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INSTRUMENTATION AND MEASUREMENT
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Accurate thrust assessment is crucial for characterizing the performance of micro-thrusters. This paper presents a
comprehensive evaluation of the thrust generated by a needle-type indium field emission electric propulsion (In-FEEP)
micro-thruster using three methods based on a pendulum: direct thrust measurement, indirect plume momentum transfer
and beam current diagnostics. The experimental setup utilized capacitive displacement sensors for force detection and
a voice coil motor as a feedback actuator, achieving a resolution better than 0.1 puN. Key performance factors such as
ionization and plume divergence of ejected charged particles were also examined. The study reveals that the high applied
voltage induces significant electrostatic interference, becoming the dominant source of error in direct thrust measurements.
Beam current diagnostics and indirect plume momentum measurements were conducted simultaneously, showing strong
agreement within a deviation of less than 0.2 puN across the operational thrust range. The results from all three methods are
consistent within the error margins, verifying the reliability of the indirect measurement approach and the theoretical thrust

model based on the electrical parameters of In-FEEP.

Keywords: micro-thruster, field emission, thrust stand, micro-thrust measurement, calibration, pendulum
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1. Introduction

Field emission electric propulsion (FEEP), a type of
electrostatic micro-thruster based on liquid-metal ion sources
(LMISs), exhibits several advantageous characteristics, in-
cluding a low thrust limit, high thrust resolution, minimal
thrust noise, high specific impulse, high efficiency, rapid re-
sponse time and a compact structure. These attributes position
FEEPs as a promising candidate to act as the actuator of drag-
free or fine attitude control in space missions.!!~!

A precise thrust testing procedure conducted on the
ground is essential for characterizing and evaluating the per-
formance of FEEP micro-thrusters. This methodology typi-
cally involves the simultaneous measurement of current and
voltage to validate the thrust model. While this approach is
simple and efficient, it is significantly dependent on the un-
derlying model.!*>! Various factors, including charge-to-mass
ratio and plume divergence, may affect the accuracy of the cal-
culations. So as a supplement, current assessments of thruster
performance also encompass both direct and indirect thrust
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measurement utilizing thrust stands.!®! The direct method in-
volves the installation of thrusters onto the measurement sys-
tem to obtain counter thrust, whereas the indirect method en-
tails placing a receiver plate in the trajectory of the plume jet
to measure thrust through momentum transfer,!”) commonly
referred to as the plume shooting method. [®!

Direct thrust measurement is regarded as a reliable and
precise method for characterizing a thruster’s thrust. However,
measuring very small thrusts of the order of micro-Newtons
presents significant challenges. The pendulum’s performance
can be adversely affected by mechanical stresses, such as those
introduced by power and signal cables connecting the thruster
to the test setup. For instance, the cables associated with an
indium FEEP (In-FEEP) system, which are responsible for
heating, temperature measurement and the application of elec-
trical potential differences, may exert additional varying mo-
ments on the pendulum arm. Furthermore, the elevated oper-
ating voltage of an In-FEEP often leads to increased electrical
interference with the thrust measurement apparatus, resulting
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in larger measurement errors. During testing, the extent of
electrostatic interference is influenced by the position of the
thruster within the vacuum chamber, suggesting that the vol-
ume of the vacuum apparatus should be maximized when pos-
sible. For example, when Cesare et al. tested the performance
of an In-FEEP and Cs-FEEP, they used a cylindrical vacuum
chamber with dimensions of ®1.2 m x 2.5 m.’! Additionally,
Miihlich et al. conducted both direct thrust measurements us-
ing a torsion pendulum and indirect plume diagnostics for a
multi-needle In-FEEP at high thrust levels in a vacuum cham-
ber with dimensions ®2.2 m x 3 m. The results were in agree-
ment within 5% over a thrust range of 50 uN to 450 uN.!1!

The aforementioned direct thruster testing studies were
significantly affected by environmental factors and resulted in
increased experimental costs. To mitigate these issues, it is es-
sential for the thrust test device to operate independently of the
thruster and its external connections.®! This configuration al-
lows the thrusters to be directed at a target plate on the pendu-
lum arm for thrust injection, thereby reducing the electrostatic
field interference caused by high voltage on the low-potential
frame, base, receiver plate and the walls of the vacuum cham-
ber. Additionally, this approach can help minimize the impact
of temperature fluctuations on the thrust measurement setup.
Therefore, employing the indirect plume momentum measure-
ment method to assess the thrust generated by micro-thrusters
is another strategy for performance verification.

