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As the first technology verification satellite of the space-based gravitational wave detec-
tion in China, Taiji-1 has tested the high-precision space laser interferometer, the iner-
tial sensor, the micro thruster and the hyperstatic satellite platform in orbit. The micro
thruster plays an important role in the micro propulsion system. The purposes of the
research are to investigate the relationship between the thrust and the interference, and
then get a comprehensive understanding about the maximum effect of the thrust in
Taiji-1. The transfer function between the thrust and the optical path difference fluctu-
ations is established through the modeling, the simulation and the data postprocessing
of Taiji-1. In addition, the maximum effect of the thrust in Taiji-1 is about 32 pm/\/E
with an integration time of 100 s. It can be neglected compared to the requirement of
100 pm/ v/Hz for the interferometer stability in Taiji-1.

Keywords: Force noise analysis; thrust; optical path analysis; numerical simulation.

1. Introduction

Since the discovery of the gravitational waves (GWs) by American LIGO in 2016,
the space-based GW detection has become the major focus in the next stage of
GW astronomy.!»? Taiji program, space-based GW detection in China,®* is based

*TCorresponding authors.
fFor more details, please refer to article 2102002 of this Special Issue.
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on a triangle of three spacecrafts, with 3 million kilometers between them, in orbit
around the sun. It is claimed to be launched in 2033. The measurement requirement
of Taiji program, based on the laser heterodyne interference, is set to reach the order
of 1 pm/+/Hz with frequencies region between 0.1 mHz and 1 Hz.5 7 As the first tech-
nology experimental satellite for Taiji program, Taiji-1 has carried out the technical
validation of many key technologies in orbit, such as the high-precision space laser
interferometer, the inertial sensor, the micro thruster and the hyperstatic satellite
platform. In particular, the measurement sensitivity of the interferometer is set to
achieve 100 pm/\/I@ covering the range from 10 mHz to 1 Hz. Besides, the drag-free
control system has been validated in orbit for the first time in China, which detects
the position fluctuation of the test mass through the inertial sensor, and then keeps
the satellite centered with respect to the test mass by the micro thruster.

To reach the future measurement requirement of Taiji program, it is necessary
to analyze the effect of each possible noise sources. Many researches have been done
to analyze the effect of noise sources on the interferometer, such as the frequency
noise of the pre-stabilized laser, the disturbance caused by nonconservative force
and the noise coming from the drag free control algorithm, etc.® However, the effect
of micro thruster on the sensitivity of the interferometer has not been described. As
the actuator for the drag-free system,? '° the micro thruster provides the maximum
thrust of 50 uN, which will transmit into the optical bench through the structure
of the satellite and have an influence on the interference. The relationship between
the thrust and the interference is investigated in this research to analyze the effect
of the thrust and remove the force noise from the interference results further.

Because the structure of the satellite is complicated, it is difficult to give the
relationship between the thrust and the interference by theoretical studies. Further-
more, to get the maximum effect and transmission mechanism of the thrust, the
integrated analysis of mechanics and optics has been proposed. Firstly, the satel-
lite is mechanically modeled. Then by the mechanical simulation of the model, the
deformation of the optical bench caused by the thrust is available, and the corre-
sponding optical path difference (OPD) fluctuations can be obtained through the
optical simulation of the interference optical path. Moreover, the transfer function
between the thrust and the OPD fluctuations is established by data postprocess-
ing. Finally, the maximum effect of the thrust on the interference results in Taiji-1
can be derived from the transfer function.

2. The Numerical Simulation of Taiji-1
2.1. The finite element model of Taiji-1

The numerical simulation of Taiji-1 is necessary considering that Taiji-1 model is
sophisticated. However, to get the precise results by simulation is still a challenge.
Accordingly, the appropriately simplified model of Taiji-1, as precondition of the
reliable simulation, is used to analyze the transmission mechanism of the thrust.
It is important to have an understanding of the structure, the materials and the
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Fig. 1. The finite element model of Taiji-1.

properties of the whole satellite, which will be used to simplify the model, set
connection conditions and mesh.

