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Abstract: Inertial sensors act as inertial references in space gravitational wave detection missions,
necessitating that their internal test mass (TM) maintains minimal residual acceleration noise. High-
energy particles and cosmic rays in space, along with ion pumps in ground-based torsion pendulum
experiments, can cause charge accumulation on the TM surface, leading to increased residual ac-
celeration noise. Consequently, a charge management system was introduced to control the TM’s
charge. The complex light path propagation within the electrode housing (EH) makes the TM’s
charging and discharging process difficult to theoretically calculate and fully simulate. To address
this issue, we propose a simulation method for charging and discharging inertial sensors within
ultraviolet (UV) charge management systems. This method innovatively considers the impact of
photoelectron emission angle and the TM’s position offset from symmetry on performance. The
method also simulates charging and discharging rates over time under conditions of symmetry and
preliminarily examines factors affecting the TM’s equilibrium potential. Simulation results indicate
that this method effectively models the charge management system’s operation, providing a valuable
reference for system design.

Keywords: inertial sensors; charge management system; UV discharge

1. Introduction

The fundamental principle underlying space-based gravitational wave detection is the
use of inertial sensors as end mirrors within a high-precision inter-satellite interferometer.
This interferometer measures variations in the relative positions of TM within two spatially
separated satellites to detect gravitational wave signals [1-3]. The inertial sensor, compris-
ing a TM, an EH, and associated peripherals, is critical for space-based gravitational wave
detection [4-6]. Therefore, the residual acceleration of the inertial sensor must be confined
to 10715 m/s? /HzY/ 2 necessitating rigorous control of non-conservative force interference
on the TM.

However, high-energy particles and cosmic rays in space continuously bombard the
spacecraft, leading to charge accumulation on the TM surface via both direct and indirect
mechanisms [7-9]. This charge buildup can induce additional coupling forces between the
TM and its surrounding structure, thereby compromising the precision of gravitational
wave detection [10]. During solar minimum periods, the TM charging rate due to galactic
cosmic rays can reach 39.5e/s [11], while the charging rate induced by solar energetic
particles can exceed 1.6 x 10* e/s [12,13]. Moreover, ion pumps employed to maintain high-
vacuum conditions in the torsion pendulum system can cause rapid charge accumulation
on the TM surface [14-16]. Once the TM accumulates 10 e, the resultant acceleration noise
will surpass the specified limits of the inertial sensor.
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Thus, a charge management system is essential to stabilize residual charge on the TM
surface, mitigate Coulomb forces arising from charge accumulation, and minimize Lorentz
forces resulting from magnetic coupling, thereby ensuring that residual acceleration noise
adheres to mission requirements.

Currently, the majority of research teams employ UV light to charge and discharge the
TM [17,18]. This approach, when compared to alternative methods, does not introduce ad-
ditional acceleration noise, is straightforward to implement, and offers high controllability,
positioning it as the most promising technology for charge management [19].

In recent years, various simulation studies have explored charge accumulation and
management challenges in space-based inertial sensors. In 2011, Daniel Hollington of
Imperial College London utilized Geant4 software Geant4-11.2.2 to simulate charge accu-
mulation and charge management within the inertial sensors of the LISA Pathfinder (LPF)
spacecraft. His study identified substantial discrepancies between simulation results in the
space environment and experimental data [20]. In 2020, Fangchao Yang from Huazhong
University of Science and Technology similarly employed Geant4 software to simulate the
charge accumulation rate and assess the performance of the charge management system
in the TianQin project spacecraft. He also conducted an analysis of the discharge rates of
inertial sensors under alternating current discharge conditions [21]. In 2014, Tobias Ziegler
and his team developed ray tracing and electron tracking software to simulate the quality
of UV Light-Emitting Diode (LED) exposure and the motion of photoelectrons in the LPF
mission [22]. They further analyzed the discharge curves of the charge management system
and proposed optimizations.

