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Space-borne gravitational wave detection imposes a demanding requirement on the sen-
sitivity of the laser interferometer. Among all disturbances that affect the measurement
accuracy of the laser interferometer, temperature fluctuations contribute significantly. In
this paper, the structure model and the interference path design of Taiji-1 laser interfer-
ometer have been used to conduct a preliminary simulation analysis of the temperature
fluctuation noise through the finite element method. The temperature, the displace-
ment and the optical path difference fluctuations have been obtained and theoretically
analyzed. The preliminary simulation results are consistent with the theoretical analy-
sis, which shows that the thermal—-structural-optical simulation scheme adopted in this
paper is reasonable. With the preliminary simulation results and the actual temperature
control of Taiji-1 laser interferometer, we estimate that in Taiji-1 laser interferometer
system, the temperature fluctuation is below the order of mK, the node displacement is
within 100 pm, and the interference arm length difference fluctuation amplitude of the
laser interferometer is also within 100 pm.
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1. Introduction

The basic conception of a space-borne gravitational wave observatory is to arrange
three spacecrafts into an equilateral triangle, which forms three nonindependent
Michelson interferometers.! With a high-precision laser interferometer to measure
the distance among the free-falling test masses (TMs), the gravitational wave signal
could be converted into the change of the distance between the TMs, as proposed in
LISA%?* and Taiji program.® 7 However, the tiny distance fluctuation between the
TMs caused by the gravitational wave is hard to be detected,? which puts forward a
demanding requirement on the sensitivity of the laser interferometer. For example,
in the sensitive frequency band of Taiji program at 1 mHz, for two TMs separated
by 3 x 10°km, the distance fluctuation between them caused by the gravitational
wave with an intensity of 1072! is 10pm, and the sensitivity requirement of the
laser interferometer is 8 pm/Hz!/2.5 6.8

The sensitivity of the laser interferometer is affected by a variety of disturbances,
of which the coupling of the low-frequency temperature fluctuations to component
performance cannot be ignored.? '* The general method of suppressing temperature
fluctuation noise is to control the system temperature fluctuation through thermal
design.'® 16 With the structural design and material selection, the temperature
fluctuation noise meets the pre-allocated noise requirement.'? '7-'® However, the
effect of the temperature fluctuation noise cannot be completely eliminated via this
method. Therefore, it is also necessary to analyze the influence of the temperature
fluctuation on the output signal of the laser interferometer, and find the transfer
function between the system temperature and the output signal,'®?° to further
minimize even eliminate the temperature fluctuation noise.

Taiji-1 is a Chinese mission to prove the feasibility of the future space-borne
gravitational wave observatories, aiming to complete the first on-orbit test of the
payloads and the key satellite technologies needed for Taiji program.® One of the
key payloads on board Taiji-1 is the laser interferometer, and the on-orbit test
results have shown that the displacement measurement accuracy of the laser inter-
ferometer reaches 100 pm/Hzl/ 2. In this paper, we use the structure model and
optical path design of Taiji-1 laser interferometer to conduct a preliminary simu-
lation analysis of the effect of the temperature fluctuation on the output signal of
the laser interferometer.

2. Temperature Fluctuation Noise of Taiji-1 Laser Interferometer
2.1. The heat transfer mode in Taiji-1 laser interferometer

In space, the heat transfer modes in Taiji-1 laser interferometer consist of the heat
conduction and the heat radiation.
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Fig. 1. One-dimensional plate heat transfer.

2.1.1. Heat conduction

In the laser interferometer system, the heat inside each component would be trans-
ferred from the high temperature part to the low temperature part, and the high
temperature component would transfer the heat to the component with low tem-
perature in contact with it.

The heat conduction is ruled by Fourier’s law.2! If we consider the one-
dimensional heat conduction problem shown in Fig. 1, both surfaces maintain a
uniform temperature during the heat conduction, and the temperature only changes
in the z direction. For any micro-layer with a thickness of dz in the z direction,
according to Fourier’s law, the conduction heat through the layer per unit time is
proportional to its local temperature change rate and the area of the plate, as

dT
¢ = _>‘A£7 (1)

where A (W/m - K) is the thermal conductivity, which is used to characterize the
thermal conductivity of the material, A is the area of the plate, and ¢(W) is the
heat flow.

