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ABSTRACT

In the latest years Hall thrusters gained increasing

relevance in the frame of space electric propulsion,

nonetheless the physics of the plasma discharge is

not yet completely understood. In this regard differ-

ent models have been developed through the years

trying to assess the different plasma instabilities de-

veloping within the discharge, their nonlinear evolu-

tion and saturation, and their role in yet uncharacter-

ized phenomena such as the anomalous transport.

Among the various possibilities it has been seen

that fluid 1D models manage to approximate fairly

well the qualitative characteristics of the plasma dis-

charge with low complexity and computational cost.

The increasing interest in characterizing axial ion-

ization instabilities has prompted even more the

community to develop new low dimensional models,

which are able to capture and match experimental

measurements of breathing-type oscillations. How-

ever, a common feature of these models is the over-

simplification of the physics involved, which may

play an important role in the overall thruster dis-

charge dynamics. In this work, a newly developed

time dependant 1D model is presented which fea-

tures a more characterized heavy species dynam-

ics, the inclusion of a downstream plume and az-

imuthal electrons inertia. A parametric study both

on the thruster operating point and the newly in-

troduced parameters is presented and preliminary

analysis of the ionization instability has been carried

out.

1 INTRODUCTION

Nowadays Hall-Effect Thrusters (HET) are com-

monly used devices in the frame of electric space

propulsion. Nevertheless there are many aspects

of the physics involved which are poorly understood

or not well characterized. For instance the model-

ing and characterization of the cross field transport,

commonly called anomalous transport, poses a rel-

evant challenge for which no self consistent theo-

ries have been formulated yet. In order to tackle this

lack of understanding, many models have been de-

veloped through the years [1], [2], utilizing different

approaches such as fluid, PIC and hybrid codes.

The growing interest in understanding axial plasma

oscillations in HET devices has motivated the de-

velopment of time dependant 1D model both fluid

[3–11] and hybrid [12], which are much less compu-

tationally expensive than 2D ones. One dimensional

models allow to obtain a phenomenological charac-

terization of the plasma discharge and due to their

simplicity they can easily match experimental mea-

surements by tuning a set of free parameters. How-

ever, due to the effects neglected by the low dimen-

sionality, these models have not been successful in

isolating the trigger mechanism of axial instabilities.

Moreover, it is common practice to oversimplify one

dimensional models by employing drift-diffusion ap-

proximation (electrons inertia is neglected), using

cold heavy species, neglecting neutrals dynamics

and wall interactions. Even though some of these

effects have a minor impact on the overall discharge,

they could play an important role in the dynamical

behaviour of the thruster.

While some of the oversimplifications have been re-

moved in previous works, for example with the intro-

duction of neutrals momentum [11] and ions energy

equation [10], the presented work includes some

novelties in the frame of one dimensional quasi-

neutral models. In particular, along with the inclu-

sion of electrons azimuthal inertia and a larger do-

main extending to the plume and featuring a finite

thickness cathode, continuity, momentum and en-

ergy have been considered for each specie to fully

characterize the dynamics of heavy particles. The

effects of the added physics are evaluated through

a parametric study.

The complete model is presented in Section 2, in-

cluding the details on the neutrals wall interaction

and the computation of the discharge current ac-

counting for finite thickness cathode and electrons

azimuthal inertia. In Section 3 the results are pre-

sented and a parametric study is performed, both on

the effects of the added physics and the response

of the full model to changes in the operating point.

Finally a brief analysis on the observed onset of ion-

ization instability is discussed. In this work an SPT-
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100-type HET is considered as reference thruster

for all the simulations.

2 MODEL FORMULATION

In this work the time dependent HET axial dis-

charge is described with fluid equations for ions,

neutrals and electrons (indexes i, n, e, respectively).

The model is partially based on previous work from

Ahedo and co-workers [4], in which the discharge is

modelled as a neutral plasma with negligible pres-

sure forces on neutrals and ions, the electrons are

described using drift diffusion approximation and

only the radial component of the magnetic field is

considered. In more recent works [13,14], electrons

azimuthal inertia and a volumetric cathode have

been introduced in a stationary model. The equa-

tions reported below include some added physics

such as ions and neutrals pressure terms and en-

ergy equations.

Figure 1: The figure represents the Hall thruster

model used in this work. A represents the loca-

tion of the anode, B is the location of the sheath

edge, which is used as boundary for the domain of

the quasi-neutral model. Point E indicates the chan-

nel exit and N the centre of the volumetric cathode.

A schematic of the computational domain is re-

ported in Fig. 1 which includes the quasi-neutral re-

gions of the thruster channel (B-E) and the diverg-

ing plume (E-∞). The point N indicates the location

of the volumetric cathode emission centre. Outside

the channel the plume divergence is accounted for

as:
dA

dz
=

4πR(TeE/mi)
1/2

uzi
(Eq. 1)

with TeE the electrons temperature at the channel

exit. The anode sheath (A-B) is supposed to be

infinitely thin and it is solved analytically. The ra-

dial magnetic field magnitude is supposed to follow

a Gaussian shape:

B(z) = Bm exp

[

− (z − zm)
2

L2
m

]

(Eq. 2)

where Bm is the maximum value of the magnetic

field, zm is the location of the maximum and Lm the

characteristic length of magnetic decay. In general

different values of Lm are used in the interior (Lm,in)

and exterior (Lm,out) regions.