To evaluate the charge management system prior to the development of a torsion
pendulum prototype, it is imperative to construct a simulation model of the torsion pendu-
lum configuration. This model will serve as the theoretical foundation for the subsequent
construction of a ground-based torsion pendulum UV charge management system proto-
type. Current research presents limitations in precisely predicting charge and discharge
behaviors. Consequently, it is crucial to develop a simulation model that accurately rep-
resents UV light propagation and photoelectron transport, thereby optimizing the design
and performance of the charge management system.

In summary, this study will employ ray tracing software to determine the parameters
influencing UV light propagation within the inertial sensor, drawing on experimental data
and the literature. It will simulate UV light reflection and absorption within the sensor
to quantify UV light absorption by different surfaces. Subsequently, it will model pho-
toelectron transmission inside the sensor, utilizing equations for kinetic energy, azimuth
angle, and polar angle distribution, to determine the TM charging and discharging rates.
Finally, the established simulation model will be used to simulate the direct current (DC)
charging and discharging dynamics of the inertial sensor and analyze these rates dur-
ing charge management, including symmetry-based tests to evaluate both charging and
discharging performance.

Additionally, in the ground-based torsion pendulum charge management system,
the TM may drift over time due to the unwinding of tungsten fibers, thereby altering UV
light propagation within the inertial sensor. Notably, previous simulation models have not
accounted for the impact of TM positional offset on charging and discharging performance.
To assess the impact of this phenomenon on the TM’s charging and discharging rates, this
study will utilize the charge management simulation model to simulate rate variations at
various offset positions of symmetry on the TM surface, providing a quantitative analysis.

A key contribution of this research is the pioneering simulation of the TM’s offset
position within the charge management system, which considers the influence of pho-
toelectron emission angles on the TM’s charging and discharging rates. This approach
provides precise insights into how positional deviations impact these rates. This innova-
tion offers a robust theoretical foundation and technical support for future research on
charge management systems while ensuring the model’s high adaptability. The model is
equally applicable to ground-based torsion pendulum experiments and future space-based
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gravitational wave detection missions, providing essential theoretical support for practical
applications in these fields.

2. Establishment of the TM Charging and Discharging Model

To accurately simulate the charge management system employed in ground-based
torsion pendulum experiments, this chapter first establishes the configuration of the inertial
sensor and performs detailed 3D modeling. The optical parameters of the EH and TM are
then meticulously determined to ensure precise light path propagation within the inertial
sensor. These parameters are subsequently utilized as inputs for ray tracing simulations.
Following ray tracing analysis, the photon flux on the surfaces of the TM and EH, as well
as their corresponding discrete distribution functions, is quantified.

Finally, the trajectories and dynamics of photoelectrons within the EH are rigorously
analyzed and simulated. A comprehensive photoelectron flow model is developed to
simulate the movement of photoelectrons within the EH, allowing for precise determination
of the photoelectron count involved in the charging and discharging processes of the TM.

2.1. Three-Dimensional Modeling of the TM and EH

The inertial sensor configuration described in this paper is derived from the LPF mis-
sion [23]. The key distinction is that the ground-based TM lacks the corner holes required
for the locking release pin structure and instead features a central fixing mechanism for the
suspension wire.

The TM is a 46 mm x 46 mm Au-plated conductor, and has symmetry. When centrally
positioned, the gap between its edges and the EH is either 2.9 mm or 4 mm [24], as illustrated
in Figure la. In accordance with project specifications, four through-holes are fabricated at
the edge of the EH to accommodate UV fibers. Two of these holes are oriented towards
the TM surface, while the other two are directed at the EH surface, with the illumination
points arranged in a configuration of central symmetry. The modeled representations of
the TM and EH are depicted in Figure 1b (with the central connecting rod hidden).

y I 4mm

46mm ™ EH

«—>
p—-

(a) (b)

2.9mm

Figure 1. (a) The spacing between the TM and the EH in the x and y directions. (b) The illumination
method of the inertial sensor.

2.2. UV Light Path Tracing

In the charge management system, UV light from the UV LED is focused by a lens into
a UV optical fiber, which then directs the light onto the TM or EH surface [25], as shown in
Figure 2.
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Figure 2. The convergence process of UV light.

