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ABSTRACT

A key parameter when characterizing the performance of an electric propulsion system is obviously its thrust. The thrust can be either
determined directly using a so-called thrust balance or deduced from indirect measurements. Here, we present a comparison of thrust mea-
surements of the same radio frequency ion thruster in the thrust range from 250 4N to 1.5 mN using three different approaches: a conventional
direct measurement employing a thrust balance and two indirect measurements, one based on a force probe located stationary in the thruster’s
plume in conjunction with a scan of the ion beam profile using a Faraday-array scanner, and another one based on a measurement of the beam
current at the grid system and a correction for beam divergence deduced from the Faraday-array scans. The results of the three approaches
are compared for different beam currents, and pros and cons of the approaches are discussed.

© 2022 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0066401

NOMENCLATURE kg Boltzmann constant
I effective path length that the ions cover
Ag effective exit area for the neutral particles mp mass of the propellant
Atarger  target area of the force probe me electron mass
Adiv angle of ion beam divergence mxe mass of xenon
sputter function of :n"—; and needed to calculate the sputter yield MKr mass of krypton
E ion energy my mass of the target particles
Io ion current Mg mass of the neutral particles
Ipeam  beam current ng neutral gas density
Ivc voice coil current Dy potential on the screen grid
Ttarget  current on the target D,ec potential on the acceleration grid
j(0)  current density on the target of the force probe 0% potential on the deceleration grid
j(r) ion beam current density q, charge of the propellant particles
Jcex neutral fast particle current resulting from CEX processes r radius
kdiv correction factor for divergence effects Seff effective displacement of the force probe
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ocex  cross section for the number of charge exchange ions

Tigew  idealized thrust

Te electron temperature

T~ thrust generated by the neutral particles
T/W  thrust to weight ratio

p thrust per current and area

Uy surface binding energy

Ups power supply voltage
Uace acceleration voltage

Utot effective acceleration voltage
u unified atomic mass unit
Viherm  thermal speed of the neutral particles

AT thrust on the force probe’s target

x0\y, distance between the mirror and the interferometric sensor
before any displacement

Xais\ Y45 distance between the mirror and the interferometric sensor
after the displacement by the hiding particles

Y sputter yield

I. INTRODUCTION

Thrust generation to propel satellites and smaller spacecrafts in
space is now routinely performed using electric propulsion systems,
such as ion thrusters."” To fully characterize an electric propul-
sion system, measuring its thrust is mandatory. Reliable proce-
dures and corresponding measurement equipment for determining
the engine’s thrust are required. Electric thrusters typically exhibit
a high specific impulse but small thrusts, in the range from a
few hundred mN down to yN only. The measurement of small
thrusts is particularly challenging because the measurement may
easily be affected by many disturbing factors either introduced
by the operating thruster itself or by interference with the test
environment.

The conventional approach for measuring thrust is based on
sensitive thrust balances onto which the thruster is mounted dur-
ing the measurement. The thrust is measured directly making use
of Newton’s third law, i.e., the absolute values of momentum per
second of expelled propellant and force acting on the system of
thruster and thrust balance are equal. Thrust balances are typically
designed as a hanging, an inverse, or as a torsional pendulum.”’
The conventional hanging pendulum not only is the simplest con-
figuration but also is the least sensitive to external perturbations.
The resolution increases with the length of the pendulum arm, so
this setup is only useful for large test facilities and is primarily
used for thrusters with a high thrust-to-weight ratio, T/W.” The
thrust measurement with a torsional pendulum is independent of
the mass of the thruster and typically yields a higher resolution
than the other two configurations.”’ However, due to the hori-
zontal arrangement, a larger thruster requires stronger structures,
thus lowering the sensitivity of the balance. Therefore, these tor-
sional pendulums are typically used to characterize small thrusters
with very small thrusts. Balances based on inverted pendulums
are less stable but more sensitive than those based on hanging
pendulums.'”"" They allow one to perform thrust measurements
in a wider T/W range. Thus, it is possible to measure the thrust
of various thruster types with the same balance. Usually, balances
of the inverted-pendulum type are used to measure the thrust of
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radio frequency ion thrusters (RITs), Hall-effect thrusters, and Kauf-
mann thrusters.” A major issue when designing a thrust balance is
that the thruster mounted on the balance needs to be supplied with
electric power and propellant to be operational. Undesired effects
of the support lines may be manifold, e.g., their rigidity may affect
the movement of the thrust balance or Joule heating of electric
leads may affect the temperature stability of the balance. During
operation of the thruster, additional heat sources may be present,
such as the plasma burning inside a discharge vessel and emitted
electromagnetic radiation, e.g., the rf-field in the case of radio fre-
quency ion thrusters (RITs), may interfere with the measurement
electronics of the balance. The test environment may also have a
disturbing impact, e.g., vibrations of the pumping system of the vac-
uum chamber or interaction of the chamber wall with the thruster’s
plume.

