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Abstract: The propulsion system, particularly electric propulsion, holds immense significance in the
context of gravitational wave detection missions. One of the key factors of a deep space exploration
mission is the lifetime of the electric propulsion. Ensuring the high reliability of the propulsion system
is of paramount importance; however, achieving this is challenging in the absence of adequate failure
data. Conducting ground tests for a thruster tends to encounter two limitations: a lack of failure data
and time constraints. To address these challenges, we propose a semi-physics sputtering method that
combines a physical erosion model with empirical processes. In this study, we focus on evaluating
the lifespan of a cusped field thruster (CFT) for potential application in gravitational wave detection
missions. Our analysis revolves around modeling non-conservative forces in a space environment
and examining their impact on a thruster’s longevity. The results indicate that, in gravitational wave
missions, the survival rate of a thruster’s lifespan at 8000 h is 0.75. At a constant voltage of 500 V, the
maximum corrosion depth after 5000 h is 3.1 mm, while the minimum is 0.49 mm.

Keywords: cusped field thruster; reliability; failure physics; small sample; gravitational wave
detection mission

1. Introduction

In the realm of gravitational wave detection, the space-based gravitational wave
detection mission has emerged as a focal point due to its inherently low interference
levels. This mission holds particular significance in the field of gravitational wave research.
Its ability to minimize interference has drawn considerable attention and prioritization,
making it a current centerpiece in the gravitational wave detection arena. The European
Space Agency (ESA) first proposed the LISA gravitational wave space detection mission as
early as 1993 [1]. Subsequently, projects like DECIGO [2], TianQin [3], Taiji [4], etc., have
also been proposed.

The propulsion system is a typical executive component of a satellite control system
as it provides the power. Many civilian and military space missions have boosted the
development of micro propulsion systems, which include Laser Interferometer Space
Antenna (LISA), the Lunar Ice Cube Mission, and the Power and Propulsion Element (PPE)
of the Lunar Orbital Platform-Gateway (LOP-G) [5]. Moreover, many of the Low Earth
Orbit (LEO) and Geostationary Transfer Orbit (GEO) satellites have employed electric
propulsion (EP) in their propulsion systems [6]. The Hall thruster is being considered for
deep space exploration due to the increasing number and complexity of tasks that are now
involved. This technology is advantageous because it provides a high thruster-to-power
ratio and requires less power supply [7,8]. The conventional Hall thruster, despite its
widespread use, has encountered challenges in achieving stable and low-noise operation,
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which can impact its thrust adjustability and suitability for specific tasks like gravitational
wave detection missions. In the latest LISA (Laser Interferometer Space Antenna) mission
concept proposal, only three electric thrusters were recommended for drag-free control:
colloid thrusters, radio frequency ion thrusters, and cusped field thrusters. These thrusters
have been identified as potential candidates due to their ability to maintain stable and
precise control for the mission’s requirements [9]. These thrusters have been identified as
potential candidates for addressing the specific requirements of drag-free control tasks and
maintaining a stable operation under the mission’s conditions, as Figure 1 shows. Typically,
a thruster that is employed in the Laser Interferometer Space Antenna (LISA) mission must
be capable of operating for a period of 10,000 h [10].
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Figure 1. A Hall thruster of different satellite platforms.

High-energy particles can sputter the surface materials of a channel’s walls, which
can increase the erosion rate of the thruster [11]. The cusped field thruster (CFT) has
demonstrated capabilities that align with the demands of gravitational wave detection
missions in terms of thrust range, resolution, and noise levels. As a result, the CFT is
chosen as the primary focus of this study. It shares similarities in structure with the Hall
thruster, and the literature also indicates that there are similar failure mechanisms between
the two [12-15]. As the main part of the CFT system, channel erosion can seriously affect
the thruster system’s lifetime. Therefore, the channel depth is a key performance indicator
of the thruster [12].

