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ABSTRACT: 

Direct and indirect thrust measurements were car-
ried out simultaneously at a FEEP thruster. The di-
rect thrust measurements were performed using 
FOTEC’s novel mN-thrust balance, which was spe-
cially developed for high-voltage electric propulsion 
systems. The indirect thrust measurements are 
based on beam properties, analysed with a diag-
nostics system consisting of 23 Faraday cups and a 
retarding potential analyser. It has been shown that 
the simultaneously performed direct and indirect 
thrust measurements match perfectly and thus ver-
ify mutually. Furthermore, a verified ion trajectory 
simulation model was used to compute the beam 
distribution of the FEEP thruster. Due to the good 
agreement with the experimental thrust, the simula-
tion model can be used to predict the thrust of an 
arbitrary FEEP thruster geometry. This is particu-
larly useful when designing a new thruster to match 
specific thrust or beam requirements. 
 
1. INTRODUCTION 

An important value for characterising an electric 
propulsion thruster is its thrust range. Firstly, this 
can be determined directly with a thrust balance [1]–
[9]. The second possibility is the indirect determina-
tion by measuring the beam via plasma diagnostics 
[9]. Thereby, the conversion of the beam properties 
into thrust is done by determining the spatial ion cur-
rent density distribution of the entire beam and the 
energy distribution of the ions. The ion beam of a 
FEEP thruster consists mainly of singly charged 
ions whose kinetic energy corresponds to the emit-
ter voltage. The ion energy scatters only slightly 
around the emitter voltage, independent of the an-
gular position [10], [11]. Therefore, a FEEP Thruster 
is particularly suitable for being characterised with 
indirect thrust measurement. In this paper, simulta-
neously performed direct and indirect thrust meas-
urements are shown on the basis of an Indium 
FEEP 

                                                         

 
Figure 1. Picture of an IFM Nano Thruster with indicated 

main components. 
 
Multiemitter (IFM) Nano Thruster, shown in Figure 
1. The comparison results are presented for differ-
ent thruster operation points. Furthermore, the re-
sults will be compared with a verified ion trajectory 
simulation model [10], [12], [13]. Based on the 
agreement with the experimental results, this model 
can be used to predict the performance of any arbi-
trary geometry. 
 
2. THEORY INDIRECT THRUST 

The thrust produced by an ion thruster can be cal-
culated indirectly from its beam properties: 
 

  𝑇 = 𝐼𝑒𝑚 ∙ √
2𝑚∙𝜂𝜈∙𝑉𝑒𝑚

𝑒
∙ 𝛼 ∙ 𝛾, Eq.1 

 
where 𝐼𝑒𝑚 is the emitter current, 𝑚/𝑒 the mass to 
charge ratio of the expelled ions and 𝑉𝑒𝑚 the emitter 
voltage. The thrust correction factors are the accel-
eration efficiency 𝜂𝜈, the multipin-charge species 

term α and the divergence efficiency γ [14]. The 𝜂𝜈 
factor includes the ion acceleration efficiency, which 
was analysed for the beam of an IFM Nano Thruster 
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using a retarding potential analyser (RPA) [10], [11]. 
Thereby, it was observed that the energy of the ions 
corresponds to the emitter voltage, independent of 
the spatial angle. The α term considers the fraction 
of multiple charged ions, which are commonly ob-
served for electric thrusters [14]. Previous analyses 
of a needle type FEEP thruster have shown that sin-
gly charged ions make up 98 % of the total emitted 
current [15]. The divergence efficiency coefficient γ 
includes the cosine loss effects on the thrust due to 
the divergence of the beam. For its calculation the 
spatial ion current density distribution over the entire 
beam has to be integrated: 
 

  𝛾 =
1

𝐼𝑒𝑚
∙ ∑ 𝐼𝑖𝑗 ∙ cos 𝜃𝑖 ∙ cos 𝜑𝑗𝑖𝑗 , Eq.2 

 
where θ and φ are the spherical coordinates of a 
detector hemisphere in front of the thruster, on 
which the ion current density 𝐼 is measured.  
It can be summarised that the IFM Nano Thruster 
can be described very well by a mono-energetic 
(𝜂𝜈 = 1) singly-ionised (𝛼 = 1),  beam. Therefore, 
only the divergence efficiency γ needs to be consid-
ered for the indirect thrust computation. These as-
sumptions are also considered for the indirect thrust 
calculation of the ion trajectory simulation model de-
scribed in section 3.3. 
 