Force probes that are placed in the ion plume of a thruster may
offer an alternative to thrust balance measurements.'” A force probe
basically consists of a pendulum that is deflected by the momentum
transfer of the impinging beam particles and whose displacement
is measured by one or two interferometric sensors."” Instead of
measuring the force of the thruster, the momentum transfer of the
ion beam onto a target is measured. Thus, the thrust is not mea-
sured directly but deduced from the local force probe measurement
and the characteristics of the ion plume under the assumption that
Newton’s third law holds. Advantages over a thrust balance are
the opportunity of conducting spatially resolved incremental thrust
measurements and of avoiding effects of the electrical and propel-
lant feed lines on the thrust measurement itself. As the force probe
is not only sensitive to charged particles but also to neutral particles,
charge exchange effects inside the plasma or between the grids of a
gridded ion thruster will not affect the thrust measurement.'”> We
used the following approach to assess the thrust of the ion thruster
using the force probe. We measured a thrust increment locally with
the force probe. This result is then combined with a measurement
of the 2D beam profile (e.g., with a Faraday-array-scanner), which
enables us to extrapolate from the thrust increment to the thrust of
the full plume. Furthermore, in the case of gridded ion thrusters,
the total beam current can be measured at the grid system. The cur-
rent value measured can be related to the thrust generated by the
ion thruster, if the ion energies and beam divergence are known. It
is worth noting that the direct thrust measurement with the thrust
balance and the indirect approach with the force probe are very dif-
ferent in terms of possible sources of measurement uncertainty. In
the former direct approach, the main sources are stiffness of the
supply lines, thermal issues, and positioning of the thruster on the
balance. In the latter indirect approach, issues are microscopic inter-
action between the ion beam and the target material as well as with
the residual gas inside the vacuum test chamber and accurate knowl-
edge of the beam profile. Thus, comparing indirect and direct thrust
measurements of the same thruster under the same operational con-
ditions comprises the ultimate test of the “approaches’™ reliability.
In this paper, we compare total thrust measurements using all three
approaches. In all measurements, the same thruster is employed, i.e.,
a gridded ion thruster. Gridded ion thrusters are well suited for such
a comparison because the beam current and beam energy can be
accurately defined and the divergence angle of the plume is usually
less than 20° and can be easily determined.
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1. EXPERIMENTAL SETUP
A. Thruster

The RIT-4 thruster used for the experiments is a laboratory
model built for validating of diagnostics or to serve as a sputter
source for materials processing. The number denotes the diameter of
the ion extraction grid. The ion source used is described in detail in
Ref. 14. It is not optimized for power efficiency and maximum thrust
but exhibits similar plume characteristics as a RIT designed for space
applications. It possesses a cylindrical discharge vessel (4.3 cm in dia-
meter and 4.1 cm in length) and an induction coil with six windings.
This RIT-4 possesses a three-grid system. The first grid in contact
with the plasma is called the screen grid. It is typically set to a high
positive potential ¢ .. The second grid is called the acceleration
grid and set to a negative potential ¢, , which is typically in the
order of 10% of the screen grid potential. The third grid connected
to the thruster body serves as electrical ground potential ¢, =0 V
and should prevent back-streaming of charge-exchange ions. The
net acceleration voltage of the grid for ions is Uacc = ¢, — ¢,. The
acceleration voltage of a radio frequency ion thruster is additionally
increased by the plasma and floating potential® inside the discharge
vessel so that the effective acceleration voltage Uy is given by

x(mn( "y ))
2Me

where T. is the electron temperature of the propellant plasma inside
the discharge vessel, m, is the mass of the propellant particles, and
me describes the electron mass. In our experiments, we determined
the plasma bulk potential to be 45 V relative to the screen grid poten-
tial of 1000 V, resulting in an ion energy of 1045 eV for singly
charged ions. In total, the grid system has 151 extraction channels
whose beamlets form the ion plume generating the thrust. As we are
mainly interested in comparing different approaches of measuring

ksT.

Utot = Uaee + (1)
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thrust, we set the potential ¢, of the third grid to facility ground.
Thus, we did not need to employ a neutralizer in the experiment.

B. Thrust balance

The thrust balance is based on the concept of a double-armed
inverted pendulum as shown in Fig. 1. When operating the thrust
balance, the pendulum of the balance is kept actively in its zero
position. For this purpose, the deflection of the pendulum arm is
detected by an interferometric sensor. In case the pendulum arm
starts to move due to the operation of the thruster, the correspond-
ing signal is passed on to a proportional-integral-derivative (PID)
controller controlling a voice coil. The voice coil then counteracts
the deflection of the pendulum arm. The permanent magnet of the
voice coil is attached to the pendulum part (i.e., the balance table
that carries the thruster) of the thrust balance and the coil of the
voice coil is attached to the load-bearing part (i.e., the balance body),
which does not move. The necessary current to keep the balance in
its zero position is proportional to the force exerted by the thruster
on the balance, i.e., the thruster’s thrust. The maximal sensitivity
of this method depends strongly on the stability of the measure-
ment system. Therefore, it is important that the system is as stable
as possible to external influences. In order to improve stability, the
balance can be loaded with counterweights that stabilize the system;
in addition, an eddy current brake is mounted for passive damping
of vibrations. The thrust balance can be calibrated by using calibra-
tion weights. Different masses are attached to the thrust balance viaa
pulley system, and the voice coil current required for compensation
is determined. The results of the calibration are shown in Fig. 1. The
fit curve is given by the following equation:

F(Ivc)
N (2)