The data on thruster degradation are difficult to obtain, especially failure data, which
are not only resource intensive to obtain, but also time consuming. CFT reliability is a costly
subject due to the small sample size of the available studies, and obtaining no-fault data in
most situations can be challenging [16]. This makes it difficult to evaluate the reliability
and to explore the complex failure modes of a CFT. Therefore, although researchers have
proposed various methods and models to predict the erosion rate and lifetime of thrusters,
the reliability aspect is often overlooked [17-19]. To address the challenge of small sample
sizes in the context of CFT reliability testing during gravitational wave detection missions,
this paper proposes a combined method for reliability calculation. The structure of the
paper is as follows: Section 2 provides a brief overview of the CFT operation principle
and discusses the mechanism of erosion. Section 3 presents the proposed new model and
experimental setup. Section 4 analyzes a case study of thruster reliability.

2. Cusped Field Thruster

The cusped field thruster (CFT) is an innovative concept in electric propulsion that
operates on the principle of ion motion in an electric and magnetic field. Figure 2 illustrates
the schematic diagram of a CFT. In this thruster geometry, the electrically biased metallic
anode is positioned at the base of the channel where the propellant gas is injected into
the thruster. The magnets are arranged opposite each other to produce a magnetic field
at the channel wall, which consists of samarium cobalt (SmCo). The propellant, typically
xenon, is introduced into the channel through a flow tube near the anode, and electrons
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are accelerated under the right-handed circularly polarized wave. The electrons, which
are used for generating the cascade seeds and neutralizing the ion beam, are provided by

the cathode.
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Figure 2. Micronewton-cusped field thruster. (a) Scheme of a cusped field thruster. (b) The
micronewton-cusped field thruster (right: initiation).

The experiment object is a micronewton-cusped field thruster designed for gravity
field measurement tasks. It is shown in Figure 2b. The discharge channel of this thruster
is cylindrical and made of boron nitride ceramics. The thruster utilizes two stages of
permanent magnetic rings to establish a cusped magnetic field within the channel. The
positioned upstream of the thruster channel is a stainless-steel anode, while the cathode
is located downstream of the thruster outlet, thereby serving as the source of electrons.
The electrons within the channel are constrained by the cusped magnetic field, where
they execute back-and-forth movements along the magnetic lines, which are influenced
by the magnetic mirror force and the electric field force. As the electrons traverse the
channel, xenon atoms supplied from the flow system undergo collisions and ionization,
thus resulting in the generation of ions. The electrons proceed toward the anode, initiating
a discharge through multiple collisions. To verify the performance of the thruster, we
obtained measurements on the key thruster performance parameters relevant to gravita-
tional wave detection tasks. The results are shown in Table 1 below, where uN represents a
micronewton and ms represents a millisecond.
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Table 1. The performance of a micronewton CFT.

Performance Parameters CFT

Thrust (uN) 1-100
Noise (HN/\/HZ) 0.1
Resolution (1N) 0.1
Response time (ms) 50

Sputtering is a plasma-material interaction phenomenon that occurs when the atoms of
the channel wall material are ejected due to bombardment by heavy particles with sufficient
kinetic energy. This phenomenon is primarily driven by the momentum exchange between
the energetic particles and atoms of the wall material. The amount of sputtering experienced
by CFT wall materials is typically quantified by the erosion rate (or yield), which is the
measured volume of ejected surface material per unit of incident ions integrated over
time. The transport model is a commonly used method for evaluating sputtering-induced
erosion in a CFT, and it provides a satisfactory conceptual framework for understanding
the underlying mechanisms [20]. The transport theory can be described in the following
three main stages: (1) the exchange in energy that occurs between the energetic particles
and material atoms, (2) the impacted material atoms that transfer energy to the other
material atoms, and (3) the atoms near the material surface that are ejected when their
energy exceeds the binding energy [21]. The transport theory sputtering mechanism is
illustrated in Figure 3.
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Figure 3. Sputtering mechanism according to the transport model.

Energy transform |

Yamamura and Tawara provided a general function tethered by experimental data—
the semiempirical sputtering yields model [22]. The sputter yield is dependent on various
factors, including the angle and energy of incident particles, the mass of incident and
target particles, and the binding energy of atoms in the channel wall [23]. Sputter yield is
an appropriate way to describe this process quantitatively [24]. The sputter yield can be
calculated as follows [25]:

2.5
Y(E, ) = k(30+3191 +Bze2+3393)\f5<1 — \/Eéh) , (1)

in which E and 6 are the incident ion energy and angle, respectively. Here, k and By ~ B3
are the fitting parameters, and Ey, is the threshold energy for sputtering. Table 2 shows
a typical parameter setting of the materials. Y is the sputtering yield in cubic millimeter
per Coulomb incident ion current. As Table 2 shows, Yalin et al.’s dataset was introduced
and the data were collected by the same method, and the material used was pure BN and
silica. The 60% boron nitride (BN) and 40% silicon dioxide (SiO,) materials were provided
by Gamero-Castano and Katz, and the data were fitted by the experiments conducted by
Garnier et al. The yield can be modeled by parameter and Equation (1).
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Table 2. Parameters for a normal yield approximation.
Material k By By By B; E,
Gamero-Castano and Katz, 6 _8
60% BN and 40% SiOj [26] 1.00 0.0099 0 6.03 x 10 —4.75 x 10 58.6
Yalin, 99% BN [27] 0.00228 1.18 0.0194 1.22 x 1074 —222 x 1070 18.3

3. Method to Establish the CFT Reliability
3.1. The Combined Method for CFT Thruster Erosion

To combine the benefits of physical modeling and experimental approaches while
overcoming some of their limitations, we propose a novel hybrid framework for thruster
reliability that integrates physics-based performance models with empirical data, as de-
picted in Figure 4. Our proposed model is mainly composed of four parts, including thrust
requirements, plume diagnostics and prediction, stochastic process simulation, and physi-
cal failure mechanisms. The plume diagnostics will be introduced in Sections 3.2 and 3.3,
while the thrust requirements will be covered in Section 3.4.
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Figure 4. Method for evaluating the reliability of a CFT thruster.

We propose a novel hybrid framework for modeling the reliability of a CFT thruster
by combining the advantages of physical modeling and empirical approaches while over-
coming some of their limitations. The structure of a CFT in a cylindrical coordinate system
is shown in Figure 5.

The erosion of a channel wall occurs due to the impact of an ion flow. The rate of
erosion can be characterized by volumetric sputtering, which is a measure of the volume of
material that is ejected per unit of incident ion flow. The volume of sputtering, denoted as
V over time ¢, and the volumetric sputtering yield, which is dependent on the properties of
the channel wall, can be modeled using Equation (2) [28]:

dv En
S = [ AEYOIE) ()|, @
0
where the expression can also be described via differential equation by
or(z,t r(z,t) —1s] — (z — z5) %L
<a ) e S]z ( S)agF('r,E), 3)
t [T(Z, t) - rs] + (Z — ZS)
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with .
'}’max max
F(v,E) =/ } /E - Y(E,7) - J (v, E)dedry. )
Here, Y (1, E) is the sputter yield of the incident energy E and angle v, and v = a + .
Nonetheless, this formulation is useful for establishing the reliability of a CFT. As Section 2
details, the thruster lifetime can be modeled via the criterion of depth limitation. Then, the
general reliability analysis method can be used to evaluate the CFT reliability with respect
to time.

TA

Channel wall

Channel wall | %

Figure 5. Erosion of a CFT.
3.2. Plume Diagnostics

To measure the angle and to calculate the energy of the thruster, the plume is charac-
terized using a time of flight (ToF) system, as illustrated in Figure 6. The system contains
ToF gates and a ToF collector, with the thruster operating upstream of the ToF gate.

Vacuum chamber

ToF gates
Plume D
: ToF collector

Thruster D
- I e e e s i N :
L ISR ST Distance of flicht | _............]
Current

High—voltage amplifier
HV O power supply

§oo

Function Oscilloscope
generator

Figure 6. The time of flight system.

The primary objective of the gate is to control the passage of ions based on the applied
voltage. When the gate is at a high voltage, it acts as a barrier, thus preventing the ions from
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passing through. Conversely, when the gate is at a low voltage, it allows the ions to flow
toward the collectors. The gate is constructed using evenly spaced metallic wires with a
spacing of 1 mm. It is then connected to a £3000 V pulse amplifier that is driven by a pulse
generator. The collectors are composed of metallic plates measuring 10 mm in diameter.
These plates are connected to an oscilloscope through the utilization of a high-impedance
signal amplifier. From the energy conservation, the mass m per unit charge of a flying

particle is as follows [29]:
—m( — ’ =V 5)
; = Vg,

where L represents the distance of the flight, ¢ represents the time taken to travel the distance
L, and V| corresponds to the retarding voltage (relative to the ground thruster) at which
the actual velocity is reduced to zero.