The model describes an axisymmetric plasma dis-

charge by averaging the plasma properties along

the radial direction. The divergence operator is thus

expressed as:

∇ · v =
1

A

d

dz
(Avz) + v′ (Eq. 3)

where v is an arbitrary vector, z the axial coordi-

nate, A the discharge cross section and v′ a term

accounting for lateral wall fluxes. Being the model

quasi-neutral it is assumed that ne = ni. Using stan-

dard notation, the full system of equations in their

conservative form is expressed as:

∂ni

∂t
+

1

A

∂(Aniuzi)

∂z
= Sp − Sw (Eq. 4)

∂ne

∂t
+

1

A

∂(Aneuze)

∂z
= Sp − Sw + Sc (Eq. 5)

∂nn

∂t
+

1

A

∂(Auznnn)

∂z
= −Sp + Sw (Eq. 6)

∂(niuzi)

∂t
+

1

A

∂(Aniu
2
zi)

∂z
= − 1

mi

∂(Tini)

∂z

− nie

mi

∂φ

∂z
− Swuzi + Spuzn

(Eq. 7)

0 = −∂(Tene)

∂z
+ nee

∂φ

∂z
+ neeuyeB −meneuzeνe

(Eq. 8)

∂ (neuye)

∂t
+

1

A

∂ (Aneuyeuze)

∂z
=

− nee

me
uzeB − neuyeνe

(Eq. 9)

∂(nnuzn)

∂t
+

1

A

∂(Annu
2
zn)

∂z
= − 1

mi

∂(Tnnn)

∂z

− Spuzn + Swuznw

(Eq. 10)

∂
(

3
2niTi

)

∂t
+

1

A

∂
(

5
2AnTiuzi

)

∂z
= uzi

∂ (niTi)

∂z

− Sw
3

2
Ti +

1

2
Sp

(

3Tn +mi (uzn − uzi)
2
)

(Eq. 11)

∂
(

3
2neTe

)

∂t
+

1

A

∂
(

5
2AneTeuze

)

∂z
= − 1

A

∂(Aqze)

∂z

+ uze
∂neTe

∂z
− SpEinel − SwEew +meneνeu

2
e

+ ScEc

(Eq. 12)

∂
(

3
2nnTn

)

∂t
+

1

A

∂
(

5
2AnnTnuzn

)

∂z
=

uzn
∂ (nnTn)

∂z
− 3

2
TnSp

+ Sw

(

Enw +
1

2
mi (uzn (uzn − 2uznw))

)

(Eq. 13)
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qze = −5neTe

2me

νe
ν2e + ω2

ce

∂Te

∂z
(Eq. 14)

Equations (4-6) represent continuity for each specie,

(7-10) the momentum and (11-13) the internal en-

ergy.

In the axial momentum of electrons (Eq. (8)) the

inertial terms have been neglected, employing the

drift diffusion approximation, whereas in the az-

imuthal electrons momentum such terms can be rel-

evant and thus have been retained. In the above

equations the source terms represent plasma pro-

duction (ionization) and wall losses:

Sp = neνp (Eq. 15)

Sw = neνw (Eq. 16)

and expressions for the production and wall-loss fre-

quencies are reported in the Appendix. In the above

equations νe is the total collision frequency for elec-

trons expressed as

νe = νt + νei + νen + νwm (Eq. 17)

where νei, νen and νwm are the electron-ion,

electron-neutral and momentum wall-loss frequen-

cies, respectively. The turbulent transport νt is ex-

pressed as νt = αtωce with ωce the gyrofrequency

(αt can be defined for the interior and exterior re-

gion of the channel). In Eq. (12) Einel is the inelas-

tic energy loss due to ionization, ScEc is the energy

source term accounting for the volumetric cathode,

Eew = Te the energy loss at the wall and qze is the

axial component of the heatflux vector expressed as

Eq. (14).

The term Sc in Eq. (5) represents the cathode elec-

trons source term accounting for the volumetric

cathode emission. Following the same derivation of

Bello [13], the cathode source term Sc is assumed

to be proportional to the discharge current and to be

concentrated around the point N with a Gaussian

distribution:

Sc(z) =
2√
π

Id
eAlc

exp

[

−4
(z − zN )

2

l2c

]

(Eq. 18)

where lc the effective emission length and zN the

coordinate of the cathode emission centre. By sub-

tracting the ions and electrons continuity:

∂I

∂z
= −eASc(z) (Eq. 19)

By integrating Eq. (19) and using the definition of the

cathode source term reported in Eq. (18):

I(z) = IdÎz

Îz =
1

2

(

1− erf

(

2
z − zN

lc

))

(Eq. 20)

where I(z) is the axial profile of the discharge cur-

rent, supposed to be constant in the anode cathode

region and zero in the far plume. Being the model

quasi neutral, in each point of the domain the axial

electrons velocity is obtained from I(z) and the ion

current.