To reduce performance differences due to inaccurate UV lens and fiber modeling, this
paper uses a surface light source to simulate the UV light emitted from the fiber output
during ray tracing.

When UV light passes through the optical fiber, factors like mode field distribution
cause a non-uniform light distribution at the fiber output, describable by a Gaussian or
quasi-Gaussian distribution. In a Gaussian distribution [26], optical power is concentrated
at the center of the light cone, and its power distribution P(r) is described as follows:

p(r) = pye (F), (1)

where Py is the maximum optical power, r is the radial distance from the center, and v is
the Gaussian radius. The Gaussian radius contains 86.5% of the UV optical power. Thus,
measuring the divergence angle at the UV fiber output can simulate the light distribution
at the fiber output. All the symbols and their meanings used in the formulas in this paper
are listed in Table Al.

During the experiment, the fiber output was securely mounted on a bracket, while the
optical power meter was positioned on a micro-positioning stage. A light-blocking plate
with a precision aperture was placed directly in front of the fiber output, as illustrated in
Figure 3. The UV LED was operated at an elevated power level, and the micro-positioning
stage was adjusted to laterally translate the optical power meter, thereby determining the
radial distance at which the optical power reaches %

When using ray tracing software to simulate light path propagation inside the EH, it
is necessary to determine the optical parameters of the TM and EH based on experiments,
ensuring the light propagates as it would in a real environment.

This paper defines the optical parameters inside the EH based on experimental data
from LPE.

The optical parameters affecting the transmission of UV light inside the EH are shown
in Table 1.

Table 1. Optical parameters for ray tracing [20,21].

Parameter Value
Au Conductor Refractive Index N =1.296,k = 1.696
Au-Pt Alloy Refractive Index N=132,k=174
Reflection Type Specular, Diffuse
Reflection Distribution 20% Specular, 80% Diffuse

UV Fiber Output Angle 12°
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The complex refractive indices of Au conductors and Au-Pt alloy conductors dictate
their UV light absorption properties, thereby influencing the reflection dynamics as UV
light traverses different media. The specific type of reflection governs the manner in
which UV light is reflected within the EH, subsequently affecting the precise locations of
UV irradiation post-reflection. The distribution of reflections dictates the proportionate
occurrence of each reflection type.

After ray tracing, the photon flux size on the surfaces of the TM and EH, along with
the discrete distribution function of the photon flux, can be obtained.

Optical power meter Optical fiber outlet

Shade sheet  Micro-displacement stage

Figure 3. Divergence angle calibration experiment of the optical fiber output port.

2.3. Physical Characteristics Analysis of the TM and EH

After UV light irradiates the inside of the EH, the Au-plated conductor surface will
emit photoelectrons due to the photoelectric effect. The emission location of the photo-
electrons varies depending on the UV irradiation position. As shown in Figure 4, some
photoelectrons emitted from the EH can transfer to the TM surface (blue photoelectrons);
however, others cannot charge the TM due to insufficient initial kinetic energy or emission
angle (green photoelectrons).

Therefore, this paper considers the effects of the initial kinetic energy and emission
angle of photoelectrons on the charge and discharge rate of the charge management system
during simulation. The initial state of photoelectron emission is described using the
parameters in Table 2, with reference to Figure 5.

Table 2. Initial properties of photoelectrons.

Name Symbol Unit
Initial Kinetic Energy E Electron Volt (eV)
Polar Angle 6 Degree (°)

Azimuth Angle @ Degree (°)
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Figure 4. The state of photoelectron escape.

Figure 5. The angular distribution state of photoelectron emission.

The polar angle 0 is the angle between the emission position and the Z axis, and the
azimuth angle is the angle between the photoelectron’s projection on the X-Y plane and the
X axis.

The LPF team has described the normal initial kinetic energy of photoelectrons during
emission [27], but has not provided an expression for the angular distribution of pho-
toelectrons during emission. This paper adopts Wu Chuan-Teh’s theory on the initial
kinetic energy and polar angle distribution of photoelectrons to describe their state during
emission [28].