To measure the plume angle, we used an array collector plate consisting of 11 collection
electrodes. A schematic diagram illustrating the principle is shown in Figure 7. There was
a collection electrode with a diameter of 10 mm in front of the collector plate, which was
followed by a wire connected to the current amplification circuit. Additionally, we can
calculate the current of the thruster discharge using the formula I = U/R, where U is the
voltage of the test and R is the resistor value used in the experiment. Through this device,
we were able to obtain the current of the plume at different positions. The data of the
current with distance were fitted by quadratic curve. By identifying the position where the
current is zero, we can determine the divergence angle of the plume as = arctan(%).

Vacuum chamber

.‘............................................................_/Collectorelectrode
: Plume /
i d ?//yCH3 //
L ¢ : Current
BT s : amplifier
ST o -
Thruster . I I
™ CHI
Collectors : Computer
{ Resistor

Figure 7. Schematic diagram of a plume angle measurement.

3.3. Artificial Neural Network

The artificial neural network (ANN) is a machine learning technique that has gained
significant popularity in recent years. Due to the high complexity of a CFT system, which
arises from multiple factors as discussed previously, the utilization of artificial neural
networks (ANNSs) for non-linear analysis provides a distinct advantage in forecasting
plume characteristics [30].

The artificial neural network (ANN) architecture consists of multiple layers of neurons,
including the input layer, hidden layers, and the output layer, as illustrated in Figure 8.
The number of neurons in the input and output layers is determined by the respective
number of input and output variables. The selection of hidden layers and the number of
neurons in each layer is based on the specific training task and performance requirements.
It is generally recommended to avoid an excessive number of neurons in each layer as
it may lead to overfitting and a decrease in model accuracy. Analyzing the operational
characteristics of the thruster, it was observed that the CFT input power controls the initial
plasma density, while the flow rate of the propellant directly impacts the density of the
extracted beam particles. Consequently, the investigated operating parameters for the
CFT primarily include the microwave input power P, propellant flow rate Q, and anode
voltage U, thus resulting in three input neurons. The target parameter for prediction was
the thrust of the CFT, which can also be used to calculate the specific impulse. Therefore, a
single-output neuron was employed to capture this parameter.
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Figure 8. A fully connected layer neural network structure.

3.4. Drag-Free Non-Conservation Force Modeling

The true thrust of a spacecraft is designed around the orbit required and non-conservative
forces. In this section, a brief algorithm of thruster requirements is described. For a
gravitational wave detection mission, the orbit configuration has an eccentricity € and
inclination ¢ The satellite’s initial position conditions can be defined in the following [31]:

X = R(cosyp +e)cose
Y = RV1—eéZsiny (6)
Z = R(cos 1+ €)sine

where € 2 3.34 x 1077 x I/km; R is the orbital radius; R = 1 A.U; [ is the nominal arm
length; e 2 1.93 x 10~ x I/km is the orbital eccentricity; and ¢ is the eccentric anomaly,
which can be defined as ¢ + e sin(¢) = O, where ) is 277/year. The acceleration at a
specific point can be calculated by the second derivate of a position as a, = 7. Then, the
required acceleration can be calculated.

The restriction of non-conservative forces is the main obstruction for a gravitational
wave detection mission. The complexity of the spacecraft’s geometry limits the model of
the non-conservative force efficiency and precision. For the convenience of calculation, the
small non-conservative force effects are ignored, including electromagnetic interference,
radiation, etc.

The non-conservative forces that were modeled include the following [32]. Solar
Radiation Pressure (SRP): this force arises when solar photons impact the spacecraft, and it
relates to the momentum exchange that then occurs between the photons and spacecraft.
This force can be modeled by

Fs = —ks-psr-Cr-Sgr -7, (7)

where k; is the exposure factor, pgp is the solar pressure, Cg is the reflection coefficient, Sy is
the area of irradiation, and 7 is the unit vector from center of the earth to the sun. Thermal
Re-Radiation: this forces arises when the satellite re-emits energy when a particular surface
is heated by solar energy. The value of re-radiation depends on its reflectivity, absorptivity,
and transmissivity parameters, which can be formulated by

