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ABSTRACT:

Numerical simulations of SITAEL HT5k
magnetically-shielded Hall effect thruster are per-
formed with HYPHEN, a two-dimensional axisym-
metric hybrid PIC/fluid code featuring a diffusive
magnetized electron transport model. A physically
sound fully 2D characterization of the plasma dis-
charge both in the thruster chamber and the near
plume region is presented. The magnetic shielding
yields low electron temperature near the thruster
chamber walls, which is beneficial from the point of
view of erosion of the walls. A phenomenological
turbulent transport model is adjusted to fit experi-
mental data. The turbulent parameters of the model
vary mildly along the different operation points with
a linear dependence on the power source voltage.
Performance figures are in good agreement with the
experimental data in a certain range of operation.
Power and current balances, along with relevant
efficiencies, are computed and analyzed.

1 INTRODUCTION

EDDA (European Direct-Drive Architecture) is an
EU-funded H2020 project aiming at increasing the
power chain efficiency of an electrical propulsion
(EP) based spacecraft through an innovative archi-
tecture that enables the direct feeding of the electric
thrusters with solar electric power without interme-
diate power conversion. This innovation may lead
to important savings in volume and costs for multi-
ple applications, including telecommunications and
space-tug satellites, associated with the removal of
power converters and the subsequent decrease of
thermal dissipation.
One of the thruster technologies considered for
the Direct-Drive concept is the Hall effect thruster
(HET). In particular, the HT5k thruster, an advanced
magnetically-shielded HET developed by SITAEL

[1, 2], is chosen to be embedded within this archi-
tecture. The design and development of the Direct-
Drive architecture requires a precise characteriza-
tion of the thruster performance and electrical char-
acteristics. Particularly, the determination of the
thuster I-V curve in the nominal operation range is
crucial for the correct integration of the thruster with
other subsystems of the direct drive concept, includ-
ing the power bus management and fluidic subsys-
tems.
In order to accomplish this, a test campaign and
a numerical simulation study of the HT5k are
carried out within the framework of the EDDA
project. Regarding the latter, the advanced two-
dimensional axisymmetric hybrid simulation code
HYPHEN (standing for HYbrid Plasma thruster
Holistic simulation ENvironment) is used [3, 4]. HY-
PHEN uses a particle-in-cell(PIC) formulation for
heavy species and a fluid one for electrons. The
HET version of HYPHEN, developed by the EP2
group at UC3M in the frame of the CHEOPS H2020
project, has been successfully adapted to the sim-
ulation of magnetically-shielded HETs such as the
HT5k, featuring complex magnetic topologies in-
cluding singular magnetic points, in the context of
the EDDA project.
This paper describes a part of the numerical simu-
lation activities and results developed for the HT5k
thruster in the context of the EDDA project. In
particular, the adjustment of the phenomenologi-
cal turbulent transport model to fit some exper-
imental data provided by SITAEL, is presented.
The experimentally reported enhanced axial elec-
tron transport in HETs [5, 6], not predicted by clas-
sical theory, is still one of the main open prob-
lems in HET research. HYPHEN incorporates a
diffusive-collisional approach for modelling this elec-
tron ‘anomalous’ transport [3, 4]. Although this ap-
proach cannot help in the understanding of the
physical mechanisms behind this phenomenon, it
permits a validation of the simulation model against
experiments through an experimental data-driven
tuning of several model parameters. A fully 2D de-
scription of relevant plasma properties is presented
and analyzed, showing, among other things, the ef-

1

mailto:jperales@ing.uc3m.es
mailto:tommaso.andreussi@sitael.com


fect of the magnetic shielding on the plasma behav-
ior inside the chamber. A comparison to the exper-
imental data in terms of main thruster performance
figures and I-V curve is presented, along with the
analysis of current and power balances for several
operation points within the nominal range for EDDA
project purposes.
The rest of the manuscript is structured as follows.
Section 2 presents a brief description of the simu-
lation model. Then, the thruster unit is introduced
in Section 3. The simulation set-up is described in
Section 4. Section 5 contains the simulation results
and their comparison to the experimental data. Fi-
nally, the conclusions are drawn in Section 6.

Figure 1: HYPHEN loop schematics.

