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Introduction

The commercial use of space and the increasing integration of the space sector with the
traditional economy, known as NewSpace, is progressing rapidly [1-3]. More and more
companies from a wide range of industries are using satellite-based technology for a
wide variety of applications [4]. Examples include smart agriculture, weather monitor-
ing, remote surgery, the digitalization of industrial production (Industry 4.0) and auton-
omous driving [3, 4]. Competition between private players is driving innovation that is
lowering the barriers to entry into space and reducing the cost of satellites [1]. For exam-
ple, the cost of putting a satellite into orbit is being significantly reduced by the use of
electric space propulsion systems, which use mass-efficient thrusters to enable electric
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orbit raising, leading to significant propellant savings. Another trend is the use of small
satellites, often in low Earth orbits. This approach is based on technology miniaturiza-
tion [5].

Space systems can always be classified as complex systems [6]. The functionality and
robustness of a satellite, including its functional units, must be proven in a large num-
ber of tests on Earth, as it is almost impossible to repair a malfunction in orbit [6]. By
accepting a higher risk of failure, development cycles can be shortened to further reduce
costs and accelerate the payback of such an investment. Despite this paradigm shift,
general requirements such as reliability, robustness and efficiency remain important
requirements for mission success and concern not only the propulsion system but also
its interaction with other electronic components [2, 3].

Safety requirements—where they exist—are assured by standardized test procedures.
However, such test standards are not fully implemented for all components of a satellite.
For example, ion thrusters only operate under vacuum conditions and therefore need a
special test environment during electromagnetic compatibility (EMC) testing [7]. Test
facilities that provide both a vacuum and an EMC test environment are rare. Although
the measurement methods used in EMC assessment are based on common standards,
they are not construed for EP systems operating in vacuum, but for testing under atmos-
pheric conditions.

It is of particular interest to study the EMC of space systems [6] including electrical
propulsion systems in operation [7-9] to reduce the risk of failures of entire satellites
or spacecraft systems caused by the propulsion system. EM radiation originating from
plasma generation by a thruster or plume extraction can affect sensitive subsystems such
as sensors or radio communications by causing unwanted electromagnetic interference
(EMI) or changing the subsystems’ characteristics [7]. Mission restrictions or failures
may occur [6] even if the interference is reversible and only occurs during thruster oper-
ation, e.g., attitude control, station keeping or orbit raising. Up to now, in contrast to all
other subsystems of a spacecraft, the EMI caused by an operating ion thruster cannot be
assessed in a conventional standardized EMC test environment, i.e., specific test facili-
ties are required which enable an operation of the device under test (DUT) or the equip-
ment under test (EUT) in a space-like vacuum environment.

The aim of this study is to estimate the impact of plasma-related effects on the EMI of
a spacecraft in case of a specific DUT, an electron cyclotron resonance (ECR) thruster
with a magnetic nozzle built by ONERA [10-14], and to distinguish between the plasma-
related emissions and those of the electronics required to operate the thruster. For this
purpose, we measure the emission spectrum of the same operating thruster using two
different dedicated setups. One is a vacuum reverberation chamber (RVC) [15], and the
other a semi-anechoic chamber (SAC) connected to a vacuum system [16].

The used ECR thruster with a magnetic nozzle was one of the prototypes of the
MINOTOR project and was developed and lent to us by ONERA. It is further described
in [10-14]. This type of thruster is particularly suited for establishing procedures for
studying EM effects of electric thrusters in operation. The reasons are manifold. First,
it emits a quasi-neutral plasma. Therefore, the use of an additional neutralizer, whose
power electronics may also interfere with the operation of the thruster itself or with
other components of the system, is not required. Second, because of the absence of an
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additional neutralizer, the rotational symmetry of the ECR thruster about the thrust
direction implies that its EM emission characteristics possesses the same symmetry.
The high symmetry simplifies a complete assessment of the EM characteristics of the
thruster. Third, the microwave frequency of f, =2.45 GHz used for exciting the plasma of
the ECR thruster during operation is quite high compared to those, for example, used in
radio frequency ion thrusters (RIT), which typically operate in the lower MHz or upper
kHz range [2]. According to the standards, the radiated EMI should be measured in a
frequency range from at least 30 MHz to 18 GHz [17, 18]. Thus, an excitation frequency
of f, =2.45 GHz means that the most only six harmonics are observable in the frequency
range of interest. As a consequence, the effects of the excitation signal should be well
distinguishable from superimposed plasma-related effects caused by the excitation. In
contrast, RIT operation in the MHz range can have hundreds of harmonics superim-
posed on the plasma-related emission. These advantages make the ECR thruster ideally
suited for investigating the electromagnetic emissions of a plasma-based ion source in
operation.

This paper is organized as follows: “Experimental approach” section outlines the
experimental methods used, covering the SAC and the RVC facility, the selected
thruster, as well as data management procedures. “Measurement results” section pre-
sents and compares EMI data of the ECR thruster obtained in both facilities using dif-
ferent measurement approaches. We systematically studied the EM emission of the
thruster in dependence on the three main operational parameters, the propellant mass
flow Q, the excitation power P, and excitation frequency f,. In “Conclusion” section, we
conclude by providing a brief summary of our findings and an outlook on future work
needed to better understand the EM behavior of electric thrusters.