2.1.2. Heat radiation

In vacuum environment, heat radiation is the most effective mode of heat transfer.
All objects are emitting heat radiation to the surrounding space constantly, while
absorbing the radiant energy emitted by other objects continuously.
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Black body refers to an ideal object that can absorb all radiant energy input to
its surface, whose capacity of absorption and radiation is the largest among objects
at the same temperature. The radiant energy emitted by a black body per unit
time is ruled by Stefan-Boltzmann’s law?! as follows:

6 = AoT, (2)

where o = 5.67 x 1078 (W/m” - K%) is the Stefan-Boltzmann constant, A is the
radiation surface area and T is the thermodynamic temperature of the body. How-
ever, the calculation of the radiant heat flow of the actual object can adopt the
empirical correction form of the law:

¢ =cAoT?, (3)

where ¢ is the emissivity, a parameter related to the surface type and surface state
of the object and the value is less than 1.

2.2. The temperature fluctuation noise generation mechanisms
of the laser interferometer system

In the laser interferometer system of Taiji-1, optical components are mounted on
an optical platform of highly stable optical properties. Temperature fluctuations

basically affect the laser interferometer system through three mechanisms®3:

(i) Temperature changes cause dilatation and contraction of the optical platform
and the optical components mounted on it, which in return causes the optical
path to change accordingly.

(ii) The refraction index of the optical components changes with the temperature
fluctuation.

(iii) If the thermal expansion coefficient is different among the optical component
and the optical platform and the frame, the refraction index of the optical
components will change due to the thermal stress.

Among the three mechanisms, the first mechanism contributes the most to the
temperature fluctuation noise. Therefore, in this paper, we have made a preliminary
simulation analysis mainly focusing on the effect of the thermal dilatation and
contraction of the optical platform and optical component on the output signal of
Taiji-1 laser interferometer.

3. The Numerical Simulation

In order to find the characteristics of the temperature fluctuation noise in
Taiji-1 laser interferometer system, we adopted a virtual external heat source.
The responses of the system temperature, the structure and the optical path of
the laser interferometer under the action of an external heat source were simulated
through ANSYS and ASAP via the finite element method.
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3.1. The interference path design and the finite element model
of Taiji-1 laser interferometer

There are four interference paths designed in Taiji-1 laser interferometer system.
Their specific distribution is shown in Fig. 2: (a) represents two equal-arm refer-
ence interference paths with a spatial symmetrical design, which could be used to
measure the noise of the optical platform and the fiber jitter caused by the tem-
perature fluctuations; (b) is the TM reference interference path, and the length
difference of its interference arms is a constant, mainly used to measure the noise
caused by the frequency fluctuations; (c) is the test interference path, used to mea-
sure the movement of the TM relative to the spacecraft, and the length difference
of its interference arms is also a constant when the TM remains stationary. The
overall design of the interference path is shown in the top plot in Fig. 2.

According to the structure and the interference path design of the laser interfer-
ometer, a finite element model of Taiji-1 laser interferometer has been established
as shown in Fig. 3.

3.2. Numerical simulation

In our simulation, a thin plate was placed outside the laser interferometer system as
an external heat source. There would be heat radiation between the external heat
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Fig. 2. The interference path design of Taiji-1 laser interferometer. Top: The overall design of

the interference path. Lower plot: (a) two equal-arm reference interference paths; (b) the TM
reference interference path and (c) the test interference path.
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Fig. 3. Left: The finite element model of Taiji-1 laser interferometer. Right: The finite model of
the optical platform, when the thermal shield is hidden.

source and the laser interferometer system, and heat conduction and heat radiation
among the internal components. The temperature of the external heat source was
set as T' = 293.0+ AT -cos(27-0.1-time) K, and the initial temperature of the system
was 293 K. The heat source temperature amplitude AT was variable. Eight units in
different key positions were selected as the temperature measurement points, they
were located at two laser sources, optical platform, TM housing, TM, the surface
of the prism and the brackets on both sides. The four adjacent geometric points in
the center of the optical platform were used as the fixed constrains for the transient
thermal—structural simulation analysis.

According to the interference path design of Taiji-1 laser interferometer, the
original optical model of the laser interferometer was established in ASAP. With the
results of transient thermal—structural numerical simulation in ANSYS, the geomet-
ric optical path of each interferometer was traced. By subtracting the optical path
of the two laser beams arriving at the same detector, the change of the interference
arm length difference over time was obtained finally. By changing the temperature
amplitude of the external heat source, the relationship between the interference arm
length difference and the temperature amplitude was obtained through preliminary
simulation analysis.