2 MODEL

HYPHEN is a two-dimensional (axisymmetric) hy-
brid, OpenMP parallelized multi-thruster simulation
code built modularly for HET simulations. The code
consists of three main modules: the ion (PIC) mod-
ule, which follows a Lagrangian approach for simu-
lating the dynamics of the macroparticles represent-
ing the heavy species (i.e. ions and neutrals); the
electron module, that considers a magnetized fluid
model for the electrons; and a sheath module that
provides the proper coupling between the quasineu-
tral plasma and the thruster walls by solving the
non-neutral plasma sheaths that develop around the
walls; these are treated as surface discontinuities by
the quasineutral plasma simulator. The main fea-
tures of each module are detailed in [3, 4, 7–10].
Here the simulation loop is briefly outlined. Every
simulation step, the ion module takes as inputs the
externally applied magnetic field B, the electric po-
tential φ and the electron temperature Te, and per-
forms the injection, collisions and propagation of
the heavy species one simulation timestep forward,
computing the plasma production through the ion-
ization of the injected neutral gas and obtaining, for
each heavy species s, the particle density ns and
particle flux gs through a particle-to-mesh weighting
process. The electron module, taking those values
from the ion module and considering quasineutrality
(i.e. ne =

∑
s6=e Zsns, with Zs the charge number of

the species s), solves a fluid model of the electron
population computing the electric potential, the elec-

tron temperature, the electron current density vector
je and the electron heat flux vector qe. The electron
turbulent transport model defines an electron colli-
sionality as a fraction of the electron gyrofrecuency,
νt = αtωce, being ωce = eB/me the electron gy-
rofrequency with e and me the electron charge and
elementary mass, and αt a non-dimensional turbu-
lent parameter (refer to [3,4] for further details). The
ion and the electron modules operate on a different
mesh of the simulation domain: a structured mesh
for the former (referred to as the PIC mesh here-
after), and an unstructured magnetic field aligned
mesh (MFAM) for the latter. A schematic represen-
tation of the simulation step in HYPHEN is shown in
Fig. 1.

3 THRUSTER UNIT

In 2013, SITAEL started the development of the
HT5k-TU (in Fig. 2), a 5 kW-class thruster unit
composed of two main elements, the HT5k Hall
thruster and the HC20 hollow cathode. In the
past years, three different development models
(DMs) of the HT5k were designed, manufactured,
and tested, as part of several national and in-
ternational programmes. The thruster unit proto-
types passed through several technical investiga-
tions [2,11], which allowed to demonstrate high per-
formance, low erosion, direct-drive operations, as
well as performance stability in high-vacuum con-
ditions (pressure <1E-5 mbar). Design and man-
ufacturing of the HT5k TU engineering qualification
model started in 2019, when the thruster unit was
selected as the main propulsive unit for the orbit
raising and station keeping of the Ital-GovSatCom
geostationary platform [12]. The HT5k-TU EQM
will be tested extensively during the first half of
2021, in order to pave the way for the qualifica-
tion of the thruster unit. In Sec.5.1, experimental
results of the HT5k DM3 are presented. This pro-
totype implements the main features of the HT5k-
TU, i.e. a centrally mounted cathode and a non-
conventional magnetic field topology, which allows
for a significant reduction of the discharge chan-
nel erosion. Design and testing efforts were ded-
icated to improve critical components and to opti-
mize the thruster thermal behaviour. The thruster
testing took place in SITAEL’s IV10 facility, achiev-
ing pressures of the order of 7E-6 mbar (Xe) while
firing a 4.4 kW of discharge power. The HT5k-TU
DM3 showed competitive performance and demon-
strated stable and efficient operation in the 3 kW to
7 kW discharge power range, achieving anodic effi-
ciencies up to 60%.

4 SIMULATION SET-UP

Figs. 3(a) and 3(b) show the PIC mesh and the
MFAM of the HT5k simulation domain. Both meshes
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have been refined and optimized to reduce dis-
cretization and interpolation errors, while keeping
a reasonable simulation time. These figures also
show the geometry of the thruster chamber, the in-
jection surface, the anode and cathode keeper sur-
faces, and the plume region included in the simu-
lation domain. The main features of these meshes
are listed in Tab. 1, alone with some other relevant
simulation parameters. The cathode is represented
by a MFAM element at which φ = 0, whose location
is indicated by the black square marker in Fig. 3(b).
The discharge current Id collected at the anode wall
(green boundary in Fig. 3(a)) is injected into the do-
main through the cathode by performing an electron
thermal emission at a temperature of 3 eV for all
cases simulated. Also in Fig. 3(a), one can identify
the rest of boundaries: in red, the material dielectric
walls; in blue, the free loss boundaries; and, in ma-
genta, the symmetry axis. The way in which these
boundaries are modeled is detailed in [4].

Figure 2: HT5k-TU-DM3.