Experimental approach

Standards used in the qualification of equipment for space applications are, for exam-
ple, the MIL-STD [17] or the ECSS-E-ST [18]. In these documents, EM assessment is
divided into subsections, primarily distinguishing between conducted and radiated dis-
turbances, which are secondarily specified by susceptibility and emission, also called
interference. By means of susceptibility measurements, a DUT, in our case the electric
thruster with or without corresponding electronics, has to prove that it is not susceptible
to external EM disturbances. Conversely, emission tests are performed to quantify the
EM fields emitted by the DUT to potential receivers. Both tests can be either performed
in conducted mode, which primarily probes the lower frequency ranges down to kHz, or
in radiated mode, which typically addresses the MHz frequency range and above. Since
a plasma plume of an ECR thruster consists of charged particles that are not intention-
ally associated with the spacecraft, we focus on the radiated emissions (RE) from the
operating electric thruster. In order to obtain data that meets the requirements of the
above standards, we use the RVC test facility and the SAC test facility described in [15,
16], respectively. More details about the measurement approach based on the SAC test
facility are given in Fig. 1. Basically, it can be compared to the one employed at The Aer-
ospace Corporation (USA) [19, 20], at Aerospazio Tecnologie S.r.l. (Italy) [21, 22] and at
Moscow Aviation Institute (Russia) [23-26].
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Fig. 1 Schematic layout of the facility consisting of the SAC with pyramidal absorbers on ferrite-covered

walls, references to the antenna positions used to measure RE, the inner EM transparent vessel surrounding

the mounted thruster. The thruster expels its plasma plume into the outer vacuum vessel with the beam
dump, honeycomb filter, and vacuum pump system

The main component of this facility is a SAC that was designed to meet MIL-STD-
461G (MIL) and ECSS-E-ST-20-07C (ECSS). It consists of a metal enclosure that shields
the interior from ambient EM noise caused by radio stations or communications infra-
structure etc. To allow for a free-space-like propagation of EM waves emitted by the
DUT inside the SAC, internal reflections of EM waves from the walls need to be avoided.
This is achieved by pyramidal absorbers mounted on the walls and the ceiling. As there
are no absorbers on the floor, the room is semi-anechoic rather than completely ane-
choic. To further improve the attenuation of the walls, ferrite plates are placed between
the absorber structure and the conductive enclosure. A vacuum chamber is attached
to the SAC, as this standardized facility alone does not provide the vacuum conditions
required for the operation of electric propulsion (EP) systems. It consists of a large metal
vessel placed behind an opening in the shielding of the SAC and is attached to its con-
ductive walls. A metal-free cylinder made of glass reinforced plastic (GRP) is connected
to the metal vessel and extends into the SAC. Its epoxy resin can stand temperatures of
up to 130 °C and is transparent for EM waves. The vacuum chamber consisting of metal
vessel and GRP cylinder is equipped with a pumping system. The thruster is mounted
in the GRP cylinder in such a way that the expelled plasma plume hits the beam dump
made of graphite, which reduces sputtering effects [27, 28]. The internal diameter of the
GRP cylinder is 0.8 m whose cylindrical length is below 1.2 m from the thrusters mount-
ing flange towards the beam dump and is therefore primarily suitable for relatively small
DUT. However, the opening in the SAC wall allows to mount a cylinder or cone with a
flange diameter of up to 1 m in the SAC wall.

The pumping infrastructure comprises a turbomolecular pump with a N, pumping
speed of up to 4300 I/s. It is complemented by an additional cryogenic vacuum pump,
which has been put into service at the end of our test series. The achieved background
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pressures inside the SAC as well as RVC facility in dependence on the propellant mass
flow used are summarized in Table 1. A circular honeycomb filter with a diameter of
about 2 m and 60 mm in depth, which is placed behind the beam dump, divides the
vacuum vessel into two compartments. Thus, it separates the pumping system from
the thruster. The honeycomb structure behaves like a conducting wall and shields EM
waves. Furthermore, it exerts such a low flow resistance on the vacuum system that we
were not able to measure any significant pressure difference at mass flows of up to Q=5
sccm propellant flow. It damps EM noise coming from the pumps below the measure-
ment sensitivity up to at least 40 GHz. Therefore, the measurements of background
noise described in [7] could be neglected in our measurements, since background noise
should be reduced far below the noise floor of the measurement system.

The cylindrical GRP vessel inside the SAC must be metal-free so that the EM fields
and waves generated by the thruster and its plasma can pass through it with negligi-
ble absorption losses and be measured by suitable antennas inside the facility. To iden-
tify the spatial direction in which a DUT exhibits the strongest EM emission, DUT and
antenna arrangement should ideally be freely rotatable about each other. However, as
the thruster’s plume needs to be directed towards the beam dump, the thruster can at
most be rotated about one axis, so that two degrees of freedom are lost. If instead the
antenna is rotated in a quadrant about the DUT, all solid angles can be captured that lie
on the hemisphere opposite the plume direction. Any thruster that has a rotational sym-
metry about the plume direction (which is the case for most common thruster designs)
should exhibit an EM emission of rotational symmetry about the plume direction. If a
neutralizer is employed, the neutralizer may break the rotational symmetry of the EM
emission of the thruster system. However, the plasma plume of the ECR thruster studied
is quasi-neutral. Therefore, it does not require a neutralizer and the assumption of its
EM emission being symmetric about the plume direction should be valid. For this rea-
son, we believe that the rotation of the antenna about the DUT is more relevant for the
investigation of the EM emissions of the plasma-related emission of the thruster than
the rotation of the ECR thruster about the plume direction. We recorded data at the
four discrete antenna positions, at a distance of 1 m from the thruster mounting flange,
shown in Fig. 1. The rotation axis of the antenna is centered close to the mounting flange
rather than at the exit plane of the thruster. The reasons are, first, the same position can
be used for different thrusters as DUT and, second, reproducibility of the antenna posi-

tions is facilitated.