The initial kinetic energy distribution function of the photoelectrons is

E—w(l —6*5)

p(E)AE = c; ——=dE, )

14+e m"
where E represents the initial kinetic energy of the photoelectron upon escape; Ej; is the
maximum initial kinetic energy the photoelectron can have; ¢; = c‘lg—g” ; € is a parameter

related to factors such as incident light frequency and intensity, with a value of 0 < c < 1; h
is Planck’s constant; m is the electron mass; w is a parameter related to the metal reflection
effect; T is the absolute temperature; and k is the Boltzmann constant.
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The polar angle distribution function of the photoelectrons is

2 2 7V%Tc0529 1— 7y%c0526
p(0)de = | ekt 7T K _

2 sin 6 cos 646, 3)
kT 2 2
2 6 cos? 6 (lg) cost 0

w

where 6 represents the polar angle of the photoelectron at the time of emission, p = %, eis
the natural constant, and the remaining symbols have the same meanings as in Equation (2).

The azimuth angle distribution of the photoelectrons is assumed to be uniformly
distributed.

After the ray tracing in Section 2.2, the discrete distribution function of the photon
flux on the conductor surface, f(dx,dy), can be obtained, with the total photon flux on
the conductor surface being PFy,; (in units of ymol/s). Assuming the probability density
function (PDF) of the photon flux distribution on the conductor surface is PDFyy. 4, then

PDFgy 4, = M. 4)

Therefore, the initial position of each photoelectron based on the PDFj, 4, of the
photon flux distribution on the conductor surface can be selected. Additionally, this
study uses the UV lamp photon energy and the conductor surface work function reported
by David DAL Bosco from the University of Trento, setting them to 4.88eV and 3.9¢eV,
respectively [20]. Thus, the maximum initial kinetic energy of the photoelectrons is 0.98 eV.
At this point, all conditions necessary for simulating the trajectories of photoelectrons are
met, as shown in Table 3.

Table 3. All initial parameters required to simulate the motion of photoelectrons.

Variable Name Variable Source
Kinetic Energy E Equation (2)
Maximum Initial Kinetic Energy Ej;ax Reference [24]
Polar Angle 6 Equation (3)
Azimuth Angle ¢ Uniformly Distributed
Initial Position Equation (4)

The velocity of the photoelectron upon emission, Vy, is

=1/, ®)

where m represents the mass of the photoelectron.
The velocities of the photoelectron in the x, y, and z directions are defined as Vo, Voy,
and Vj, respectively, and can be calculated as follows:

Vox = Vo sinf cos ¢
Voy = Vosinfsing . (6)
Vo = VpcosB

2.4. Photoelectron Flow Model

When UV light irradiates the interior of the EH, a simple mathematical model can
represent the number of photoelectrons emitted from the surface:

Ne = Np X QYext/ (7)

where N, represents the number of photoelectrons, N), represents the number of photons
incident on the conductor surface, and QY. represents the quantum yield. In this simula-
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tion, the quantum yield for the TM is set to 2.0 x 107> e/photon, and the quantum yield
for the EH is set to 1.9 x 10 % e/ photon [21]. The value of Nj, can be obtained through
ray tracing.

After photoelectrons are emitted from the surface of the TM or the EH, they must
overcome the electric field in the normal direction to transfer to the other surface.

The kinetic energy of the photoelectrons in the z direction, based on the velocity
component V{y, is calculated as follows:

mv2
E, = 7202 : (8)

The work performed by the photoelectrons to overcome the electric field in the z
direction is

E, =ex Up, 9)

where e represents the charge, and Up represents the potential difference between the TM
and the EH.

If E; + EZ’ > 0, then the photoelectron satisfies the condition for transfer from the TM
to the EH or from the EH to the TM in the z direction.

When a photoelectron is emitted from the EH, we must consider whether it can
overcome the electric field and its direction of motion to determine if it can contribute to
the charging of the TM, as shown in Figure 6.

