Vol. 20, No. 1| January 2022

Analysis and suppression of thermal effect of an
ultra-stable laser interferometer for space-based

gravitational waves detection

Guanfang Wang (EM )", Zhu Li (Z= #2)", Jialing Huang (¥ 3<¥)? Huizong Duan (R4 3)", Xiangqing Huang (E#S)
Hongfan Liu (X3t f.)", Qi Liu (X #)', Shanging Yang (#%Li%)', Liangcheng Tu (3% R AX)", and Hsien-Chi Yeh (15X E)'
1MOE Key Laboratory of TianQin Mission, TianQin Research Center for Gravitational Physics & School of Physics and Astronomy, Frontiers Science Center
for TianQin, CNSA Research Center for Gravitational Waves, Sun Yat-sen University (Zhuhai Campus), Zhuhai 519082, China

2Shenhe Middle School, Heyuan 517000, China

“Corresponding author: lizhu@mail.sysu.edu.cn

Received September 10, 2021 | Accepted September 30, 2021 | Posted Online October 25, 2021

DOI: 10.3788/C0L202220.011203

1. Introduction

The gravitational wave (GW) was a great prediction of Einstein’s
general theory of relativity 100 years ago. Nowadays, the detec-
tion of GWs has been a challenge and also an opportunity
for opening a new window to observe our universe!' ™). On
September 14, 2015, the first direct detection of a GW signal
GW150914 made by the Laser Interferometer GW Observatory
(LIGO) successfully confirmed the existence of GWs!* In
order to obtain more abundant GW signals in the lower fre-
quency region, European Space Agency (ESA) and National
Aeronautics and Space Administration (NASA) jointly pro-
posed the Laser Interferometer Space Antenna (LISA) project
in the 1990s”). LISA is a space-based GW observatory, which
is to form a regular triangle constellation operating in solar orbit.
The satellites are connected by laser links so that a large laser
interferometer in space can be constructed®'%!. This long inter-
ferometer armlength allows the space-based GW observatory to
detect the signals in a frequency range of 10~*-1Hz!""), The
TianQin project orbiting the earth and the Taiji project orbiting
the sun proposed by Chinese researchers are also space-based
GW detection missions, and the observatories will be launched
in the next 10 to 15 years!>™'°),
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In this paper, we present a suppression method for the thermal drift of an ultra-stable laser interferometer. The detailed
analysis on the Michelson interferometer indicates that the change in optical path length induced by temperature variation
can be effectively reduced by choosing proper thickness and/or incident angle of a compensator. Taking the optical bench
of the Laser Interferometer Space Antenna Pathfinder as an example, we analyze the optical bench model with a compen-
sator and show that the temperature coefficient of this laser interferometer can be reduced down to 1 pm/K with an
incident angle of 0.267828 rad. The method presented in this paper can be used in the design of ultra-stable laser inter-
ferometers, especially for space-based gravitational waves detection.

Keywords: gravitational waves detection; laser interferometer; temperature compensation; optical path calculation.

Laser interferometry is the core technology in space-based
GW observatories. There are two polarization modes of GWs,
which will make one interferometer armlength compressed
and another orthogonal interferometer armlength stretched!®!.
The laser interferometer can measure the optical-path-length
difference between two arms so that it is an ideal measurement
tool for detecting GWs!'”). Nevertheless, the space-based GW
detection missions, such as LISA, TianQin, and Taiji, require
laser interferometry to be extremely precise over arm-lengths
of millions of kilometers in space. The identical satellites of
LISA are 2.5 X 10°km apart, and the measurement noise of
the interferometer is 18 pm/Hz!/2. The satellites of TianQin
are 1.7x10°km apart, and the measurement noise is
1pm/Hz!/2. The noise level of Taiji is 8 pm/Hz!/? over an
inter-satellite distance of 3 X 10°km. The measurement fre-
quency band is about 107* Hz to 1 Hz!"*"*°), Achieving such
high performance of laser interferometry in space is a huge chal-
lenge, and the performance of laser interferometry directly
determines the sensitivity of space-based GW detection.