2.1 Neutrals Wall Interaction

A novelty of this model is the introduction of the in-

ternal energy equation for neutrals. In order to ac-

curately model the energy sources, wall interactions

must be considered. In particular it is known that

ions reaching a wall might recombine with one elec-

tron (for simplicity only singly charged ions are con-

sidered) and reenter the plasma as neutrals. How-

ever, the mechanism of how this happens is sel-

dom investigated and poorly understood, especially

in the frame of HET discharges. Recent works [15]

have tried to shed light on this complex phenomena

by taking into account different type of wall-particle

interaction models. In this model a simplified ap-

proach has been used where two accommodation

parameters are employed to define the fraction of

ions velocity (αwm) and energy (αwe) that is retained

by wall born neutrals. In particular the axial velocity

of wall neutrals is expressed as:

uznw = uzi(1− αwm) (Eq. 21)

and their energy as:

Enw =

(

Te

2
+ e∆φw +

miu
2
zi

2
+

5

2
Ti

)

(1− αwe)

(Eq. 22)

In the above equation the first parenthesis repre-

sents the total energy that ions deposit on lateral

walls, in particular Te/2 is the plasma potential with

respect to the potential at the lateral sheath edge,

∆φw is the sheath potential drop on lateral walls and

the remaining terms are the total energy of ions be-

fore entering the pre-sheath. The sheath potential

drop at the wall is computed as:

∆φw =
Te

e
ln

(√

mi

2πme
σrp (1− δs)

)

(Eq. 23)

Where σrp is the replenishment factor and δs is the

secondary electrons emission yield. In order to

account for space charge saturation of secondary

electrons emission, δs has an upper bound such

that eφ⋆
w/T

⋆
e = φ̂⋆

w where the star superscript rep-

resents the saturated regime and φ̂⋆
w is a constant.

The saturated secondary electrons yield coefficient

δ⋆s is thus:

1− δ⋆s =
3.32

σrp

√

2πme

mi
(Eq. 24)

where the constant at the numerator is computed to

obtain the usual value of δ⋆s = 0.983 with σrp = 1

and φ̂⋆
w = 1.2 [16]. This model is a rather crude

representation of the complex phenomena involving

wall-particles interaction and in future works a more

detailed approach might be used.
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2.2 Boundary Conditions

The boundary conditions are imposed to respect the

hyperbolic nature of the system, exception made for

the electrons energy equation due to the diffusion

term. Neutrals injection at the anode is supposed

to be supersonic. The boundary conditions at the

anode are:

• Neutrals injection velocity

• Neutrals injection temperature

• Neutrals injection mass flow rate accounting

for ions recombination

• Electrons heatflux

• Bohm condition for ions velocity

Following [3] the anode sheath potential in the re-

gion A-B is expressed as:

φAB = −TeB

e
min

(

0, ln
4|uzeB |
ceB

)

(Eq. 25)

where ceB =
√

8Te/πme is the electrons thermal

velocity. The anode electrons heatflux can thus be

expressed as [17]:

qzeB = nBuzeB

(

eφAB − 1

2
TeB

)

(Eq. 26)

At the far plume the only imposed condition is the

temperature for electrons; for all other quantities

outlet conditions are used. Since the cathode is lo-

cated inside the domain, the energy of injected elec-

trons Ec, which are supposed to be injected with

zero velocity, is also imposed.

In this model the discharge current is an unknown

while the discharge potential is imposed between

anode and cathode. In the following section a de-

tail description of the potential boundary condition

is presented.

2.2.1 Potential Boundary Condition

In drift diffusion quasi-neutral 1D models it is com-

mon [7,8,11] to derive an equation for the discharge

current by integrating Eq. (8). Such equation al-

lows to compute the current satisfying the imposed

discharge potential; however, it is valid only in the

anode-cathode region where the discharge current

is spatially constant but can vary in time. The pre-

sented model features a larger domain extending in

the plume (where the current is assumed to be zero)

and it includes the effects of azimuthal electrons in-

ertia; the current equation must be modified accord-

ingly in order to take in account these effects. In or-

der to account for the effects of the azimuthal inertia

of electrons, Eq. (9) is written as:

u′

e = uye + uzeχ (Eq. 27)

where u′
e represents the inertial effects of the az-

imuthal momentum equation to be evaluated at

each time step. The Hall parameter is expressed

as:

χ =
eB

νeme
(Eq. 28)

Substituting Eqs. (20,27) in Eq. (8) to remove uze

and uye:

∂φ

∂z
=

1

ene

∂(Tene)

∂z
− u′

eB +
uzi

µ⊥e
− IdÎz

Anee

1

µ⊥e
(Eq. 29)

where the electrons perpendicular mobility as the

usual expression of:

µ⊥e =
e

meνe

(

1 + χ2
)

(Eq. 30)

Integrating Eq. (29) and solving for Id:

Id =

∫ zN
zB

[

1
ene

∂(Teni)
∂z − u′

eB + uzi

µ⊥e

]

dz + φB

∫ zN
zB

[

Îz
Aene

1
µ⊥e

]

dz

(Eq. 31)

where φB = Vd+φAB is the discharge potential plus

the sheath potential at the anode computed with

Eq. (25).

