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In space laser interferometer gravitational wave (G.W.) detection missions, the stability of the laser
beam pointing direction has to be kept at 10 nrad/,/Hz. Otherwise, the beam pointing jitter noise will
dominate the noise budget and make the detection of G.W. impossible. Disturbed by the residue non-
conservative forces, the fluctuation of the laser beam pointing direction could be a few urad//Hz at
frequencies from 0.1 mHz to 10 Hz. Therefore, the laser beam pointing control system is an essen-
tial requirement for those space G.W. detection missions. An on-ground test of such beam pointing
control system is performed, where the Differential Wave-front Sensing technique is used to sense
the beams pointing jitter. An active controlled steering mirror is employed to adjust the beam point-
ing direction to compensate the jitter. The experimental result shows that the pointing control system
can be used for very large dynamic range up to 5 urad. At the interested frequencies of space G.W.
detection missions, between 1 mHz and 1 Hz, beam pointing stability of 6 nrad/,/Hz is achieved.
© 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4891037]

. INTRODUCTION

Driven by various motivations, many space missions are
proposed to use the laser interferometer to detect and observe
gravitational wave (G.W.) in the past 20 years.!"® The most
interesting G.W. frequency band covered by those space mis-
sions is from 0.1 mHz to 10 Hz and the corresponding work-
ing baselines of those space interferometers are ranging from
a few hundred thousand kilometers to several million kilo-
meters. Among all the technical difficulties in long baseline
space laser metrology, such as weak light phase lock, laser
frequency noise suppression, and ultra-stable oscillator noise
cancelation, the problem of the laser beam pointing control is
the most stringent one.” 10

For example, the laser beam pointing control is the key
to the evolved Laser Interferometer Space Antenna (eLISA).
The eLISA mission is a self-funded space G.W. detection
project of European Space Agency (ESA). If launched, the
eLISA can be expected to confront the G.W. predicted by
Einstein’s General Relativity, and it will open up a new win-
dow for the observation of the universe.* =4 Its predecessor
is Laser Interferometer Space Antenna (LISA).! The eLISA
is planning to launch three satellites, one mother satellite
and two daughter satellites. The three satellites, separated by
1 x 10% km, form a huge equilateral triangle with the center
of the formation lying in ecliptic plane 1 AU from the Sun and
20° behind the Earth. The mother satellite will send one laser
beam to each daughter satellite, the light will be received and
phase locked by daughter satellites, and then each daughter
satellite will send one laser beam back to mother satellite to
form a Michelson type interferometer. '+ 1
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To achieve the scientific objectives, the sensitivity of
eLISA should be better than 12 pm/,/Hz in the measurement
band of 1 mHz-1 Hz.'* The beam pointing jitter noise is ex-
pected to be one of the most prominent optical-path noise.7-3
The spacecraft jitter caused by the non-conservative forces,
such as solar wind, solar radiation, cosmic rays, etc., can be
suppressed by the disturbance reduction system.'®!” But the
residual attitude dynamics of the spacecraft and the Proof
Mass will even result in the jitter of transmitting light. Af-
ter I x 10° km spreading, the transmitting light received by
local spacecraft is mixed with local laser and the beat-note
signal is detected by the photo-detector. The angular jitter of
the transmitting light will cause phase noise due to the geo-
metrical distortion of the transmitting telescope. The apparent
phase noise 8¢ in the far field can be showed as' 73

P 3dD29 56 1)
=3\ 4%

where 6. is the static offset error in the pointing, 56 is the
pointing jitter, D is diameter of telescope, d is amplitude
of curvature error in the wave-front caused by the geomet-
rical distortion of the transmitting telescope, and A is laser
wavelength. Over 1 x 10° km, the laser beam pointing di-
rection 6 4, have to be aligned as precise as 20 nrad, and the
variation of the alignment §6 should be kept no more than
10 nrad/,/Hz at the frequencies from 1 mHz and 1 Hz.? Oth-
erwise, the beam pointing jitter noise will dominate the dis-
placement noise budget of interferometric measurement sys-
tem and make the detection of G.W. impossible. The influence
of complex cosmic background makes the requirement of the
beam pointing stability hard to achieve and the weak light
about 100 pW because of 1 x 10% km transmitting makes the
situation even worse.

© 2014 AIP Publishing LLC
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To achieve the desired beam pointing stability, an active
feed-back control system is essential. Two sets of such sys-
tems will be installed in mother satellite, and one set for each
daughter satellite. Split by an unbalanced beam splitter, the
local laser beam is divided into two parts: one part with most
of the power will be sent to the remote satellite, the other with
small part will be used for Differential Wave-front Sensing
(DWS).!#8-23 DWS technique will be introduced in Sec. II. By
interfering received laser beam with small part of local beam,
this control system use DWS to measure the deviated angle
between the pointing directions of two beams. This informa-
tion will be sent to a controller which will command a piezo-
electric transducer (PZT). The PZT then drives a steering mir-
ror to adjust the pointing direction of local beam parallel to
the pointing direction of received beam. Simultaneously, the
local beam sent out to the remote satellite will travel along the
same direction where the received beam comes.