All three thrust measurement methods are feasible, but
each still has certain problems and limitations for accurate as-
sessment of the performance of FEEP systems.>®10-11] This

study conducted a comparative analysis of beam current diag-
nostics and indirect measurement methods against direct thrust
measurements. This involved simultaneous electrical param-
eter measurements during the indirect plume momentum tests
to mitigate inaccuracies arising from the measurement sys-
tem’s conversion processes. Following a series of calibrations,
the research considered the electrostatic interference generated
by the FEEP during testing. By comparing theoretical and ex-
perimental data, the reliability and validity of both the thrust
calculation model and the indirect thrust testing methodology
were validated.

2. Experimental setup and three measurement
methods

2.1. Thrust test platform

Thrust measurements in the micro-Newton range impose
stringent requirements on the testing apparatus. The con-
figuration of the thrust stand utilized for indirect thrust test-
ing is depicted in Fig. 1. The testing apparatus primarily
comprises an aluminum alloy frame, a crossbeam, springs,
counterweights and their respective mounting and adjustment
assemblies, as well as electromagnetic voice coils, a high-
precision capacitive displacement transducer and electrostat-
ically calibrated plates. The pendulum test system, which
employs beryllium bronze springs, is designed to facilitate
both direct and indirect thrust testing across a broad frequency

spectrum. 1%

Capacitive
transducer

Hanging pendulum

Electromagnetic

voice coil

Electrostatic
calibrated
pole plate

counterweight

Vertical --

counterweight

Horizontal g Thrust force

Fig. 1. Experimental apparatus for the thrust test platform.

The commissioning and calibration procedures for the
thrust stand encompass the following steps: (i) the capaci-
tive plates are aligned to be parallel; (ii) the dynamic plate
is adjusted to ensure it is horizontally centered; (iii) the thrust
stand is positioned on the vibration modulation platform and

the center of mass of the pendulum arm is vertically adjusted

to approximate the swing point of the springs, thereby effec-
tively mitigating noise interference resulting from ground vi-
brations; (iv) the pendulum is calibrated utilizing electrostatic
force, and the background noise of the thrust stand is subse-
quently assessed.

Ground vibration constitutes a significant factor affecting
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the micro-thrust test. Analysis indicates that the coupling of
ground vibration to the pendulum is directly proportional to
the distance between the center of mass and the suspension
point.['?] Therefore, during the debugging phase, efforts are
made to align the center of mass with the suspension point of
the pendulum as closely as possible in both horizontal and ver-
tical orientations. This alignment effectively mitigates the ef-
fect of ground vibration. Additionally, this study implemented
a system of suspended pumps and welded bellows to achieve
vibration isolation for the vacuum pumps utilized in the labo-
ratory, as shown in Fig. 2.

Fig. 2. The experimental setup for the vibration isolation program of sus-
pension and bellow connection for the vacuum pump unit.

The power spectral density of the force noise measure-
ment for the suspended pendulum is presented in Fig. 3. Due
to limitations in the precision of manual adjustment, the exact
null position of the center of mass of the thrust stand cannot
be determined with certainty, introducing a systematic offset
uncertainty of £0.4 mm in the alignment procedure. Follow-
ing the adjustment of the center of mass to a position near the
pivot point (0.2 + 0.4 mm), the background noise of the test-
ing system was found to be less than 0.1 uN-Hz /2 within the
frequency range of 0.01 Hz to 3 Hz. This level of noise meets
the criteria necessary for the accuracy of micro-thrust testing.
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Fig. 3. Power spectral density (PSD) for the background noise of thrust
test platform.

2.2. Beam current diagnostics

Thrust serves as a critical metric for evaluating the perfor-
mance of micro-thrusters. The following analysis pertains to a
single cluster of charged particles in motion within an electric
field.

The principle of conservation of energy, which encom-
passes the transformation of potential energy into kinetic en-
ergy, can be expressed as follows:

1 1
Ug= Emvz—imv%. (1)

The momentum theorem is given as follows:
F - At =myv —mvy. (2)
Charge of the particle cluster is determined as follows:
qg=1-At, 3)

where U is the applied field emission potential difference, m
and ¢ are the total mass and total charge of the emitted pro-
pellant particle cluster, respectively, vo and v are the initial
and final velocities of the charged particle cluster in the accel-
eration process, respectively, and vg is more than two orders
of magnitude smaller than v, which can be ignored, F is the
thrust generated during the particles ejection process, / is the
field emission current and At is the field emission time.