2.3 Solution Method

The integration of the equations is performed by

writing the semi-discrete formulation using a finite

volume scheme with first order Rusanov [18] fluxes

for the convective terms. The diffusion term in the

electrons energy equation is discretized with cen-

tral differencing. The hyperbolic equations are ad-

vanced in time using an explicit second order Runge

Kutta scheme where each specie is treated as a

coupled system. The electrons energy equation

is integrated with a semi implicit Crank-Nicolson

scheme, where all the non linear terms are treated

explicitly.

In order to avoid oscillations at the ions stagnation

point, the electron pressure coupled method intro-

duced by Hara [5] has been used.

In each time-step the following integration proce-

dure is used:

1. Neutrals are advanced

2. Ions are advanced

3. All collision frequencies are update with the

new density

4. Electrons energy equation is advanced

5. The new discharge current is computed

6. Electrons velocities are updated
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The model is solved with an original parallel code

written in Fortran. The CFL condition for electrons

azimuthal momentum and ions constrains the time-

step to relatively small values. A typical simulation

with 2400 cells and 2ms of integration time (corre-

sponding to 10 millions iterations of the algorithm) is

of roughly 20 minutes on an AMD Ryzen 5 2600X

with 5 cores. Note that the computational time has

room for improvements since the code has not been

aggressively optimized.

3 RESULTS

The model introduced in Section 2 includes a num-

ber of effects that can have a strong impact on the

solution. In order to evaluate the effects of the

new equations, five configurations have been de-

fined with increasing physics complexity:

• Config.1: Heavy species temperatures are

constant and uniform, electrons are inertialess

and neutrals have constant velocity.

• Config.2: Neutrals momentum equation is in-

troduced.

• Config.3: Azimuthal electrons inertia is intro-

duced.

• Config.4: Neutrals energy equation is intro-

duced.

• Config.5: Ions energy equation is introduced.

In particular Config.1 represents the commonly

adopted model where heavy species pressure ef-

fects and neutrals dynamics are neglected. The

main simulations parameters are reported in Table 1

and are kept constant for all simulations, if not ex-

plicitly specified.

Table 1: Relevant simulation parameters for the

nominal case. These parameters have been used

in all the simulation if not specified.

ṁ 4.75mg s−1 Vd 300V
Tn 0.06 eV Te∞ 1 eV
uzn 300m s−1 Ec 5 eV
Ti 0 eV L∞ 8.35 cm
Bm 250G zm 2.5 cm
Lm,in 1.35 cm Lm,out 1 cm
LE 2.5 cm LN 3.35 cm
A 40 cm2 R 4.25 cm
αt 0.0094 lc 0.5 cm

αwm 1 αwe 1

Figure 2: Comparison of the steady state solution

of the time dependant model at 2ms with the sta-

tionary model of Bello [14]. Starting from the left the

two vertical dashed lines represent the point E and

N respectively. For the comparison the neutrals ve-

locity has been considered constant.

Figure 3: Main collision frequencies for Config.1 at

2ms. Starting from the left the two vertical dashed

lines represent the point E and N respectively.
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3.1 Stationary Model Comparison

Before performing the parametric study, the code

has been validated against the stationary model de-

veloped by Bello [14]. Even though the stationary

model is capable of including electrons azimuthal in-

ertia and neutrals momentum, for the reference sim-

ulation it has been chosen to use the drift-diffusion

approximation and constant neutrals velocity to bet-

ter observe the effects of the added equations.

The direct comparison has been performed with the

Config.1 using the parameters reported in Table 1.

It must be noted that even though the neutrals in-

jection temperature Tn in Table 1 is larger than zero,

whereas in the model by Bello heavy species are

cold, this has no effect in Config.1 being the neutrals

momentum equation neglected. The steady state of

the time dependant model at 2ms and the stationary

solution are reported in Fig. 2. As it can be seen,

there is extremely good agreement between the two

solutions, being the biggest difference in the plasma

density maximum value. By looking at Fig. 2(a) it

appears that the time dependant model slightly un-

derestimates the plasma density with respect to the

stationary one. Nevertheless the difference is negli-

gible and it can be attributed to the numerical diffu-

sion introduced by the solution method of the time

dependant model. After the cathode, where the

plasma starts to become demagnetized, the super-

sonic expansion of the plume results in the accel-

eration of the ions. The conservation of ions flux

requires a decay of the plasma density, as it can be

seen in Fig. 2(a). In Fig. 3 the main collision fre-

quencies at steady state are reported.