Fprr = —3 Apmrr - A, 8)

where ¢, is the surface’s emissivity parameter, o is the Boltzmann constant, Ay is the
area, c is the speed of light in a vacuum, and 7 is unit vector for the surface. The total force
of non-conservation can be formulated by F; = Fs; 4 Fpjr;. The other non-conservative
forces can be modeled by a normal distribution as N~(0, 1 x 107°).
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The required force can be calculated by F = F; + N. The acceleration of the requirement
was calculated as mentioned above. The operation condition in this part is described by
Equation (9) [14]:

F = Ax + BxV; + CxV2 + Dxiit + Extii” + Fx Vi, 9)

in which F represents the thrust; m and V; are the flow rate and anode voltage, respectively;
and Ax ~ Fx are the coefficients detailed in Table 3.

Table 3. The non-conservation parameters.

Parameter Name Value
ks 1
PSR 456 x 107N
Cr 1.2
€s 0.02
T 298 K
AMLI 0.67 m2
Ax —1.218
Bx —0.403
Cx 1.562 x 10~4
Dx 5.299 x 102
Ex —1.453 x 107°
Fx 3.897 x 1074

4. Results and Discussion
4.1. The Validation of the Model

The input layer of the neural network model receives the operating parameters of the
thruster. Through the activation function of the neurons in each layer, the calculated current
is obtained as the final weighted sum of the neural outputs. Extensive data training enables
continuous updates of the parameters for each node in the network, which is achieved
by employing the error backpropagation algorithm to minimize the deviation between
the calculated results and the actual values. To assess the accuracy of the predictions, the
trained artificial neural network models (ANNSs) are utilized to predict the current values
for the ten distinct groups within the test dataset. The ANN model, illustrated in Figure 8,
was composed of one input layer, two hidden layers, and one output layer.

The predicted results were then compared to the corresponding measured data, as
presented in Figure 9. The red lines represent the experimental test values, and the distance
between the predicted values and the red lines indicates the error, where greater distances
indicate larger errors. It was observed that the current values predicted by the ANN model
deviated by approximately 10% from the measured data.

0.040
—A— Prediction
0.035 - |- = -Experimental Current Value Fit Line
10% Error Band of Experiment p
-
0.030 |- / —
T o0os | =T
~ A- e
é 0.020 // .
£ 0020 -
< e
£ 0.015 - /
0.010 - /A// g
0.005 /
1 1 1 1 1
0.005 0.010 0.015 0.020 0.025 0.030

Experiment (mA)

Figure 9. The predicted results and measured data of the ANN.
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4.2. Lifetime and Reliability in a Gravitational Wave Detection Mission

As shown in Section 3.3, a typical gravitational wave orbital non-conservative force
model was established, and its individual component results are illustrated in Figure 10.
Based on the non-conservative force results, a study was conducted on the corrosion depth
under different operating conditions. With the voltage and flow rate fixed, the required
adjustments for another operating condition can be calculated using the thrust model.
Furthermore, the operating conditions beyond the specified time of the model were treated
with periodic boundary conditions, as the orbital model exhibited periodic behavior.

70 4

60 1

50 A

40

30 1

Force (uN)

20 1

0.0 . : . -
0.0 0.2 0.4 0.6 0.8 1.0

Times (year)

Figure 10. The results of the non-conservation force model.

In the non-conservation force model, the flow rate can be determined using Equation (9),
and the corresponding results are presented in Figure 11 for the fixed voltages of 200 V,
500V, 700 V, and 900 V. The process on the computer (Intel(R) Xeon(R)CPU E3-1225 v6
@ 3.30 GHz (4 CPUs), ~3.3 GHz, Intel, Santa Clara, CA, USA) took only 5 min for each
erosion topology; thus, compared to the 7 h detailed in the literature required for the PIC
method [18], it achieved a faster speed. The erosion depth exhibited an increasing trend
with a rise in voltage, and the rate of increase gradually accelerated. The erosion became
evident once the voltage surpassed 500 V, as it indicated the presence of a sputtering
threshold in the material. This threshold signified the onset of erosion processes that occur
only after a certain voltage level is reached. As Figure 11 shows, the outer liner exhibited a
greater susceptibility to erosion compared to the inner liner, particularly at higher voltages.
This can be attributed to the outer liner having a higher number of sputter angle coefficients,
which enhances the erosion phenomenon.

x10°!

