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The road towards ASTROD
• Laser Astrodynamics is proposed to study relativistic gravity and to 

explore the solar system, 2nd William Fairbank conference (Hong 
Kong), and International workshop on Gravitation and Fifth Force
(Seoul) 1993.

• A multi-purpose astrodynamical mission is reached (1994) in 7th

Marcel Grossmann, July, 1994, Stanford (California).
• ASTROD (Astrodynamical Space Test of Relativity using 

Optical Devices) presented at 31st COSPAR Scientific Assembly 
July 1996.

• ASTROD and its sensitivity to Ġ measurements presented in the 
Pacific conference on Gravitation and Cosmology. Seoul (Korea) 
February 1996.

• ASTROD and its related gravitational wave sensitivity presented at 
TAMA Gravitational Wave Workshop in Tokyo (Japan) 1997.

• The possibility of solar g-mode detection  was presented in 3rd

Edoardo Amaldi and 1st ASTROD Symposium (2001).
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International collaboration 
period

• 2000: ASTROD proposal submitted to ESA F2/F3 call (2000)
• 2001: 1st International ASTROD School and Symposium held in 

Beijing; Mini-ASTROD study began
• 2002: Mini-ASTROD (ASTROD I) workshop, Nanjing
• 2004: German proposal for a German-China ASTROD collaboration 

approved
• 2005: 2nd International ASTROD Symposium (June 2-3, Bremen, 

Germany)
• 2004-2005: ESA-China Space Workshops (1st &2nd, Noordwijk & 

Shanghai), potential collaboration discussed
• 2006(7): Joint ASTROD (ASTROD I) proposal to be submitted to 

ESA call for proposals
• 2006: 3rd ASTROD Symposium (July 14-16, Beijing) before 

COSPAR (July 16-23) in Beijing



ASTROD mission concept
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ASTROD mission concept is to use three drag-free spacecraft. Two of the 
spacecraft are to be in an inner (outer) solar orbit employing laser 
interferometric ranging techniques  with the spacecraft near the Earth-Sun 
L1 Lagrange point. Spacecraft payload: a proof mass, two telescopes, two 
1 W lasers, a clock and a drag-free system.



ASTROD scientific objectives
• Test Relativistic gravity with 3-5 orders of magnitude 

improvement in sensitivity. That includes the 
measurement of relativistic parameters β, γ, 
measurement of dG/dt, and the anomalous constant 
acceleration towards the Sun (Pioneer anomaly).

• Improvement by 3-4 orders of magnitude in the 
measurements of solar, planetary and asteroids 
parameters. That also includes a measurement of solar 
angular momentum via Lense-Thirring effect and the 
detection of solar g-modes by their changing gravity 
field.

• Detection of low frequency gravitational waves (5 µHz-5 
mHz) from massive black hole and galactic binary stars. 
Background gravitational waves will also be explored.



ASTROD technological 
requirements

• Weak-light phase locking to 100 fW.
• Heterodyne interferometry and data analysis for 

unequal-arm interferometry.
• Coronagraph design and development: sunlight in the 

photodetectors should be less than 1 % of the laser light.
• High precision space clock and/or absolute stabilized 

laser to 10-17.
• Drag-free system. Accelerometer noise requirement: 

(0.3-1)×10-15[1+10×(ƒ/3mHz)2] ms-2Hz-1/2 at 0.1 mHz < ƒ
< 100 mHz.

• Laser metrology to monitor position and distortion of 
spacecraft components for gravitational modeling.



ASTROD I
•ASTROD I is a simple version of ASTROD mission in which a single
spacecraft in solar orbit and a ground laser station perform two-way 
interferometric and pulse laser ranging.

SUN



ASTROD orbit design features
• The distance to the Sun of the inner spacecraft varies 

from 0.77 AU to 1 AU and for the outer spacecraft varies 
from 1 AU to 1.32 AU.

• The two spacecraft should go to the other side of the sun 
simultaneously to perform Shapiro time delay.

• To obtain better accuracy in the measurements of Ġ and 
asteroid parameters’ estimation, one spacecraft should 
be in inner orbit and the other in outer orbit. 

• The two spacecraft at the other side of the sun should be 
near to each other for ranging in order to perform 
measurements of Lense-Thirring effect (measurement of 
solar angular momentum). 



