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Laser Interferometer Used for Satellite—Satellite Tracking: an On-Ground
Methodological Demonstration *
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DONG Yu-Hui(F#E E#), JIN Gang(HrNIl)**
National Microgravity Laboratory (NML), Institute of Mechanics, Chinese Academy of Sciences, Beijing 100190

(Received 15 March 2012)

A Chinese satellite gravity mission called SAGM (Space Advanced Gravity Measurements) is now taken into
consideration. To meet its designed requirement, the measurement precision of the laser ranging system used to
measure the inter-satellite distance change has to be better than 100 nm/Hz"/? within a broad bandwidth from
0.1 mHz to 1 Hz. An equal arm heterodyne Mach—Zehnder interferometer has been built on ground to demonstrate
the measurement principle of a laser ranging system, which potentially can be used for both SAGM and future
GW (gravitational wave) space antennas. Because of the equal arm length, the laser frequency noise has been
significantly suppressed in the interferometer. Thus, the sensitivity better than 1 nm /Hzl/ 2 in a frequency range
of 0.15mHz-0.375 Hz has been achieved. The result shows that the proposed methodology has very promising

feasibility to meet the requirements of SAGM and of GW space antennas as well.

PACS: 95.55.Br, 91.10.Pp, 42.60.By

The idea of using a laser interferometer to measure
the change of the relative distance between two satel-
lites has been considered for various uses, e.g. grav-
itational wave (GW) space antennas,!' % as well as
GRACE-type (Gravity Recovery and Climate Exper-
iment) satellite gravity missions.[” ']

The GW is a direct prediction of Einstein’s theory
of general relativity and known as a product of vi-
olent astronomical phenomena. Therefore, detection
of a GW is of great significance to assess the validity
of Einstein’s theory. More importantly, the GW can
serve as a new probe to explore the physical universe
besides electromagnetic radiation.l'”'] The Satellite
Gravity Mission uses satellites to map the gravity field
distribution of the Earth. Mapping data of high tem-
poral and special resolution can enable us to better
understand our planet, such as ocean circulation, sea
level change, water balance, ice sheet mass balance,
atmosphere, solid earth, ocean tides, etc.[""]

The laser interferometer for LISA, a space GW an-
tenna, is under development,!'”'% while an engineer-
ing mode for LISA pathfinder, an LISA science and
technology demonstrating satellite, has already been
built.l'> "] An on-ground test shows that the noise
level of 10 pm/Hz'/? at the frequency band 0.01 Hz—
1Hz can be reached. As for the GRACE-follow-on
mission, studies of the laser ranging system has al-
ready been carried out by several groups.[%:'0:'9:20]
Within a narrow frequency band around 0.1 Hz,
the measurement precision about 10nm/Hz'/? is
achieved.

Supported by the Chinese SAGM mission, a pro-
totype of the laser ranging system has been built on
an ordinary aluminum-alloy optical table. To elimi-
nate the measurement error caused by laser frequency
instability, a Mach—Zehnder interferometer with equal
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arms has been employed. Without any thermal con-
trol, measurement precision better than 1nm/Hz!/?
has been obtained in a broad frequency band from
0.15mHz to 0.375 Hz. The result shows that the pro-
posed methodology is very promising for meeting the
requirements of the SAGM mission, and could poten-
tially be used for future GW space antennas.

Laser frequency instability would cause a measure-
ment error: 6L = (dv/v) - AL, where §L, dv, v and
AL are the measurement error, the laser frequency
instability, the laser frequency, and the arm length
difference, respectively.['l To reduce the measurement
error of the laser frequency instability, a heterodyne
laser interferometer prototype with equal arms is em-
ployed in the experiment (the arm length difference
AL = 2cm). The temperature of the laboratory is
controlled in a range of 25 4+ 2°C, and the interferom-
eter is put on an optical bench enclosed by a cuboid
acrylic cage to prevent air convection. The optical
bench is set up on an isolation basis to avoid environ-
mental vibration, and the resonant frequency of the
basis is about 7.8 Hz.

The schematic diagram of the laser interferome-
ter prototype is shown in Fig.1, and the prototype
layout is shown in Fig. 2. Acousto-optical modulators
(AOMs) are used to generate an offset frequency A f
between the two beams of the laser. The beat frequen-
cies used in the experiment are 1, 10, 100, 300, and
500 kHz. Photo-detectors are used to register the beat
signals of interferences, and the phases of the signals
are read by a phase meter. The relationship between
the phase change and the relative distance change is
given by 0L = (A6/27) - \.

The data are analyzed with a method called power
spectrum density (PSD). Two different algorithms are
used to calculate the PSD, see Figs.3(a) and 3(b).
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Figure 3(a) is given by direct discrete Fourier trans-
formation, with Fig. 3(b) given by Welch’s overlapping
segments average (WOSA). Both (a) and (b) can be
used to characterize the results. While the curve given
by the WOSA method is smoother and neater, so that
in Figs.4 and 5 only WOSA curves are given.
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Fig. 1. Schematic diagram of the laser interferometer pro-
totype.

Fig. 2. Layout of the laser interferometer prototype.
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Fig. 3. The noise power spectrum density of the laser in-

terferometer prototype under static measuring mode: (a)

calculated by direct discrete Fourier transformation; and
(b) given by the WOSA method.