4. Results and Analysis

According to the above numerical simulation scheme, the system responses of Taiji-1
laser interferometer under the action of the external heat source were obtained
through simulation. In this section, we presented the analysis of the numerical
simulation results of the temperature, the deformation and the interferometer arm
length difference of the laser interferometer.

4.1. Temperature response of the laser interferometer

Figure 4 shows the temperature time-domain changes and frequency-domain
responses of the eight temperature measurement points, under the same external
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Fig. 4. The temperature amplitude of the external heat source is 20 K. Left: The temperature
change curves of eight temperature measurement points with time. Right: The amplitude spectrum
curves after the fast Fourier transform of the temperature data (since the response amplitude is
too big at 0 Hz, it is not shown in the plot).

heat source temperature amplitude, and some laws of the system temperature
change could be observed through it.

(i) The time-domain temperature curve of each temperature measurement point
exhibits a cosine function form corresponding to the heat source.

(ii) The temperature frequency-domain response curves all have a peak at 0.1 Hz,
which is the same as the frequency of the heat source.

(iii) The time-domain temperature curves of the temperature measurement points
show an obvious drift during the first period of time, and reach stable after
some time. In addition, during the initial stage, there is an abrupt change in
time-domain and a large response in frequency-domain at zero frequency.

(iv) At 0.2Hz, which is twice the heat source frequency, the frequency-domain
response curves have a small peak.

(v) The point with the largest temperature change amplitude among eight temper-
ature measurement points is the “TM housing”,* whose temperature change
amplitude only reaches 0.1249 K when the temperature amplitude of the heat
source is 20 K. It shows that the system might have a good temperature con-
trol design, and the actual temperature control reaches 0.1 K@Q15K ~ 25 K.

These temperature responses of the temperature measurement points could be
explained by a theoretical analysis. The heat transfer model could be simplified to
a model of a heat source-optical platform—optical component as shown in Fig. 5
for the theoretical analysis.

In this model, it is assumed that the temperature of the heat source is Tsource =
To + T cos(wt), the optical platform temperature is Tpiatiorm = To + T2(t) and the
optical component temperature is Tcomponent = L0 + Z3(t). The heat transfer power
of the thermal radiation and the thermal conduction could be expressed as

Pradiation == J€A( sourcc4 - Tplatform4)a (4)

Peonduction = k(Tplatform— - Tcomponcnt) = k(TQ - T3)7 (5)

2An element, which is located at the outermost layer of the TM housing.
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Fig. 5. The simplified heat transfer model of the Taiji-1 laser interferometer system.

where A and ¢ are the radiation surface area and the surface emissivity of the
external heat source, respectively, and k is the heat transfer coefficient between the
optical platform and the optical component. To solve the equations, a rational and
simplified method is to expand Eq. (4) and take only the first- and second-order
terms of 77 and the first-order term of 7T5.

According to the first law of thermodynamics, we have

dTs

Pradiation - Pconduction = latform Mplatform )
p p dt

ATy

Pconduction = Ccomponcntmcomponcntﬁ~
Solving Eqgs. (4)—(6), we get
Ty = Aje "t + By + Oy cos(wt + 1) + Dy cos(2wt + ¢3),
Ty = Agre k1t 4 Agge 2t 4+ By + Cy cos(wt + ¢)) + Do cos(2wt + o),

where k1, ks and @1, a2, p1’, 02’ are only related with the system parameters and
not related with 77, while other parameters have relationships with 77 as follows:

Ay, Aoy, Agg o< aTE + VT,
By, By x T2,

C1,Co o T,

D1, Dy x T2,

(8)

Obviously, according to Eq. (7), the temperature frequency-domain response
curves have peaks at 0.1 and 0.2Hz, so that (ii) and (iv) could be explained by
the solutions of T5 and T3 which contain the terms of w and 2w. The time-domain
drift is caused by the exponential term in the solution, which could be estimated
according to the system parameters. Besides, the large responses in the initial stage
of the frequency-domain in (iii) are caused by the abrupt change in time-domain,
while the exponential term also makes a little contribution to them.
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Fig. 6. Left: The temperature change curves of the “I'M housing” temperature measurement
point with time under the different external heat source temperature amplitudes. Right: The
temperature response amplitudes of the eight temperature measurement points at 0.1 Hz with the
change of the temperature amplitude of the heat source.