Assuming that there is no energy loss during the field
emission from the micro-thruster and considering the incom-
plete ionization of the propellant, the theoretical thrust expres-
sion for the FEEP can be derived by integrating Eqgs. (1)-(3)
as follows:

2mU 2U 2mionU
Fal| T =1 [ = w1y | T
q q Gion

2U

~ )
Gion

= Mion -1~ 4)
where mjo, and gjo, are the mass and charge of the individ-
ual ions of the emitted propellant (o, = 1.907 x 10723 kg)
and the electric charge of In* (gjon = e = 1.602 x 1071 C),
respectively, § = g/m is the charge-to-mass ratio of the emit-
ted propellant particles, Gion = Gion/Mion 18 the charge-to-mass
ratio of the stable-state pure-ion emission mode and 1jo, iS
the ionization coefficient. When the field emission current / is
small and In is completely ionized, it can be assumed that the
emitted charged particles are almost all In* (i.e., Njop ~ 1).[13]

For externally wetted solid-needle indium LMISs (In-
LMISs), this study defines the critical current for stable emis-
sion of a FEEP in a pure ionic form as 15 pA, which serves as
the experimental upper limit. Theoretically, the critical current
falls within the range of 12.7 uA to 15.8 pA, consistent with
the Taylor cone stability criterion under the given operating
conditions.!"*) When the emission current is below this criti-
cal threshold, the charge-to-mass ratio of the emitted products
remains relatively constant, showing minimal variation with
changes in the emission current. It is assumed that at low thrust
levels the emission products predominantly consist of singly
charged In*, accounting for approximately 98% of the total
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emitted current and thrust contribution.!'>) Under these con-
ditions, the emission regime can be characterized as a stable-
state pure-ion emission mode, where the charge-to-mass ratio
reaches its maximum value of § = gion = 8.4 x 10° C/kg, and
the mass efficiency is considered to be 100%. However, once
the emission current surpasses the critical current, a notable
decline in mass efficiency is observed. The mass efficiency is

quantitatively defined by the following expression:[1¢-18]

n=m e 4 (1) )

e Am ~ qion Ic

where Am is the total mass loss of FEEP propellant before and
after the field emission (Am ~ m), I, = 0.0005R% —0.1085R +
10.121 is the critical current, with the units of R and /. as pm
and pA, respectively, o is a function of the apex radius of
emitting tips R when I > I and o = —0.15R x 10 4+ 0.0698
(R < 5.8 um). If the emission current is greater than the criti-
cal current, the mass efficiency decreases with increase in the
field emission current and the apex radius.

The relationship between the ionization coefficient and
mass efficiency can be expressed as follows:
qion 1
MNion = q = \/ﬁ

The corresponding mass efficiency can be determined based

(6)

on the parameters / and R, from which 1o, can subsequently
be derived from 7).

In practical applications, a FEEP system exhibits a spe-
cific divergence angle in its ejected plume. This divergence
angle not only results in a portion of the working substance
being ionized directly within the extractor electrode, thereby
affecting the performance and longevity of the thruster, but it
also contributes to a loss of momentum associated with the
thrust vector, which in turn affects the output thrust value. The
thrust vector is formed through the superposition of numer-
ous momentum components. The axial projection of charged
particle ejection velocity contributes to effective thrust gener-
ation. However, plume divergence induces axial momentum
loss, with the magnitude of thrust degradation scaling mono-
tonically with increasing divergence angle. Consequently, the
actual thrust generated, affected by the divergence of charged
particles, is expected to be less than the value theoretically cal-
culated in Eq. (4), necessitating a correction.

For In-FEEP micro-thrusters, considering the divergence
of the emission plume, the corrected expression for the actual

thrust can be articulated as follows: %]

2U
Fc = NMagiv F = Nion* Naiv Ly | = @)

Gion

where 1giy is the divergence coefficient, which indicates the
degree of divergence of the working substance emitted from

the emitting tip through the extractor electrode. Therefore 1giy
represents the correction factor for thrust loss due to the plume
divergence. By performing an ion beam diagnostic analy-
sis of an In-FEEP, the expression for 74, can be given as
(1 —cos264y)/ (4 — 4cos B4y ), where 6y, is the plume
divergence half-angle of the micro-thruster. The larger the
divergence angle is, the smaller the correction factor ng;y is,
which induces a larger axial momentum loss of the beam. The
relationship between 6Og;y, and I as well as U can be given by an
ion beam analysis experiment (I < 37 uA, U < 7kV).?!l The
larger the field emission voltage and current are, the larger the
plume divergence angle is within the range of values of appli-
cable conditions.

Experimental evidence indicates that the thrust loss at-
tributable to plume divergence is typically estimated to be
20% + 10% across the majority of the thrust range,??! with
Naiv approximating to 0.8.12°1 However, under the low-thrust
operating conditions investigated in this work (< 5 uN), ngiy
exhibits a rapid increase to values exceeding 0.9. This trend
correlates with thrust reduction and is further amplified by de-
creased U, I and 6g;y, which collectively lead to a diminished
extent of plume divergence. Direct thrust measurements of In-
propellant single-emitter In-FEEP-25 and In-FEEP-100 sys-
tems, conducted by ONERA France for ARCS,?! demonstrate
excellent agreement with the trend of variation of the correc-
tion factor mgj, obtained in the present study. The primary
factors affecting the thrust magnitude of FEEP micro-thrusters
include U, I, Njon and Ngiy-

Consequently, by measuring the ion beam current / col-
lected by a target plate and the operating voltage U, and sub-
stituting the tip radius R of the needle emitter, the ionization
coefficient Mo, and plume divergence coefficient 1y, can be
determined. These values are then used to solve for the thrust
in the theoretical calculation model Eq. (7).