3. TEST SETUP 

In order to be able to compare direct and indirect 
thrust at the same time, two measurement systems 
are installed in combination. A picture of the test 
setup is shown in Figure 2, where the mN-thrust bal-
ance is used for direct and the beam diagnostics 
system consisting of 23 Faraday cups for indirect 
thrust measurements. The IFM Nano Thruster la-
boratory model is located on the balance, exactly 
centred in the semi-circle of the diagnostics system. 

 
Figure 2. Combined test setup with IFM Nano Thruster, 

mN-thrust balance and beam diagnostics. 

 
Figure 3. Picture of FOTEC’s mN-thrust balance. 

 
3.1. Thrust Balance 

For the direct thrust measurements of the IFM Nano 
Thruster laboratory model, FOTEC’s horizontal mN 
torsion balance is used, which is an advancement 
of the µN balance developed in 2013 [1]. The bal-
ance is suitable for high voltage (< 20 kV) and high 
current (< 3 A) electric propulsion systems. Since 
2013, it has received several upgrades, to be able 
to cover a thrust range over six orders of magnitude 
(10 µN – 1 N) with high accuracy (<2 % of corre-
sponding magnitude range) [16].  
A picture of the mN-thrust balance is shown in Fig-
ure 3. It consists of a horizontal arm suspended by 
two spring bearings in the centre, which ensure fric-
tionless deflection of the arm. The IFM Nano 
Thruster test module is located on the right balance 
table and the counterweight on the left table. Since 
the balance is based on a force-feedback mode, the 
arm is kept in its centre position by using a voice coil 
actuator (VCA), which is located underneath the 
counterweight table. The VCA uses Lorentz forces 
to compensate the force generated by the thruster. 
For compensation, the VCA requires a certain cur-
rent, which can be converted into thrust. An optical 
displacement sensor is used to verify the balance 
arm position. A software-based control loop controls 
the VCA based on the sensor measurements. A 
second auxiliary VCA allows a direct verification and 
calibration of the thrust balance, by applying a test 
force. Electric liquid metal feed-throughs (F/T) are 
used for the lead wire connections for supply or for 
reading out of the thruster parameters. Detailed in-
formation on the thrust balance can be found in [16]. 
 
3.2. Beam Diagnostics 

In 2021 FOTEC developed an upgraded beam di-
agnostics system to analyse the properties of an ion 
beam [16], [17]. The beam diagnostics system, 
shown in Figure 2, is located in FOTEC’s large vac-
uum facility with a length of 3 m and 2.2 m diameter. 
The system consists of a rotatable semi-circular di-
agnostics arm equipped with 23 digital Faraday 
cups (DFCs). The diagnostic system measures the 
ion current density distribution of the entire beam 
from -80° to +80° in 1° steps. From the ion current 
density distribution, the main beam properties can 
be calculated, such as thrust vector and the diver-
gence half-cone angle. Furthermore, the generated 
thrust can be computed from the beam profile with  
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Figure 4. Beam profile measured with FOTEC’s beam di-

agnostics system. 
 
high accuracy using Eq. 1 [16]. Figure 4 shows a 
projected beam profile from the spherically recorded 
measurement data. It was measured at nominal 
emitter current of 3.5 mA of the IFM Nano Thruster 
test module. The computed thrust vector is indi-
cated with a cross and the divergence angle with a 
dashed circle. Detailed information about the beam 
diagnostics system can be found in [16]. 
 