I _
= (1.543 = 0.055) %C ~6.123%x 107,

calibration weight (mN)

10
voice coil current I, (mA)

FIG. 1. (a) Schematic drawing of the inverted pendulum thrust balance. (b) Force calibration results obtained using the pulley system to apply different masses: A linear
dependence of calibration weight vs voice coil current is observed. The measurement uncertainty for the calibration of the thrust balance results from the accuracy of the
current source (20 uN), the accuracy of the calibration weights (2 #N), and the rolling friction of the ball bearing (8 1N) over which the thread with the calibration weights
is transferred. However, because these uncertainties are all small compared to the maximum deviation from the straight line fit, it seems more appropriate to estimate the

measurement uncertainty above.
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where Iyc is the voice coil current. Because the thrust balance with
the mounted thruster is never perfectly balanced, a non-zero con-
stant current through the voice coil is needed to hold the balance in
its zero position even without thruster operation. This is the reason
for the offset in Eq. (2). This offset value can be treated as a constant.
The resolution of the thrust balance depends mainly on the complete
setup and the resolution of the current source used for operating
the voice coil. In addition, it depends on how many supply lines are
needed and how rigid they are. Furthermore, the thrust-to-weight
ratio of the thruster and facility effects matter, e.g., how much the
tank vibrates during operation and numerous other external distur-
bance factors. Many of these disturbances are difficult to quantify.
From the uncertainties of the weights used for the calibration with
the pulley system, we estimate an uncertainty of 2uN, friction of
the ball bearing yields 8uN, and the current resolution of the cur-
rent source used in the PID control of the voice coil yields 20uN.
Because of the stiff thread, it is not certain that the bottom weight
will hang completely vertically on the push scale side. Assuming that
the weight hangs at an angle of 25° in the rounding of the thread,
this results in an error of about 10% for the bottom weight.

C. Force probe

The force probe used is based on that described in Ref. 13. A
schematic drawing is depicted in Fig. 2(a). The force probe con-
sists of a 1 mm thick and 250 mm long ceramic rod that is attached
with its upper end to the housing frame in order to fix its posi-
tion, i.e., to suppress rotation of the rod. At the lower end of the
ceramic rod, a circular target with 20 mm diameter and a target
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area Aqrget = 315 mm? is attached, which is moved of its equilibrium
position when a force acts on the target. For an accurate thrust mea-
surement, it is important that the momentum p of the impinging
particles is completely transferred on to the target and, in particular,
that reflection of the impinging particles is avoided as it may lead to a
larger momentum transfer (up to 2p). Using porous graphite with a
low sputtering yield and an open pore structure, where the particles
enter the target but cannot leave it, should minimize reflection from
the target.'® Accordingly, we used a graphite target with an unsealed
pore structure. The deflection of the target and ceramic rod from
their equilibrium position is measured by two interferometric sen-
sors from Attocube with a Fabry-Pérot interferometer (IDS 3010),
which provides a displacement resolution of 2 nm in vacuum. For
this purpose, a triangular mirror arrangement [shown in Fig. 2(a)]
with two mirrors at right angle is attached to the ceramic rod. This
type of measurement enables one to determine the direction of the
incident particles by determining both components of the particles’
momentum, parallel and vertical to the target surface. With

Seff = \/(xo = xais)” + (o = yais)s (3)
the effective displacement s can be calculated, where xo and y,
are the distance between the mirror and the sensors before any dis-
placement. The parameters xgi; and y4, describe the displacement
after the first particles impinge on the target. Correspondingly, the
measured distance is shortened, so we measure in the direction of
the thrust beam. The absolute deflection distance is then calculated
from the position’s deviation from the zero position, which increases
with increasing force. Summing over all impinging particles per time

2 — 2
3.0
magnet of the 25
‘eddy current brake 2
g
mirror g20r
o0
k]
=
CAD-Model of the interferometer- _5 151
thrust probe sensor g
=
'F10
aperture stepper motor
force
thruster plume h:\_ pull.ey 05 |-
ight:
ta’rget L Welg s 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90
copper plate of .
the eddy current brake displacement (um)

FIG. 2. (a) Schematic drawing of the force probe setup. (b) Calibration results of the force probe obtained employing the pulley system to apply different masses. A linear
dependence of calibration weight vs target displacement is observed. For the calibration of the force probe, calibration weights with an uncertainty of 10 4N were used. A
further source of uncertainty is the friction of the ball bearing, which could be estimated with about 10 xN. As we cannot rule out additional sources of uncertainty and judged

by the statistical fluctuations, we give error bars of 40 uN in the corresponding graph.
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interval yields the corresponding thrust increment AT. In order to
minimize charging effects and to enable a measurement of the elec-
tric current on the target Iirger, the conductive graphite target is
contacted with a wire that passes through the insulating ceramic rod.
When measuring the impinging current on the target, it is impor-
tant to note that the target does not provide a repelling electrode to
push secondary electrons back on to the target or to prevent elec-
trons from the chamber from hitting the target and interfering with
the current measurement result. The ion induced secondary elec-
tron emission yield is 0.1 for 1000 eV xenon ions hitting a graphite
target.!” Therefore, the maximal uncertainty for the current mea-
surement on the target is ~10%. Assuming that secondary electrons
are generated within the porous target material and that these elec-
trons are very likely to remain inside the target, it can be assumed
that the actual uncertainty is significantly below this value.