2.3. Indirect plume momentum measurement

In comparison with the direct test utilizing a hanging pen-
dulum, the indirect plume momentum measurement method
offers enhanced assurance that the pendulum’s performance
remains unaffected. This approach mitigates the additional
stiffness that may arise from the connection of cables to the
springs. Furthermore, it diminishes the risk of conductive dis-
charge from the internal wiring when a high voltage is applied,
thereby safeguarding the power supply from potential over-
loads within a specified range. Additionally, this method sig-
nificantly lessens the effect of electrostatic forces generated by
the micro-thrusters on the pendulum during high-voltage in-
put. Furthermore, it alleviates the effect of temperature fluctu-
ations on the springs of the thrust stand, which may result from
the heating of the working substance (In, purity > 99.999%).

Displacement changes the pendulum swing arm due to

045203-4



Chin. Phys. B 34, 045203 (2025)

the impact of the thruster plume on the target plate, and the im-
pact force generated by the plume can be indirectly measured
through the capacitive displacement detection in order to char-
acterize the actual value of the thrust generated by the thruster.
The principles and experimental setup for beam current diag-
nostics, as well as the method for indirect plume momentum
measurement, are illustrated in Fig. 4. The measurement ap-
paratus resembles a direct test of a suspended pendulum, with
a metal target plate substituting the previous position of the
thruster, which is installed and secured at the lower end of the
pendulum. The thruster is affixed to a metal frame at a spec-
ified distance from the target plate, ensuring that the central
axis of the emitted plume aligns with the center of the target
plate. Upon the effect of the FEEP plume on the target plate,
the kinetic energy of the charged particles within the plume is
transformed into internal energy within the target plate. This
interaction exerts a force on the surface of the target plate, re-
sulting in movement of the pendulum and generating a mo-
ment at the center of the motion of the pendulum arm.

(a)

Hanging (_D
pendulum
Target plate
Plume
ion”
" =i
H

Micro-thruster

Figure 4(a) is a schematic diagram of the indirect thrust
test stand with a hanging pendulum, which illustrates the core
components and layout of the experimental setup used to in-
directly measure the thrust generated by the In-FEEP micro-
thruster. Lc (moment arm for thrust measurement) represents
the distance between the center of the thruster’s plume (i.e., the
emission of charged particles) and the pivot point of the pen-
dulum. This moment arm is crucial for determining the torque
generated by the thrust, which can then be used to calculate the
actual thrust force through mechanical principles. Lg (moment
arm for electrostatic force calibration) represents the distance
moved during the electrostatic force calibration process. Cal-
ibration is essential to ensure the accuracy of the thrust mea-
surements. By applying a known high-precision electrostatic
force and correlating it with the output voltage of the thrust
stand, we determine the system’s calibration coefficients. This
methodology enables system calibration and error mitigation,
thereby ensuring the reliability of thrust measurements gener-

ated by the propulsion system.

Fig. 4. Principle (a) and device (b) schematic for electrical parameter measurement and the target shooting method in an indirect thrust test of an
In-FEEP micro-thruster through a hanging pendulum. Note: in (a) L¢ is the moment length between the plume center and the swing point of the
thrust stand and Lg is the moment length of the electrostatic force calibration. In panel (b), the wiring configuration of In-FEEP is 1, high-voltage
connection for the emitter; 2, ground or negative voltage; 3—4, heating system connections to maintain the molten state of In propellant; 5-8,
temperature measurement lines for feedback to regulate the propellant’s temperature.

Figure 4(b) shows the device diagram of the electrical
connections and wiring configuration of the In-FEEP micro-
thruster. The thruster operates through various electrical in-
puts that control its operation, including high voltage, ground
or negative voltage, heating and temperature measurement. In-
terface 1 supplies the high voltage required for field emission.
In FEEP thrusters, a high electric field is applied to the liquid
metal to ionize it and accelerate the ions, generating thrust.
The high voltage is a critical component for ionizing the In and
initiating the emission process. Interface 2 serves as either the
ground connection or provides a negative voltage, depending
on the specific electrical configuration of the thruster. It helps
create the necessary potential difference between the emitter
and the extractor electrode, which is essential for field emis-
sion. Interfaces 3—4 are used to heat the indium propellant. In
a FEEP thruster, the propellant needs to be in a molten state

for efficient ionization and emission. The heating element en-
sures that the In reaches the required temperature for proper
operation. Without sufficient heating, the In might not reach
the liquid phase, thus preventing ion emission. Interfaces 5-8
are connected to temperature sensors that monitor the operat-
ing temperature of the thruster. Accurate temperature control
is vital to ensure that the In remains in the appropriate liquid
state and that the thruster operates within safe thermal limits.
These measurements also help to maintain the stability and ef-
ficiency of the thruster over time.