Table 1 Typical background pressures in vacuum vessels of EMC test facilities SAC and RVC
obtained using a turbomolecular pumping system or, if available, turbomolecular and cryogenic
pumping system for given propellant mass flows Q

Q SAC RVC

inlet turbo turbo + cryo turbo

0sccm ~ 3 x 10~ 'mbar ~ 4 x 10~8mbar ~ 5 x 10~/mbar
1 sccm Xe 2.2 x 10~°mbar 3.6 x 10~ ®mbar 3.3 x 10~°mbar
1.5 sccm Xe 3.2 x 10°mbar 53 x 10™°mbar

2 sccm Xe 43 x 10~>mbar 6.9 x 10™>mbar
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In each position, two linear sweeps were performed over the frequency range from
30 MHz to 18 GHz, one for horizontal (H) and the other for vertical (V) antenna polari-
zation, as demanded in MIL [17] and ECSS [18]. Most standards, such as ECSS [18],
require 30 MHz as lower limit for radiated emission measurements. However, MIL [17]
demands measurements down to 10 kHz for space applications. This requires the use
of an additional rod antenna. Since such an antenna was not available, we focused on
measurements above 30 MHz in accordance with ECSS [18]. At each frequency point f,
the measuring receiver records the amplitude data A(f) for the recommended detector,
which in our case was a maximum peak (max.-peak) detector. Thus, a complete data set
contains several sweeps A, ,(f), where the subscript p represents the antenna polari-
zation H or V and a denotes the angular position 0, 30, 60 or 90 degrees. The angular
resolution can be further increased, if a turntable is used to rotate the antenna inside the
SAC. We used an ESW26 measuring receiver from Rohde & Schwarz, which also sup-
plied the corresponding software EMC32 for the acquisition of A, ,(f). In a second step,
the data sets obtained are reduced according to

Amax(f) = max{A,4(f)lp € {(H,V},a € {0,...,90}} (1)

which represents a reduction of the highest field strength values at each f to a single
frequency sweep Amax (f ) If the frequency-dependent transfer function of the antenna
including the connecting cable is known, the electric field strength at the antenna can be
reconstructed from this data set.

Any manual placement of an antenna is associated with a certain degree of uncertainty
in position and orientation. Three antennas are required to cover the broadband spec-
trum from 30 MHz to 18 GHz [17, 18], four if the spectrum is extended to 40 GHz, and
a fifth if it is extended down to 10 kHz [17]. Therefore, several antenna rearrangements
and polarization changes are required for a full-range investigation. Reducing the num-
ber of rearrangements can indirectly reduce the adjustment uncertainties and addition-
ally speed up the measurement cycles, which in turn should reduce effects of drift in the
operating parameters of the DUT.

Our antenna arrangement consisted of two antennas only. First, a logarithmic-peri-
odic antenna was used between 30 and 700 MHz (although an additional biconical
antenna should be used below 200 MHz). Second, a logarithmic-periodic antenna was
also used above 700 MHz. It should be noted that MIL [17] and ECSS [18] recommend
a horn antenna above 1 GHz instead. Unfortunately, logarithmic-periodic antennas are
not recommended by MIL [17] but other antennas were not available at the beginning
of our study which is why those antennas were chosen. The non-conformal transition
frequency of 700 MHz was chosen because the preamplifier used can improve the sen-
sitivity of the second antenna even below the required transition at 1 GHz. According
to MIL [17], the measurement bandwidth (BW) should be 100 kHz below and 1 MHz
above the antenna transition at 1 GHz, using a linear sweep with half the BW step size.
However, even though we chose to use a reduced crossover at 700 MHz, the measure-
ment bandwidth was changed at 1 GHz. Covering the entire frequency range from
30 MHz to 18 GHz with two antennas only, allowed us to use a tripod to mount the two
antennas and to simultaneously align them with the DUT. The arrangement used, shown
in Fig. 2a, with only two instead of three antennas, is not in full accordance with the
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Fig. 2 Antenna setup and DUT, a side view of antenna arrangement for vertical polarization to measure
30 MHz to 18 GHz at 1 m tip to thruster and b ECR thruster illustration with gapped waveguide to isolate
thruster (DUT) against ground

named standards. Both antennas were mounted comparatively close to each other and,
thus, may influence each other’s antenna factors, especially in the lower frequency range.
However, the main advantages of this arrangement are faster measurements, which
reduce thermal drifts, and increase reproducibility of the setup. Furthermore, in posi-
tion 90° the antennas are located relatively close to the absorbers due to the dimensions
of the GRP vessel. Increasing the length of the GRP vessel and using smaller absorbers in
this area may overcome this issue.

