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! Physics - Instrument and Space The H2020 MINOTOR project focused on the study and the optimization of the ECRA
Bsﬁ/aerfsr;:ggrgiig/ymw thruster, an electric propulsion system for satellites. First, a 30 W prototype of this
F-91123 Palaiseau, France Electron Cyclotron Resonance Thruster (ECRT) is optimized. Then, a 200 W prototype is
 Institute of Experimental design based on these findings. The performances of both prototypes were assessed
ZTg:;g;'d:f;‘:lsck'gﬁ?#;g?g‘w at two different facilities: at ONERA in France and at Justus Liebig University in Ger-
D-35392 Giessen, Germany ' many. Significant improvement of performances of both thrusters with the decrease of

background pressure is presented. Total thrust efficiencies as high as 50% are measured
at JLU, as well as erosion and lifetime assessment. The stability of the thruster for a con-
stant point of operation was measured for one hundred hours of operation.
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Introduction

ECRT is an electric propulsion concept that was first thought of during the 1960’s both
in the US [1-9] and in Japan [10-12], following the development of microwave (LW)
engineering. Another group of studies were led in the US in the late 1980’s [13-15]. All
these original studies obtained low total thrust efficiencies and ended being stopped as
competing technologies performed better. The high operating background pressure,
around 10~* mbar, and the few reliable direct thrust measurements available may explain
why these studies miss the interest of the ECRT technology.

The research on ECRT at ONERA, in France, started in 2010 with the development of a
30W ECRT named ECRA, leading to a patent [16, 17] and several PhD thesis focusing on
the subject [18—20]. During these studies, a low power prototype using a permanent mag-
net was designed, accurate thrust measurements were made [21-23]. The coaxial coupling
structure demonstrated a higher efficiency with respect to the previously used waveguide
coupling [24]. The acceleration electric field was measured using LIF and Langmuir probe
measurements [25]. All these studies demonstrated the interest of the ECRT technology
and motivated the MINOTOR project whose results are presented in the present paper.

Recently, ECRT has gained a broader interest. Studies led at University of Michigan
brought answers on the role of electron to neutral collisions [26] and plasma fluctuations
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in the thruster plume [27]. Universities and companies built ECRT prototypes and char-
acterized their performances like AVS Company and Surrey Space Center [28, 29] and
University of Washington [30, 31]. These different prototypes are bringing knowledge
about ECRT operation by testing new uW coupling, magnetic field topologies and alter-
native propellants like water.

The H2020 MINOTOR project aims at increasing the Technology Readiness Level
(TRL) of the ONERA thruster prototype. All the different aspects of the thruster devel-
opment were tackled: prototype optimization and testing, numerical simulation tools
development [32—34], Power Processing Unit (PPU) development, system impact assess-
ment and scaling up with the development of a 200 W thruster. The present paper
recounts part of the results obtained during the prototype optimizations and testing
studies. The third section introduces the experimental setups including the vacuum ves-
sels and thrust balances used, the thruster prototypes description and their optimiza-
tion. The fourth section presents the observed facility effects. The fifth one summarizes
the performances measured for the 30W prototype and the sixth one the performances
of the 200 W thruster.

Experimental setups

Vacuum vessels and thrust stand: Jumbo and B61

The experiments reported in this paper have been conducted in two different vacuum ves-
sels: the B61 at ONERA used for the iterative optimization process of ECRA and Jumbo
at Justus Liebieg University used for the two performance measurements campaigns. The
implementation of the ECRA thruster in the two facilities is represented on Fig. 2.

The B61 vacuum chamber is 1 m in diameter and 4 m long. Its pumping system is
composed of a turbomolecular pump and a cryogenic panel for a total pumping speed
of about 9,000 1/s for Xenon. The pumping system is located at the two third of the ves-
sel. The pressure is measured using a Pfeiffer Vacuum PKR361 gauge located at the end
of the tank. It is equipped with a single hanging pendulum thrust balance with a 10 uN
resolution and a 10 mN maximum measurement range [22]. This thrust balance is abso-
lutely calibrated using a system of calibration weights.