Furthermore, electric wiring allows one to change the electric
potential of the target with respect to the electrical ground and, thus,
yields an energy selective detection of ions impinging on the target, if
desired. An eddy current brake dampens system oscillations without
friction and thus increases the resolution of the system.

To enable an in situ calibration of the force probe, a thread is
attached to the copper plate of the eddy current brake. The thread
is then guided over a deflection roller. Using a pulley, as shown in
Fig. 2, different weights can be used to mimic a force on the target
and, thus, to establish a correlation between the exerted force and
target displacement. In addition, there is an offset of the displace-
ment at the equilibrium position of the pendulum (corresponding to
zero force on the force plate) given by the distance between the mir-
ror and the interferometric sensor. This offset can be measured very
accurately and is included in the linear fitting. After moving the force
probe to a new position, e.g., on a linear stage, the force probe must
be recalibrated because the actual position of the entire measure-
ment system itself has a significant influence on the zero position
(offset) of the force probe’s pendulum in Eq. (4). Thus, perform-
ing the calibration procedure in situ is essential, particularly when
attempting to perform spatially resolved thrust measurements.

Figure 2(b) shows the result of the absolute mass calibration.
The data points can be fitted by a linear function,

= (24.98 +0.310) = 1+ 3338 x 107, )

F(sefr)

N m
where s. denotes the effective displacement measured by the two
interferometric sensors. With this function, one may convert the
measured displacement into the force acting on the target. It is worth
noting that the good fit (+0,310Y) to the data points obtained
with weights on the pulley system including that denoting the zero-
position of the pendulum to a linear dependence confirms that
Hooke’s law is still justified in this range of displacements. This is
anticipated as the relative displacement due to the bending of the
rod with respect to the suspension point is rather small. Considering
that the suspension point is 125 mm away from the mirror position
and the maximum displacement of the mirror in the calibration pro-
cess is less than 0.1 mm, the maximum relative displacement itself is
less than 0.1%. The distance between the RIT-4 grid system and the
probe in the actual thrust measurement was [ = 323 mm. The probe
was centered in front of the thruster so that the incoming particles
should hit the target at normal incidence.
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The offset of Eq. (4) corresponds to the distance between the
interferometer head and the mirror surface. This experimental para-
meter can be treated as a given constant in what follows. As it is very
accurately determinable, fitting the experimental data of calibration
weight vs displacement by Eq. (4) (treating the displacement for zero
weight as given) yields the force constant of the force probe k + Ak
= (24.698 +0.310) N. Error propagation yields F = %k + %{“
Using the smallest displacement se¢ = 100 nm from Fig. 2 and the
accuracy given by the interferometer’s manufacturer for measure-
ments in vacuum of Ases = 2 nm, one obtains % = 3.3 %. This value

contains the calibration mass uncertainty AW’" of about 0.1%. We have
to add an uncertainty due to friction effects within the pulley system,
as discussed above. Therefore, we use a value of 4 of 10% in what
follows.

D. Faraday array

The Faraday-array scanner used for the beam profile measure-
ment is shown in Fig. 3. The array consists out of 53 Faraday cups
arranged over a distance of 1 m in the y-direction. The spacing
between adjacent cups varies, such that in the center of the array,
a spatial resolution of 12.5 mm is reached, and, at the periphery, the
spatial resolution is about 25 mm, as shown enlarged in Fig. 3(a).
The whole array is mounted on a x-z-stage and can be moved
0.95 m in the x-direction and 0.8 m in the z-direction. The maxi-
mum ion current density that can be measured using this array is
159 % with a resolution of 5 ‘:’n—‘;. Thus, it is possible to measure the
beam profile of a wide range of thruster types, for example, from a
small RIT thruster, similar to the one used, up to larger RITs with
grid diameters of about 30 cm with total beam currents in the 1
A-range or corresponding Hall thrusters, Kaufman-type thrusters,
and HEMPTs. As an example, the intensity plot in Fig. 3(b) shows
a current profile of the RIT-4 used. The divergence angle & can
be determined by the two distribution functions in the x- and y-
directions, knowing the distance z = I to the thruster; see also Fig. 5
and the corresponding discussion. The Faraday cups of the Faraday
array are always oriented parallel to the nominal ion beam direction.
Thus, when a cup is off center of the beam, the ions enter it at a cer-
tain angle. This makes the effective inlet area of the cup smaller. This
effect must be taken into account when evaluating the results from
the Faraday measurements and is corrected for in the data presented.
The distance between the RIT-4 grid system and the Faraday array
in the actual thrust measurement was [ = 323 mm.

E. Vacuum test chamber

All the thrust measurements were performed in the test facility
“BigMac-Evo.” This vacuum chamber has a diameter of 1.6 m and
a length of 3.2 m. The pumping system reaches a pumping speed of
about 34 000 /s for xenon and 43 000 /s for krypton. A basis pres-
sure of 2 x 1077 mbar can be reached by using one turbomolecular
pump (Pfeiffer ATH 2802) and two cryopumps (Leybold CP 120-T).