In Tab. 1, one can find the SEE (Secondary Elec-
tron Emission) crossover energy for dielectric walls,
Ec, and the emission temperature of SEE. Fig. 3(d)
sketches the RLC filter connecting anode and cath-
ode and the discharge voltage and current, Vd and
Id. The values of the RLC filter elements are R =
4.7 Ω, L = 360µH, and C = 94µF. Although the pur-
pose of the RLC filter is that of protecting other parts
of the satellite’s electric circuit, not the thruster, it is
included in the simulations to study its effect on the
discharge. Indeed, this device filters the simulation
input Vs, the power source voltage, to Vd. Also in
Fig. 3(d), we see the position of the hollow cathode
in the center line of the thruster.
The simulations with HYPHEN require to be verified
with experimental data, in order to tune parameters
related to those physical phenomena which (a) re-
main without a well established theoretical frame or
(b) depend on details of the electron velocity distri-
bution function (VDF) beyond the scope of an elec-
tron fluid model. The main phenomenon requiring
parameter tuning is, in the present work, the turbu-
lent transport. Its treatment in HYPHEN involve sev-
eral parameters, but only the main one is analyzed

here.
This key parameter is the coefficient αt, which rep-
resents the anomalous momentum transport. It al-
lows one to include a Bohm-like diffusitivity on the
electron momentum equations. This parameter, of
the order of 10−2, will be defined with an axial step-
out profile [4,13–18], as shown in Fig. 3(c), and the
initial and final values of the step are to be tuned
using the available experimental results.

Table 1: Main simulation parameters and mesh
characteristics. The values of the power voltage
source and the anode mass flow are specific of the
reference operation point.

Simulation parameter Units Value
PIC mesh number of cells, nodes - 2582, 2696
MFAM number of cells, faces - 2735, 5599
Vs, ref. case V 300
ṁA, ref. case mg/s 14
Simulation (PIC) timestep, ∆t s 1.50· 10−8

Total number of simulation steps - 60000
Injected Xe velocity (sonic) ms−1 300
Injected Xe temperature eV 7.35· 10−2

Injected Xe mass flow, ṁA mgs−1 14
SEE crossover energy, Ec eV 50
SEE temperature, dielectric walls eV 2

Table 2: All experimental data. The data repeatibility
for the measurements of Id at each point of opera-
tion is ±5%. Bold letters highlight the five cases for
the turbulent paramaters tuning. The reference op-
eration point is ṁA, Vs = (14mg/s, 300V)

.

ṁA (mg/s) Vs (V) Id (A) F (mN) Isp (s)

8 300 8.2 - -
8 350 8.1 - -
8 400 8.4 - -
8 450 8.9 - -

10 250 10.8 - -
10 300 10.3 184 1876
10 350 10.1 197 2008
10 400 9.6 208 2120
10 450 10.3 - -

14 250 15.5 - -
14 300 14.6 269 1959
14 350 15.5 - -
14 400 14.2 308 2243
14 450 13.9 - -

5 RESULTS

Firstly, the experimental data of the HT5k thruster
provided by SITAEL are presented, in Sec. 5.1.
Then, the results from the simulations with HYPHEN
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Figure 3: (a) The PIC mesh used by the PIC module for the simulation of the heavy species (ions and neu-
trals). The red, green, blue and magenta lines indicate the thruster dielectric walls, the anode wall, the free loss
boundary and the symmetry axis at r = 0, respectively. (b) The MFAM used by the electron-fluid module. The
blue and red MFAM faces defining the MFAM cells are aligned along the magnetic field parallel and perpen-
dicular directions, respectively. The yellow square indicates the position of the volumetric cathode considered
for the simulations, whose coordinates are listed in Tab. 1. (c) Step-out profile of the electron turbulence pa-
rameter, αt, along the thruster chamber center line. The dashed vertical line indicates the axial position of the
channel exit plane. (d) Scheme of the RLC filter unit implemented between the thruster anode wall and the
cathode keeper.

of the same thruster are shown and compared to the
experimental measurements in Secs. 5.2 and 5.3.
In particular, in Sec. 5.2, the reference operation
point simulation results are discussed in detail, and
in Sec. 5.3 an I-V curve obtained from the simula-
tions is presented, and compared and improved with
the input experimental data introduced in Sec. 5.1.
In Sec. 5.4, power and current balances and im-
portant efficiencies are shown and commented for
several operation points.

5.1 Experimental data

In Tab. 2, the main experimental data of the HT5k
prototype are gathered. They mainly consist of mea-
surements of time averaged performance metrics,
namely the discharge current, Id, and the thrust, F ,
for a certain range of operational points defined by
a certain anodic mass flow rate, ṁA, and voltage
of the power source, Vs. The former ranges from 8

mg/s to 14 mg/s, while the latter, from 250 V to 450
V. This same range of operational points is consid-
ered in the simulation studies.