The recoil of charged particle plumes and sputtering of
target metal atoms contribute to the indirectly measured force.
Under conditions of perfectly elastic collisions where nor-
mal momentum is conserved, the force measured at the tar-
get plate is twice the thrust generated by the propulsion sys-
tem. Conversely, for perfectly inelastic collisions, the mea-
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sured force is equal to the actual thrust value. The process
by which the target plate receives a plume of charged parti-
cles is affected by the superposition of various collision types,
including perfectly elastic collisions (both diffuse and spec-
ular reflection), >3 perfectly inelastic collisions and inelas-
tic collisions.!?*! The diffuse reflection coefficient is 2/3, the
specular reflection coefficient is 1/2 and the overall restitution
coefficient for collisions e ranges from O to 1. For partially
elastic collisions, the force scales as Fieasured = (1 +€) - Fihrust-
The effects of inelastic collisions are contingent upon several
factors, including the type of the incident charged particle, the
material composition of the target plate surface and the energy
of the incident ions.[?%)

The complex effects of particle reflection during inelas-
tic collisions, contributing opposite momentum to the normal
direction of the target plate, as well as the sputtering of metal
atoms and secondary electron emission, are not considered in
the thrust measurements.>=3%1 Based on these assumptions,
the coupling coefficient is approximated as 1. Therefore, the
thrust measured by the thrust stand for the micro-thruster is
expressed as follows:

- FE—IndireCt) . 3

Findirect = FT-Thruster - = (F T-Indirect

L L
Lc Lc’
where Fr-Thruster 1S the thrust of the micro-thruster on the tar-
get plate, Fr-mdirect 1 the output thrust of the thrust stand and
FE-Indirect 18 the electrostatic force on the target plate.

For the indirect plume momentum measurement, a cir-
cular aluminum target plate with a radius of Rt = 80 mm
is employed, positioned at a distance H =13 cm from the
In-FEEP micro-thruster. The moment lengths for the plume
center and the electrostatic force calibration are designated as
Lc =83 mm and Lg = 117 mm, respectively. Utilizing the val-
ues of Ry and H, the maximum divergence angle, (Ogiy)max,
can be calculated using (Ogiy)max = arctan(Rt/H) = 31.61°.
By ensuring that 8y, remains less than or equal to (B4iy)max.
it is possible to guarantee that the target plate captures the en-
tirety of the plume.

2.4. Direct thrust measurement

The direct measurement of micro-thrust is contingent
upon mechanical interaction between the pendulum and FEEP
system. Although this method may exhibit less stability than
indirect testing, it yields results that are more realistic and reli-
able. The high-stiffness springs incorporated in the pendulum
enhance the system’s bandwidth and facilitate electrical con-
nections, thereby mitigating disturbance forces arising from
the cables. Figure 5(a) depicts the device system employed for
the In-FEEP direct thrust test, which includes the ignition phe-
nomenon. The configuration of the thrust stand springs con-
nected to the thruster is illustrated in Fig. 5(b). This setup com-
prises six springs linked to the pendulum stand and ground,

as well as connections to the input of the electrostatic plate,
the low voltage of the extractor electrode, the high voltage of
the emitter and the heating device for the working substance
(two wires). To prevent breakdown and interference, the high-
voltage spring is positioned at a distance of 20 mm or more
from the adjacent springs on either side. The thruster is se-
cured using four aluminum support screws, which are strate-
gically placed to minimize contact surfaces and maximize dis-
tance from the thrust stand.

Low. Electrostatic
voltage plate input

g

Igniting

Fig. 5. Assembly diagram of an In-FEEP micro-thruster and thrust stand
joint testing system. (a) Installation of thruster to the hanging pendulum
and emission plume. (b) Wiring configuration for the six-spring suspen-
sion system on the thrust stand.

3. Results and discussion
3.1. Electrostatic force calibration for thrust stand

Calibration serves as a critical assurance of the reliability
of the thrust stand outputs. This study employed a non-contact
calibration method utilizing a suspended pendulum, which in-
volved the application of a continuously varying potential dif-
ference between electrostatic plates to generate diverse elec-
trostatic forces.!*!l This approach aims to mitigate mechan-
ical impacts within the system, thereby enhancing the mea-
surement accuracy of thrust stand output parameters (voltage
steps as discrete control signals or micro-thrust) and advanc-
ing the performance characterization. This method has gained
widespread acceptance in the domain of micro-thrust testing
and offers a significant advantage over traditional calibration
techniques, as the device responsible for generating the elec-
trostatic force does not necessitate mechanical contact with the
pendulum apparatus.