Ill. MEASUREMENT
A. Characterization of the local force probe system

The functionality of the force probe has been tested with the
RIT-4 ion thruster. For this purpose, the force probe was installed
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FIG. 3. (a) CAD-drawing of the Faraday-array-scanner for 3D-beam profile assessment. (b) Intensity beam profile plot of a RIT-4 operated with Xe.

together with the thruster inside the vacuum tank BigMac-Evo. The
thruster was operated either with xenon or krypton as a propellant
in order to study the performance of the force probe for different
types of ions. In particular, we performed the measurements with
both propellants using the same target currents at approximately the
same ion energies. Figure 4 shows the results of local thrust mea-
surements where the force probe was positioned in the center of the
ion beam of the RIT-4. During the measurement, the beam current
of the ion thruster is increased, leading to an increase of the target
current. The deflection of the target as function of the target cur-
rent is depicted in Fig. 4. The data reveal that the deflection of the
probe varies linearly with the target current. The range of target cur-
rents corresponds to beam currents between 5 and 25 mA. During
the entire measurement process, the potential of the screen grid was
kept constant at ¢_ = 1000 V and the potential of the acceleration
grid at ¢, = —150 V. The beam current was adjusted by the RF-
power only. As a consequence, the energy distribution of the ions
impinging onto the target is virtually constant. Thus, the sputter-
ing rate per ion and the probabilities of reflection and absorption
of an impinging ion do not change with the beam current in this
setting.

The second curve depicted in the graph of Fig. 4 is the outcome
of the measurements using Kr as a propellant with the same voltages
applied to the grid system as in the case of Xe. The thrust generated
by the RIT-4 assuming ideal behavior is given by

(2 x myp x Uy
Tideal = Ibeam % qpitot’ (5)
P

where myp, and q_ are the mass and charge of the propellant used,
respectively. As q, = +e for both Xe and Kr and U, = 1000 V is
the same in both experiments, the plasma potential differs only
slightly. Uit should be almost the same for both propellants, and
thus, the ratio of the thrusts with Xe and Kr at the same beam current
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ITarget (HA)
FIG. 4. Force on the probe and displacement as a function of the current on the

probe comparing Xe (red triangles) and Kr (black squares) as a propellant. The
error bars are calculated by error propagation from the uncertainty of the fit line.
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should scale with /mxe/mk;: = 1.252. Despite the linear relationship
between the total beam current and the target current on the force
probe, the ratio of the thrust increments AT in the case of Xe and
Kr as a propellant measured at the same target current need not nec-

essarily scale with \/mxe/mxkr, even when the same beam profile is
assumed (in concordance with the experiment, see the discussion of
Fig. 5). The reason is that the interaction of the propellant ions with
the target of the force probe may be different for Xe and Kr. The
force acting on the target may arise due to contributions of different
microscopic processes that differ in terms of momentum transferred
to the target per ion. In particular, these are given as follows:

1. Ions of momentum p being absorbed inside the bulk of the
target or its pore system, yielding simply a full momentum
transfer from ion to target.

2. Tons being reflected by the target. As the microporous sur-
face of the target is not atomically flat, the reflected ions
will be reflected under various angles. However, for normal
incidence, the maximal momentum transfer in the reflection
process is 2p. However, performing corresponding simula-
tions using the SRIM (stopping and range of ions in mat-
ter) software package suggests that reflection of ions can
be neglected when using graphite targets in agreement with
previous work.'¢

3. Ionsof momentum p sputtering atoms off the target. This pro-
cess can be very complex. Furthermore, the sputter yields Y
for Xe (0.176)'* and Kr (0.35)'¢ are different. For ion energies
E < 1keV, it holds"’

3 dmyxmy E
=———>"x X —, 6
4n? (my + mp)? Brpurter Uo ©
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where m; denotes the target atom mass,  is a function of
( %)’ and U is the surface binding energy. Assuming that 8 is

constant, the equation yields Yxe/Yk: ~ 0.7, i.e., the sputtering
yield of Kr is larger than that of Xe.

4. Neutral propellant atoms hitting the target with an aver-
age velocity given by the thruster’s operation temperature.
The contribution to the total thrust generated by the neutral
propellant atoms exiting the thruster is given by”’

1
T = 1g(Viberm YAgrp, 7)

where ng is the density of the neutral particles leaving the grid
system, (Vi) = 3’;;—“ is the average of the velocity squared
P

of the neutral gas particles, Ag is the outlet area of the neu-
tral particles from the grid system, and m, is the mass of the
gas particle, i.e., propellant atom. An estimate shows that this
contribution is negligible in the case of the RIT-4 used in the
experiment. For an operating point with 5 mA beam current,
0.24 mg/s xenon, and Ty = 400 K temperature of the thruster,
the contribution to the total thrust generated by the neutral
gas is only about 3 uN. This is just 1% of the total thrust of
about 260 yN measured at this beam current (see Fig. 6).