The ECR thruster used as the plasma source, which was one of the prototypes devel-
oped by ONERA during the course of the MINOTOR project and was lent for our study,
is described in detail in [10—14]. Its magnet provides a flux density of 0.0875 T to achieve
ECR excitation at f, =2.45 GHz. The ECR thruster is shown schematically in Fig. 2b. It
consists of a waveguide through which the applied radio frequency (RF) power is trans-
mitted. Its symmetrical structure is separated by an air gap of<1 mm, which avoids
mechanical interaction of the RF feed line during measurements on a thrust balance
[29]. Another function of the gap is to isolate the thruster from ground, allowing sim-
plified measurement of the thruster potential with respect to the vacuum chamber. As
a mechanical isolation of the supply line is not a prerequisite for EMC measurements,
the gap was sealed using a combination of insulating and conductive tape. This was real-
ized in such way, that the thruster is on floating potential whereby the gap is almost RF
closed for the operating frequency. The sealing avoids EM radiation of the RF excitation
to leak through the gap and to interfere with the radiated EM emissions of the operating
thruster.

The ECR thruster was operated using operating parameters as close as possible to
those given in [10]. Xenon was used as propellant and the propellant mass flow was
varied in the range of Q=0.7 sccm to 2 sccm. Three different excitation powers Py
=20 W, 25 W, and 30 W were initially studied, but since their influence on the EMI
spectrum appears to be small, only data for P, =10 W (corresponding to P, =20
W) are presented here. The plasma density of 7, &~ 1 x 10°m™3 at Q=1 sccm and
P,=15 W at a distance of 11 cm from the thruster exit plane was determined using
Langmuir probe measurements as recommended in [30]. The value is in an expected
range considering that it was measured at a background pressure which was an order
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of magnitude higher [10]. It should be noted that we distinguish between simplified
excitation power P; . and corrected excitation power P,. The former is defined as

Pf_r:Pf_Pr (2)

where P; represents the forward power and P, the reflected power measured by power
sensors via a directional coupler in between the RF generator and the thruster. To obtain
the corrected excitation power P,, we also have to take into account the total cable atten-
uation A, of the line section between the directional coupler and the waveguide at the
thruster yielding

szpf*_Pr*:(Pf_Ac)_(Pr“l‘Ac) (3)

We used Huber + Suhner SF104 and SF106 RF cables with an attenuation of about
0.34 dB/m, Cellflex LCF 12-50 with an attenuation of about 0.12 dB/m at 2.4 GHz,
and comparable types. The attenuation A, was determined for each setup, including
all connectors, adapters and feedthroughs, and the measured P, values were corrected
accordingly using Eq. (3). For our setups, the correlation between the two quantities
was approximately P, ~ % P; , i.e.,, A, 1.5 dB, since our feeding line was at least 4 m
in length. The power values given in [10—14] were corrected in a similar fashion. In
the context of our measurements, lower P, values were chosen because a less power-
ful generator was used, providing calibrated power measurement capabilities.

There are no absorbers on the ground of a SAC. Thus, in contrast to a full ane-
choic system, the reflections from the ground of the SAC can alter the measurement
results compared to the free-space situation, since two-way propagation reflections
can lead to constructive or destructive interference at the antenna. The IEC61000-
04-21 standard provides formulas for estimating the maximum change in amplitude
Zgmaxp(f) for each polarization p caused by such ground reflections [31]. Applying
Eq. (1), the influence of gmaxp(f) on the measurement results in the SAC is combined
and can be estimated by

:g\max (f) = max{gmax,p (f) lp € {H, V}} (4)

The influence of gmax (f) for the antenna arrangement shown in Fig. 2a is plotted in
Fig. 3 along with gmaxH(f) and gmax,v(f) which serves as reference. If relative values in
dB are used for both giax (f) and the measured values, the ground reflection is cor-
rected by subtracting gmax (f) from the measured data set.

In addition to EM radiative measurements using the SAC test facility as described
above, we also performed corresponding measurements using our RVC test facility.
The measurement procedures using the RVC test facility are described in detail in
[15]. In brief, its principle of operation can be summarized as follows: The DUT is
operated in a metallic vacuum chamber which also acts as a cavity resonator for elec-
tromagnetic modes. Stirrers in the RVC detune its resonance and discrete mode dis-
tribution such that a quasi-continuous spectrum can be investigated. This operating
principle provides the radiated power spectrum of a DUT integrated over all solid
angles, especially, if the DUT acts as a periodic emitter. The power spectrum is con-
verted into a field strength as it would be radiated by an antenna and then measured
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Fig. 3 Potential influence of ground reflections on results of field measurements in the SAC, estimated
according to IEC61000-04-21 for H and V polarization plotted as gmaxq and gmax,v as well as Gmax in bold line
for the deployed antenna arrangement

at a defined distance in the SAC test facility, e.g., 1 m to comply with MIL [17] or
ECSS [18] setups. We corrected all our RVC measurements accordingly to be able
to compare those with the SAC measurements. The RVC approach can then be used
for pre-compliance emission measurements above its low cutoff frequency which is
Jfinin = 500 MHz in our case. However, our facility provides additional emission data
down to 300 MHz. This low-frequency data does not comply with the underlying
IEC61000 standard and also has a lower measurement gain [15], but still is shown for
comparison in what follows. In both facilities, a max-peak detector was used for data
acquisition.