The Jumbo vacuum chamber is 2.6 m in diameter and 5 m long. Its pumping system
is composed of 5 turbomolecular pumps, a roots pump and cryogenic panels for a total
pumping speed of 160,000 1/s for Xenon. The pressure is measured using two vacuum
gauges located in the first half of the vacuum chamber. It is equipped with a double
inverted pendulum thrust balance. The balance is absolutely calibrated using a voice coil
and calibration weights. The measurement range extends to 400 mN with a resolution
of 10 uN. This thrust balance has also been tested previous to this study using a gridded
ion thruster RIT 4 from JLU with a very good agreement between measurement and
expected thrust based on total current and acceleration voltage measurements. Jumbo
is also equipped with a Parallel Plate Analyzer (PPA) that allows for the measurement of
the ion energy. It is located at approximately 2 m from the thruster exit plane.

The uncertainties on the thrust measurements is minored by the thrust stand resolu-
tion. However, we observe larger differences between measurements for set points that
are reproduced. This is believe to be due to two main parameters. First, the difficulty
to maintain perfectly constant test conditions as for example input power may vary as
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the coaxial line temperature varies or pumping speed may slightly vary as cold panel
are getting cover by trapped atoms and molecules. Second, the thruster state may vary
upon thruster history with for example thermal equilibrium that are long to be reached
for pieces that are for from the plasma-wall interaction. These effects are second order
effects that are difficult to precisely quantify but affect the measurements reproduc-
ibility. The uncertainty for each tested couple—thruster version, facility—will be taken
equal to the larger discrepancy observed for reproduced set points. This uncertainty will
be propagate to asses uncertainties on thrust efficiencies.

ECRA Thruster description

The ECRA thruster is a magnetic nozzle electron cyclotron resonance thruster developed
at ONERA. Microwaves (uW) at 2.45 GHz are injected using a coaxial line that termi-
nates in an opened coaxial cavity. The propellant is injected in this cavity and is ionized
by the pW power. This cavity is limited radially by the outer conductor, which is 27.5 mm
in diameter for the 30W ECRA version and 70 mm for the 200W version. The cavity is
closed by a backplate transparent to uW, which is positioned at the back of the source.
The magnetic nozzle is generated by an annular permanent magnet presenting an axial
magnetization and located at the back of the cavity. The permanent magnet is positioned
such that the electron cyclotron resonance (ECR) zone at 2.45 GHz, corresponding to
a magnetic field of 875 G, is located inside the cavity. Magnetic field intensity along the
main thruster axis is computed using COMSOL Multiphysics in the two vacuum cham-
ber geometry for the 30W ECRA thruster and in Jumbo only for the 200W thruster and
is reported on Fig. 1. The vacuum vessels, in austenitic stainless steel, do not influence the
thruster magnetic field. The 200W thruster field decays slower than the 30W one on the
thruster main axis. The geometry of the magnetic field implemented in the two vacuum
vessel is reported on Fig. 2. During this study, only Xenon has been used as propellant gas
but other gas such Krypton, Argon, Iodine, Oxygen, Air, Nitrogen, etc.... could be used as
no component of the thruster is sensitive to oxidation (ECRA has no cathode).

Due to its simplicity of design, only two parameters (mass flow rate and microwave
power) define the operating point of an ECRA thruster. The mass flow rate of propul-
sive gas is measured using one of the two Bronkhorst EL-Flow series mass flow con-
troller available with either a 4 sccm or a 10 sccm Xenon flow range. These mass flow
controllers have been calibrated using a home-made absolute calibration platform built
at JLU. The pW power is produced by a solid state laboratory power supply tunable in
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Fig. 1 (a) ECRA thruster geometry, (b) picture of a 30W ECRA thruster, (c) Computed B fields for ECRA 30W

and ECRA 200W thrusters, in B61 and in Jumbo
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Fig. 2 2D plot of the magnetic field intensity produced by ECRA 30W magnet computed in Jumbo. Jumbo
and B61 geometry has been represented on the graph, magnetic streamlines intercepting the thruster
backplate are plotted in gray

frequency and in power. It is measured at the vacuum chamber wall using a setup of
two couplers, two diodes and a circulator [19] allowing for the measurement of the for-
ward and reflected powers. The transmission line from the vessel wall to the thruster is
calibrated ahead of each campaign using a vector network analyzer and its transmission
factor is used to evaluate the power deposited in the thruster. The coupling efficiency,
meaning the power that is deposited in the thruster with respect to the incident power
at the back of the thruster is ranging from 92 to 98% for the 30W prototype and from 78
to 83% in the 200W prototype, depending on the operating point. The uW power values
given in this paper and used to compute thrust efficiencies correspond to the evaluated
deposited power in the thruster.