According to the numerical simulation results shown in the left plot of Fig. 6,
it is easy to find that under the different heat source temperature amplitudes, the
response phases are the same, in other words, ¢1, w2, p1’, @2’ are not related
with T7. Meanwhile, there is an obvious linear relationship between the temperature
response amplitude at 0.1 Hz of the temperature measurement point and the heat
source amplitude in the right plot, which is consistent with C1,Cy o« T7 in the
theoretical analysis.

4.2. The displacement response of the laser interferometer system

On the optical platform, three nodes located on the mirror surface have been
selected. The displacements in the X,Y, Z directions of the node-2 are shown in
Fig. 7. The time-domain and frequency-domain responses of a single node displace-
ment in the three directions are found similar to the temperature data. Consistent
with the heat source, there are also stages of drift, oscillation and stability, and the
amount of the displacement is on the order of 10 nm.

The basic law of node displacement could be explained by a theoretical analysis.
For any node in the laser interferometer, the displacement in any direction could
be expressed by the thermal expansion formula:

ds = sadT, 9)

where « is the thermal expansion coefficient of the material, dI" represents the
temperature fluctuation and s is the original length of the object. Then, the node
displacement in the three directions of X,Y, Z is as follows:

Azx; x T3, 1=1,2 and 3, (10)
SO

Az; = Ajre ¥t 4 Ajge 2t 4 B; + C; cos(wt + ©1i) + D; cos(2wt + ¢a;).  (11)
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Fig. 7. Left: The displacement change curves of the node-2 in the X,Y, Z directions with time,
under different temperature amplitudes of the heat source. Right: The amplitude spectrum curves
after the fast Fourier transform of the displacement data (since the response amplitude is too big
at 0 Hz, it is not shown in the plot).

In addition, we find from Fig. 7 that the same node has different displacements
in different directions, which could also be explained. The motion of the node could
be divided into two parts: the vibration of the optical platform and the vibration
of the optical component where the node is located. It is obvious that the position
of the optical component would affect the vibration of the optical platform, while
the node position and optical component size would influence the vibration of the
optical component. As a result, the node displacements in different directions are
not the same, while the phenomena are also different for different nodes. According
to the spatial position of the node and the size of the optical component where the
node-2 is located, as shown in Fig. 8 and the above inference, the small vibration
of the node-2 in the z direction could be qualitatively interpreted for the opposite
direction vibrations, which makes the total vibration amplitude small.

The result shown in Fig. 9 is consistent with the theoretical analysis that
C; o Ty. Some curves in the figure do not display a perfect linear form due to the
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Fig. 8. The relative position of the node-2 on the optical platform of the laser interferometer,
and the size of the optical component where the node-2 located is: length x width x height =
20mm X 10 mm X 30 mm.
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Fig. 9. Left: The original curves of the displacement response amplitude of the three nodes
at 0.1Hz with the change of the temperature amplitude of the heat source. Right: After the
preliminary correction of the exponential term on the curves in the left plot.

exponential term and calculation error, while the linear relationship becomes more
obvious after the preliminary elimination of the exponential term.

4.3. The analysis of the optical path difference fluctuations

With the optical path design and thermal-structure numerical simulation results
of the laser interferometer, we obtained the fluctuations of the length difference
between the two arms of each laser interferometer under different external heat
source amplitudes.

According to Fig. 10, under the same heat source temperature amplitude, the
time-domain and frequency-domain responses of the interference arm length differ-
ence are also consistent with the external heat source, temperature fluctuations of
the temperature measurement points and the nodes displacement. When the heat
source temperature amplitude is 20 K, the maximum fluctuation of the arm length
difference is 36.302 nm, while the minimum is 10.367 nm. Meanwhile, the arm length
difference curves also have a stage from oscillation to stability.
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Fig. 10. The heat source temperature amplitude is 20 K. Left: The change curves of the interfer-
ence arm length difference of each laser interferometer with time. Right: The amplitude spectrum
curves after the fast Fourier transform of the interference arm length difference data (since the
response amplitude is too big at 0 Hz, it is not shown in the plot).