5.2 Reference point results

As indicated in Tab.1, the reference operation point
for the simulations is chosen to be ṁA, Vs =
(14mg/s, 300V), because it is the point for which
more experimental data are available, which are
needed for the adequate tuning of αt. Notice that
the tuning process is based on the matching be-
tween the time-averaged performance figures of the
simulation and the experiments. During this pro-
cess, the two values of the in-out step profile of αt

(αt1 being the upstream value and αt2 the down-
stream one) were varied until a certain proxim-
ity with the experimental performance metrics was
achieved (defined as a relative difference smaller
than a 5% in Id and F , below the standard devia-
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tion of the experimental data in Tab. 2). The second
row in Tab. 3 shows the result of the tuning process.
In the first row, the experimental measurements for
the reference operation point are shown again for
the sake of comparison. In the last column of Tab.
3, the values of the thrust efficiency are presented.
Its definition is:

η =
F 2

2ṁAPd
(Eq. 1)

One can see that both values of the efficiency are
similar, as it occurs with the values of the frequency
of the discharge current oscillations, fd.
It is also worth mentioning that, once the tuning pro-
cess for the reference operation point was finished,
the influence of the RLC filter on the plasma dis-
charge was tested and was proved to be negligible.
With the turbulent parameters tuned, the reference
point simulation yields the contour plots in Figs. 4
and 5. They depict time-averaged contour scalar
and vectorial fields, over the whole simulation do-
main (right column) or inside the chamber (left col-
umn), of plasma properties of relevance for the anal-
ysis of the discharge of the HT5k. The electric po-
tential, Fig. 4 (a), exhibits a rather constant value
inside the chamber, with a maximum somewhere
in the middle of it. Then, at the chamber exit, as
seen in Fig. 4(b), it steeply falls towards the cath-
ode and its magnetic line (the magnetic line that
goes through the cathode), effectively accelerating
the ions downstream. The contour lines of φ outside
the chamber seem to closely follow the magnetic
lines. This is due to the relatively high mobility that
the magnetized electrons have along the magnetic
lines, which tend to reduce any potential gradient
along these lines . It occurs similarly in the case of
the electron temperature,in Figs. 4(g) and 4(h); with
the difference that Te also follows the magnetic lines
inside the chamber, yielding low Te at the chamber
walls, which is beneficial from the point of view of
erosion. Moreover, regarding the electron tempera-
ture, its maximum value is reached at the exit plane
of the thruster, where the electrons from the cath-
ode converge to come into the chamber and, at the
same time, find their mobility towards the anode re-
duced by the perpendicular magnetic field. The fact
that, inside the chamber and near its exit, the elec-
tric potential lines are not parallel to B is due to the
pressure gradient along the magnetic field lines, in-
duced by the plasma density distribution governed
by ion dynamics, which is compensated by a elec-
tric potential gradient parallel to B. In Figs. 4(c)
and 4(d), the neutral density contour provides infor-
mation about the ionization along the domain. The
neutrals are injected through the anode surface and,
already inside the chamber, their density value falls
about 2 orders of magnitude, indicating that a signif-
icant amount of ionization takes place. This seems
to mainly occur near the exit plane, where the tem-
perature is higher. This position of the main ioniza-

tion region may have a positive impact on erosion
reduction. The electron density, ne, in Fig. 4(f), is
higher inside the chamber where part of the elec-
trons emitted by the cathode have ionized the neu-
tral gas and are slowed down by the magnetic field
on their way to the anode. In Fig. 4(e), one can ap-
preciate the peak in electron density, which is found
near the center of the thruster channel. This point
coincides with the singularity in the magnetic field
topology, seen in Fig. 3(b), which forces a great
part of the electron current through a narrow cross
sectional area on its way to the anode, as seen in
Fig. 5(c). This electron stream from the cathode
can be distinguished, in Fig. 5(d), from the elec-
trons travelling downstream to neutralize the ion cur-
rent. This ion current features, as seen in Fig. 5(b),
a significant divergence, which starts only right af-
ter the chamber exit, where the electric potential
lines become nearly parallel to the B lines, with a
strong radial gradient. Upstream the chamber exit,
as seen before, the electric potential does not follow
the magnetic lines and its gradient is purely axial.
Also inside the chamber, as seen in Fig. 5(a), it
seems that the ion streamlines are born (meaning
that j̃i = 0) in the neighbourhood of the magnetic
field singularity, near the peak of φ, as seen in Fig.
4(a). Finally, in Figs. 5(e) and 5(f), the in-plane elec-
tric current is shown. One can see how it travels all
the way from the anode to the cathode, being the
downwards boundaries current free.