The laser adopted in the experiment is fabricated
by Melles Griot: the output power, the wavelength,
the frequency stability, and the beam divergence are
1mW, 632.8nm, +2MHz for 1h and 1.60 mrad, re-
spectively. The AOM is developed by the China

Electronics Technology Group Corporation 26th Re-
search Institute: the central frequency, the frequency
shift range and the relative frequency stability are
100MHz, +1MHz and 1077, respectively. All the
optical components are commercially available and
fabricated by CVI Melles Griot, with the transmit-
ted wave-front error of A\/10 at 633nm. The photo-
detectors were purchased from Hamamatsu, and are
type C5331-12: the frequency bandwidth, the ac-
tive area and the photosensitivity were 4 kHz—40 MHz,
¢ = 3.0mm and 0.42A/W (A = 620nm), respec-
tively. The phase-meter is developed by Powertek:
the frequency range, the measurement accuracy and
the resolution are 0.1 Hz—700kHz, +0.25° (100 kHz—
700kHz) and 0.001°, respectively. In order to simulate
the inter-satellite distance change, a nano-positioning
stage fabricated by Physik Instrumente is adopted, on
which the mirror-D is installed. The type of the stage
is P-611.7Z, which is operated under closed-loop con-
trol to obtain better positioning, and the closed-loop
travel, the closed-loop resolution, and the linearity are
120 ym, 2nm and 0.1%, respectively.
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Fig.4. The noise power spectrum density of the laser
interferometer prototype under dynamic measuring mode.
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Fig.5. The noise power spectra density of the nano-
positioning stage itself.

To better understand the measurement error of the
heterodyne laser interferometer prototype, two mea-
suring programs are employed: (1) the static mea-
suring mode: mirror-D is fixed and the environmental
conditions are kept as stable as possible, then the mea-
suring data are recorded by using a remote computer
while the system is running; (2) the dynamic measur-
ing mode: mirror-D is moved by the nano-positioning
stage in a form of sine wave (the amplitude of sine
wave does not exceed A/2), then keeping the envi-
ronmental conditions as stable as possible, and the
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measuring data are also recorded by using a remote
computer.

Under the two measuring modes, the results show
that the system measurement error is the same while
the beat frequency of the interferometer varies from
1kHz to 500 kHz. Thus, a 300kHz beat frequency is
adopted in the experiment for the easy analysis.

The noise PSD of the laser interferometer proto-
type under the static measuring mode is shown in
Fig. 3. The noise level is 0.1-0.5 nm/Hz'/? within the
frequency band between 0.15mHz and 0.375Hz. The
noise mainly results from: (1) the breathing motion
of the optical bench driven by environmental temper-
ature drift, which occurs in the lower frequency band
(<0.01Hz); (2) the seismic vibration noises in higher
frequency band (0.1 Hz-0.01Hz), which results from
the effect of the ocean tides colliding with the main-
land. Lu et al. reported that the vibration frequency
of North China is from 10s to 32s,[*'] which is consis-
tent with our experimental results; (3) the instrument
noise, including the laser frequency noise, the photo-
detector noise, the phase-meter noise etc. However,
these noises are insignificant in comparison with the
above two noises.

Figure 4 shows the noise PSD of the laser interfer-
ometer prototype under the dynamic measuring mode,
and the noise PSD of nano-positioning stage itself is
shown in Fig.5 while it is moving in a sine equa-
tion. The period and the amplitude of the modulated
signal are 100s and 210nm, respectively. The high-
est peak corresponding to 0.01 Hz in Fig.4 is about
180 nm/Hz'/2, which has resulted from the modulated
signal. However, the PSD peak value of modulated
signal is inconsistent with the amplitude of the sine.
The deficiency of the detected signal’s amplitude com-
pared to the modulated signal comes from the fre-
quency instability of the nano-positioning stage itself,
since the power of the modulated signal has been di-
vided and distributed to other frequencies near the
modulated frequency of 0.01 Hz. In addition, when
using the WOSA method, the choice of the window
function and its normalization also influence the peak
value. In the higher frequency band (>0.1Hz), from
the comparisons and the analysis of Figs. 3-5, it is in-
dicated that the noise PSD of the laser interferometer
prototype under the dynamic measuring mode is dom-
inated by the noise resulting from nano-positioning
stage itself. As the same as the static measuring mode,
in the lower frequency band (<0.1Hz), the noise of
the laser interferometer prototype under the dynamic
measuring mode mainly comes from the seismic vibra-
tions and the temperature drift. According to the tem-
perature measurement, the temperature fluctuation of
environment (near the optical bench) is about 0.1°C
under the static measuring mode, but about 0.3°C
while under the dynamic measuring mode, which leads
to a higher noise level in the latter mode within the
frequency band <0.01 Hz.

In summary, an on-ground methodological demon-

stration of a laser ranging system has been carried out,
which can be used in the SAGM mission or future
GW space antennas. To eliminate the noise caused by
the laser frequency instability, a heterodyne laser in-
terferometer prototype is employed with equal arms.
Preliminary error sources of the laser ranging sys-
tem have been analyzed, and it has been found that
the measurement error of the system is unchanged
while the beat frequency of the interferometer has
been changed from 1kHz to 500 kHz. A noise level of
0.1-0.5nm/Hz'/? within the frequency band between
0.15mHz and 0.375Hz is obtained under the static
measuring mode, which has met the requirements of
the SAGM mission. Under the dynamic measuring
mode, the noise level is 1-3nm/Hz'/? within the fre-
quency band between 0.15mHz and 0.01 Hz, and the
greater temperature drift will lead to the worse perfor-
mance below 0.01 Hz. However, the measuring noise
does not exceed 1nm/Hz'/? within the higher fre-
quency band from 0.01 Hz to 0.375 Hz, in which the
noise in this frequency band is mainly contributed by
the laser interferometer measuring noise and the nano-
positioning stage itself. Therefore, in our experiment
the major noise source comes from the environmental
temperature drift. A certain scheme to stabilize the
thermal environment and low expansion material will
be used in our future work. A great improvement of
the system performance can be expected.
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