35 Inner channel  Outer channel

m\@wmmwmwmwwfoWQ
30

—=— [nitial
25 F —*—200 V/1000 hours
—— 500 V/1000 hours
—v— 700 V/1000 hours
20 - —a—900 V/1000 hours

Depth (mm)

1 1 1 1 1 1
0 1 2 3 4 5 6 /)
Z (mm)

Figure 11. The relationships between the voltage and surface topological structure.
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As shown in Figure 12, as the voltage increased, the current received by the TOF
electrode also gradually rose. This indicates that increasing the voltage leads to a higher ion
density. Additionally, due to the increasing potential difference between the anode and the
outer channel, the ions gained more energy, thereby resulting in an increase in their velocity,
as shown in Figure 12b. As illustrated in Figure 12b, there was only a modest increase in
the ion velocity when the voltage was below 600 V. This can be attributed to the majority of
the voltage’s energy being utilized for ionization, with only a small fraction contributing to
ion acceleration. However, once the voltage surpassed 600 V, the ion velocity experiences a
significant and rapid growth. This can be attributed to the augmented energy release at
higher voltages, which leads to accelerated ion motion. Furthermore, this phenomenon
sheds light on the observation in Figure 11, where the outer discharge channel undergoes
intensified erosion when the voltage exceeds 500 V. The accelerated ions, resulting from
higher voltages, are more prone to induce severe corrosion in the outer discharge channel.
Also, with increasing voltage, the current rose owing to the heightened proportion of
multiple charged ions and their augmented flow velocity, as shown in Figure 11.

x1073
—e—CH]I

0.8 —a— CH2

—a—CH3

0.9

0.7 |

0.6 |

Current (mA)
SO
N W N W
) ] L T ’ T i T

S
T

200 300 400 500 600 700 800 900
Voltage (V)
(@

=
=]

20,000
15,000

10,000

5,000 /

Velocity (m/s)
T

1 1 1 1 1 " 1 1 " 1

100 200 300 400 500 600 700 800 900 1,000
Voltage (V)
(b)

Figure 12. The data of the TOF at different voltages. (a) The variation in the current in the three
channels in relation to the different voltages. (b) The velocity variation at different voltages.
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In order to study the influence of the propellant flow rate on thruster erosion, we
adopted a similar methodology to investigate the effects of the varying flow rates. As
illustrated in Figure 13, we kept the flow rate constant, and the thrust was generated from
non-conservative forces, thus allowing us to calculate the voltage values. With the increase
in flow rate, the corrosion depth of the thruster’s wall surface showed little variation. This
phenomenon can be attributed to the relatively small thrust generated by non-conservative
forces. Consequently, under higher-flow-rate conditions, the theoretical voltage required
is lower, resulting in ions possessing less energy that fail to exceed the threshold of the
sputtering erosion model. As a consequence, the impact on the thruster’s wall surface
remains minimal, and the erosion is limited even at higher flow rates. As shown in Figure 13,
an increase in flow rate leads to a corresponding increase in the thrust generated by the
thruster. This can be primarily attributed to the greater number of propellant particles
involved in the ionization process within the thruster. However, due to the constraints
imposed by the required thrust, the acceleration voltage needed remains relatively low
(around 100 V). As a result, most xenon ions do not possess sufficient energy to exceed the
threshold for material sputtering. Consequently, the increase in flow rate has little impact
on the erosion of the surface morphology.
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Figure 13. The relationship between the flow rate and surface topological structure.

In accordance with Figure 14, this study delved further into examining the temporal
evolution of erosion morphology within the discharge channel of a 500 V thruster. During



Aerospace 2024, 11, 329

13 of 16

the initial 2000 h, the surface morphology of the thruster exhibited only thickness variations
without any significant alterations in shape. However, beyond the 2000 h mark, conspicuous
changes in the morphology of the discharge channel became evident. In particular, a more
severe erosion occurred on the outer side of the discharge channel (around 4 mm to 7 mm),
while the inner region (around 0 mm to 4 mm) remained relatively unaffected. These
observed morphological changes align with the existing literature on the subject. At the
5000 h point, the corrosion depth within the discharge channel’s inner region (around 0 mm
to 4 mm) measured approximately 0.49 mm, while the maximum erosion depth on the
outer side reached approximately 3.1 mm.

x10°!
- Inner channel Outer channel
30 FE Sttt T o v e van. »
DU
—s— [nitial « *%,
2 251 —e— 1000 hours A
) —4— 2000 hours NS
Ny

E.Q_ 20 F —¥— 3000 hours \,
2 —&— 4000 hours \

15 5000 hours \

10 \'

5 =

1 1 1 1 1 1
0 1 2 3 4 5 6 7

Z (mm)
Figure 14. Erosion depth of the channel wall from 0 to 5000 h.