The main components of Taiji-1 are the micro thrusters, the support structure,
the electronic devices and the optical bench, which is located in the central area of
the satellite. To simplify the satellite properly, the materials related to the model are
set to be linear and isotropic. Besides, some simplified methods have been adopted.
For instance, the electronic devices have been replaced by the solid boxes with the
same mass.

More than 600 bodies exist in the model and the size of each body has a big
difference. In order to facilitate the quality of the mesh and further improve the
validity of the modeling, it is necessary to classify the bodies and to mesh in different
sizes. As shown in Fig. 1, there are 8,74,555 grids in this finite element model.

2.2. The mechanical simulation of Taiji-1

The real operating conditions of Taiji-1 need to be reproduced during the mechan-
ical simulation. This can be achieved by the proper analysis settings, especially the
conditions for the application of the constraints. Because the satellite is always in
a state of free falling in space, the model is not subject to any constraint. Besides,
as previously stated, the micro thrusters keep the satellite centered with respect to
the test mass, so the thrust applied on the assigned area is varied over time. Con-
sequently, transient dynamics is used to analyze the effect of the time-varied thrust
on the response deformation, since the transient dynamics can be used to analyze
the displacement, the stress and the strain caused by the time-varied load.
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Fig. 2. Diagram of the thrust application.
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Fig. 3. The deformation of the whole satellite.

Although four sets of micro thrusters are arranged, the situation related to two
sets of them, which is the real operating condition in Taiji-1, is discussed in this
research as shown in Fig. 2. Assuming the applied time-varied thrust is

2
F = Fj-sin (;t) , (1)

where Fj is the amplitude and T represents the period of the thrust.

The analysis parameters are set to be 200s for the duration time of the thrust,
10s for the period of the thrust. Then the deformation of the optical bench used for
the following optical simulation can be derived by transient dynamics. For example,
the thrust applied on the left or the right set of the micro thrusters is shown in
Eq. (2). The corresponding deformation diagram of the whole satellite and the
optical bench are shown in Figs. 3 and 4, respectively.

Fy p = 2-sin(0.271),
Feo,p = 1-sin(0.27-1).

(2)
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Fig. 4. The deformation of the optical bench.

It is shown that the optical elements on the optical bench are deformed in
different degrees, and the deformation data of the optical elements at each moment
can be derived.

2.3. The optical simulation of the interference optical path

The interference optical path is changed since the optical elements on the optical
bench are deformed. To reproduce the interference optical path and get the fluctu-
ation of the OPD, the optical simulation is implemented. The layout of the optical
path in Taiji-1 is shown in Fig. 5. In this design, the laser at 1064 nm with waist

D5 Q& D1
Laser beam 1
il TP
D2
D6
q

D7

D3
+— -

Laser beam 2

© D4 T D8

Fig. 5. The layout of the optical path in Taiji-1.
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about 0.5mm is delivered from Nd:YAG laser, and passes the fiber optic splitter,
the acousto-optic modulator (AOM), the collimator and other optical lenses in turn.
Through the splitter and the AOM, the laser is divided into the laser beams 1 and
2 of equal intensity with a frequency difference of 1 KHz.

It is shown that four interferometric signals are formed and transformed into
electrical signals by photodetectors at the end of each interference path. Eight detec-
tors are classified into four groups: detectors 1 and 2, detectors 3 and 4, detectors 5
and 6, detectors 7 and 8. The detectors of each group make backups for each other,
which means the changes of the measured OPD are equal in each group within the
accuracy range of the detectors. One of the interference path is related to a central
triangular reflecting prism. The incident light is reflected by this prism to the test
mass and back again. The light path between the triangular reflecting prism and
the test mass is vertical to the optical bench.

The reproduction of the interference optical paths can be realized by the optical
software. Firstly, the node coordinates of the optical elements can be obtained
based on the initial coordinates and the deformation derived from the simulation
of mechanics. The node coordinates can be fitted to a surface, and a third-order
face fitting is used here. Then the interference optical paths are simulated. Finally,
the OPD data for four interference optical paths at each moment can be exported.