Nevertheless, the ratio of the slopes of the two linear depen-
dences of thrust increment to the target current of

1.0 H— 5mA
— —=15mA
- - -25mA
Gauss Fit for 15 mA

normalized ion density
o
[6)]
T

0.0

-0.1 0.0 0.1
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by. 581755
b ﬁ = 1.254 (8)
Kr . uA
b) 1
A
o ..
div 26
D/2
) N ik
,\\\\
e
L
detection
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FIG. 5. (a) Beam current density as function of the Faraday array position for different beam currents with xenon at a beam current of 5 mA (black line), 15 mA (red dashed

line), and 25 mA (blue dots). (b) Schematic drawing of the divergence angle principle.
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effects.

almost matches \/mxe/mk: = 1.252. This suggests that the micro-
scopic processes (3) and (4) are of minor importance in this range
of ion energies as the sputtering yield differs significantly for Xe
and Kr ions impinging on the target. As pointed out above, SRIM
simulations suggest that that ion reflection is negligible. Thus, the
ions impinging on the target are basically all absorbed, i.e., the
momentum transfer per ion is p.

However, when measuring the electric current at the target,
induced by the ions hitting the target, it must be taken into account
that not all ions leaving the thruster and being directed on to the
target will contribute to this current. If ions collide with neutral pro-
pellant particles after exiting the grid, charge exchange (CEX) may
occur between the collision partners. Afterward, the now uncharged
atom flies with the same speed toward the target and transfers
the same momentum as it would have done as ion. However, it
does not contribute to the current measurement at the target at
distance I from the thruster. As a result, the total beam current
Ineam (2 = 0) exiting the grid system of the thruster and the inte-
grated beam current Ipeam (z = ) derived from the beam profile at
distance [ from the thruster in the direction z of the beam (where
the force probe or the Faraday array are located) will differ. It holds
approximately

Ibeam(z) = Ibeam(z = 0) CXP(—UCEXl’ng)> (9)

where ocgx is the cross section for the CEX process between a pro-
pellant ion and a propellant neutral and ng is the average neutral
propellant density in the ion beam. It is estimated to be 7 x 10"” m™>,
The cross section for CEX from single charged ions to neutral
atoms are known, for krypton with 1000 eV ion energy oShy
=36.6 x 107" m? and for xenon with the same energy Oogy = 46.5
x 1072 m%.2! Doing the numbers, one finds that [ = 0.323 m is only
a small fraction of the mean free path for the CEX process Icpx
= ((ICEXng)_1 = 3.1 m for Xe (3.9 m for Kr). Therefore, the particle
flux of fast neutral atoms Jcgx generated by CEX between neutrals

in the beam and ions can be approximated by the following for-
mula*’ where a Taylor-expansion of the exponential function up to
first order was used:

]CEX(Z = l) = %(Ibeam(z = O) - Ibeam(z = l))

Ibeam(z = 0)
-, (10)

~ (ocexngl)
where e is the elementary charge. In the case of our experiments,
the flux of CEX neutrals amounts to roughly 10% of the original ion
flux of the beam. This means that the ion current measured on the
force probe is significantly reduced, i.e., Larget = (Io — € X Jcex) and
the effect needs to be accounted for when determining the thrust
using the force probe approach.

It is worth noting that it is possible to detect target current
changes down to 4 pA in the force probe measurement. Such a
change in the target current corresponds to a beam current varia-
tion by 0.5 mA, at an acceleration voltage of 1000 V. Under these
operating conditions, this results in a force change on the target of
about 0.2 uN. It is not possible to measure such small thrust vari-
ations with the thrust balance used. The smallest thrust increment
resolvable by the thrust balance used is about 250 yN, i.e., more than
three orders of magnitude larger.

B. Comparison of three approaches for measuring
thrust

We will now attempt to determine the total thrust by three dif-
ferent approaches: (i) using the thrust balance, (ii) using the force
probe measurement combined with a scan of the beam profile, and
(iii) based on the beam profile and a corresponding correction of the
ideal thrust given by Eq. (5).

e Approach (i) was conducted in a straightforward fashion as
described in Sec. II B. The corresponding data of thrust vs
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beam current measured at the grid are plotted in Fig. 6 and
yield the anticipated linear behavior.

o Approach (ii) combines the local force probe measurement
with measurements of the 2D beam profile using the Fara-
day array. As already shown in Fig. 3, the RIT-4 expels
ions into a solid angle region of rotational symmetry about
the thruster’s cylindrical axis. Furthermore, the beam profile
hardly changes with the propellant used, i.e., is virtually the
same for krypton and xenon. Figure 5(a) shows beam pro-
files with xenon as a propellant for beam currents of 5 mA
(black line), 15 mA (red dashed line), and 25 mA (blue dots).
The dependence of the beam profile on the beam current is
almost negligible. The normalized beam profile can be well
fitted by a Gaussian-like line shape given by

2
O(r) =exp(—r), (11)

202

where r denotes the distance from the central axis in cylindri-
cal coordinates and the standard deviation ¢ is a measure for the
linewidth of the distribution. In the case of the Gaussian profile,
95.4% of the area below the curve lies within the 40-interval centered
atr=0.

As an example, we have plotted in Fig. 5(a) the fitted curve
together with the measurements for 15 mA beam current. Exper-
imental data and fitted curve virtually cannot be distinguished.
Similar quality of the fitting can be obtained for other beam currents
[not shown for the experimental data of 5-25 mA beam current in
Fig. 5(a)].