Though it is an underdevelopment technology for space
G.W. detection missions, such control system is not new
for the eLISA’s ground based counterparts.?' Since the mir-
rors used in ground based detectors are usually several kilo-
grams, the coil-magnet system replaces PZT as actuator to
adjust the mirrors. In the interested frequencies of ground
based detectors, above 20 Hz, the pointing stability better than
1 nrad/,/Hz can be achieved. However, in frequencies below
1 Hz, beam pointing fluctuation raise up quickly.”!

Motivated by increasing interests of China in the field
of space G.W. detection,?*?° a bench-top beam pointing
control system for space G.W. detection mission is built and
tested. Two PZTs are used in this bench-top experiment:
one is to simulate pointing jitter of the incident beam; and
the other is used for pointing control system to compensate
the jitter. In space G.W. detection missions, the pointing jit-
ter caused by residue non-conserved forces will be a few
urad.>?® A 5 prad//Hz single frequency jitter at 0.01 Hz is
simulated as an input jitter. Under close-loop performance of
the bench-top beam pointing control system, the pointing sta-
bility of 6 nrad/,/Hz is achieved in interested frequencies of
space G.W. detection missions. Moreover, this beam pointing
control technique can also be used for possible future satel-
lite gravity missions.?’=3! In this article, the Amplitude Spec-
tra Density (ASD) and Linearized Amplitude Spectra Density
(LASD) are used to evaluate the performance of the pointing
control system.>?

Il. EXPERIMENT SETUPS

The laser beam pointing control system built on a bench-
top can be separated into two functional parts (Fig. 1). In laser
modulation bench, a 500 mW linear polarized single mode
laser with wavelength of 1064 nm is split by a 50/50 beam
splitter. Then two split beams are sent into two AOMs, and
the offset frequency between two AOMs is 40 kHz. One of
the laser beams is used to simulate the receiving laser while
the other is used as the local laser. The two laser beams will
be fiber-coupled and sent to ultra-stable optical bench. Each
beam will be reflected by a steering mirror mounted on PZT.
As shown in Fig. 2, a beam reflected by the mirror on the
PZT (XMT XS-330.2SL) which is controlled by so-called
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FIG. 1. Schematic diagram of the beam pointing control system: (a) laser
modulation bench of the pointing control system; (b) ultra-stable optical
bench of the pointing control system. Where AOM: acoustic-optical mod-
ulator, FI: fiber injector, BS: 50:50 beam splitter, LP: linear polarizer, P-J-
Controller: pointing jitter controller, P-Controller: pointing controller, PM:
phasemeter, QPD: quadrant photo detector.

P-J-controller is used to simulate beam pointing jitter of sim-
ulated receiving beam. The other PZT (PI s330.2 SL) con-
trolled by P-controller is used for our beam pointing control
system to adjust the local beam parallel to simulated receiv-
ing beam. The two beams will be interfered at a 50/50 beam-
splitter and the relative angle between them will be read out
by DWS technique. DWS consisting of a quadrant photo de-
tector (QPD) and a phasemeter is a well-known technique
for measuring the relative wave-front misalignment between
two beams with high sensitivity,'2? see Fig. 3. In small mis-
alignment, the average phase difference A6 between oppos-

ing halves of QPD can be approximated shown as>’-%°
16r
AO ~ BTN o =k-qa, 2)

FIG. 2. Layout of the laser beam pointing control system.
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transmitting beam

FIG. 3. Principle of DWS technique.

where « is the relative wave-front tilt, r is the beam radius,
A is the laser wavelength, and k is the conversion factor. Ac-
quiring the real-time information of relative angles offered by
in-loop readout, the beam pointing controller regulates the PI
steering mirror (PI s330.2 SL) which drives the direction of
the local laser to follow and lock the direction of the sim-
ulated receiving laser to improve the pointing stability. The
real-time performance of the beam pointing control system is
evaluated by out-of-loop readout.

lll. CALIBRATION

In order to describe the pointing jitter of the received
light, two degrees of freedom are required: where yaw mo-
tion presents the horizontal misalignment and pitch motion
presents the vertical fluctuation.