Measurement results
The measurement results of the ECR thruster driven at f, =2.45 GHz with Q=1 sccm
and P, =10 W are shown in Fig. 4a. Radiated emission data was collected based on MIL
[17] section RE102 which meets ECSS [18] section A.9 [32] and shows significant peaks
at f, and its harmonics as well as broadband emission below approximately 300 MHz.
The insets 4b and c show the highlighted sections of those results corrected for gmax. In
addition, the associated noise plots are also shown in light colors, representing the sen-
sitivity limit of the measurement system that can be observed for selected measurement
parameters in the respective facility. We supply the limit lines for MIL [17] and ECSS
[18], even though we cannot use them to evaluate whether the thruster complies with
those standards. The reason is that different modifications compared to the standards,
e.g., antenna arrangement, were utilized and the thruster was operated at reduced power
only. Additionally, the MIL [17] standard is usually not applied directly, but in a form
such as the MSFC-SPEC-521 [33] or GSFC-STD-7000A [34] standard. For example, the
MSFC-SPEC-521 is tailoring the MIL specifications in order to prevent over-specifica-
tion of requirements and still maintain EMC [33].

The discontinuous shape of the noise plots is characteristic because various aspects
have to be taken into account which are discussed in what follows. The abrupt jump in
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Fig. 4 Electromagnetic radiated emissions of the ECR thruster operated with P, =10 W excitation at
f,=245 GHz and Q=1 sccm xenon propellant flow measured by max.-peak detector in SAC and RVCat 1 m
antenna distance with corresponding noise floors and added attenuations. a shows the broadband result
measured according to MIL-STD and ECSS-E-ST and b and c show different sections of this result corrected
for Grmax

the measured curves at 1 GHz is a consequence of the bandwidth parameter change rec-
ommended by MIL [17] and ECSS [18]. The abrupt jumps at 1.8 GHz and 2.4 GHz and
the subsequent plateaus up to 2.5 GHz and 3 GHz, respectively, which are particularly
visible in the SAC data, are the result of programmable attenuations for the correspond-
ing discrete frequency bands. These narrowband attenuations were needed to prevent
the measurement receiver from saturation at high DUT emissions. The dashed lines in
Fig. 4a illustrate the programmed attenuations. Values below zero represent activation of
the ESW26 measurement receiver’s internal preamplifier which reduces the noise floor
to lower values, which means higher measuring sensitivity. Since this amplifier has an
upper cut-off frequency at 8 GHz, an abrupt jump can be observed at that frequency in
the SAC data. The reason is that the actual gain of this amplifier is calibrated internally.
It appears to be nonlinear, so the amplitude of the described jump does not match the
amplitude in the attenuations shown. It should be noted that the programmed attenua-
tions used for the measurements inside the RVC facility were optimized for the thruster
operating point discussed. The same attenuations were also used in the measurements
inside the SAC test facility for comparability. The attenuations were chosen such that the
measurement receiver does not exceed its input limit regardless of the DUT operating
point.

The overall increasing trend in the data of EM emission vs frequency shown in Fig. 4
is a result of Maxwell’s law. Antenna factor tables typically enhance these nonlinearities.
The reason is a higher frequency of the constant system noise measured in dBm results
in increasing magnitudes when converted to field values such as dBuV/m. For a con-
stant noise power, the field values will increase by 20 dB per decade because this trans-
formation is proportional to f. Furthermore, the cable attenuation increases at higher
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frequencies. Both effects together account for the observed trend. The attenuation
may be reduced by using shorter cables. However, this would affect the overall setup,
as the antennas in the SAC require relatively long connections that they can be moved
about the GRP cylinder on a circular arc. In principle, a pre-amplifier attached to the
antenna may be used as another option. However, such a broadband amplifier cannot be
employed in case of DUT with high EM excitation power in a narrow frequency band,
as such a high input signal may overload the output emission signal, no matter how nar-
row the latter is. This is the case with the ECR thruster as DUT, which is operated with
f,=2.45 GHz excitation.

A preliminary conclusion is that all nonlinearities appearing in the noise plots, even
without an emitting DUT, are a consequence of fluctuations in the calibration curves
used to correct the raw values at the end of the measurement chain for the system
response. In addition to the attenuations or gains mentioned above, these corrections
account for the antenna factors and the system gain of the RVC.

We now turn to the results of the DUT’s radiated emission, shown in Fig. 4. Readings
of the field strengths were calculated as commonly performed in such measurements.
However, absolute values captured with our setups may not represent the field strengths
a DUT emits in its far field. The reasons for that are different assumptions of field uni-
formities in the setups used. These are, e.g., the calculation of the field strength in the
RVC and the measurement of the field strength inside the SAC at 1 m distance, which
is in the near field of the DUT below 700 MHz for a broadband spectrum in case of the
antenna used [35]. For this reason, we focus on qualitative effects that can be observed
in our data, rather than a quantitative interpretation of the measured values.

As expected, the dominant frequency peak at f,=2.45 GHz and its associated har-
monics, marked by arrows, can be observed. Sidebands above f, appear to be an effect of
the generation and transmission of the excitation signal. Some of these sidebands appear
to have a harmonic band at 2 f,, supporting the assumption that they are generator emis-
sions. However, even though we cannot apply the limit lines, our data of the emission
behavior, apart from that at the excitation frequency and its harmonics, seems to be in
accordance with ECSS [18] limit for radiated emission while operating the DUT at the
chosen parameters. Exceeding the limits at the excitation frequency and its harmonics
is permissible, as the ECR thruster can be regarded as a radio-technical device and these
frequencies are required for its operation.