We define the angle of divergence ag4;, based on the 40-interval.
For this purpose, we assume that the beam profile detected originates
from a virtual point source located at distance L from the detection
plane [see Fig. 5(b)]. The distance L can be derived from the distance
I between the grid system and the detection plane and the diameter
D of the grid system by simple geometric considerations. It holds

20— 2
) L-l+— 2
I 2 tan(agiy)

Adiv = arctan(

Fitting the beam profiles for all beam currents measured and
for both propellants with Gaussian profiles and deriving the corre-
sponding divergence angles, we found that all values of ag;, are in
the range of 16° + 0.3°.

Based on the knowledge of the beam profile, the total thrust
can be determined from a local thrust measurement using the force
probe as follows: The current density j(r) in the detection plane
corresponding to the beam profile at z = can be written as j(r)

=j(0)®(r) where j(0) = I‘”g: of the force probe positioned at the

center of the ion beam (at r = 0). Furthermore, the area density of
the thrust per current density at r =0 and z =1 is given by p(0)
AT/Alargel _ AT
Ttarget / Atarget Itarg
the force probe. Taking into account that the thrust contribution
of an ion emitted by the virtual point source arriving at the detec-
tion plane at a distance r from the central axis is smaller as only its
momentum component to the central axis contributes to the total
thrust, it holds that p(r) = p(0) cos B(r) where B(r) = arctan(]).

, where AT is the thrust increment measured by

scitation.org/journal/adv

In this approximation, the total thrust T is given by the following
integration:

T = /OOOerrp(r)j(r) dr
:j(O)p(O)/(;OOanCD(r) cos (r) dr
Ej(O)p(O)fOZUZﬂrCD(r) cos 3(r) dr. (13)

The prefactor can be expressed solely by the local properties of the
force probe as

. Tuget AT AT
0)p(0) = = . 14
/ ( )P ( ) Atarget I target Atarget (14)

The total thrust is then given as

f 2mr®(r) cos B(r) dr. (15)

Atarget

In this case (ii a), CEX effects along the thruster axis do not need
to be accounted for as long as one assumes that that neutrals gener-
ated by CEX contribute to AT as the corresponding ions would have
done.

Alternatively, one may express j(0) by the beam current Ipeam
at z = [ which in turn can be related to Ipe,m (z = 0) by Eq. (9) estab-
lishing a dependence on the average neutral gas density ng and the
CEX processes between grid system and force plate. The beam cur-
rent Ipeam (z = 0) in the case of RIT-type thrusters is determined by
the difference between the current of the screen grid and the current
of the acceleration grid and thus measured directly. It holds in this
case (ii b) that

](0) ~ Ibeam(z = l)

N 16
0202711’(1)(1’) dr (16

yielding

Ibeam (Z
f20271'7'q)(1') dr Itarget
_ Ibeam (2 = 0) exp(—JCExngl) AT

fOZJZHrCD(r) dr

x ‘/0‘2027'[1'(13(1') cos fB(r)dr. (17)

T

12

f 2nr®(r) cos B(r) dr

I target

Furthermore, the comparison of cases (ii a) and (ii b) for the same
settings yields the average neutral gas density ng between the grid
and the force plate as

Ng & 1 Trarget
£ GCEXl Atargetlbeam(z = 0)

/(; 2cr27rr<l)(r) dr). (18)

Approach (iii): Another theoretical possibility to obtain the total
thrust T is to correct the ideal thrust Tigeu given by Eq. (5) for beam
divergence. Based on the beam profile measurement, one obtains'”
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17 2nr®(r) cos B(r) dr
1o 2mr®(r) dr
[72mrd(r) cos B(r) dr
02a271r<l>(r) dr

T= Tideal

~

= lideal

(19)

where again the factor cos f(r) accounts for the fact that, in rota-
tional symmetry, the transverse momentum components of all ions
arriving at distance r from the central axis in the detection plane
add up to zero, thus canceling each other. A calculation of Tigea by
Eq. (5) requires the knowledge of the operational parameters—beam
current Ie;m(z =0) and Ut Under the operational conditions
employed in the experiments, plasma and floating potential sum up
to 45 V. Together with the acceleration voltage U, = 1000 V at the
grids, a total acceleration voltage of Ui = 1045 V arises.

In what follows, we will compare the determination of the
thrust T by the three approaches: by the direct measurement
approach (i) using the thrust balance, by the indirect approach (ii a)
using the local results of force probe and beam profile measurement
according to Eq. (15), and the indirect more “theoretical” approach
(iii) carrying out a divergence correction of the ideal thrust as given
in Eq. (19).