The standard electrostatic force Fg can be continuously
varied as a function of the voltage difference Ug applied be-
tween the electrostatic plates. The relationship between Fg and
the output voltage U, of the pendulum can be calculated and
fitted through electrostatic force calibration. The capacitance
of the calibrated pole plates, which have an area of § = 5.7 x
5.7 cm? (relative uncertainty < 0.06%) was measured using
an LCR meter (Keysight E4980A) to be Cyp = 58.324+0.04 pF
(indirect) and 65.47 4+ 0.05 pF (direct). The equidistant elec-
trostatic voltage steps Ug = [40 — 10 — 40] V were provided
by a high-precision source measure unit (Keysight B2912A),
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with AUg = 5 V (relative uncertainty < 0.02%). The NI PXI-
6281 acquisition card, along with a LabVIEW program, was
utilized to acquire the steps of U, (Fig. 6).

* Electrostatic force —Fitting line

Detrended output —— Filtered output Detrended output —— Filtered output
(a) —0.4 O
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Fig. 6. Output voltage step sampling for electrostatic force calibration of
the thrust stand: (a) indirect test; (b) direct test.

The input thrust of the thrust stand is directly proportional

to the output voltage Fr = Fg = k- U,. This relationship can
be utilized to calculate the calibration coefficient of the testing
system as follows:

_R_ G U

U, 288 U’

9

where & = 8.854 pF/m is the permittivity of a vacuum.

In Fig. 7, there is a strong linear correlation between U,
and Fg. The data can be subjected to linear fitting, allow-

ing for the determination of the calibration coefficients for the
test system, which are k = 62.91 £0.51 pN/V (indirect) and
90.08 £1.26 uN/V (direct).

—Fitting line * Electrostatic force

—Fitting line * Electrostatic force
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Fig. 7. Calibration curve relating output voltage U, of the hanging pen-
dulum to the standard electrostatic force Fg: (a) indirect test; (b) direct

test.

3.2. Electrostatic interference in the measurement

The FEEP system was activated and subjected to equidis-

tant voltage increments of U = [3 — 6 — 3] kV, with a voltage
step of AU = 0.5 kV, under vacuum conditions. The electro-
static forces exerted on the pendulum were measured within
the ranges of Fg-direct = (5.87+£0.05)—(14.72+£0.12) uN and

Fi-Direct = (32.27 +0.45)—(129.15 + 1.81) uN (Fig. 8).

(a) 15 (b) 140
~ 13 120
Zn Z100
) 80
g0 g
5] 5 60
ST = 40
53 20
280 320 360 400 440 0 100 200 300 400 500 600 700
Time (s) Time (s)

Fig. 8. Electrostatic force response of the thrust stand generated by high-
voltage application on an In-FEEP: (a) indirect test; (b) direct test.
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Fig. 9. Relationship between applied voltage to the micro-thruster and
electrostatic force on the thrust stand: (a) indirect test; (b) direct test.

The relationship between the applied voltage to the
micro-thruster and the resultant electrostatic force was deter-
mined through linear regression analysis. The equations de-
rived are as follows: Fi-indirect = (3.2940.03) x 1077 x U? +
(2.99 £ 0.05) [uN] and Fg-pirect = (3.55 £ 0.03) x 1076 x
U? — (3.48 +£0.34) [uN], with the unit of U as V. These re-
sults are illustrated in Fig. 9. A comparative analysis indi-
cates that both the electrostatic interference and the calcula-
tion error associated with the direct measurement are an or-
der of magnitude greater than those observed in the indirect
measurement. Beyond random errors in measurement data,
the dominant sources of uncertainty originate from systematic
errors in both electrostatic force calculations for thrust stand
calibration and voltage—force correlations, ultimately propa-
gating uncertainty into the electrostatic force characterization
model of micro-thrusters.

3.3. Result and analysis

In-FEEP tests were conducted by applying high-voltage
steps U = 4000-6000 V, with AU of 200 V for indirect
tests and 500 V for direct tests, all under high-vacuum con-
ditions. During the experimental trials, brief intervals of
high-frequency temperature fluctuations exhibited a linear be-
havior, prompting the implementation of necessary deduc-
tions and corrections. Furthermore, the presence of multiple
single-frequency signal noises originating from the circuitry
adversely impacted the thrust measurement data. To miti-
gate these effects, the data underwent detrending, followed
by the application of a shift-smoothing filter with a window
width of 50 specifically designed to eliminate the impact of
the two most prominent single-frequency signal perturbations
observed at frequencies of 0.7 Hz to 0.8 Hz and 1.2 Hz to
1.3 Hz.