EH

Vox o ‘> (%0, Yo0)

Voz

K
Y @

N ems Yem)
(x0+SxJYO+Sy) o

Z

TL}:X TM Corner

Figure 6. The initial and final positions of photoelectrons.

Assuming the position of the photoelectron upon emission is (xg, o), the time ¢ for
the photoelectron to travel between the TM and the EH is calculated as

b= (10)

where s represents the distance between the TM and the EH.
The displacement of the photoelectron in the x and y directions, sx and s, is calcu-
lated as

Sy = Vpxt
{ Sy = Vogt (11)

Let (Xtn, Ytm ) be the coordinates of the corner position of the TM. If the position of the
photoelectron emission on the EH satisfies the conditions in Equation (12), the photoelectron
meets the transfer conditions from the EH to the TM in the x and y directions.
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{ X0 + 5y < Xtm (12)

3. Verification of TM Charging and Discharging Performance

In Section 2, a three-dimensional model of the inertial sensor was constructed. The
photon flux on the surfaces of the TM and the EH was obtained, and the initial positions of
the photoelectrons were tracked. Based on the above simulations, this chapter will simulate
the performance differences in the charge management system caused by the movement of
the TM and the charge—discharge characteristics of the system.

3.1. Simulation of the Impact of TM Position Deviation on the Charge Management System

When the TM is displaced along the X axis or Y axis, the absorption and propagation
of photons inside the EH change, altering the charge—discharge conditions and equilibrium
potential of both the EH and the TM. When the TM is irradiated with UV LED, changes in
the charge-discharge rate due to this phenomenon become more pronounced. However,
when the EH is irradiated, since the position of the EH and its frame does not change,
the displacement of the TM only affects photon absorption and photoelectron release by
the TM.

To address these phenomena, this study uses the established charge management
simulation model. The simulation conditions are shown in Table 4, and the offset positions
of the TM have symmetry along the X axis and Y axis.

Table 4. Simulation parameters for the impact of TM position deviation on the performance of the
charge management system.

Parameter Value
TM X Position Deviation from Center —4mm +4 mm
TM Y Position Deviation from Center —2.9mm +2.9mm
UV Light Power 60nW

During the simulation, the TM is shifted by 0.1 mm in either the x or y direction each
time, and the discharge data at each position are recorded, as shown in Figure 7.

5
x10
9

=y

w

o

@

-
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2
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5 ‘“I'ﬁl'-:".“"a
= T
2
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Y-direction offset position(mm)
X-direction offset position(mm)

Figure 7. The impact of position offset on the performance of the charge management system. The
colors in the figure, ranging from yellow to blue, represent a decreasing TM discharge rate.
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When the TM position is shifted to (X = +0.8 mm, Y = +1.8 mm), the discharge rate of
the TM reaches a maximum of approximately 9 x 10° e/s; when the TM position is shifted
to (X = +4mm, Y = —2.9mm), the discharge rate of the TM reaches a minimum of only
7.6 x 10° e/s. The difference between the maximum and minimum discharge rates can
reach 15%. However, during normal operation of the inertial sensor, the TM’s deviation
from the center position usually does not reach such a large extent. Within an interval of
0.1 mm, displacement of the TM position does not significantly affect the performance of
the charge management system.

3.2. Simulation of TM Charging and Discharging Performance

When simulating the charge-discharge performance of the TM, this study treats
the conductors as parallel-plate capacitors and neglects edge effects on charge movement.
Using the simulation test parameters for the charge management system from reference [21],
this study performs simulation analysis for both negatively and positively charged TM.

To discuss the charge—discharge simulation results, this study first analyzes the effect
of the relative potential between the TM and the EH on the charge—discharge rate of the TM.

Based on the UV light energy settings and the conductor surface work function in
Section 2, the maximum initial kinetic energy of photoelectrons is 0.98 eV. Define the surface
potential of the TM as Ury, the surface potential of the EH as Urpy, and the potential
difference as follows:

Up = Uty — Ugh. (13)

Since the electric field between the TM and the EH is considered uniformly distributed
in this simulation, when Up is greater than 0.98 V or less than —0.98V, all electrons flowing
between the TM and the EH cannot overcome the work performed by the electric field.