Figure 6(a) depicts the experimental thrust values vs beam cur-
rent Ipeam (z = 0) obtained by the three approaches. The green solid
line represents the thrust values determined by approach (iii). A per-
fect linear dependence arises as the ideal thrust is proportional to
the beam current [see Eq. (5)] and as we assume the same beam
profile independent of the total beam current. The thrust values
measured with the thrust balance [approach (i)] given by the blue
circles are somewhat lower, but in rather good agreement with those
of approach (iii). The values of the more theoretical approach (iii)
are anticipated to present a kind of upper boundary of the thrust
as the energy of the ions of the beam is not described by a distri-
bution of ion energies, but is set to the anticipated maximum ion
energy for all ions, i.e., 1045 eV. In particular, at lower thrusts, the
deviation of the thrust values obtained with the thrust balance is
somewhat larger. In this context, it should be noted that the low-
est thrust detectable by the thrust balance is about 250 yN. At these
low thrusts, friction effects within the thrust balance, which inher-
ently lower the measured thrust value, play a greater role than at
higher thrusts. The origin of the error bars of the thrust balance
measurement was determined as discussed above. The thrust values
derived by the force probe measurements according to (ii a) given
by the black symbols lie in the same range as those of the other two
approaches. The data points show a clear trend but deviate from a
straight line. At low thrusts, the data points are significantly lower
than the green line and then approach and even cross the green line
at high thrusts, i.e., the measured thrust is higher than the upper
boundary given by approach (iii). Two effects are responsible for the
observed behavior. First, there are CEX effects. This becomes clear
when analyzing the neutral gas density between the thruster and the
force plate according to Eq. (18). The values as a function of ion
beam current Ipe,m(z = 0) are depicted in Fig. 6(b) and show the
anticipated behavior. The propellant mass flow was kept constant
throughout the experiments. In this situation, pressure in front of
the grid system will depend on the extracted beam current. In par-
ticular, it will decrease with increasing beam current as the ion beam
pushes the neutrals aside. It starts off in the range of 10'® m™ and
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then at Iyeam = 30 mA approaches almost zero. If one assumes, as
a simplification, that the neutral gas density between thruster and
detection systems, i.e., Faraday array and force probe, is constant, it
becomes clear that, in the presence of CEX effects, the thrust should
be underestimated due to the geometry of the Faraday array mea-
surement. The distance between the center of the grid and central

Faraday cup of the array increases with increasing r as V12 + I2, i.e.,
more ions are converted into fast neutrals that contribute to the
thrust but not to the current density j(r). Thus, j(r) is underesti-
mated by the Faraday measurement with increasing r. This results
in an underestimation of the total thrust T derived by Eq. (15) as
p(0) is kept constant. This explains the behavior of the thrust val-
ues determined by approach (ii a) at low beam currents. However,
CEX effects cannot be the only effect causing deviations; otherwise,
the data points at high beam currents (low ng) should approach the
green line from below. The crossing observed must be due to another
effect. This second effect arises due to the difficulty in positioning
the force plate of the force probe and the detection plane of the
Faraday array exactly at the same distance / from the grid. Position-
ing the Faraday array, a Al ~ 1 cm further away from the grid than
the force probe would already lead to an overestimation of j(0) by
almost 10%, i.e., sufficient to cause the crossing of the green curve
observed.

IV. CONCLUSIONS

The exact determination of thrust is essential for the charac-
terization of electric propulsion systems. The data measured with
conventional thrust balances are associated with large uncertain-
ties. Therefore, it is important to develop and test other methods of
thrust measurement. A viable alternative is approaches based on the
use of a force probe. The force probe measures the fraction of the
total thrust of the plume exerted as force on a defined target area,
instead of measuring the total thrust directly via the force exerted
on the thruster mounted on the thrust balance. The force on the tar-
get of the probe exerted by the plume is related to the force on the
thruster via Newton’s third law, i.e., momentum conservation in the
plume-thruster system.

Two difficulties arise when using a force probe approach for
assessing the thrust of an ion engine. First, the force probe mea-
surement is a local measurement and records only the force due to
a fraction of the ion beam. Second, care must be taken to correct
for CEX effects occurring when the ion beam traverses the distance
between the thruster and force probe. In our approach (ii a) that
correlates alocal incremental thrust measurement with the ion beam
profile, CEX effects are hard to avoid but may be well estimated. Both
difficulties may be entirely overcome by spatial scanning of the force
probe in order to obtain the total thrust as a sum of the incremental
thrust measurements. However, this requires further optimization of
the force probe system in terms of a reliable in situ calibration at each
measurement position and a reliable and fast movement of the force
probe system in front of the thruster inside the vacuum chamber. It
is worth noting that the calibration routine of the force probe can be
further optimized. For example, it is possible to mount a voice coil at
the ceramic rod and use the coil to generate a force on the rod. Thus,
this voice coil enables an in situ calibration where the chosen step
width AT during calibration solely depends on the accuracy of the
power supply used for driving the voice coil. If these challenges are
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overcome, one may take real advantage of the promising properties
of the force probe. For example, its thrust resolution is independent
of the ratio of thrust to thruster weight T/W or power and propel-
lant lines necessary for operating the thruster do not affect the force
probe measurement, in contrast to the thrust balance measurement.

In conclusion, accurate thrust measurements of ion thrusters
and other EP systems remain challenging. Using indirect force probe
approaches instead of direct approaches based on thrust balances
may offer considerable advantages in the future because there are no
power supply-line effects disturbing the measurement, the thruster
does not have to be mounted on the measurement device, the weight
of the thruster does not matter, and the measurement approach is
very sensitive to small force and current changes. In our experi-
ment with an RIT thruster, the direct comparison of the force probe
and the thrust balance shows good agreement but is still affected
by charge exchange effects between ions and neutrals within the
beam. However, the magnitude of these effects may be estimated
quantitatively. In conclusion, indirect thrust measurements based on
force probes are already suitable alternatives to conventional thrust
balance measurements.
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