion velocity at the end of the domain is derived from the541

average ion velocity uz,ion and is obtained by using the nor-542

malized shape shown in Fig.4.543

Neutral velocity at the exit of the acceleration zone is set544

equal to the sonic velocity:545

uz,n,sonic =
√

γnRnTn, (42)546

where γ is the heat capacity ratio and R is the specific gas547

constant.548

C. Calculation of reaction rate549

Utilizing the same methodology used to derive 0D equa-550

tions from a 1D model, one could express the reaction rate551

term used in continuity and energy equations as:552

Kreaction(T e). (43)553

This, however, would introduce large inaccuracies, due to the554

largely non linear nature of reaction rate curves. By using the555

scalar average electron temperature, reactions with an energy556

threshold higher than T e would be largely under-predicted.557

For these reasons, the normalized electron temperature curve558

shown in Fig.5 is scaled according the current average elec-559

tron temperature T e (which itself is obtained by solving the560

conservation of electron temperature ODE), the reaction rate561

is then calculated for each point of the scaled electron temper-562

ature curve and then averaged:563

Kreaction(Te(z)), (44)564

with Te(z) being the scaled electron temperature curve. This565

approximation still provides a global value, but was found to566

be more accurate at representing the chemistry taking place in567

the acceleration zone compared to using the spatial average of568

electron temperature.569

IV. RESULTS570

A. Calculation of performance metrics571

The ability of the model to predict global performance of572

the thruster is evaluated through analysis of expected dis-573

charge current and thrust. The former is calculated by sum574

of the flux of charged species crossing the boundary at the575

end of the domain, each weighted by its charge. The sum576

is then multiplied by channel area. Thrust is calculated as a577

sum of the momentum flux of each heavy species, multiplied578

by the channel area Ach and by a cosine losses factor. Co-579

sine losses account for the effect of beam divergence. They580

are not predicted by the model and are instead taken as as-581

sumption. It has been shown that beam focusing improves582

with higher anode potential46, potentially due to a shift in the583

position of the acceleration zone47. To account for such ef-584

fect, a simple linear relation is used in calculating the cosine585

losses factor. In the case of the SPT-100, experimental data586

are used46,48. When the low-power iodine-fed thruster is sim-587

ulated, a simple linear correlation of divergence with anode588

potential is also used, with an assumed divergence of 40◦ at589

400 V and of 50◦ at 200 V, similar to what has been found590

experimentally for SPT-100. The correlation is kept constant591

among all the simulated mass flow rates.592

B. Validation against SPT100 data593

The model has been initially benchmarked in its xenon594

version against experimental SPT100 data as extensive in-595

formation are available regading this reference thruster49.596

Fig.6 shows discharge current as the anodic mass flow rate597598

is changed, at three different anode potentials. The 0D model599

systematically over-predicts the experimental results, but suc-600

cessfully captures the trend. The source of the over-prediction601

may be found in the estimation of the electric field intensity at602

the end of the domain, described by Eq.12, or in the assump-603

tions regarding anomalous transport. The numerical thrust re-604605

sults are presented in Fig.7 showing quantitative agreement606

with the experimental data. Fig.8 shows, for an exemplary607608

operating point (anode potential of 300 V and mass flow rate609

of 4.5 mgs−1), how the power injected into the numerical do-610

main is distributed, with a large portion used to accelerate the611

ions in the beam (Pbeam), a smaller portion delivered to elec-612

trons (PE ). The latter is then lost to the walls (Pwall) and used613

in inelastic collisions (Pcoll). Due to the boundary assump-614
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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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FIG. 7. Experimental and numerical SPT-100 thrust versus anode
mass flow rate at three different anode potentials. Scatter points are
experimental results, shaded region are numerical results with vary-
ing assumed divergences.