It is noteworthy that the two curves almost coincided as the ion flux decreased during
the declining phase of flow demand at 3000 and 4000 h. Subsequently, the continued
decrease in flow demand may lead to a mode transition in the thruster, thereby resulting in
an increase in its plume divergence angle.

Upon comparing Figure 14 and Figure 11, it is evident that the voltage and time have
similar underlying mechanisms. At low voltages, the outer periphery of the discharge
channel does not experience significant erosion, thus resulting in a relatively uniform
erosion rate akin to the situation observed before 2000 h. As the voltage increased, the
ions gained more energy, thereby leading to intensified erosion on the outer periphery
of the discharge channel, which was similar to the phenomenon observed after 3000 h.
Two primary factors contributed to this trend: First, an increase in the voltage led to a
larger divergence angle of the thruster’s plume, making the wall of the discharge channel
more susceptible to erosion as the voltage increased. Second, the effect of time can be
attributed to the larger angle between the outer wall of the discharge channel and the
plume, which makes the outer wall more prone to erosion due to the higher intensity of the
angular sputtering.

In order to establish a reliability model for the thruster, this study employed the KM
(Kaplan—-Meier) method to construct a non-parametric estimation reliability model. The
lifetime was defined as the time at which the wall thickness reaches 0 mm. The results
of the thruster’s discharge channel showed minimal signs of damage in the initial 7000 h
of operation, as depicted in Figure 15. However, during the period from 7000 to 8000 h,
some cases exhibited a partial erosion of the channel walls. Despite this, there was still a
probability of over 80% that the thruster could continue to operate during this time frame.
Beyond 8000 h, the probability of the discharge channel remaining undamaged started to
decrease rapidly, thus indicating that the thruster entered a more critical and potentially
risky phase of operation.



Aerospace 2024, 11, 329

14 of 16

) ==
Safety : Danger
08 | _ '
(8,000 hours is 0.75)y=—'— _ |
8 |
3] I
é 0.6 | |
= |
= !
» I
3 04 F L
- I
I
I
02F :
I
I
00k . ! . ! R R I

0 2,000 4,000 6,000 8,000 10,000
Time (hours)
Figure 15. The failure rate against time as indicated by the Kaplan-Meier evaluation.

5. Conclusions

This study addresses the problem of the small sample size in the field of CFT reliability
by proposing a method that combines physical mechanisms with experimental analysis to
evaluate the reliability of a CFT when undertaking a gravitational wave detection mission.
The model developed in this study is based on a sputtering mechanism and experimental
fit, and computer simulations were used to generate the erosion data and reliability analysis
of the CFT.

The method proposed in this study is faster and more efficient due to the combination
of physical and experimental models. Furthermore, a detailed investigation of the erosion
process of a typical cusped field thruster (CFT) was conducted, and the reliability assess-
ment was performed using the Kaplan—-Meier (KM) method. This study further indicates
that the erosion depth on the inner side of the thruster is less than that on the outer channel
wall, thereby emphasizing the need for a careful consideration of the magnetic shape
design for the outer wall. Additionally, the analysis helped to evaluate the influence of
different operational conditions on the CFT’s lifespan in the context of a gravitational wave
detection mission.

To optimize the thruster’s lifespan, it is recommended to design control algorithms
that prioritize low-voltage and high-flow-rate conditions. This choice is motivated by the
fact that the impact of voltage-induced energy on the system is more significant compared
to the effect of the flow rate. By operating at a low voltage and high flow rate, the thruster
experiences less energy shock, leading to a reduced erosion and extended lifespan. Thus,
adopting such operating conditions strategically enhances the thruster’s durability and
overall performance.
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