Optimization of the ECRA Thruster

During this study, the geometrical parameters of the plasma cavity have been optimized
by a series of tests: in particular, the inner conductor of the coaxial structure length 1, its
diameter D and the outer conductor length L. The results of this optimization are shown
on Fig. 3. It sets the dimensions of the thruster to 20 mm for 1 and L and to 2.3 mm for
D. As shown on Fig. 3 d), the diameter D can be increased higher than 2.3 mm without
performances reduction, whereas an increase of L actually decreases the performances.
We attribute this to the fact that as the outer conductor gets longer, it cuts out some of
the plasma trying to come out of the source and following the magnetic nozzle. Finally,
increasing | over 20 mm does not change the performances but it does not seem prefer-
able, as this part of the thruster will be more prone to vibrate or to be hit as it sticks out
of the outer conductor.

Other optimizations such as the materials of the different components of the thruster,
the divergence of the magnetic field, the pW frequency, the distance between the mag-
net and the backplate have undergone the same type of optimization processes. These
results will not be presented in this paper.

Facility effects

A particularity of the ECR thruster is that its performances decrease as the back-
ground pressure inside the test vacuum chamber increases. This observation was first
made early on in the development of the thruster, but it was first quantified in a large
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Fig. 3 Optimization of the different elements of ECRA using the evolution of its Isp against the mass flow
rate to power ratio, a) the outer conductor length L, b) the inner conductor length |, ¢) the inner conductor
diameter D between 1.2 and 2.3 mm and d) between 2.3 and 4 mm, from [18, 23]

pressure range during a test campaign at JLU in 2018. These measurements are pre-
sented on Fig. 4 (left). During this first test campaign a non-optimized 30W ECRA
thruster was tested. Figure 4 (left) demonstrates that while going from 10™> mbar
to 1.3 x 1077 mbar of background Xenon pressure in the test vessel, the thrust pro-
duced by the thruster increases from 525 puN to 800 uN. It seems to plateau for pres-
sure under 8 x 1077 mbar. During the second 2020 test campaign, the same trend was
observed on ECRA 200W. The thrust increases from 2.15 mN at 4.5 x 10~° mbar to
3.1 mN at 2 x 10”7 mbar for a non-optimized thruster. However, it is difficult to notice
a plateau at low pressure. These measurements were performed injecting extra flow of
Xenon using a second mass flow meter and an injection port located on the experi-
mental vessel wall at the back of the thruster. Wachs et al. [26] demonstrated that
this effect is due to inelastic electron-neutral collisions in the thruster plume, which
consume a significant part of the jet power and ultimately decrease the ion energy.
Even though the mean free path of an electron is large compared to the size of the
plume for pressure levels presented here (from 33 km at 1.2 x 10—7 mbar to 202 m at
2.0 x 10-5 mbar), the pendular motion of a part of the electron population trapped in
the plume [34] and the large size of the acceleration region in the plume explain this
result [26].

In fact, we have measured with a parallel plate analyzer (PPA) located two meters away
from the thruster that the ion energy decreases with the increase of the background
pressure (Fig. 4 (d)). Similar trend is observed for the ECRA 200W v2 and v4 and is well
correlated to the thruster floating potential evolution. In the meantime, the total ion
current measured using a Faraday probe (FP) located one meter away from the thruster

increases as the background pressure increases, indicating that ionization is occurring in
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Fig. 4 Effect of the background pressure and facility effect on the thrust of (a) the 30W thruster operated
at24 W and 1 sccm, measured in 2018 and (b) the 200W thruster version v2 operated at 115 W and 2 sccm,
measured in 2020, effect of the background pressure on (c) the total integrated current for ECRA 200W v4 in
Jumbo operated at 140 W 2sccm and (d) the ion energy and thruster floating potential for ECRA 200W v2 and
v4 operated at 2 sccm and 140 W

the plume when the background pressure is increased (Fig. 4 (c)) and confirming Wachs
et al. analysis.

The thrust measurements made in Jumbo are compared to measurements made with
the same thruster and with the same background pressure in the B61 on Fig. 4 (a) and
(b). The thrust measured in Jumbo is higher both for the 30W and the 200W thruster.
The difference in measured thrust seems constant and equal to 150 pN in the case of the
30W thruster. For the 200 W thruster, the only measurement point indicates a difference
of about 300 pN. The source of this discrepancy is not known. A potential lead to be
explored for future studies is the size of the vacuum vessel that seems to play a role from
Baldinucci et al. work [35]. Further study exchanging thrust balance between facilities

and artificially reducing chamber sizes may bring answers to this problem.