3.3.  Ion Trajectory Simulation Model 

An ion trajectory simulation model was set up in 
COMSOL Multiphysics using the AC/DC and the 
particle tracing modules [10], [12], [13]. The newest 
update of the model is based on experimental beam 
measurements of several IFM Nano Thruster test 
modules [12]. Therefore, the geometry of an IFM 
Nano Thruster is implemented in the model. Ions 
are initialised at a so-called Taylor cone tip and their 
trajectories are computed. The movement of the 
particles through the system creates a space 
charge that is assigned to the mesh elements. As in 
the experiment, the ions also reach a virtual detec-
tor hemisphere in order to be able to measure the 
beam profile. The hemisphere viewed in cross sec-
tion is shown smaller in Figure 5 than in reality. 
From the computed ion current density distribution 
at the hemisphere the thrust can also be calculated 
using Eq. 1. 

 

Figure 5. Simulated ion trajectories of an IFM Nano 
Thruster with beam profile on detector sphere. 

4. RESULTS 

4.1. Direct vs Indirect Thrust Measurements 

Direct and indirect thrust measurements of an IFM 
Nano Thruster test module are performed simulta-
neously with the mN-thrust balance and the beam 
diagnostics system. Thereby, the thruster is oper-
ated at different operation points by varying the 
emitter voltage 𝑉𝑒𝑚 at nominal emitter current 𝐼𝑒𝑚. At 
every operation point direct thrust measurements 
were performed for 5 minutes and an average value 
was built. Afterwards, a 20 min beam diagnostics 
scan was carried out. In addition, the results are 
compared with the ion trajectory simulation model. 
Both, the experimental beam diagnostics measure-
ments and the simulation results are computed into 
thrust using Eq. 1.  
The results of the two experimental thrust measure-
ment systems and the simulation results are shown 
in Figure 6. The thruster emitter current is constant 
at 3.5 mA and the emitter voltage is varied from 5 to 
10 kV. All three data series show a thrust increase 
with increased emitter voltage. This can be ex-
plained with Eq. 1, where the thrust is proportional 
to the square root of the emitter voltage 𝑉𝑒𝑚.  
The directly measured thrust is ~8.5 µN higher than 
the experimental indirect thrust. An explanation is 
the vertical inaccuracy of the beam diagnostics sys-
tem, due to the position of the Faraday cups, shown 
in Figure 2. However, the deviation is within the ac-
curacy of the used thrust balance magnitude range, 
which is <20 µN (2 % of 1000 µN).  
The computed thrust from the simulation model is 
even lower than the indirect thrust calculated from 
the experiment. This can be explained by the fact 
that every emitter has slightly different properties 
and only an average value was covered in the sim-
ulation model [12]. 

 
Figure 6. Comparison of direct (red) and experimental 
(blue) and simulated (green) indirect thrust measure-

ments at constant emitter current of 3.5 mA at different 
emitter voltages. 
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Figure 7. Simulated ion trajectories of a new thruster ge-

ometry with focused beam profile on detector sphere. 

 
4.2. Performance Prediction 

Section 4.1 has shown that the thrust of an IFM 
Nano Thruster can be determined indirectly via the 
ion current density distribution of the beam. Based 
on the agreement between the ion trajectory simu-
lation model with the experiment, this can be used 
to predict the thrust for any FEEP thruster geometry. 
For example, a lens system can be developed to fo-
cus the beam. Figure 7 shows such a lens system, 
which reduces the beam divergence angle and the 
misalignment of the thrust vector.  
Figure 8 shows the indirect thrust computation of the 
simulation model for the IFM Nano Thruster (Figure 
5) and for the optimised geometry (Figure 7). The 
optimised geometry leads according to the simula-
tion model to a thrust increase of ~30 %. More infor-
mation about the analysis of the new thruster geom-
etry developed under the use of the simulation 
model can be found in [12]. 

 
Figure 8. Comparison of simulated indirect thrust of IFM 
Nano Thruster and optimised geometry at constant emit-

ter current of 3.5 mA at different emitter voltages. 
 

5. CONCLUSION 

Experimental direct and indirect thrust measure-
ments were performed simultaneously and show a 
high degree of agreement. This demonstrates the 
reliability of indirect thrust measurements for FEEP 

thrusters. Furthermore, the agreement of the indi-
rect measurement results with the results of a veri-
fied ion trajectory simulation model were presented. 
This implies that any geometry can be simulated in 
the model and its performance can be predicted. 
This is particularly important for the development 
and optimisation of the electrostatic lens system to 
focus the ion beam. 
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