It is critical to evaluate the influence of environmental noises
in high precision laser interferometry. In the LIGO GW
detector, a temperature control system with a noise level of
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micro-Kelvin (pK) has been used to reduce the measurement
noise caused by temperature fluctuation, and the whole device
was placed in vacuum chambers!*"*?, However, in the space-
based GW observatory, the space environmental factors, such
as temperature variation and spacecraft vibration, will induce
non-negligible measurement errors of laser interferometry.
For this reason, researchers have developed an ultra-stable laser
interferometer which is made of an ultra-low expansion glass
(ULE) or Zerodur substrate and fused-silica-based optical com-
ponents, and constructed by silicate bonding technique®*). This
type of ultra-stable laser interferometer has been verified on-
board in LISA Pathfinder (LPF) and TianQin-1, which are the
technology demonstration satellites for LISA and TianQin,
respectively'**!. According to the in-orbit experimental results,
the laser interferometer was still affected by temperature varia-
tion. As the temperature variation outside the satellites can be
more than 100°C, even the satellite has installed thermo-shields,
so the temperature inside the satellite can be changed several
degrees centigrade. This is not acceptable to the high precision
laser interferometer with a picometer noise level.

The influence of temperature fluctuation on the laser interfer-
ometer system is very complicated, and there are many coupling
factors. As the core unit of the interferometer system, the optical
bench interferometer (OBI) is affected by temperature fluc-
tuation mainly through two mechanisms. One is the thermal
expansion of the lens, and the other is the change of the refrac-
tive index of the lens?>*”). Both of them will lead to the varia-
tion in the optical path length of the laser interferometer. Based
on these two coupling mechanisms, the optical path length cou-
pling with the temperature fluctuation is analyzed in this paper,
and an effective method for compensating the thermal effect is
proposed. In Section 2, a typical Michelson interferometer is
used as a simple case for analytical analysis. The compensation
method is discussed in Section 3. The verification by finite
element analysis shows that the thickness and the incident angle
of the compensator affect the temperature coupling coefficient
of the laser interferometer. In Section 4, a heterodyne laser inter-
ferometer model of LPF is used as an example for demonstration
of the compensator design, and the design is verified by using
finite element analysis”**). In Section 5, we conclude that this
compensation scheme can measure displacement used in the
design of the laser interferometer for space GW detection in
the future*),

2. Analysis of Thermal Effect in the Basic Optical Path

The Michelson laser interferometer is the most common one
among various kinds of optical interferometers. A basic
Michelson interferometer consists minimally of mirrors M1,
M2 and a beam splitter (BS). In space GW detection, M1 and
M2 can be regarded as the reflection surfaces of a pair of test
masses. In Fig. 1, a laser source emits a laser beam that hits
the BS. The BS is partially reflective, so a part of the laser is trans-
mitted through to M2 in the direction of B. The other part of the
laser is reflected in the direction of A. Both beams recombine to
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Fig. 1. Schematic diagram of the basic Michelson interferometer.

produce an interference pattern incident on the photo diode
(PD). If a small displacement of M1 (or M2) changes the optical
path of A (or B), the phase signal of the interference will change
accordingly. The phase directly reflects the optical path varia-
tion As.

The optical path s is related to the refractive index » and the
geometrical path length [; both are affected by temperature fluc-
tuation, as shown in Eq. (1):

s=n(T)I(T). (1)

The thermal effects of light route A and light route B need to
be analyzed, respectively.

The geometric path segments in light route A are set as I;
(i=1-6) in Fig. 2(a). The optical path of light path A can be
written as

$A=l1+f’llz+l3+l4+nl5+l6
=hL(n—=1) +I5(n—1) + Ly, )
where I, = Y% | [; is the geometric path length of light route A.

Thus, the coupling of temperature dT to the optical path ds, can
be expressed by

SA _ dlz(f’l - 1) dls(f’l - 1) dlAO
dar— dar < dr ar ®)
(b)
Laser
M2

B light path

Fig. 2. Two interference light paths [(a) light route A and (b) light route B]
separated from the Michelson interferometer.

011203-2



Chinese Optics Letters

Considering that the BS is shaped by temperature, the reflec-
tion light route (/,) and the transmission light route (I5) in the
BS are shown in Fig. 3. The blue line is the light route when the
temperature does not change, and the red line represents the
path of light after a change in temperature. Where 6 is the inci-
dent angle, ¢ is the refractive angle before temperature variation,
@' is the refractive angle after temperature variation, L is the
thickness of the lens, and dL is a small change in length with
temperature.