Suppose the charging rate from the EH to the TM is A(Qcparge) and the discharging
rate from the TM to the EH is A(QDZ-SC,Wge) when Up = 0V; and suppose the charging
rate from the EH to the TM is V(QChmgg). The discharging rate from the TM to the EH is
V(Q Dischargg) at a certain potential difference. Then, we have the following:

V(QDischarge) = A(QDischarge)/ V(QCharge) =0,Up < -098V

V(QDischarge) = A(QDischarge)ro < V(QCharge) < A(QCharge)r —098V < Up <0V
0< V(QDischarge) < /\(QDischarge)r V(QCharge) = )‘(QChurge)rO V <Up <098V
V(QDischarge) =0, V(QCharge) = /\(QCharge>/O'98 V <Up

(14)

Four states are defined as A, B, C, and D.
When the TM is negatively charged, the simulation parameters are set as shown in
Table 5.

Table 5. Initial simulation parameters for negatively charged TM.

Parameter Value
EH Potential ov
TM Potential —25V
UV Light Power 30nW
Residual Charge on TM 534 x 10%¢

After the simulation, the potential variation on the TM surface and its discharging rate
were obtained, as shown in Figure 8.

As shown in Figure 8a, when the TM carries a negative charge and is irradiated, its
surface potential reaches an equilibrium state after 2500 s, with an equilibrium potential
of approximately 0.85V. In Figure 8b, before 680s, the potential difference is less than
—0.98V, corresponding to state .A, with a discharge rate of 2.3 mV/s. At 680s, the potential
difference exceeds —0.98 V, corresponding to state B, and the discharge rate of the TM
begins to decline. At 11305, the potential difference reaches 0V, and the charging and
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discharging of the TM are not inhibited. At this time, the number of electrons flowing from
the TM to the EH and from the EH to the TM per unit time both reach their maximum, with
the TM discharging at a rate of 2.1mV/s. After 1130s, the potential difference becomes
greater than 0V, corresponding to state C, causing the discharge rate to gradually decrease
until around 2500 s, when the electron flow between the TM and the EH is balanced and
the TM reaches equilibrium potential.
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Figure 8. Simulation results of charge management performance when the TM is negatively charged.
(a) Change in potential difference. (b) Change in discharge rate of TM.

When irradiating the EH, before 30005, the potential difference is less than —0.98V,
corresponding to state A, with the TM discharging at a rate of 0.5mV/s. At 3000s, the
potential difference reaches —0.98 V, corresponding to state 5, and the discharge rate begins
to decrease until around 6000 s, when electron flow is balanced and the TM reaches an
equilibrium potential of —0.53 V.

With symmetry, the state of the positively charged TM was simulated, with parameters
set as shown in Table 6.

Table 6. Initial simulation parameters for positively charged TM.

Parameter Value
EH Potential ov
TM Potential +2.5V
UV Light Power 30nW
Residual Charge on TM —534 x 10%e

The performance simulation results are shown in Figure 9.

As shown in Figure 9a, when the TM carries a positive charge and the EH is irradiated,
its surface potential reaches an equilibrium state after 7500 s, with an equilibrium potential
of approximately —0.53 V. In Figure 9b, before 1750's, the potential difference is greater than
0.98V, corresponding to state D, with a charging rate of 0.88 mV/s. At 1750, the potential
difference drops below 0.98V, corresponding to state C, and the charging rate of the TM
begins to decrease. At 3800 s, the potential difference reaches 0 V, and the charging and
discharging of the TM are not inhibited. At this time, the number of electrons flowing from
the TM to the EH and from the EH to the TM per unit time both reach their maximum,
with the TM charging at a rate of 0.37mV/s. After 3800, the potential difference becomes
greater than 0V, corresponding to state B, causing the charging rate to gradually decrease
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until around 7500 s, when the electron flow between the TM and the EH is balanced and
the TM reaches equilibrium potential.