Table 3: The first row are experimental data for Vs =
300 V and ṁA = 14 mg/s. The second row shows
the simulation results with the selected αt after the
tuning process.

αt (%) Id (A) fd (kHz) F (mN) η (%)

Exp. - 14.6 22.0 269 58.2
Sim. 1-6 15.1 20.0 266 56.0

5.3 Thruster performance and I-V curve analy-
sis

In the present section, the operational map is ex-
tended by running simulation of multiple operational
points, instead of a single point, in particular the
ones in Tab. 2. The objective is to compare the
results with the experimental measurements and, at
the same time, enhance the model by taking the test
data as reference, in a similar way to what was done
in Sec. 5.2.
As a first step, the numerically simulated opera-
tional map is extended using the turbulent param-
eters of the reference case. The output of those
simulations is condensed in Fig. 6, and seems not
to match well the experimental results. The latter
exhibits a roughly flat non-monotonic profile in the
range of operational points, while the former yields
a monotonically increasing curve for all cases. Even
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(a) (b)

(c) (d)

(e) (f)

(g) (h)

Figure 4: Time-averaged 2D (z,r) contour maps for the reference case, mA, Vs=(14 mg/s, 300 V). (a)-(b) electric
potential, (c)-(d) neutral density, (e)-(f) plasma density, (g)-(h) electron temperature. The black square marker
in the right column plots indicates the position of the cathode. Left column plots show detailed contour maps
inside the thruster chamber. 6



(a) (b)

(c) (d)

(e) (f)

Figure 5: Time-averaged 2D (z,r) contour maps for the reference case, mA, Vs=(14 mg/s, 300 V). Magnitude
of (a)-(b) in-plane ion current density vector j̃i, (c)-(d) electron current density vector j̃e, (e)-(f) electric current
density vector j̃. Blue lines with arrows depict the j̃i, −j̃e and j̃ streamlines. The black square marker in the
right column plots indicates the position of the cathode. Left column plots show detailed contour maps and
streamlines inside the thruster chamber.

in the vicinity of the reference operation point, for
which αt is tuned, the results from experiments and
simulations show a relatively large disagreement.
This comparison, therefore, seems to indicate that
a model in which there exists a dependence of αt

on the operational points, namely on ṁA and Vs, is
better suited for the present problem.

Then, the enhancement of the model consists of
matching Id and F for 5 operational points for which
we have such experimental performance data (see
Tab. 2), and subsequently obtaining a simple law
which relates αt to Vs and ṁA. In order to do that, re-
garding the two values of the step in-out profile, the
relations in Tab. 4 were observed. Remember that
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αt1 corresponds to the upstream value of the profile,
while αt2 is the downstream one. Then the observed
relations have allowed to perform the tuning process
whose results are displayed in Tab. 5. In all opera-
tion points, the tuning process was carried out until
the disagreement between experiments and simu-
lations in the two performance figures is below 5%.
Also in Tab. 5, one can see the values of αt1, αt2,
for each operation point. With these values a simple
linear law is made for each of the two parameters,
which are found to be independent, with the avail-
able experimental data, of ṁA. The linear fitting
yields the following equations, with αt,i in percent-
age:

αt1 = 1.6− 0.002Vs (Eq. 2)

αt2 = 14.4− 0.028Vs (Eq. 3)

Or, considering the fitting as a linear approximation
near point Vs = Vs0 = 350 V :

αt1 = 0.9− 0.7(Vs − Vs0)/Vs0 (Eq. 4)

αt2 = 4.6− 9.8(Vs − Vs0)/Vs0 (Eq. 5)

Table 4: Influence of the two different turbulent pro-
file constants on the main performance metrics

αt1 ↑ αt2 ↑

Id ↑ ↑
F ↓ ↑

With this linear fitting, interpolating and extrapolat-
ing the values of αt1 and αt2 to the rest of opera-
tional points, the main performance figures are ob-
tained and Id is shown in Tab. 6. In addition, in
Fig. 7, the comparison with experimental results is
shown graphically. The simple linear law seems to
allow to match acceptably well the experimental re-
sults in the range of operational points Vs = (250-
400)V and ṁA = (10, 14)mg/s. These are the points
which are close to the operational points used for
the tuning. If, on the contrary, one observes the
operational points outside this range, “far” from the
points used for the tuning, one can see that the
disagreement with experimental results, in terms of
Id, increases. For instance, for ṁA = (10, 14)mg/s
and Vs = 450V, the mismatch is large, probably sug-
gesting that a non-linear dependence of the turbu-
lent parameters on the operational point is needed.
Similarly, when ṁA = 8mg/s, the results seem to
get worse compared to the simulations with con-
stant turbulent parameters. This may suggest that
in the fitting law a dependence on ṁA should be in-
troduced, once more experimental data at these op-
erational points are available. Nevertheless, it must
be pointed out that, for nearly all the operational
points, simulation performance values are within the

2-σ confidence level of the experimental measure-
ments (±10%).