Similarly, these phenomena could also be explained by a theoretical analy-
sis. In the theoretical model, the interference arm length difference of any laser
interferometer could be expressed as

g(t) = i kiAz; + i i k‘i,jAJJiAfl:j
1=1

i=1 j=1

n n n

+ YD ki AT AT Ay, + - (12)

i=1 j=1 m=1

where k;, k; j, ki jm are parameters only related to the properties of the optical
model itself. For the first-order term of g(t), the item of w

J1w@t) = Z kiC; cos(wt + p14), (13)

i=1

the amplitude of the item:

n

Ary = | Y [k:Ci cos(wt + p1:)] + i[kiCi sin(wt + ¢1)]2) o< Th. (14)
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Fig. 11. Left: The curves of the interference arm length difference of the test interferometer
with the heat source temperature amplitude. Right: The curves of the response amplitude of the
interferometer arm length difference at 0.1 Hz with the heat source temperature amplitude for
each interferometer.
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Table 1. The time required for the laser interferometer optical path difference fluctu-
ation curve to reach stable under the different heat source temperature amplitudes.

Temperature amplitude of the external heat source  Time required to reach stability

K] [s]
5 198
10 188
15 158
20 138
25 128
30 118
1 x10° : : : : .
E
E
w 0.5F
2
5 |f
&
= J“t A | I \
ut 1 AN ne vV
: PP ITARRRV RN
E i L V [ —De 2|
2 f— Reach stability | | petector 3.4
=] e Detector 5-6
I [— Detector 7-8
| 1 1 1 1 1 1 o C—
0 50 100 150 200 250 300 350 400

Time [s]

Fig. 12. (Color online) When the heat source temperature amplitude is 10K, the time-domain
response curves of the interference arm length difference for each interferometer (simulation time:
400s), and the red dotted line presents the estimated time to reach stable.

The results shown in Fig. 11 verify that ¢1,, ¢2; are not related with 77 and
A, « T in the theoretical analysis results. The arm length difference fluctuation
with the temperature amplitude of the external heat source obtained through pre-
liminary numerical simulation exhibits an obvious linear relationship.

In addition, through a simple analysis of the time-domain curves of the arm
length difference, the rough time required to reach stability for the laser interfer-
ometer system has been obtained in Table 1. Figure 12 shows the estimation of
the time required for the arm length difference curves to reach stability when the
temperature amplitude of the heat source is 10 K.

From Table 1, the time required to reach stability decreases with the increase of
the temperature amplitude of the heat source. Moreover, the arm length difference
fluctuation curves would reach stable within 130 s when the heat source temperature
amplitude reaches 30 K.

4.4. Results extension

With the above preliminary numerical simulation results, we estimated the temper-
ature amplitudes of the eight temperature measurement points, the displacement
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Table 2. The estimated temperature amplitudes of the eight temperature measurement
points, the displacement amplitudes of the three nodes and the interference arm length
difference of each laser interferometer, when the temperature amplitude of the external
heat source is 0.1 K, are shown.

Estimated temperature amplitudes of the eight temperature measurement points/[mK]

Optical ™ . Left Right
Laser A Laser B platform  housing ™ Prism bracket bracket
0.05299  0.08937 0.1017 0.6618 0.00 0.1842  0.02631 0.02587

Estimated displacement amplitudes of the three nodes/[pm]

Node-1 Node-2 Node-3
X1 Y1 71 X2 Y2 72 X3 Y3 73
1791 11.74 5.665 11.95 7.651 3.624 1.056 3.51 2.815

Estimated interference arm length difference of the four laser interferometer/[pm)

Detector 1-2  Detector 3-4  Detector 56 Detector 7-8
14.17 5.776 20.82 74.27

of the three nodes and the response amplitudes of the arm length difference of each
laser interferometer under the condition of actual temperature control of Taiji-1
laser interferometer system, where the external heat source temperature amplitude
AT =0.1K.

According to the preliminary estimations in Table 2, we find that under this
condition, the temperature fluctuation amplitudes in the system would be below the
order of mK, the node displacement would be within 100 pm, and the fluctuation
amplitudes of the arm length difference would also be within 100 pm.

5. Conclusion

The preliminary simulation results of Taiji-1 temperature fluctuation noise are con-
sistent with the theoretical analysis, which shows that the numerical simulation
scheme we used should be reasonable and feasible. With the scheme, the temper-
ature fluctuation noise of the space-borne laser interferometer could be estimated
and analyzed preliminarily.

However, according to the simulation results obtained so far, there are many
defects that needed further improvement in the scheme. The finite element model
of the laser interferometer should be optimized and a more accurate thermal-
structure—optical simulation method should be selected in the following research.
Furthermore, the influence of the other two mechanisms of the temperature fluc-
tuation noise needs to be considered. We will continue to study the responses of
the interferometer output signal under the action of the external heat source, and
further look for the relationships between the interferometer output signal and the
system temperature fluctuation.
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