3.2 Effects Of Added Physics

In this section the effects of including more physics

in the model are evaluated. The analysis is per-

formed by keeping all the parameters in Table 1

fixed while varying the configurations from Con-

fig.1 to Config.5. The steady states of relevant

discharge properties for each configuration are re-

ported in Fig. 4. By looking at the plasma den-

sity (Fig. 4(a)) it can be observed the strong ef-

fect of neutrals momentum (Config.2), and thus of

all the more complex configurations, in shaping the

plasma discharge. From Eq. (10), noting that uznw

is zero due to the perfect accommodation assump-

tion (αwm = 1), it is evident that the pressure gra-

dient is the sole term responsible of accelerating

the neutrals, being the neutrals temperature con-

stant (in Config.1-3) and the neutrals density mono-

tonically decreasing. The acceleration of neutrals

results in a steeper descent of the neutrals den-

sity (Fig. 4(i)). The increased electrons tempera-

ture in the channel (Fig. 4(e)) and the steeper neu-

trals density profile contribute in shifting the ioniza-

tion (Fig. 4(k)) and plasma density peaks towards

the anode. It is interesting to note that the resulting

ionization frequency is larger; the lower plasma den-

sity can than be explained by looking at the zoomed

detail in Fig. 4(d) where a larger ions velocity can

be observed. The effects of azimuthal inertia can

be apreciated in the profiles downstream the cath-

ode of uye (see Fig. 4(c)) and of Te (see Fig. 4(c)).

Figure 4: Steady state for different configurations of

the time dependant model. Perfect accommodation

for neutrals wall interactions is considered. Starting

from the left the two vertical dashed lines represent

the point E and N respectively.

The lower absolute value of the azimuthal velocity,

in the case with inertia, is responsible of a lower col-

lisional heating and thus a lower electrons tempera-
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ture. In accordance with the findings from Bello [13],

the azimuthal velocity decays differently in the un-

magnetized region of the discharge where it is the

inertia instead of the magnetic force that counter-

acts the collisional force. Finally, due to the per-

fect accommodation assumption (αwm = 1 and

αwe = 1), neutrals are mostly cooled by ioniza-

tion being wall sources neglected whereas ions are

heated. The large ions temperature in the plume

can be explained by looking at the term (uzn − uzi)
2

in Eq. (11), being the ions downstream velocity al-

most two orders of magnitude larger than the neu-

trals one.

3.3 Performance Analysis

In this section the effects of operational parameters

on the stationary discharge are analysed. In partic-

ular injected mass flow rate, discharge potential and

internal magnetic field decay are considered. Some

of the relevant performance parameters are taken

in to account such as the thrust F , the discharge

current Id, the utilization efficiency ηu, the current

efficiency ηc, the energy efficiency ηe and the thrust

efficiency η, expressed respectively as:

F = mi

∑

s=i,n

[(

nsu
2
zsA

)

+ neTeA
]

∞
(Eq. 32)

ηu =
mi∞

ṁ
(Eq. 33)

ηc =
Ii∞
Id

(Eq. 34)

ηe =
F 2

2ṁi∞Ii∞Vd
(Eq. 35)

η =
F 2

2IdVdṁ
= ηuηcηe (Eq. 36)

where the subscript ∞ stands for the far plume and

Ii∞ and ṁi∞ are the downstream ion current and

mass flow rate.

The operational parameters are varied once at a

time keeping all the other parameters as the ones

in Table 1.

3.3.1 Effects Of Mass Flow Rate

The first parameter analysed is the injected mass

flow rate, which is the amount of propellant (Xenon

in this case) that each second is fed to the thruster

during its operation. In Table 2 the relevant perfor-

mance parameters are reported for each of the sim-

ulated cases.

Table 2: Performance parameters for different val-

ues of the injected mass flow rate. The other pa-

rameters are kept constant for each simulation.

ṁ F Id ηu ηc ηe η
[mg/s] [mN] [A] [%] [%] [%] [%]

4.25 70.1 4.50 94.0 65.1 70.1 42.8
4.75 80.4 5.16 95.4 64.4 71.6 44
5.25 90.5 5.81 96.4 63.9 72.7 44.8
5.75 100.4 6.45 97.1 63.5 73.5 45.3

It can be observed that both the thrust and the

efficiency increase with larger injected mass flow

rates. On the contrary the current efficiency be-

comes lower, meaning that a larger fraction of the

discharge current is spent in sustaining the plasma

discharge.

3.3.2 Effects Of Discharge Potential

The discharge potential is one of the main parame-

ters of an HET discharge since it is the potential dif-

ference, sustained thanks to the reduced axial elec-

trons mobility, that eventually accelerates the ions

to generate thrust. The performance parameters at

different operating point are reported in Table 3.

Table 3: Performance parameters for different val-

ues of the discharge potential. The other parame-

ters are kept constant for each simulation.