In order to assess the influence of the excitation generator, we collected data sets at
high resolution, which are shown in Fig. 5. In graph 5a, we focus on the side bands of
the peak corresponding to the excitation frequency f, already indicated in Fig. 4. In addi-
tion to the noise floor, measurements at Q=0 sccm serve as a reference to determine
the emissions of the generator without plasma. These measurements were conducted at
P,=2 W, which should correspond to an attenuation of 14 dBuV/m on the logarithmic
scale. However, the peak corresponding to f, at Q=0 sccm and P, =2 W without plasma
has the same amplitude than that recorded with plasma at Q=1 sccm and P, =10 W. A
possible reason is that in the latter case about 80 % of the excitation power is transferred
to the ignited plasma, which reduces the peak at Q=1 sccm accordingly. This corre-
lates with our observation that excitation with P, =10 W at Q=0 sccm (without plasma)
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Fig. 5 Electromagnetic emission spectra of the ECR thruster operating at Q=1 sccm xenon propellant
and P, =10 W in the RVC test facility. The spectra are measured by a max.-peak detector and correspond to
1 m antenna distance. a of side bands of the peak corresponding to the excitation frequency f, =245 GHz
in a larger range from 2 to 4 GHz. b in the vicinity of the peak corresponding to the excitation frequency

f, for three different values f, = 2.45 GHz, and 2.45 GHz 44 MHz. In both graphs we also show the curves
representing noise floor, added attenuation, and an excitation reference without plasma at Q=0 sccm and
P,=2Watf =245GHz

leads to overloading of the measurement receiver, so P, had to be reduced in order to
obtain reference data with the same attenuation settings for comparing the plots.

The aforementioned sidebands are not as clearly visible in Fig. 5a as in Fig. 4. The
main reason is the reduced measurement BW, which is set to twice the step size in
the high-resolution scan. The noise and emission levels seem to increase with the BW,
since EMC measurements are not normalized for the BW used. As a result, the side-
bands in the vicinity of f, have a higher amplitude in Fig. 4 and are less pronounced
in the high resolution measurement depicted in Fig. 5. We assume that the side bands
are mainly due to generator effects because the EM emissions without plasma in
Fig. 5a are at some frequencies higher than the corresponding measured values with
plasma and show no clear trend.

A plasma-related emission is clearly visible only in the vicinity of f,, which can be
seen in Fig. 5b, when zooming in further. It consists of a well-defined Gaussian band
overlapping with the sharp peak at f, =2.45 GHz. The maximum of the Gaussian band
is located at a lower frequency than the excitation frequency f,. When tuning the
excitation frequency, the Gaussian band follows the frequency shift, as can be seen in
the measured curves plotted in blue and ocher where the ECR thruster is excited with
f,=2.446 GHz and 2.454 GHz, respectively. On the basis of the comparison with the
EM emission spectra of the ECR thruster obtained without plasma where the Gauss-
ian-type band is not observed, we believe that this feature is not a generator effect.
The origin of this effect could be the frequency shift that occurs for damped oscilla-

tors in the regime of weak damping [36] given by

1
W = w0y |1 —— (5)
4 g

The quality of the oscillating system is expressed by the quality factor g,. The lower
the value of g,, the more the fundamental oscillation of the system is shifted to lower

frequencies. Since an ignited plasma absorbs energy from the f, excitation, the plasma
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can be considered as the load of the f, oscillating ECR thruster system, thus reducing
q,. It is expected that the reduced ¢, of the system will be accompanied by a broaden-
ing of the distribution of excited oscillations, since a system is generally capable of
operating over a wider bandwidth as g, decreases. All three curves measured for dif-
ferent excitation frequencies f, and ignited plasma exhibit a secondary maximum just
below the excitation frequency, which is attributed to the aforementioned damped
plasma oscillation. From the observed frequency shifts, we estimate g, ~ 12 using
Eq. (5). In contrast to that, the 0 sccm measurement series in Fig. 5b shows that the g
of the system without plasma must be so high that no shift of the excitation frequency
f=2.45 GHz can be detected.

Another noticeable effect in the EM emission spectra at Q=1 sccm in Fig. 4 is the
EM emission between 30 and 300 MHz. It is clearly detectable inside the SAC test
facility as this frequency range is below the lower frequency boundary of the RVC
test facility. Additional data sets of the EM emission of the operating ECR thruster in
this frequency range are shown in Figs. 6, 7 and 8. It is important to note that these
broadband emissions are particularly evident when the max.-peak detector is used.
Using an average detector instead may only provide a signal that does not rise signifi-
cantly above the noise floor. This indicates that these emissions are due to sporadic,
semi-continuous effects of the plasma. Even in an gliding arc plasma reactor, which
generate arcs that have an inherently intense and broadband EMI, average detector
measurements are typically less than one-fourth the amplitude of max-peak measure-
ments in the same frequency range [37].