30W Thruster performances

Two different 30W ECRA thrusters are compared in this section: a non-optimized
thruster developed in 2018 and the final version of the thruster at the end of the project.
Along this project, the total efficiency was the main indicator used to assess the positive
impact of the modifications made and guide the optimization. While the initial thruster
has an 8% total efficiency measured in the B61, it already reached 13% efficiency in
Jumbo. For 1 sccm, the final version of the thruster reaches about 40% of total efficiency
for a thrust ranging from 1.25 mN at 20 W to 2.0 mN at 50 W. The specific impulse is
ranging from 1300 s at 20 W to 2200 s at 50 W.
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Fig.5 (a) two versions of the 30W ECRA thruster tested in the B61 and in the Jumbo vacuum chamber, total
efficiency against the uW power is measured for a constant flow rate of 1 sccm, (b) thrust against specific
impulse map of the final version of the 30W ECRA thruster tested in Jumbo vacuum vessel for a chosen range
of operating parameters (see Table 1)

Table 1 Characteristic operation set points summary of the 30W ECRA thruster tested in Jumbo
vacuum chamber

Operation set point  Q, [sccm] Power Thrust [mN] I5p[s] TTPR[mN/KW]  Thruster

[W] efficiency
(%)
Initial Performances 1.0 24 0.8 840 33 13
Final Performances 1.0 25 1.5 1580 60 44
High thrust 1.2 50 2.0 1800 40 35
High Isp 06 45 14 2500 31 40
High TTPR 1.0 17.5 1.1 1200 65 40
High efficiency 0.8 35 1.6 2200 46 50

A complete performance map has been measured whose results are presented on
Fig. 5 as the thrust against the specific impulse. The power has been varied from
about 10 to 50 W and the mass flow rate from 0.6 to 2 sccm. Below 10 W and below
0.6 sccm, the thruster tends to switch off which sets the lower limit of this map. For
high power, the thruster potential rises above 400 V and the thruster also switch
off by itself. This limit depends on the mass flow rate explaining why the map stops
at 45 W for 0.6 sccm and at 50 W for higher flow rates. However, this limit is not
reached for most of the mass flow rates presented here and the thruster could have
been operated at higher power. The mass flow rate can also be increased above 2
sccm. The choice to limit the map to 2 sccm and 50 W is driven by the decrease in
total efficiency of the thruster at high flow rate and high power.

Some characteristic set points of the thruster operation from Fig. 5 (right), repre-
sented by an orange dot on the map, are summarized in Table 1. Depending on the
operating regime, the 30W ECRA optimized thruster can reach maximum thrust of
2.0 mN, a maximum Isp of 2500 s, a maximum TTPR of 65 mN/ kW and a maximum
total efficiency of 50%.
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Fig. 6 Performances figures of (a) three versions of the 200W ECRA thruster tested both in the B61 and in the
Jumbo vacuum chamber and (b) thrust against specific impulse map of the final version of the 200W ECRA
thruster tested in Jumbo vacuum vessel

Table 2 Characteristic operation set points summary of the 200W ECRA thruster tested in Jumbo
vacuum chamber

Operation set point  Q,,, [sccm]  Power [W]  Thrust [mN] Isp[s] TTPR[mN/kW]  Thruster

efficiency
(%)
High thrust 4.1 221 7.15 1821 324 289
High Isp 25 245 6.93 2879 283 40.0
High TTPR 2 38 247 1289 65.6 415
High efficiency 2 85 419 2190 49.6 53.3
Intermediate 25 146 5.56 2310 38.1 43.2

200W Thruster performances
Thrust measurement
The main design of the 200W thruster is a scale up of the 30W ECRA thruster. Tar-
geting 200 W, the diameter of the plasma source increases in order to conserve the
power per source section area from the 30W to the 200W versions. There are three
different versions of the 200W ECRA thruster tested through this study. They are
labeled v2, v3 and v4, v2 being the first version and v4 being the last version. Only
version v4 integrates all the optimizations defined by the 30W ECRA optimization
study. Version v2 was first tested in the B61 vacuum vessel and demonstrated an 8%
total efficiency at 4 x 107 mbar (Xe) (Fig. 6 (left)). The same thruster version shows a
20% efficiency when tested in Jumbo at 2 x 1077 mbar (Xe) operating at 2 sccm over a
range of power going from 60 to 150 W. Versions v3 and v4 have better performances.
It demonstrates that the design improvement made on the 30W thruster are also
effective for the 200W design. The total efficiency exhibit a bell shape curve against
the power at constant flow rate. This is typical both 30W and 200W thrusters. The
maximum efficiency reaches 50% for 80 to 100 W.