Vd F Id ηu ηc ηe η
[V] [mN] [A] [%] [%] [%] [%]

255 72.2 4.93 95 67.1 68.4 43.6
275 76 5.04 95.2 65.8 70 43.9
300 80.4 5.16 95.4 64.4 71.6 44
350 88.4 5.37 95.5 62 73.9 43.8
475 106.5 5.83 96.1 57.5 78 43.1
525 113.2 6 96.4 55.9 79.4 42.8
625 125.9 6.32 96.9 53.4 81.6 42.2

All the simulations present a steady state, excep-

tion made for the last case at 625V for which high

frequency oscillations appear. The oscillation fre-

quency is in the 350-400 kHz range, which is com-

patible with the Ion Transit Mode (ITT) [19]. From

Table 3 it is interesting to note that the efficiency

presents a maximum for the case at 300V.

3.3.3 Effects of Internal Magnetic Field Decay

As briefly discussed in Section 2 in the radial mag-

netic field model adopted (Eq. (2)), the Lmi parame-

ter is responsible for the shape of the magnetic field

in the channel region. In practice the profile of the

magnetic field decay is important for the discharge

since it is responsible for the reduced axial electrons

mobility due to the establishment of the azimuthal

current. The magnetic field at the anode assumes
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the values reported in the second column of Table 4.

The magnitude of the radial magnetic field in the

near anode region is important since it influences

directly the ratio of the ion current at the anode over

the total discharge current, as it can be seen in Ta-

ble 4. The anode ion current, or ion back-flow, is

essential for having a sustained plasma discharge.

It has been seen that for some parameters, usu-

ally during the onset of ionization instabilities, the

ion-discharge current ratio becomes very small and

eventually the back-flow region is extinguished lead-

ing to a failure of the code.

The performances for different values of the mag-

netic field decay characteristic length are reported

in Table 4.

Table 4: Performance parameters for different val-

ues of the internal magnetic field decay. The mag-

netic field at the anode in Gauss and the ratio be-

tween the ion current at the anode and the total dis-

charge current are reported in the second and third

column, respectively.

Lmi BA |IiA|/Id F Id η
[cm] [G] [%] [mN] [A] [%]

1.25 4.60 11.41 80 5.21 43.1
1.30 6.22 10.16 80.3 5.19 43.6
1.35 8.14 8.89 80.4 5.16 44
1.40 10.35 7.61 80.6 5.13 44.3

As it can be seen by increasing the characteris-

tic length of decay, which results in a larger an-

ode magnetic field, the thruster efficiency increases.

This is to be expected since a larger magnetic field

means more confined electrons (or smaller cross

field transport) resulting in a smaller discharge cur-

rent for the same discharge potential. Since the

thrust is not negatively affected, but instead it in-

creases slightly, from Eq. (36) it is readily seen that

the efficiency must increase.

3.4 Effects Of Neutrals Wall Interac-
tions

As already discussed in Section 2.1, heavy parti-

cles wall interaction is a very complex phenomena

seldomly studied in the frame of Hall thrusters. A

detailed modelling of such interactions is out of the

scope of this work, which is limited to a phenomeno-

logical characterization based on two free parame-

ters. Plasma discharge parameters are reported in

Fig. 5 for different values of the wall energy accom-

modation factor.

For the cases corresponding to (1−αwe) = 1 to 2%,

mean values have been used due to the presence of

breathing or not completely damped oscillations in

the latter ones (inside the integration time of 2ms).
Extremely evident are the effects of the increased

neutrals energy input on neutrals temperature, ve-

locity and ions temperature (see Fig. 5 (h), (j), (g)).

By looking at Eq. (11) there is no direct influence

of the wall energy coefficient, but its effect are ac-

counted for in the energy sources due to neutrals

ionization; in particular the term (uzn − uzi)
2 is re-

sponsible for mitigating the ions temperature in the

plume due to a smaller velocity difference between

the heavy species. Nevertheless these effects are

important mostly in the plume, which is of minor in-

terest for the dynamics of the HET discharge. In-

side the channel it is possible to appreciate plasma

density, ionization and electrons temperature vari-

ations; in particular higher mean plasma density is

observed for higher energy inputs to neutrals (lower

αwe) which analogously as in Section 3.2 is associ-

ated to a lower ions velocity inside the channel (see

Fig. 5(d)).

In Table 5 performance parameters for each of the

analysed case are reported.

Table 5: Performance parameters for different val-

ues of the wall energy accommodation factor for

neutrals.