3. Results and Analysis

To investigate the influence of the thrust, the postprocessing of interference optical
path data at each moment is carried out to explore the coupling between the thrust
and the interference. As previously pointed out, the whole model can be seen as
a linear system. In a linear system, the steady-state response to the harmonic
excitation is still a harmonic vibration, with the same frequency and the phase lags
behind the excitation, according to the theory of vibration mechanics.'* To simplify
the analysis process, the system damping is not considered, and it leads the phase
lag caused by vibration of the structure to be zero. It means that the frequency and
the phase of the interference results are the same as those of the applied thrust.
Therefore, the amplitude of both the OPD fluctuations and the thrust is mainly
considered in the following analysis.

3.1. The analysis of the optical path difference fluctuations

The OPD data for a duration time of 100s have been obtained by the former
simulation. Analysis of these data under different conditions can make a preparation
for the establishment of the transfer function. For example, a thrust of 0.02 N with
a period of 10s is applied on the left set of the micro thrusters, and the changes
in the OPD over time in eight detectors are shown in Fig. 6. As a contrast, the
corresponding changes are shown in Fig. 7 when a thrust with the amplitude of
0.01 N is applied on the right set of the micro thrusters.
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Fig. 6. Diagram of changes in OPD over time caused by the left set of thrusters.
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Fig. 7. Diagram of changes in OPD over time caused by the right set of thrusters.

It is shown that the OPD fluctuation is nearly a sine function corresponding to
time, and the period of the thrust is the same as that of the OPD. It is in agreement
with the theoretical prediction. At the same time, the phase difference of m between
the thrust and the OPD is shown in Fig. 6. However, the phase difference is zero
in Fig. 7. The explanation to this phenomenon is that the two different thrusts are
applied on the opposite directions.

3.2. The establishment of the transfer function

To get the responses of the arbitrary thrust, the establishment of the transfer func-
tion between the thrust and the interference is necessary. Due to the small number
of data samples and the requirement to increase the accuracy of analysis, a fast
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Fig. 8. The relationship between the amplitude of OPD fluctuations and the amplitude of thrust.

Fourier transform (FFT) is performed to take the amplitude-frequency character-
istics of the OPD fluctuations. By extracting the information of the amplitude, the
relationship between the amplitude of the OPD fluctuations and the amplitude of
the thrust can be observed.

On the one hand, the amplitudes of the thrust applied on the left set of the
micro thrusters are 0.02, 0.2, 2 and 20 N, respectively, with a period of 10s. The
relationship between the amplitude of OPD fluctuations and the amplitude of the
thrust is presented on a logarithmic scale, as shown in Fig. 8.

It is discovered that the amplitude of the OPD fluctuations is linear with respect
to the amplitude of the thrust, and the coefficients of the linearity are different
for each interference optical path. The numerical relationships between them are
shown in Eq. (3).

D15 = 1.070x10*F(pm),
D3 4 = 2.084x10* F(pm),
Ds 6 = 2.422x10°-F(pm)
D75 = 1.365x10* F(pm).

On the other hand, the amplitudes of thrust applied on the right set of the
micro thrusters are 0.01, 0.1, 1 and 10N, respectively, with a period of 10 s. The
corresponding relationships can be shown in Eq. (8) by the same procedure.

D1 = 3.753%103-F(pm),
D3 4 = 1.251x10* F(pm),
D5 = 1.517x10°-F(pm),
D7 g =7.192x103-F(pm).

(3)

pm),

(4)

To get closer to the actual operating conditions, it is also important to consider
the OPD fluctuations caused by the thrust, applied on both sets of micro thrusters.
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Table 1. The amplitudes of the OPD fluctuations in three cases.