The conversion factor k from geometrical angle to elec-
trical phase difference, which can be predicted by DWS the-
ory, should be initially calibrated by the experiment. The cal-
ibration curves of the steering mirror driven by PI PZT are
shown in Fig. 4. The two freedoms are calibrated indepen-
dently. When yaw (pitch) motion is steered from —100 prad
to 100 urad, the pitch (yaw) motion is kept at zero. The dot-
ted lines are the phase difference read out by DWS technique,
and the solid lines are the linear regression lines of phase dif-
ference data. The correlation coefficient of the linear fittings
for yaw and pitch motion is 0.999987 and 0.999981, respec-
tively, which indicts a very good linearity between DWS sig-
nal and relative angles. The conversion factors for yaw and
pitch motion can be obtained from linear fitting curve: k,,,,
~ 5703 rad/rad and ko, ~ 4790 rad/rad, where k,, is the
conversion factor of yaw axis rotation; k., is the conver-
sion factor of pitch axis rotation. The different amplitudes
of the conversion factor may originate from various fac-
tors, such as imperfect overlapping of two interfering beams,
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FIG. 4. Linear fit for yaw motion and pitch motion.
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inhomogeneous spatial distribution of the phase, or non-
perpendicularity between laser beams and photo-detector.

The readout noise caused by photo detector, bayonet nut
connectors (BNCs), transmission line wire, and phasemeter is
also calibrated. One simulated heterodyne signal is divided
into four parts to represent four signals obtained from the
QPD. Through BNC and transmission wires, the four divided
parts will be sent into phasemeter to calculate the phase dif-
ference between opposing halves of QPD. Dividing the phase
difference with the conversion factor we have DWS signals. If
photo detector, BNCs, wires, and phasemeter are noise free,
the output DWS signals should be zero. But practically there
are always some noises.

The readout noises of yaw and pitch motion are cali-
brated independently, and the data are shown in ASD dia-
gram, see in Fig. 5. The solid curves are LASD data of yaw
and pitch. The readout noise levels for yaw and pitch over
the frequency band 1 mHz-1 Hz are: «,,, ~ 2 nrad/y/Hz and
Upiten ~ 2.3 nrad/,/Hz. The different noise levels in yaw
and pitch are mainly caused by the different conversion
factors.

IV. RESULTS AND DISCUSSIONS

During the experiment, the P-J-controller commands on
XMT steering mirror to rotate around yaw and pitch axis si-
multaneously. In order to simulate the situation of eLISA, the
amplitudes of modulated pointing jitters, both yaw and pitch,
are set to 5 urad/,/Hz. For simplicity, the frequency of simu-
lated jitter is fixed at 10 mHz. The P-controller will drive PI
steering mirror to adjust the simulated local laser parallel to
simulated receiving laser in order to compensate the misalign-
ment. The experiment lasts 4 h, first 2 h is for open loop and
last 2 h for feedback control. The experimental data shown are
analyzed in ASD, see Fig. 6. The blue dotted lines are open
loop data, the black dotted lines are in-loop data, the green
dots are out-of-loop data, and the red solid lines are LASD
for out-of-loop data.

After the feedback control turned on, during the frequen-
cies above 10 mHz, the residue pointing jitters of yaw and
pitch motions are of 6 nrad/./Hz and 7 nrad/,/Hz, respec-
tively, which has reached the level of eLISA’s requirement.

+ ASD for pitch motion { i ¥
+ ASD for yaw motion Lo LR
—LASD for pitch motion i
1 LASD for yaw motion

Readout Noise (rad/VHz)

10°

3 2

10 10 10 10’

Frequency (Hz)

FIG. 5. Readout noise of the pointing system in pitch motion (blue points)
and in yaw motion (green points) drawn in ASD, where the red curve is the
LASD for pitch motion and the yellow curve is the LASD for yaw motion.
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FIG. 6. (a) Results of rotating around yaw axis before control (blue points)
and in control (green points) in the amplitude of 5 urad/,/Hz; (b) results of
rotating around pitch axis before control (blue points) and in control (green
points) in the amplitude of 5 urad/,/Hz. The red curves present the LASD of
yaw motion or pitch motion in out-of-loop; the black dotted lines are in-loop
data for yaw and pitch motion.

While in the frequency domain below 10 mHz, the residue
pointing jitter noises of both direction rise up quickly and
reach 100 nrad/./Hz at 1 mHz. Furthermore, the in-loop
data show that this pointing control system has the poten-
tial to reach about 1 nrad/./Hz when the readout noise is
suppressed.

V. CONCLUSIONS

A methodological demonstration of the laser beam point-
ing control system for space G.W. detection missions has
been accomplished. The pointing jitter of 5 urad is produced
to simulate the situation of eLISA or future satellite grav-
ity missions. With beam pointing control system turned on,
the stability of the beam pointing direction can be kept at
6 nrad/\/Hz and 7 nrad/,/Hz.

It is found in the experimental results that, below 10 mHz
the pointing jitter noise is likely limited by thermal noise;
while above 10 mHz the pointing stability is mainly restricted
by the noise of electronics and the readout noise of DWS sys-
tem. In the real situation of the eLISA, the receiving light will
be at pW level. Therefore, shot noise dominates and greatly
increases the readout noise of DWS system. The signal to
noise ratio will be exceedingly reduced which will make the
control of beam pointing more difficult. To design and build
such a control system for pW receiving laser beam is the pri-
mary task in the following research.

Rev. Sci. Instrum. 85, 074501 (2014)
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