1− αwe F Id |IiA|/Id η
[%] [mN] [A] [%] [%]

0 80.4 5.16 8.89 44
0.5 81.9 5.22 8.56 45
1 82.7 5.29 6.35 45.6
1.5 83.2 5.30 5.21 45.9
2 82.9 5.26 4.1 46

As previously mentioned in Section 3.3.3 the anode

current over total discharge current ratio can be im-

portant for the numerical solution of the code. In

Table 5 it can be seen how reducing the wall accom-

modation parameter leads to a reduction of the an-

ode current ratio. This trend can be observed also in

Fig. 5(b) where to lower accommodation parameters

correspond larger absolute values of the electrons

velocity (and thus current) at the anode. In partic-

ular the (1 − αwe) = 2% case presents an average

value of 4.1%, which is still adequate, but it reaches

values as low as 1.9% during breathing mode oscil-

lations. For what concern the neutrals wall momen-

tum accommodation parameter, αwm, the impact on

the plasma discharge is much less relevant, as it can

be seen in Fig. 6 where the steady state solutions

for different values of αwm are reported. In partic-

ular it seems that the wall momentum accommoda-

tion parameter has a negligible effect on the plasma

parameters inside the channel. Such behaviour can

be explained by observing that the ions velocity in

the first part of the channel is small and thus uznw

will be small as well. In the plume the ions veloc-

ity is much higher but the very high accommodation

factor results again in a small increment of veloc-

ity. Lower values of accommodation factor cannot

be used due to the excessive cool down of neutrals,

as it can be seen in Fig. 6(h), being the energy of
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wall born neutrals Ewn in Eq. (13) neglected for the

assumption of αwe = 1.

Figure 5: Plasma discharge parameters for Con-

fig.5 at different αwe. For the cases (1 − αwe) =
1 to 2% mean values have been considered due to

the presence of breathing mode or not completely

damped oscillations. Starting from the left the two

vertical dashed lines represent the point E and N

respectively.

In general, a more realistic approach would be to

set both parameters different from unity. However,

it is expected for ions to loose the majority of their

energy in the recombination process, which means

that αwe and αwm must be close to one. If that is

the case, as it can be seen in Fig. 5 and Fig. 6,

the effects of the wall momentum parameter are of

much smaller entity with respect to the wall energy

parameter. For this reason in the following sections

perfect accommodation for the wall momentum has

been considered.

Figure 6: Plasma discharge parameters for Con-

fig.5 at different αwm. Starting from the left the two

vertical dashed lines represent the point E and N

respectively.

3.5 Ionization Instability

Even though a detailed analysis of the ionization in-

stability, commonly called breathing mode, is out of

the scope of this work, in this section a brief de-

scription of the observed behaviours is reported.
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If perfect accommodation is considered, αwe = 1,

αwm = 1, all the cases analysed at different operat-

ing point (variation of Lmi, Vd, ṁ) present non oscil-

latory solution, exception made for the case at 625V
which does not present breathing mode, but instead

oscillate at much higher frequency.

However, as already mentioned in Section 3.4, if

the neutrals wall energy parameter is decreased, al-

lowing for more ions energy to be retained by wall

born neutrals, the onset of ionization instability is ob-

served. In particular such behaviour is experienced

for αwe = 0.98 whereas all the other parameters are

the same as in Table 1. For smaller values of the

wall energy parameter the oscillations increase in

amplitude, the anode ion current fraction becomes

smaller and eventually the ions backflow region is

extinguished, leading to the failure of the simulation.

In the following sections a brief analysis of the ion-

ization instability is presented, taking as reference

condition the one with αwe = 0.98.

Figure 7: Stable breathing mode obtained with

Config.5 where αwe = 0.98 and the other parame-

ters as in Table 1. The integration time has been

extended up to 12ms. The brathing mode oscillation

frequency is of 20.5 kHz.

3.5.1 Added Physics

As observed in [10,11], in general the introduction of

the neutrals momentum equation in 1D fluid models

leads to stationary solutions, and thus the breath-

ing mode is dampened. The presented model ex-

hibits the same behaviour where damped solutions

are found for the configurations 1-4. However for

Config.5, corresponding to the inclusion of all the

equations, stable breathing mode is observed, as

reported in Fig. 7. Even though a detailed theory is

yet to be formulated, it seems that both neutrals wall

interactions and a more detailed physical descrip-

tion for the heavy species play a role in obtaining

stationary oscillations.

3.5.2 Replenishment Factor

In Section 2.1 the lateral wall sheath potential has

been introduced to compute the energy deposited

by ions reaching the channel walls. In this work

it has been assumed that the eφw/Te ratio for the

space charge saturated regime, which corresponds

to the condition where that ratio is minimum, is con-

stant. This means that by changing the replenish-

ment factor σrp the saturated secondary electron

emission yield must change accordingly, following

Eq. (24). In recent works it has been seen how the

replenishment factor is linked, among other param-

eters, to the angle between the magnetic field and

the wall [20](the default condition for this model is a

perpendicular magnetic field). In Table 6 the results

on breathing mode parameters are reported for dif-

ferent σrp.

Table 6: Breathing mode parameters for different

values of the replenishment factor σrp. In the last

column the value of the maximum electrons temper-

ature is reported.