3.3.1. Beam current diagnostics

The theoretical thrust associated with beam current diag-
nostics is derived from a model based on electrical parameters.
This thrust is produced by the rapid injection of field emis-
sion products, with its magnitude primarily affected by the
field emission current.*?! According to the electrical param-
eter measurements and calculations from the model, the cur-
rent range received by the target plate is 7 = (13.71 +0.05)-
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(35.054+0.07) pA. In the experimental setup, the measured
current is I, = 9.89 pA, leading to a mass efficiency calculated
as N = (1/9.89)9247 This results in a mass efficiency range
of 1 =(92.17% £ 0.17%)—(72.91% + 0.05%). Additionally,
the ionization coefficient is determined to be 7o, = 1.04-1.17
(Fig. 10(a)). The mass efficiency decreases gradually with in-
creasing field emission current and voltage, while the ioniza-
tion coefficient exhibits a corresponding gradual increase, al-
beit at a slower rate. Consequently, the theoretically calculated
thrust is F' = 1.39-4.91 uN, after which a thrust correction is
applied.

The plume divergence half-angle is measured to be 04y =
(25.51°£0.10°)—(30.01° +0.14°), resulting in 1g;y = (0.95+
0.02)-(0.93 £0.07) (Fig. 10(b)). The values of Bg;, are ob-
served to be less than (Oyiy )max, at which point the target plate
is capable of receiving the entire plume. As the applied volt-
age and field emission current increase, the plume divergence
angle progressively enlarges, leading to a greater loss of ax-
ial momentum in the beam and a subsequent reduction in 7gjy.
Ultimately, the theoretically corrected thrust can be calculated
as Fc = (1.33+0.03)—(4.58 +-0.33) pN.

028l g = o= ==, e LE T Sy (O — o iy
: N 2 {116 5 § 30 v
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" 1288 Trecxl
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e — IO =
, o 106 5 5 26 (-“9.1,\
< e Jio4 E ¢
: ; ; ; . ERp . , , , ,
10 15 20 25 30 35 &~ “To 15 20 25 30 35

Emission current (pA) Emission current (pA)

Fig. 10. (a) Variation of mass efficiency and ionization coefficient with
field emission current. (b) Variation of plume divergence half-angle and
divergence coefficient with field emission current.

3.3.2. Indirect plume momentum measurement

The results obtained from indirect testing indicate that the
total thrust output measured by the thrust stand falls within the
range of Fr-mdirect = (9.34+0.08)—(18.14 £0.15) uN. Corre-
spondingly, the electrostatic force acting on the thrust stand is
observed to be within the range of Fs-indirect = (8.25£0.10)—
(14.83 £0.16) uN (Fig. 11(a)).
electrostatic force, the thrust exerted on the target plate by

After accounting for the

the FEEP system is calculated to be within the range of
Fr-thruster = (1.07 £0.13)—(3.35 + 0.22) uN. Furthermore,
the actual measured thrust, derived from moment conver-
sion, is reported as Fingirect = (1.51 £0.18)—(4.72 £0.30) uN
(Fig. 11(b)).

Theoretically, during FEEP operation, the metal target
plate functions as an extractor electrode, enhancing the inter-
electrode field strength to some extent. This field enhancement
promotes propellant ionization and increases the ejection ve-
locity and momentum of charged particles, thereby augment-
ing thrust generation. However, precise experimental quantifi-

cation of this effect remains challenging with current method-
ologies. Based on preliminary numerical simulations, for the
operational thrust range of 1-5 puN, the thrust variation AF¢
remains below 0.01 puN, rendering its impact negligible within
the measurement uncertainty.

Figure 11(b) illustrates that as the field emission voltage
and current increase, the ratio of the measured thrust Fiygirect
to the theoretically calculated thrust F' decreases. This phe-
nomenon can be attributed to the greater momentum loss of
the beam, which is induced by the increased plume divergence
angle at elevated voltages, thereby aligning with the theoret-
ical analysis. Furthermore, the trend observed in the FEEP
thrust value Fipgirect, @5 measured by the indirect measurement
method in this experiment, closely corresponds to the calcu-
lated value Fc derived from the theoretical prediction model.
As the field emission voltage and current diminish, the thrust
generated by the FEEP decreases. However, the rate of change
in thrust becomes more gradual, indicating that a higher micro-
thrust accuracy can be achieved by the FEEP.

®
N}
=1

I
of o e
O’V

pendulum (pN)
o

Thrust of hanging
Y
«
Thrust of FEEP

4000 4500 5000 5500 6000 10 15 20 25 30 35

Emission voltage (V) Emission current (pA)

Fig. 11. (a) Variation of output thrust for the thrust stand and electrostatic
force produced by the micro-thruster on the target plate with field emis-
sion voltage. (b) Variation of theoretical thrust, corrected thrust, thrust on
the target plate and measured thrust in indirect testing with a field emis-
sion current.