When the TM is irradiated, before 71005, the potential difference is greater than 0.98V,
corresponding to state D, with the TM charging at a rate of 0.21mV/s. At 7100s, the
potential difference reaches 0.98 V, corresponding to state C, and the charging rate begins to
gradually decrease until around 8700 s, when electron flow is balanced and the TM reaches
an equilibrium potential of 0.85 V.

0

17507

2000

=3800

t

4000

7100
7500

Irradiation EH
Iradiation TM | | Bt

- Irradiation EH
Irradiation TM | 7|

t:
t

Discharge rate(V/s)
£

6000 8000 10,000 12,000 14,000 0 2000

4000 6000 8000 10,000 12,000
Time(s) Time(s)

(a) (b)

Figure 9. Simulation results of charge management performance when the TM is positively charged.
(a) Change in potential difference. (b) Change in charge rate of TM.

Comparing the discharging results of the TM with initial positive and negative charges,
the equilibrium potential eventually reaches 0.85V when the TM is irradiated, while it
reaches —0.53 V when the EH is irradiated. Without applying a bias voltage, regardless
of the initial charge, simply using UV light to irradiate the TM or the EH will eventually
bring the TM to the same equilibrium potential. The equilibrium potential of the TM is
determined by the matching rates of charging from the EH to the TM and discharging from
the TM to the EH. Therefore, any factor causing asymmetry changes in the charging and
discharging rates of the TM will affect the equilibrium potential, such as the angle of UV
irradiation and changes in the work function of the conductor surface due to air pollution.

The study in [21] provides the charge-discharge rate and the magnitudes of the
positive and negative balance potentials. These are compared to the simulation results
obtained in this paper, as shown in Table 7.

Table 7. TM charge and discharge simulation results, and experimental results.

. . Literature [21] Experimentalt
Parameter Simulation Value Simulation Value Value
Max Discharge Rate 2.3mV/s 23mV/s 2.61 £0.03mV/s
Max Charge Rate 0.88mV/s 2.5mV/s 0.88 £0.02mV/s
Positive Equilibrium Potential 0.85V 0.5V 0.484 £ 0.002V
Negative Equilibrium Potential —0.53V —046V —0.553 £ 0.006 V

The simulation results in this paper closely match the experimental results from the
study in [21]. However, the UV irradiation position in that paper differs from the one used
in this study. In future work, we will use the same irradiation method to compare our
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simulation results with real experimental values. We will optimize the EH and test quality
using optical parameters and physical characteristics.

4. Conclusions

This paper introduces a comprehensive charge management simulation model tailored
to accommodate various irradiation techniques within a UV charge management system.
Initially, a detailed three-dimensional model of the TM and EH was constructed, incorporat-
ing realistic surface physical properties derived from LPF experimental data. Subsequently,
ray tracing simulations were conducted to compute the photon flux distribution on the
surfaces of the TM and EH. By analyzing the kinetic energy, polar angle, and azimuthal
angle distributions of the photoelectrons, their trajectories within the EH were meticulously
tracked to quantify the charging and discharging rates of the TM.

Utilizing the aforementioned model, the influence of TM displacement on the dis-
charge performance of the charge management system was thoroughly analyzed. Simula-
tion results indicate that the charge management system’s performance with the TM in an
extreme offset position can deviate by more than 15% compared to its performance when
the TM is near the central position. However, a displacement within 0.1 mm exhibits no
significant impact on system performance. Furthermore, simulations of the TM’s charging
and discharging processes under varying initial charge conditions revealed the influence of
surface potential on the TM during these processes. The simulation results demonstrate
that under the specified illumination conditions, the TM’s maximum discharging rate can
reach 2.3mV/s, while the maximum charging rate can attain 0.88mV/s. The positive
equilibrium potential stabilized at approximately 0.85V, whereas the negative equilibrium
potential stabilized around —0.53 V. Currently, our simulation model has been limited
to testing the DC discharge performance of the charge management system, without yet
incorporating more complex alternating current discharge models. At the same time, the
model we have currently established still simplifies certain complex conditions and does
not account for factors such as the Patch effect and variations in quantum yield in the actual
charge management system that could impact system performance.