σrp δ⋆s f ∆Id Id maxTe

[-] [-] [kHz] [A] [A] [eV]

1.00 0.983 20.5 2.15 5.26 35.7
0.9 0.981 20.5 2.07 5.27 36.2
0.8 0.979 20.5 1.95 5.28 37
0.7 0.976 21 1.76 5.29 38.3
0.6 0.971 21 1.60 5.31 40
0.5 0.966 21 1.74 5.31 42.1
0.4 0.957 21 2.5 5.32 44.9

As it can be seen from the table, breathing mode fre-

quency and mean discharge current are not greatly

affected by changes in the replenishment factor

and saturated secondary electrons emission yield,

whereas the oscillation amplitude varies of more

than 50% and presents a minimum corresponding

to σrp = 0.6. However, when the lateral wall plasma

sheath is in a space charge saturated regime, elec-

trons energy wall losses depend on δ⋆s . In the

last column of the table the time averaged maxi-

mum value of the electrons temperature is reported,

which as expected increases with lower δ⋆s due to

lower wall losses. A more realistic approach would

be to take into account also the variation of the ra-
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dial plasma density average coefficient ν̃w (see Ap-

pendix), which is strongly dependant on the mag-

netic field distribution. A better characterization of

such parameter is reserved for future studies.

4 CONCLUSIONS

In this article a newly developed 1D time depen-

dant quasi-neutral model for HET discharges is

presented. While previous models tend to neglect

heavy species dynamics, in the presented work ions

and neutrals energy equations, along with neutrals

momentum, have been introduced. Moreover the

presented model enables the possibility of extend-

ing the simulation domain to the far plume, featuring

a finite thickness cathode, and of evaluating elec-

tron inertia effects by retaining the azimuthal inertia

terms in the electrons momentum equation. The

effects of plasma wall interaction has been intro-

duced in neutrals dynamics by accounting for re-

combined ions. The rather simple model that has

been adopted consists of two accommodation pa-

rameters for the wall born neutrals velocity and en-

ergy, expressed as fractions of the ions ones.

The model response to variations of the operating

point has been tested by performing a parametric

study on the propellant mass flow rate, discharge

potential and magnetic field shape. The effects of

wall born neutrals energy and velocity have been in-

vestigated, showing a limited influence of wall neu-

trals velocity on the discharge properties. A more

substantial impact on the Hall discharge has been

observed when varying the energy of wall neutrals,

affecting both plasma and neutrals dynamics.

Finally a brief study on the onset of the ionization

instability is presented. Even though no theory has

been formulated, it has been observed that a more

detailed heavy species physical description can be

important for the onset of stable breathing mode. In

particular as soon as the neutrals momentum equa-

tion is introduced, no stable oscillations are obtained

unless the full model is considered and the neutrals

receive a sufficiently high energy input.

This work has pointed out the relevance of heavy

species dynamics, with particular attention to neu-

trals which are commonly neglected in 1D time de-

pendant models. The introduction of azimuthal iner-

tia and a finite thickness cathode enable the future

investigation of high frequency dynamics and of the

plume region.
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Appendix A COLLISION FREQUENCIES

This appendix contains the expressions for the col-

lision frequencies used in equations 4-13 and the

values for the constants used in this work. The ex-

pressions here reported comes from previous work

of Ahedo and co-workers [3,4,17].

The ionization (or production) frequency νp is ex-

pressed as νp = nnc̄eσ̄ion where:

σ̄ion = σion,0

[

1 +
TeEion

(Te + Eion)2

]

exp

(

−Eion

Te

)

(Eq. 37)

and Eion is the first ionization energy. For Xenon

Eion = 12.1 eV, σion,0 = 5× 10−20 m2. The effective

energy loss due to ionization, Einel, satisfies:

Einel = Eion

(

2 +
1

4
exp

(

2Eion

3Te

))

(Eq. 38)

The elastic electron-neutral collision frequency is

νen = nnc̄eσen where the cross section for Xenon

is taken constant and equal to σen = 27× 10−20m2.

The electron-ion collision frequency is νei = niRei,

where Rei is expressed as:

Rei

10−12m3s−1
= 2.9 ·

(

1eV

Te

)3/2

ln Λ (Eq. 39)

and the Coulomb logarithm:

ln Λ ≈ 9 +
1

2
ln

[

(

1018m−3

ne

)(

Te

1eV

)3
]

(Eq. 40)

The wall loss frequency is computed as:

νw = ν̃w
2πR

Ac
cs (Eq. 41)

with ν̃w a constant accounting for the radial aver-

age of the plasma density, which decreases near

the wall. In this work ν̃w = 0.17. The wall loss fre-

quency for energy and momentum are respectively

νwe = βeνw and νwm = βmνw with:

βe = 5.62 +
1.65

1− δs
, βm =

δs
1− δs

(Eq. 42)

Here, δw is the effective secondary electron emis-

sion yield from the wall, modeled as

δs =

{

√

Te/T1 if Te < T ⋆
e

δ⋆s if Te ≥ T ⋆
e = T1δ

⋆2
s

(Eq. 43)

where T1 is the temperature theoretically leading

to a 100% yield (material dependant), and T ⋆
e is

the temperature at which space charge saturation

is reached. In this work T1 =36.77 eV and δ⋆s is com-

puted to obtain the imposed saturated wall sheath

potential, as discussed in Section 2.1.
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