FIG. 8. Power sources and sinks present in the 0D model (left) and
predicted beam current composition (right). In this example, the
SPT-100 is simulated operating at 300 V with an anodic mass flow
of 4.5 mgs−1.

tions, a small amount of power (Pconv) is lost by the stream615

of electrons leaving the domain, which, even if colder than616

the electrons entering the domain at the near-field boundary,617

is much greater in flux. The model finds the total discharge618

power to be 1272 W, i.e. 10 % above the experimental data.619

The right side of Fig.8 shows the beam composition, with sin-620

gle charged ions composing the large majority of the beam.621

This result follows available experimental data, which found622

single charged ions composed 86% of the beam, followed by623

doubly charged ions at 13%50.624

C. Comparison against iodine-fed HT data625

The model has been used to simulate the performance of a626

low-power iodine-fed HT being developed at ThrustMe, and627

the numerical results have been compared with experimental628

data measured at ThrustMe premises. The thruster, named629

JPT-150, has been designed to function at around 150 W. The630

thruster was operated at five different anodic mass flow rates,631

with anode potential sweeping between 200 V and 400 V.632

During a preliminary performance characterization, filament633

cathodes have been used as electron source. Facility pressure634

was maintained at 1 mPa during operations. Details on the ex-635

perimental campaign can be found in a separate publication7.636

Fig.9 shows the discharge current predicted by the 0D637

model along with the experimental data. Numerical simula-638

tions were conducted with varying assumptions on the plasma639

density in the dissociation zone, by sweeping the βdiss param-640

eter between 0.1 (bottom of the shaded areas) and 0.75 (top of641

the shaded areas). Differently from the xenon-operated SPT-642

100, higher plasma densities in the dissociation zone have a643

significant effect on the thrusters performance, causing higher644

discharge current due to a higher degree of dissociation taking645

place before the ionization and acceleration zone. As visible646

in Fig.9, higher dissociation leads to a higher discharge cur-647

rent, due to the larger proportion of individual atoms being648

ionized. The effect of varying the βdiss parameter can also649

be seen in Fig.10, with the relative proportion of the flux of650

iodine molecules leaving the domain diminishing as βdiss is651

increased.652

When compared to experimental data, it can be noted that653

the model fails to predict accurately the thruster discharge cur-654

rent, but it grasps the qualitative trend of discharge current,655

with an error between 5 % and 15 % for all but the small-656

est mass flow rate, where an error between 30 % and 40 %657

was found. The source of the error may be attributed to a658

lack of detailed anomalous transport modeling or to under-659

prediction of I2 dissociation leading to a lower estimated dis-660

charge current, as indicated by the predicted proportion of the661

beam composed of ionized molecules being larger than what662

experimentally measured by Szabo et al.5.663664665

The predicted thrust against the anode potential is shown in666

Fig.11. Due to the nature of the model, assumptions on the di-667

vergence half-angle have to be taken, as mentioned in section668

IV A. The numerical results follow quantitavely the experi-669
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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 βdiss parameter between
0.1 (bottom shaded area) and 0.75 (top shaded area).
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FIG. 10. Predicted beam current composition in JPT-150 operated
at 300 V and with anodic mass flow 0.47 mgs−1. Plasma density in
the dissociation zone is varied through the βdiss parameter, set at 0.1
(left) and 0.75 (right).

mental results with an average error of 15 %. Fig.12 presents670671

the distribution of power sources and sinks in the model of the672

iodine-fed thruster. A larger fraction of the power is delivered673

to the walls via electrons when compared to the results of the674

SPT-100 simulation, as expected due to a higher surface-to-675

volume ratio as typical of low-power thrusters. Also shown in676

Fig.12 is the proportion of bulk plasma densities in the ion-677

ization and acceleration zone. It is worth noting the large678

proportion of molecular ions, and the presence of negative679

ions. More negative ions are expected in the dissociation zone,680

where the electron temperature is lower and a larger amount681

of iodine molecules are found. The latter is relevant, as disso-682

ciative electron attachment is expected to be the main mech-683

anism behind the formation of iodine negative ions due to its684

large cross section. For the simulation case presented in the685
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FIG. 11. Thrust versus anode potential in JPT-150. Experimental
data (scatter points) and numerical data (shaded areas). Numerical
results include a sweep of the βdiss parameter between 0.1 and 0.75.
Divergence is varied linearly with anode potential between half-angle
values of 40◦ and 50◦.