Figure 6: Comparison of numerical (continuous line
with circular marker) and experimental results (star
markers). The numerical results are obtained using
constant αt for all the operation points.

(a)

(b)

Figure 7: Comparison of numerical (continuous line
with circular marker) and experimental results (star
markers) of (a) discharge current and (b) thrust.
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Table 5: Tuning of the turbulent parameters for different operational points

Op. Point Constant (αt1, αt2) = (1%, 6%) Tuned (αt1, αt2) Tuned (αt1, αt2)

ṁA (mg/s) Vs (V) Id, e% F, e% αt1 αt2 Id, e% F, e%

10 300 10.0, 3% 180, 2% 1.0 6.0 10.0, 3% 180, 2%

10 350 11.0, 8% 207, 5% 0.9 4.6 10.0, 1% 201, 2%

10 400 11.3, 18% 215, 3% 0.8 3.2 9.6, 0% 210, 1%

14 300 15.1, 3% 266, 1% 1.0 6.0 15.1, 3% 266, 1%

14 400 16.7, 18% 307, 1% 0.8 3.2 14.3, 1% 307, 1%

Table 6: Id values with and without using the linear fitting for αt1 and αt2, obtained from the tuning of these
parameters for the operation points in Tab. 5 .

Op. Point Constant
(αt1, αt2) = (1%, 6%)

Lin. Fit. (αt1, αt2) Lin. Fit. (αt1, αt2)

ṁA (mg/s) Vs (V) Id, e% αt1 αt2 Id, e%

8 300 7.42, 8% 1.0 6.0 7.42, 8%

8 350 8.28, 2% 0.9 4.6 7.46, 8%

8 400 8.73, 4% 0.8 3.2 7.31, 13%

8 450 9.02, 1% 0.7 1.8 6.53, 27%

10 250 8.93, 17% 1.1 7.4 10.3, 5%

10 450 11.6, 13% 0.7 1.8 8.6, 16%

14 250 14.0, 10% 1.1 7.4 15.2, 2%

14 350 16.4, 6% 0.9 4.6 15.14, 2%

14 450 17.2, 24% 0.7 1.8 12.7, 8%

5.4 Current and energy balances and effi-
ciency

The evolution of the performance figures shown in
Sec. 5.3 is here further analyzed based on the cur-
rent and energy balances, and on the values of rel-
evant partial efficiencies. Tab. 7 lists the values of
Pd for each operational point together with other im-
portant power magnitudes (as percentages of Pd),
namely: the energy flow to infinity, P∞; the power
loss at the dielectric and anode walls, PDW and PAN,
respectively; and the power consumed in inelastic
collisions (ionization and excitation), Pinel. For a bet-
ter understanding of each of the power terms, the
different boundaries of the simulation domain are
depicted in Fig. 3(a). The steady state power bal-
ance equation is

Pd = P∞ + PDW + PAN + Pinel. (Eq. 6)

Pz,∞ is a part of P∞; in particular, the flow of ax-
ial energy through the free loss boundaries, and
therefore considered as an useful power. Then,
P∞ − Pz,∞ is considered the non-useful power, or
flow of radial energy, lost at infinity. As such, the
total power loss, Ploss, is considered to be:

Ploss = P∞ − Pz,∞ + PDW + PAN + Pinel. (Eq. 7)

Regarding the ion currents, in Tab. 8, we show the
ion current generated by ionization in the whole sim-

ulation domain, Iprod. Then, expressed as percent-
ages of this magnitude, also Tab. 8 gathers the
following important ion currents: the ion beam cur-
rent or current at infinity, Ii∞; and the ion current
to the dielectric and the anode walls, IDW and IAN,
respectively. These currents fulfill the following bal-
ance:

Iprod = Ii∞ + IDW + IAN. (Eq. 8)

Then, Tab. 9 gathers a set of partial efficiencies,
together with η, for the cases with ṁA = 14 mg/s.
These partial efficiencies are the propellant utiliza-
tion efficiency, ηu; the production efficiency, ηprod;
the current efficiency, ηcur; the charge efficiency, ηch;
the energy efficiency, ηene; and the divergence effi-
ciency, ηdiv. Their mathematical definitions are:

ηu =
ṁi∞

ṁA
; ηprod =

Ii∞
Iprod

; (Eq. 9)

ηcur =
Ii∞
Id

; ηch =
eṁi∞

miIi∞
(Eq. 10)