3.3.3. Direct thrust measurement

The results obtained from the direct thrust test indicate
that the total thrust range output from the thrust stand is rep-
resented as Fr-pireet = (54.57 +0.77)—(129.51 & 1.83) uN.
The electrostatic force generated by the micro-thruster on
the thrust stand is quantified as Fg-pirect = (53.32 £ 0.59)-
(124.32 £ 1.13) uN (Fig. 12(a)). By subtracting Fr-pirect
from Fg-pirect, the thrust of FEEP on the thrust stand, re-
ferred to as the actual measured thrust, is calculated to be
Fpirect = (1.25£0.97)—(5.19 £ 2.15) uN. The results of this
calculation are depicted in Fig. 12(b).

The theoretical values of FEEP thrust derived from beam
current diagnostics are compared with both indirect plume
momentum measurements and direct thrust measurements ob-
tained through a hanging pendulum apparatus. This compar-
ison aims to validate the accuracy of the FEEP performance
model (Fig. 12(b)). The indirectly measured micro-thrust val-
ues exhibit a closer alignment with the theoretically calculated
values. Additionally, the red area in Fig. 12(b) represents the
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uncertainty introduced by the electrostatic force during the di-
rect testing process, within which both the theoretically pre-
dicted and indirectly measured values are situated. Overall,
the general trends of FEEP thrust values obtained through the
three measurement methods demonstrate a significant degree
of compatibility. Under identical experimental conditions,
measurements conducted over ten independent trials demon-
strate consistent trend alignment with excellent reproducibil-
ity, rigorously validating the proposed methodology.

(a) 140 (b) 8 T=13.71-35.05 1A
130 —~ TF—"* Fpirect
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Fig. 12. (a) Output thrust of the thrust stand and electrostatic force gen-
erated by a micro-thruster versus applied voltage in a direct thrust test.
(b) Comparison of modified thrust calculated by Fc, Findirect and Fpirect
with the field emission voltage.

The charged particles of the propellant rebound from
the surface of the target plate with a specific kinetic energy
upon collision, resulting in an impulse transferred to the thrust
stand that exceeds the actual impulse generated by the thruster.
Therefore, the thrust value recorded by the thrust stand is ele-
vated during this process, and the extent of this overestimation
is contingent upon the interaction between the particles and the
target plate. A comparative analysis of the indirect measure-
ments with beam current diagnostics revealed that the indirect
thrust measurements for the micro-thrust consistently exceed
the theoretically calculated thrust across all tested voltage lev-
els and corresponding thrust ranges [4-6 kV, (1.33 +0.03)-
(4.72+£0.30) uN]. The observed discrepancy, which is within
0.18 uN, indicates that the results of the indirect measure-
ments are largely consistent with the theoretical model. Fur-
thermore, as the field emission voltage and current progres-
sively increase, the ratio of Fc to Findirect @lso increases, as
does the ratio of Fpjrect t0 Findirect- Lhe observed phenomena
may be attributed to the increase in both U and I, which en-
hances the impact force of the plume. This, in turn, leads to a
greater degree of diffuse reflection of charged particles on the
surface of the target plate, indicating an increase in the inelas-
tic collision effect.

4. Conclusion and perspectives

This paper presented a field emission performance evalu-
ation of an In-FEEP micro-thruster using a thrust stand. Mul-
tiple methods were employed to characterize the thrust perfor-
mance, including the electrical parameter prediction model,

beam current diagnostics, indirect plume momentum mea-
surement and direct thrust measurement. The study ana-
lyzed the factors affecting the accuracy of these tests. No-
tably, the high voltage applied during the experiments gen-
erated substantial electrostatic interference, which proved to
be the most significant source of error in direct thrust mea-
surements. The modified theoretical thrust values, account-
ing for electrostatic forces, ranged from 1.33 £0.03 uN to
4.58 +0.33 uN, with indirect measurement values between
1.51+0.18 uN and 4.72 +0.30 uN, and direct measurement
values from 1.25+0.97 pN to 5.19 £2.15 uN. Compari-
son of the three methods demonstrated a high degree of con-
sistency, particularly between the indirect plume momentum
measurements and beam current diagnostics, both of which
fell within the error margins of the direct thrust measurements
and aligned with the average direct measurement results. This
experimental verification affirms the reliability and accuracy
of the thrust calculation model based on electrical parameters,
confirming that the actual thrust of a FEEP can be reliably de-
termined by measuring the field emission current and voltage.
However, electrostatic interference had a significant impact on
the results, particularly in direct measurements. To enhance
the accuracy of future experiments, it is recommended that
improvements be made to the structure of the hanging pen-
dulum by incorporating electrostatic shielding to mitigate this
interference.
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