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−1.

figure, the model predicts a bulk density of negative ions of686

6.2×1016 m−3 in the dissociation zone and of 1.5×1015 m−3
687

in the ionization/acceleration zone.688

D. Presence of negative ions in the dissociation zone689

At steady state, the density of negative ions in the dissocia-690

tion zone is found to approximately be:691

nI−,diss ≈
ne,diss nI2,dissKDEA(Te,diss)

ne,dissKdetach.(Te,diss)
, (45)692

where KDEA and Kdetach. are the reaction rates for dissocia-693

tive electron attachment and electron detachment respectively.694

It can be noted from Eq.45 that the density of negative ions695

does not depend on electron density directly, and is instead696

a fraction of the density of iodine molecules present. This697

fraction depends on the reaction rates involved in the genera-698

tion and elimination of negative ions and, at Te,diss =4 eV, is699

around 0.007. This ratio holds true until a saturation point,700

where negative ion density approaches plasma density, lead-701

ing to the formation of an ion-ion plasma. This effect is how-702

ever unlikely to be physical, given that an ion-ion plasma in703

proximity of the anode would not be capable of conducing704

the discharge current, as negative ions lack the mobility to705

overcome the anode’s sheath. Comparing the results with706

those of other numerical works simulating iodine-fed ICP707

discharges9,10, which do not report this phenomena but make708

use of similar negative ion collisional sources and sinks, it is709

believed that the prediction of anomalously high negative ion710

density is caused by an under-prediction of dissociation and711

an over-estimation of I2 density in the dissociation zone. This712

was accounted for by increasing the ratio between the injected713

mass flow of iodine atoms and that of iodine molecules arti-714

ficially by increasing the anode temperature to 750 K, above715

what was estimated from measurements in proximity of the716

anode.717

Electronegativity in the dissociation zone can be calculated718

as:719

ε =
nI−,diss

ne,diss.
. (46)720
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FIG. 13. Electronegativity in the dissociation zone. Case simu-
lated is JPT-150 prototype operating at an anodic mass flow rate of
0.47 mgs−1. Electron temperature in dissociation zone is set to 4 eV.

Fig.13 shows how higher plasma densities (higher βdiss) lead721

to a lower electronegativity. Higher plasma densities lead to722

a larger fraction of I2 dissociating, and consequently to a re-723

duced amount of negative ions, while at the same time pro-724

viding a higher amount of electrons. This results in a strong725

reduction in electronegativity. Anode potential also influences726

electronegativity in the dissociation zone, with higher anode727

potentials resulting in lower plasma densities due to higher728

acceleration of the charged species.729

Electron temperature in the dissociation zone was also730

found to affect electronegativity, especially when set to par-731

ticularly low values (Te,diss. =2 eV), where a large amount of732

negative ions was predicted. This dependence is due to the733

previously mentioned ratio of KDEA and Kdetach.. Future work734

will further analyze this dependence.735

The sources to the aforementioned under-estimation of736

dissociation may be multiple, including further dissociation737

downstream the injection point caused by collision with the738

ceramic walls of the channel. Hall thruster with discharge739

powers similar to those considered in this study have been740

reported to present wall temperatures between 570 K and741

670 K51.742

Another potential source of dissociation is photo-743

dissociation caused by radiation emitted by excited species744

found in the acceleration zone. The I2 molecule presents745

multiple excited states above 20000 cm−1 that result in746

dissociation52,53. At the same time, neutral atomic io-747

dine I presents many atomic lines between 50000 cm−1 and748

70000 cm−1, indicating that some of the radiation emitted by749

atoms excited in the hotter ionization and acceleration zones750

might contribute to the dissociation of molecules deeper in the751

channel54.752

V. CONCLUSION753

A global model suitable to analyze iodine-fed Hall thrusters754

is comprehensively presented. Experimental data from liter-755

ature has been exploited in order to refine several model as-756

sumptions. This approach leads to an innovative Hall thruster757

global model that differs from other studies previously pub-758

lished enabling relatively accurate prediction capabilities. Io-759

dine chemistry is implemented accounting for I2,I,I+,I2+,I−.760

In order to improve the accuracy of molecule dissociation phe-761

nomena the domain is divided in two zones, allowing to iso-762

late the low electron temperature environment found in prox-763

imity of the anode. The model has been validated against764

experimental SPT-100 data from the literature. Comparison765

with experimental data of an iodine-fed Hall thruster proto-766

type developed at ThrustMe is especially addressed and dis-767

cussed. It was found that thrust generation and discharge cur-768

rent are quantitavely reproduced with an average error of 14769

% and 15 %, respectively. With the exception of the lowest770

mass flow rate case, the thruster discharge current was con-771

sistently under-predicted. This inaccuracy is attributed to an772

under-predicted dissociation of I2 and to assumptions taken on773

anomalous transport. Future experimental campaigns will ex-774

plore the presence of ionized molecules in the thruster plume775

to further analyze the model capabilities.776
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