These emission bands are only measurable if a plasma is burning. Since such behav-
ior could not be detected without a plasma inside the thruster, we attribute these
emissions to plasma-related effects. We assume that there is additional emission
below 30 MHz, but this is not accessible for us because it is outside the range of our
current setup. Similar data on an ECR thruster with a neutralizer generating broad-
band noise in [8] reveal emissions down to at least 14 kHz. With an excitation power
of about 30 W plus 10 W neutralizer, the radiated emissions of [8] may be compara-
ble to our results by assuming a linear downscaling of up to a factor 4 equals 12 dB
respectively. Even if subtracting 12 dB from the ordinate, the emissions of that EP
system still not fall below our data in most of the frequency range, since that system
exhibits broadband emissions that reach higher frequencies. This suggests that linear
scaling is not applicable for assessing the magnitude of a DUT’s emission at another
operating point. Therefore, we believe that the main reason for the difference in emis-
sion behavior is the very different topology of the two DUTs. Thus, their emitting
behavior cannot be compared directly. Although both thrusters use ECR excitation,
ours has a magnetic nozzle instead of a grid system, which requires an additional neu-
tralizer [8]. One possible explanation for our plasma-related emissions are the E x B
drift instabilities (EDI), which may occur in the 1 — 100 MHz frequency range [38],
despite our emissions reaching 300 MHz. Another explanation could be that these
emissions may be associated with plasma oscillations, which depend mainly on the
electron density of the plasma generated.

Figure 6 shows three EM emission spectra of the ECR thruster operated with the same
operational parameters (f, =2.45 GHz, P, =10 W, Q=1 sccm Xe), but recorded in three



Kiefer et al. Journal of Electric Propulsion (2024) 3:8 Page 14 of 20

+50 .

+

A

o
1

+30

field strength (dBpV/m)

+20 1

+10 f
30M 100M 300M

frequency (Hz)

Fig. 6 Electromagnetic emission spectra of the ECR thruster operated with the same operational parameters
(f,=245 GHz, P,=10W, Q=1 sccm Xe). The spectra were recorded with the same setup during different
measurement campaigns. A reference spectrum recorded without plasma (Q=0 sccm) is shown for
comparison. The spectra are recorded by max.-peak detector at 1 m antenna distance inside the SAC test
facility

+50 .

a

I i
o ‘

LT ARy \‘4‘“/'(" P W
x’,\%l L"[W “»"A\M |

W )
Oscem” W

X
o

field strength (dBuV/m)

+40 4 ;‘ | .
f;\r22MHz

+30 -

+204

+10 I
30M 100M 300M

frequency (Hz)
Fig. 7 Electromagnetic emission spectra of the ECR thruster operated with f, =2.45 GHz and P,=10
W excitation a for various mass flows Q of xenon propellant and b for a variation of f, at constant P, and
constant Q=1 sccm xenon propellant mass flow. The spectra are measured by max.-peak detectorat 1 m
antenna distance inside the SAC test facility



Kiefer et al. Journal of Electric Propulsion (2024) 3:8

+50

2.2E-5 mbar

+40 - [

LM
‘“L ,‘\"
b |\

\.\‘ ‘f““
+30 —'T;x:‘,‘" b

il |
i
'

i

il

field strength (dBpV/m)

+20

Osccm

+10 . . i EE—
30M 100M
frequency (Hz)
Fig. 8 FElectromagnetic emission spectra of the ECR thruster operated with the same operational parameters
(f,=245 GHz, P,=10W, Q=1 sccm Xe) for two different background pressures achieved by operating the
pumping system without and with an additional cryogenic pump. The spectra are measured by max.-peak
detector at 1 m antenna distance inside the SAC test facility

300M

different measurement runs, together with a reference spectrum of the ECR thruster
without plasma (Q=0 sccm). Between the runs, the thruster was dismounted, disassem-
bled and cleaned, reassembled and remounted. To avoid the effects of thermal drift, the
thruster fired at its operating point for at least half an hour before starting a measure-
ment, which in turn was performed as quickly as possible. It can be clearly seen that the
field strength in the reference spectrum in the frequency range below 300 MHz is always
lower than that in the spectra of the operating thruster. Furthermore, the mounting and
remounting of the thruster between the measurement runs affects the reproducibility
of the measurements, despite an identical setup. The spectra recorded in the three dif-
ferent runs show significant differences in their appearance. The reason are unavoidable
small changes in the setup which lead to more or less pronounced changes in the emis-
sion characteristics. Observing the average received power would decrease the level of
uncertainty [39], but it would not yield results significantly higher than the noise floor.
In this case, it is therefore difficult to evaluate individual maxima and minima. Overall,
however, it can be stated that the generated plasma leads to broadband emissions in this
frequency range. Furthermore, the correction for gmax was omitted because the MIL-
STD-461G limits are intended to be checked over reflective ground and shall not be fur-
ther corrected for ground reflections.

Further evidence that the emissions below 350 MHz are due to plasma-related effects
is given by their strong dependence on the operational parameters of the thruster. Fig-
ure 7a shows the emission spectra for various propellant mass flows Q for a given exci-
tation frequency f, =2.45 GHz and power P, =10 W. Lower values of Q lead to higher
emission amplitudes in the range of lower frequencies below 60 MHz. The situation is
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reversed at higher frequencies where the emission bands increase with increasing Q, in
particular in the range between 80 and 300 MHz. However, the dependence on Q in this
higher frequency up to the upper cut-off frequency of about 350 MHz is less pronounced.
Changing the excitation power P, was only possible in a window of about+40 % with
the chosen setup and had only a small influence on the emission behavior compared to
changing Q. Changing the excitation frequency f, also has only a very small influence on
the emission behavior compared to Q. Besides the depicted emission spectra recorded at
the nominal operating frequency f, =2.45 GHz, the operation at the boundaries of the
possible operating frequencies of this ECR thruster, i.e., 2.446 and 2.472 GHz, are shown
in Fig. 7b for a constant Q=1 sccm and constant P, =10 W.