ηdiv =
Pz,∞

P∞
; ηene =

P∞
Pd

. (Eq. 11)

The evolution of the partial efficiencies for ṁA =
14mg/s is shown in Fig. 8. In Fig. 8(a), one can ob-
serve that ηu increases with Vs. This means that for
the given injected neutral mass flow, the ion mass
flow at infinity is larger as the electric energy input

9



(a) (b)

(c) (d)

(e) (f)

(g) (h)

Figure 8: (a)-(g) Time-averaged partial efficiencies, and (h) discharge power, as defined in Eqs. 9 and 10 and
11, for ṁA = 14 mg/s. Their evolution is shown with respect to the source voltage, Vs. The efficiencies are (a)
utilization, (b) production, (c) current, (d) charge, (e) divergence (f) energy and (g) thrust efficiencies.
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Table 7: Power terms for all the operating points under study. All the terms, except Pd are displayed as per-
centages of the discharge power.

Vs (V) ṁA (mg/s) Pd (kW) Ploss(%) P∞ − Pz,∞(%) Pinel(%) PDW(%) PAN(%)

300 8 2.37 30.1 9.4 11.7 4.5 4.5
350 8 2.79 29.6 9.8 10.9 4.7 4.2
400 8 3.11 29.1 10.7 10.0 4.6 3.8
450 8 3.17 26.6 10.4 8.8 4.1 3.3

250 10 2.42 30.1 8.8 12.6 3.9 4.7
300 10 3.05 29.3 9.0 12.1 4.1 4.1
350 10 3.60 28.8 9.3 11.2 4.4 3.9
400 10 3.90 28.9 11.1 10.1 4.2 3.4
450 10 4.00 27.2 11.7 8.8 3.7 2.9

250 14 3.52 28.8 8.1 13.1 3.4 4.1
300 14 4.39 27.9 8.1 12.5 3.6 3.6
350 14 5.06 27.5 8.7 11.5 3.9 3.4
400 14 5.53 28.3 11.3 10.3 3.7 3.0
450 14 5.70 28.0 13.4 8.8 3.3 2.5

Table 8: Current terms for all the operating points under study. All the terms, except Iprod are displayed as
percentages of Iprod. Both the contribution of single and double ion species are taken into account.

Vs (V) ṁA (mg/s) Iprod (A) Ii,∞(%) IDW(%) IAN(%)

300 8 12.0 51.8 34.2 14.3
350 8 13.0 49.5 35.3 15.5
400 8 13.3 50.0 34.6 15.5
450 8 12.1 54.2 31.7 14.1

250 10 13.0 57.2 31.0 11.9
300 10 15.4 51.6 34.2 14.3
350 10 16.6 49.5 35.2 15.4
400 10 16.5 50.2 34.5 15.4
450 10 14.9 55.4 31.0 13.5

250 14 18.9 57.6 30.7 11.7
300 14 22.4 51.8 34.1 14.1
350 14 23.5 49.9 35.0 15.0
400 14 23.0 51.2 34.1 14.7
450 14 20.6 57.4 29.8 12.7

to the system increases. This might be due to an
increment in the ionization rate. ηu also depends on
the level of current losses to the walls, but its evolu-
tion is non-monotonic with Vs as evidenced by Fig.
8(b). A maximum of wall losses is observed around
350V, and it is the same for the rest of mass flow
cases, as seen in Tab. 8 and Tab. 9.

In Fig. 8(c), ηcur is presented. This metric indicates
how much of the discharge current, Id, is used to
neutralize the ion beam. The higher is the value of
this efficiency, the less input current is lost in produc-
ing (by means of ionization) a certain ion beam cur-
rent. In Fig. 8(c), ηcur is observed to monotonically

increase with Vs, probably because an increase of
the ionization efficiency. This implies that less Id is
needed to produce a given Ii,∞. This could be the
reason why, in the performance map analysis, in Fig.
7(a), Id is observed to decrease with Vs, even when
Ii,∞ increases in absolute value, as seen in Tab. 8.
ηch is depicted in Fig. 8(d). It is constantly decreas-
ing, except for the highest Vs point. This indicates
that the production of double ions tends to increase
with Vs. Even if it does not vary significantly, it can be
another cause for the evolution of ηcur. ηdiv, which
accounts for the plume divergence losses, also falls
with the increment of Vs, as seen in Fig. 8(e). This
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Table 9: Partial efficiencies for all the operating points under study. All of them are presented as percentages.