The first term on the right side of Eq. (3), which indicates the
variation coefficient of the reflected optical path with tempera-
ture, can be expressed as

dl(n—1) 2L
dr

{a(n—l)—}-%[l— sinze(n—l)]}’

L (sn0)? dT n(n? —sin?0)

(4)

where « is the thermal expansion coefficient, and dn/dT is the
coefficient of the refractive index with temperature, which
depends on the material of lens. Similarly, the second term on
the right side of Eq. (3) that expresses the variation coefficient
of the transmission optical path with temperature can be
expressed as

dlS(n—l)= a(n—l)—}—dn|:1—Sin29(n_l)]}.

dT L (M 2 { dT n(n® —sin?0)

(5)

The third term on the right side of Eq. (3) that indicates the
thermal effect on the geometric path length can be expressed as

%_3(1L—}—L_20{L_ 3L
dr cos @' cos@ cos @
aL tan 6
5

—aL

+ 2 sind + L tan ¢ — (aL + L) tan go’:l

+ [aL tan 6 + L tan ¢ — (aL + L) tan ¢']. 6)

Fig. 3. (a) Reflection optical path and (b) transmission optical path in the BS.
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Table 1. The Parameters of Fused Silica Lens in the Interferometer.

Parameters Value
Thermal expansion coefficient a 0.57 ppm/K
Refractive index variation with temperature dn/dT 12.8 ppm/K
Thickness of lens L 7 mm

Substituting Eqs. (4)-(6) into Eq. (3), we will get a complete
relationship of the optical path with temperature of light route
A. Similarly, the other light route B shown in Fig. 2(b) is ana-
lyzed to obtain the coupling coefficient of the optical path with
temperature.

To the light route B in Fig. 3(b), the coupling of temperature
dT to the optical path dsz can be expressed by

dsg dly(n—1) dlp,

ar-_ dar  Tar @
where I3, is the geometric path of light route B. The geometric
path of each section is set as I; (i=a to e). Light route A and
light route B share the same BS, so 5 and [, are the same optical
path. The second term on the right side of Eq. (7) can be
expressed as

dlgy _al+L al L al
dT ~ cos @' cos@ cosqp 2
+ sinf[aL tan 6 + L tan ¢ — (aL 4+ L) tan ¢']. (8)

In the end, the variation coefficient of the optical path with
temperature can be expressed as
das_ds, dsy_dl_do , di(n=1)

dT ~dT dT  dT dT dT ©)

Equations (2)-(9) show the theoretical calculation method for
the temperature coupling coefficient of the basic Michelson
interferometer. The fused silica is set as the lens material. The
parameters of the lens in the interferometer are shown in
Table 1. After the calculation, the coefficient of the optical path
with temperature would be 215.3 nm/K. In space-based GWs
detection, the displacement measurement noise needs to be
1pm/Hz!/2, so the temperature noise needs to be lower than
4.6 uK/Hz!/2, which is difficult to obtain in space. Therefore,
it is necessary to optimize the optical path.

3. The Method of Temperature Compensation

In the interferometer with an ordinary light source, the coher-
ence length of the light is short, and the optical path needs to be
compensated by a compensator (as shown in Fig. 4). In laser
interferometers, the coherence length of the laser is longer, so
the compensator becomes insignificant. However, bonding
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compensator
Laser

M2

Fig. 4. Compensator in the Michelson interferometer.

the compensator and the lens into an integrated ultra-stable OBI
with the same material can change the temperature coupling
coefficient. Therefore, we can use the compensator to suppress
the thermal effect.
After the compensator is added to the light route B, by using
the calculation method in Section 2, Eq. (7) can be modified as
dsg _dly(n—1) dlg  dlg(n—1)  dlo(n—1)
T~ dT dT dT a7 -

(10)

I;; and [, are the optical paths that pass through the compen-
sator twice. They are equal to each other in terms of [, so the
variation coefficient in Eq. (9) can be modified as

dAs dsy dsB_%_% dlz(n—l)_zdls(n—l)

dT — dT  dT 4T dT dT dr

(11)

Because I, and [, are for transmission, as Fig. 3(b), it is sim-
ilar to Eq. (5):

dl.(n—1)
dr

_dly(n—-1) _dly(n—1)

T dr T dT

B L, dn sin? @,(n — 1)
==l gl 0
==

n

where L, is the thickness of the compensator, and 6; is the inci-
dent angle of the compensator injected by the laser.