A complete performance map (Fig. 6 (right)) has been measured similarly to the
30W thruster. Five characteristic operating points represented as orange dot on Fig. 6
(right) are summarized in Table 2. Depending on the operating regime, the 200
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ECRA v4 thruster can reach maximum thrust of 7.15 mN, a maximum Isp of 2900 s, a
maximum TTPR of 66 mN/ kW and a maximum total efficiency of 53%.

lon energy

In Jumbo, a PPA is available to measure the ion energy. For prototype v4, it reaches
400 eV for the highest power and lowest flowrate tested. The ion energy increases quasi
linearly with the power at fixed flow rate and decreases similarly with the flow rate at
fixed power. On Fig. 7, the outer conductor potential, referred as thruster potential is
also represented as it is correlated with the potential drop in the magnetic nozzle and
the ion energy [36]. It goes as high as 350 V, which is compatible with measured 400 eV
ions.

Erosion, lifetime and stability tests

Erosion and lifetime

The main lifetime-limiting phenomenon occurring when the thruster is firing is the ero-
sion of the inner conductor. This conclusion was made both by measuring the thruster
pieces after hundreds of hour of operation and by weighting the inner conductor. The
erosion rate of the inner conductor for the 30W ECRA thruster is measured in the B61
by weighting it every tens of hours of operation for a total time of sixty hours of opera-
tion. The mass loss appears to be constant and equal to 0.11% of the initial mas per hour.
It implies that the inner conductor would lose 50% of its mass in about 500 h.

The erosion of the 200W thruster have been measured at the end of a 100 h test in
Jumbo. The inner conductor mass decreased by 3%. Following the hypothesis that this
mass loss is constant as in the 30W ECRA thruster case, the loss rate would be of 0.03%
of the total mass per hour. It implies that half of the inner conductor would be eroded
after 1,700 h.

Erosion of the inner conductor is the only source of potential failure actually iden-
tified. Nevertheless, longer test should be conducted in the future. Finally, it has been
demonstrated on previous prototype (Fig. 3 d) that increasing the inner conductor
diameter above 2.3 mm does not reduce the thruster performances. Those results needs
to be verified on the latest prototypes but the increase of the total mass of the inner
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conductor, going as the square of its diameter, may allow a large increase in inner con-
ductor lifetime.

Stability test

The thruster ECRA 200W prototype v4 was fired in Jumbo for 100 h. The thruster stayed
ON during 9 h per day for four days at first. Then, it was fired continuously for 64 h. The
operating point was set to 100 W and 2.5 sccm. As shown on Fig. 8, the thrust produced
by the thruster is very steady and equal to 5 mN. The measured Isp is equal to 2500 s, the
TTPR is 46.5 mN/kW and the total efficiency is 56%. It demonstrates the thruster stabil-
ity and reliability for several tens of hours of continuous operation.

Conclusion

During the H2020 MINOTOR project the ECRA thruster developed at ONERA has
been optimized by a parametric study of the coaxial source geometry and the tests of
different materials. A second thruster working at 200 W has been developed from the
first prototype operating at 30 W. The optimization of the thrusters allowed to improve
considerably the thruster performances when measured in similar test conditions, and
to obtain a total thrust efficiencies as high as 50%, with ion energies up to 400 eV. The
effect of going from B61 vacuum chamber to Jumbo is also critical to obtain better per-
formances, and can be partially explained by the lower background pressure, but the
chamber size seems to play a role as well. Experiments with artificial increase of the
background pressure were led in Jumbo to meet the B61 conditions. They demonstrated
that there is a chamber size effect. Further work may focus on performing experiments
in another high pumping rate facility and try to distinguish pumping speed to other
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Fig. 8 Stability test performed on the thruster ECRA 200W v4 in Jumbo
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facility effects. Lastly, the erosion and stability test demonstrates an inner conductor life-
time over 1,000 h for the 200W thruster and a very stable operation during 100 h, with

solutions for improvement.
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