Detectors  0.02 N (left set only) 0.01 N (right set only) 0.02 N (left) and 0.01 N (right)

(pm) (pm) (pm)
1,2 Dy =214 Dp = 37.53 D = 176.4
3, 4 Dy = 416.7 Dgr =125.1 D =291.6
5, 6 Dy = 4843 Dp = 1517 D = 3326
7,8 D = 272.9 Dg = 71.92 D =201

For example, the sinusoidal thrust of 0.02 N is applied on the left set and 0.01 N with
the same period of 10 s is applied on the right set of micro thrusters, simultaneously.
By contrast, the results of 0.02N applied on the left set only or 0.01 N applied on
the right set only can be obtained in Eq. (3) or Eq. (4). The amplitudes of the OPD
fluctuations corresponding to these three cases are listed in Table 1.

For these cases, we can approximately obtain

D = Dy, — Dg, (5)

which means the interference result caused by thrust applied on both sets of micro
thrusters is a linear superposition of the results by the thrust applied on the one
set only.

Combining the linear superposition expressed in Eq. (5) and phase difference of
7 or 0 shown in Fig. 6 or Fig. 7, the final transfer function between the thrust and
the interference results can be expressed as follows:

Dy 2 = |- 1.070x10* Fp, + 3.753x103- Fr|(pm),
D34 = |—2.084x10% Fp, + 1.251x10* Fg|(pm), ©)
D56 = |—2.422x10%-Ff, + 1.517x10°-F|(pm),
D7 g = |—1.365x10" Fp, 4+ 7.192x 103 Fg|(pm).

It can be also seen that the amplitude of the OPD fluctuations in detectors 5 and
6 is an order of magnitude higher than those in other detectors. One reason for this
phenomenon is that the light path detected by detectors 5 and 6 are concentrated
on the area with the greatest deformation of the interferometer. The other reason
is that the light path detected by detectors 5 and 6 passes through the triangular
reflecting prism and the test mass. Thus, the interference results contain the change
of OPD between the prism and the test mass, which does not exist in other optical
paths.

3.3. The maximum effect of the thrust in Taiji-1

Since the transfer function has been established, the next purpose of the research is
to explore the maximum effect of the thrust with uN magnitude. The interference
result is proportional to the thrust applied on the micro thrusters as expressed in
Eq. (6). As a result, when the maximum thrust of 50 uN is applied on both sets
of micro thrusters in Taiji-1, the amplitude of the OPD fluctuations based on the
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transfer function can be given as
Dy 5 =0.347 (pm),
D3 4 = 0.417 (pm),
D5 ¢ = 4.525 (pm),
D75 =0.323 (pm).

(7)

In the time domain, the maximum response amplitude of the OPD fluctuations
is 4.525 pm in detectors 5 and 6. To be consistent with the noise analysis method
used in Taiji-1, the amplitude spectrum density (ASD) analysis with respect to the
integration time is needed. With an integration time of 100 s, the corresponding
maximum ASD of the interference result is'?

ASD = (AVT)/V2 = (4.525x/100) /v2 = 32(pm/VHz). (8)

4. Conclusion

In this paper, the integrated analysis of mechanics and optics has been used to
explore the coupling between the thrust and the interference in Taiji-1. First,
through the modeling, the simulation and the data postprocessing, the transfer
function between the thrust and the OPD fluctuations is established. It can be dis-
covered that the amplitude of the OPD fluctuations is linear with respect to the
amplitude of the thrust, and the coefficients of the linearity are different for each
interference optical path. Second, the transfer function has indicated that the max-
imum effect of thrust is about 32 pm/v/Hz with an integration time of 100 s. In
this situation, the effect is not significant and can be ignored when compared to
the interferometer stability of 100 pm/+v/Hz in Taiji-1. It should be noticed that the
maximum effect of the thrust is related to the integration time.

For future Taiji program, with the measurement requirement up to the order
of 1 pm/ VvHz and the increasing integration time, the force noise caused by the
micro thrusters will not be ignored. The research in this paper is just a preliminary
attempt to establish a quantitative relationship between the thrust and the inter-
ference. For a more detailed force noise analysis, the next step of experiments and
analysis is needed to verify and revise the coupling relationship.
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