As the cryogenic pump was put into service at the end of our measurement campaign,
we could study the effect of different background pressures. Corresponding results are
presented in Fig. 8. The performance of the ECR thruster depends on background pres-
sure [14], which again seems to have an influence on the plasma-related electromagnetic
emission. Below 80 MHz, the magnitude of the emissions rises significantly with increas-
ing pressure. Above 80 MHz, both results differ only slightly. However, from 200 MHz
up to the point where the plasma-related effects fall below the noise floor, the emissions
at the lower pressure are slightly above the ones measured at higher pressure. An expla-
nation for these findings may be the following: A lower pressure leads to lower propel-
lant gas densities inside the discharge channel and the surrounding chamber, which
again may influence the overall particle interactions.

In addition, Fig. 9 shows the influence of measurement angle and antenna polariza-
tion on the plasma-related emission of the ECR thruster in the frequency range below
300 MHz. The corresponding series of measurements was recorded while the thruster
was operated at f, =2.45 GHz, P,=10 W, and Q=1 sccm. The polarized spectra are
combined according to Eq. (1) in order to obtain max.-peak emission spectra of the kind
shown in Figs. 6, 7 and 8. Figure 9 shows the ECR thrusters orientation and polariza-
tion dependent emission in this range. As mentioned earlier and shown in Fig. 6, it is
difficult to interpret the shape of individual peaks, for example, because of the limited
reproducibility of the emission measurement. Apart from that, if we compare the verti-
cal measurement series, we can see that their shape and amplitude differ only slightly at
all measurement angles. In contrast, horizontal polarization emissions tend to increase
with measurement angle for this broadband measurement subrange. A reason for the
origin of this behavior in horizontal polarization may lie in differences in the electro-
magnetic visibility for the antenna of different plasma regions, which act as source of
the radiated emission. Especially in antenna position 0°, e.g., two supply cables of the
thruster (DUT) itself are located between the ion plume and the antenna. These cables
may influence the measurements at positions corresponding to lower angles.

Conclusion

Measurements conducted on an ECR thruster in both a semi-anechoic and reverbera-
tion test facility have demonstrated that a plasma inside the operating device functions
as a source of electromagnetic radiation causing electromagnetic interference. Specifi-
cally, the plasma of the ECR thruster studied is quasi-neutral as it uses a magnetic nozzle
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for plume extraction. This is advantageous as it eliminates the need for an external neu-
tralizer, which can cause additional interference in the emission measurement.

A vacuum-accessible SAC is suitable for broadband studies, particularly at the lower
frequency limit for radiated emission measurements, as per the MIL standard, respec-
tively at 30 MHz in our case. Conversely, the RVC approach is better suited for higher
frequency investigations because of its system gain that may provide a lower noise floor,
especially when studying DUTs that are periodic emitters. However, it has a low cutoff
frequency that limits its usage at frequencies below 500 MHz. Nonlinearities in all noise
plots primarily result from correction tables and attenuation settings associated with
the chosen setup. Moreover, one should estimate setup effects such as floor reflections
or material properties of the vacuum system since they may affect the measurements
adopted by the standard. Despite different measurement principles, both facilities yield
comparable results in the usable frequency range of 500 MHz to 18 GHz in our case. It
should be noted that small changes in the setup may lead to significant variations in the
measured emission results.

Radiated emissions from a device under test occur as a combination of effects attrib-
utable to the plasma and its excitation-related effects, e.g. during signal generation
and transmission. Plasma-related emissions can occur in various frequency ranges,
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depending on the plasma excitation process utilized—in our study, electron cyclotron
resonance excitation. We observed broadband electromagnetic emissions approximately
a decade below the excitation frequency and even lower. The emissions’” amplitude and
shape depend mainly on the mass flow of the propellant, rather than the frequency or
power of the excitation. An explanation of the broadband plasma related emissions
could lie in the E x B electron drift instabilities [38] or plasma oscillations, depending
primarily on the electron density of the plasma.

Another plasma effect becomes apparent in the vicinity of the excitation frequency.
Electron oscillations are stimulated not only at the excitation frequency but also within
a narrow range around this frequency, lying primarily below the excitation frequency
peak reflecting the quality factor of the thruster with ignited plasma as a resonator. Har-
monics of this frequency can be observed in the emission spectrum, too, but their origin
appears to be a generator effect rather than plasma induced. As for the plasma emis-
sion directivity, there is no significant polarization or orientation dependence in terms
of field strength. Since the ECR thruster can be regarded as a radio-technical device,
exceeding the limit values for the operating frequency and its harmonics is permissible.
This means that the thruster emission behavior in the measured frequency range at the
operational points studied is below the limit set by the ECSS-E-ST-20-07C standard.

Nomenclature
[, excitation frequency of the ECR thruster

P, input power of the excitation frequency of the ECR thruster

Py . same as P, when neglecting metering errors through cable losses

Q mass flow of xenon propellant inlet of the ECR thruster

A(f) amplitude spectra of e.g. electromagnetic emission

Zmax,H(f) estimated influence through ground reflections on horizontal polarized
waves in SAC

Zmax (f) estimated maximum influence through ground reflections in SAC

Jnin lowest working frequency of the RVC to comply EMC requirements

A, total cable attenuation in dB of the feed line section between directional coupler
and thruster

q, quality of a damped oscillator system, here the ECR thruster
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