The simulation framework developed in this study successfully replicated the TM's
charging and discharging rates under the illumination of a DC-driven UV lamp within
a ground-based torsion pendulum charge management system, offering a valuable refer-
ence for future system design. In future work, we plan to conduct further experiments,
including the investigation of non-uniform work function distributions and quantum yield
effects on the charge management system’s performance, as well as modeling the charg-
ing and discharging processes under alternating current discharge conditions to more
comprehensively characterize the operational state of the inertial sensors.

Future enhancements should consider changes in the surface physical properties of
the TM and EH under more varied conditions to more accurately simulate the charge
management system’s performance. Additionally, the TM’s charging and discharging
rates should be evaluated under more complex scenarios to validate the charge man-
agement simulation model. Finally, we aim to optimize the UV light source positioning
within the simulation model, assess the TM’s charging and discharging performance
under various UV light sources, and implement additional strategies to further im-
prove the charge management system’s efficiency. As this research advances, it will
contribute to the design of a more robust charge management system, suitable for future
high-precision measurement applications.
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Abbreviations

The following abbreviations are used in this manuscript:

TM  Test mass

EH  Electrode housing

uv Ultraviolet

LPF  LISA Pathfinder

LED Light-Emitting Diode

DC Direct current

PDF  Probability density function

Appendix A

Table Al provides the meanings of the symbols used in the equations within this paper
for the convenience of the readers.

Table A1. Comparison table of the meanings of symbols in the formulas within the text.

Equation Symbols Meaning of Symbols
Equation (1) P(r) Power distribution
Py The maximum optical power
r The radial distance from the center
v The Gaussian radius
Equation (2) E The initial kinetic energy of the photoelectron upon escape
Ewn The maximum initial kinetic energy the photoelectron can have
 amm c is a parameter related to factors such as incident light frequency and intensity, with a value
=T of 0 < ¢ < 1, where h is Planck’s constant and m is the electron mass

w A parameter related to the metal reflection effect
T The absolute temperature

k The Boltzmann constant

e The natural constant

0

Equation (3) The polar angle of the photoelectron at the time of emission
U= % Symbols in the current formula have the same meaning as in the previous formula
The remaining symbols have the same meaning as the corresponding symbols in Equation (2)
Equation (4) PDFyy 4y The PDF of the photon flux distribution on the conductor surface
f(dx,dy) The discrete distribution function of the photon flux on the conductor surface
PFEiotal The total photon flux on the conductor surface
Equation (5) Vo The velocity of the photoelectron upon emission
E The initial kinetic energy of the photoelectron upon escape
m The mass of the photoelectron
Equation (6) Vox, Voy, Voz The velocities of the photoelectron in the x, y, and z directions
0 Polar angle
[ Azimuth angle
Equation (7) N, The number of photoelectrons
Np The number of photons incident on the conductor surface
QYext The quantum yield
Equation (8) E; The kinetic energy of the photoelectron in the z direction
m The mass of the photoelectron

Vo The velocities of the photoelectron in the z directions
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Table Al. Cont.

Equation Symbols Meaning of Symbols
Equation (9) E, The number of photoelectrons
e The charge
Up The potential difference between the TM and the EH
Equation (10) t The time for the photoelectron to travel between the TM and the EH
s The distance between the TM and the EH
Vo The velocities of the photoelectron in the z directions
Equation (11) Sx, Sy The displacement of the photoelectron in the x and y directions
Vox, Voy The velocities of the photoelectron in the x and y directions
t The time for the photoelectron to travel between the TM and the EH
Equation (12) X0, Y0 The initial generation position of photoelectrons
Sx, Sy The displacement of the photoelectron in the x and y directions
Xtm, Yim The corner position coordinates of the TM
Equation (13) Up The potential difference between the TM and the EH
Urpm The surface potential of the TM
Uy The surface potential of the EH
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