Vs (V) ṁA (mg/s) ηu (%) ηprod (%) ηcur (%) ηch (%) ηdiv (%) ηene (%) η (%)

300 8 94.8 51.8 82.1 90.0 88.2 79.3 55.4
350 8 97.7 49.5 85.5 89.1 87.8 80.2 59.2
400 8 99.4 50.0 89.9 88.7 86.9 81.7 60.9
450 8 99.5 54.2 99.5 89.0 87.6 83.8 60.0

250 10 91.0 57.2 77.2 90.1 88.8 78.8 54.9
300 10 95.5 51.6 78.8 88.3 88.7 79.7 55.8
350 10 98.0 49.5 81.9 87.4 88.4 80.6 59.3
400 10 98.4 50.2 86.5 87.3 86.5 82.2 59.8
450 10 98.6 55.4 95.7 87.6 86.1 84.5 58.5

250 14 92.3 57.6 73.9 87.4 89.7 79.3 55.8
300 14 95.4 51.8 75.4 85.3 89.8 80.2 56.0
350 14 96.3 49.9 78.1 84.5 89.3 81.2 58.5
400 14 96.6 51.2 82.6 84.4 86.3 83.0 58.6
450 14 97.3 57.4 91.9 84.8 84.4 85.3 56.4

may be due to the fact that with the increase in Vs,
together with the axial electric field, the radial elec-
tric field becomes more intense. This radial field,
which is more important at the channel exit, as seen
in Fig. 4 (b), accelerates the ions radially causing
divergence losses. Finally, regarding the partial effi-
ciencies, ηene, in Fig. 8(f), has a definition similar to
ηcur, but in terms of power, instead of current. Thus,
their curves are comparable.
In general, it can be concluded that the increase in
Vs makes more efficient the production of Ii,∞, but
at the same time, increases the divergence losses
in the plume, which reduce the useful power. The
combination of these opposite effects yields a thrust
efficiency, η, whose variation is relatively small, as
seen in Fig. 8(g). Its combination with the monoton-
ically growing Pd, in Fig. 8(h), according to Eq. 1,
causes the growth of F with Vs in Fig. 7(b). Only for
the largest Vd point, there is a decrease of F , due
to the asymptotic trend of Pd and the sudden small
fall of the thrust efficiency, η. These conclusions are
valid for the other mass flow cases, as it can be ob-
served in the values of Tabs. 7, 8 and 9.

6 CONCLUSIONS

HYPHEN, a two-dimensional hybrid PIC/fluid HET
simulation code, has been used to simulate the
magnetically shielded SITAEL HT5k thruster within
the frame of the EDDA project. In order to do this,
a successful adaptation of HYPHEN code to the
simulation of magnetically shielded HET’s, featuring
complex magnetic topologies, including magnetic
singular points, has been done.

HYPHEN electron module uses a turbulent phe-

nomenological model to which the results of the
simulations have been proved to be very sentitive.
This model features an electron turbulent collisional-
ity with a step-out profile, for which a dependence on
the thruster operational point, defined in terms of Vs
and ṁA, has been shown to be required, by means
of comparison to experimental results. Therefore,
experimental data for a set of 5 operation points
are used to improve the electron turbulent model.
A linear fitting of the electron turbulent collisional-
ity depending on the input power source voltage is
shown to reproduce satisfactorily the thruster ex-
perimental I-V curve for a moderate operation range
(Vs = [250-400]V, ṁA = [10-14]mg/s), and nearly
all simulation performance metrics lie between the
2-σ confidence interval of the experimental mea-
surements, thus validating the simulation results
against experiments. Along the operational points
studied, the electron turbulent parameters slightly
change with the input power source voltage both in
the thruster chamber and near plume region.

In the present work, it has been shown that HY-
PHEN is capable of providing a sound fully 2D char-
acterization of the plasma discharge of the HT5k
thruster, with 2D contour maps of the main plasma
properties, including ion and electron streamlines
both in the thruster chamber and the near plume
region. The magnetic shielding topology seems
beneficial from the point of view of erosion, yield-
ing low electron temperatures close to the chamber
walls and a main ionization region at the exit of the
chamber.

The simulation results indicate that the thrust ef-
ficiency does not vary significantly with Vs. Two
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opposite effects, when increasing Vs, produce this
behavior: a more efficient usage of Id to produce
Ii,∞; and less divergence efficiency, this is, larger
power losses due to divergence of the beam.

Future work will deal with the extension of the sim-
ulated operational map to values of Vs and ṁA out-
side the nominal range of operation (i.e. Vs = 150-
250 and > 500 V). In addition, it is planned to im-
prove the capabilities of the code to be able to simu-
late the thruster response to dynamic input signals,
namely time-varying Vs and ṁA. This feature can
be relevant from a system integration point of view
in the frame of the Direct-Drive architecture under
development within the context of the EDDA project.
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