In combination with Egs. (4), (6), (8), (11), and (12), it can be
indicated that the coupling coefficient of the optical path and
temperature is related to L, and 6, of the compensator. In the
case of different thickness L, and different incident angle 6, of
the compensator, we can, respectively, get the theoretical model
of the variation of the optical path with temperature in Fig. 5. In
order to verify the results more reliably, the finite element analy-
sis software of COMSOL Multiphysics is used to analyze the
coupling of the OBI optical field and temperature field. In Fig. 5,
the initial thickness of the compensator is also set as 7 mm, and
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Fig. 5. (a) Coefficient of the optical path variation with temperature when the
incident angle 6, is constant and the thickness L is variable. (b) Coefficient of
the optical path variation with temperature when the thickness L is constant
and the incident angle 6 is variable.

the incident angle of the compensator is set as 45 deg (/4 rad);
other parameters are from Table 1. The black lines represent the
calculation results of the theoretical model, and the red dots re-
present the simulation results of COMSOL of the discrete sets
of specific parameters. As a result, the theoretical model calcu-
lation and the finite element simulation results are consistent.
In this method of temperature compensation, two variables
can be used as adjustments. Actually, the processing accuracy
of the lens is about 5 pm, so changing the thickness can just
achieve a coupling coefficient of 10 pm/K at most when the
thickness is 7.178 mm. The angle adjustment error can reach
33 prad, so the coupling coefficient can be reduced to 2 pm/K
when the incident angle of the compensator is 0.867139(33) rad
[about 49.683(2) deg]. For the convenience in application, the
method of changing the incident angle is preferable for optimi-
zation. As an optimization method, it can also be extended to the
optical path design of more complex laser interferometers.

4, Temperature Compensation Design for the Laser
Interferometer in the LPF

The high precision laser interferometer of ESA’s LPF (launched
on December 3, 2015, ended on June 30, 2017) consists of four
different Mach-Zehnder heterodyne interferometers to achieve
a differential acceleration noise between its two test masses'>"*2/.
Referring to the design for measuring the single test mass of LPF,
we designed a high precision heterodyne laser interferometer to
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verify the temperature compensation method. The OBI of it is
shown in Fig. 6.

In the OBI of Fig. 6, light route A and light route B are
obtained by Laser 1, and light route C and light route D are
obtained by Laser 2. Light A and light D interfered at PD1 to
measure the displacement of the test mass, and light B and light
Cinterfered at PD2 as a reference signal. By the difference of the

Test Mass
[

_~PD1

Fig. 6. Optical path of the heterodyne laser interferometer, which refers to
LPF, is designed with a compensator. Laser 1and Laser 2 are the heterodyne
laser sources obtained by acousto-optical modulators (AOMs).

Table 2. The Incident Angle of Each Lens of the OBI.

Lens No. (in Fig. 6) Incident Angle

2,54,56,78 45°

1 55°

9 35°

Compensator 45° (initial)
25 r . ; : ;

— theoretical data
20F | ® simulation data

ds/dT(nm/K)
=

5 - -
0 -
0.267828(33)
0 0.2 0.4 0.6 0.8 1 1.2

The incident angle of the compensator(rad)

Fig. 7. Relationship of the temperature and optical coupling coefficient and
the incident angle of the compensator. The black line is the result of the theo-
retical model, and the red dots are the results of the COMSOL simulation.
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two interference signals, the test mass displacement can be
obtained, and the common mode noise of the laser source
can be suppressed. The lenses in the OBI have the same param-
eters as in Table 1, and the incident angle of each lens is shown in
Table 2.

According to the analysis results in Section 3, both thickness
and incident angle will affect the temperature-optical path cou-
pling coefficient of the OBI. Thickness is difficult to control, so
we set the thickness as a constant of 7 mm. The relationship
between the temperature coupling coefficient and incident angle
is shown in Fig. 7. As a result, when the incident angle of the
compensator is set as 0.267828 rad (about 15.345 deg), the tem-
perature coupling coefficient will be better than 1 pm/K.

5. Conclusions

We present an effective compensation method of the thermal
effect that can be used in an ultra-stable laser interferometer,
especially for laser interferometry in space-based GW detectors.
The thickness and incident angle of a compensator installed at a
specified position along the optical path of the interferometer
can affect the temperature coupling coefficient of the whole
OBL. By establishing a theoretical model and simulating with
the finite element analysis for the laser interferometer of LPF,
we obtain an optimized design of a compensator with a thickness
of 7 mm and an incident angle of 0.267828 rad, which makes the
temperature coupling coefficient of the laser interferometer bet-
ter than 1 pm/K. We expect that this method will be very useful
for the precision laser interferometry in harsh space
environment.
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