Relativistic parameter 
determination for ASTROD

• The uncertainty of relativistic parameters 
(β,γ and J2) assuming 1 ps accuracy and 
ASTROD acceleration noise ~ 3×10-18 m 
s-2 (0.1 mHz) are, 1200 days after launch:

γ≈ 1.05×10-9; 
β≈1.38×10-9 and 

J2≈3.8×10-11



Relativistic parameter uncertainty 
evolution
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Solar angular momentum
• Lense-Thirring effect can be measured by taking the 

time difference between the light round trips SC1 - SC2  
- Earth system basis and SC2 - SC1 - Earth System 
basis.

• The Newtonian time difference t1-t2 for 800-1034 days 
after launching gives about 10 ms. The Lense-Thirring 
effect has a totally different signature and for this period 
of time is about 100 ps.

• Assuming a laser stability of 10-15-10-13 one could 
achieve 10-5-10-7 level of uncertainty.

• Lense-Thirring effect is proportional to the solar angular 
momentum.



Evolution of Ġ/G and Pioneer 
anomaly uncertainties
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Ġ measurement and anomalous 
acceleration towards the Sun

• Ġ/G≈2.82×10-15 yr-1 and the anomalous 
acceleration towards the sun Aa≈3.02×10-17 m s-

2 (again assuming 1 ps and 3×10-18 m s-2).
• By using an independent measurement of Ġ

ASTROD would be able to monitor the solar 
mass loss rate. The expected solar mass loss 
rate: a) electromagnetic radiation ~ 7×10-14

Msun/yr, b) solar wind ~10-14 Msun/yr, c) solar 
neutrino ~ 2×10-15 Msun/yr and d) solar axions ~ 
10-15 Msun/yr. 



Gravitational wave detection
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ERS
Gravitational detection topology. Path 1: ERS-SC1-ERS-SC2-ERS. Path 2: ERS-
SC2-ERS-SC1-ERS. To minimize the arm-length difference.

For example if a monochromatic gravitational wave with + polarization arrives 
orthogonal to the plane formed by SC1, 2 and ERS, then the optical path difference 
for laser light traveling through path 1 and 2 and returning simultaneously at the 
same time t, is given by

With τ1=2l1/c and τ2=2l2/c.
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Solar g-modes
• When the spacecraft moves in solar orbit the amplitude 

and direction of the solar oscillation signals are deeply 
modulated in addition to the modulation due to 
spacecraft maneuvering.

• Time constants for solar oscillations are about 106 yr for 
low-l g-modes and over 2-3 months for low-l p-modes. 
Close white dwarf binaries (CWDB) time constant are 
longer than 106 yr. Hence confusion background is 
steady in inertial space, only modulated by spacecraft 
maneuvering and not by spacecraft orbit motion.

• With this extra modulation due to orbit motion the solar 
oscillation signals  can reach 5 orders lower than the 
binary confusion limit.



Technological requirements: 
ASTROD (I) drag-free
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ASTROD I acceleration noise of free fall test masses

LISA acceleration noise of free fall test masses

ASTROD aims to improve LISA acceleration noise at
0.1 mHz by a factor 3-10, i.e., approx. 0.3-1×10-15 ms-2 Hz-1/2.

ASTROD bandwidth 5 µHz≤ƒ≤5mHz



ASTROD Gravitational Reference 
Sensor (GRS) preliminary concept

Move towards true drag-free conditions and improving LISA drag-free
performance by a factor 3-10.

1. GRS provide reference positioning only. Laser beam does not illuminate directly 
the proof mass (avoiding cross coupling effects and pointing ahead problem) 
surface but the GRS housing surface.

2. Only one reference proof mass. GRS measures the center of mass position of 
the proof mass.

3. Optical sensing could replace capacitive sensing. Capacitance could still be used 
for control purposes.

4. Absolute laser metrology to measure structural changes due to thermal effects 
and slow relaxations. 

LISA has adopted condition 1. Both conditions 1 and 2 avoid cross coupling
due to control forces aimed to keep the right orientation of the proof mass
mirror. 

ASTROD will employ separate interferometry to measure the GW signal and
the proof mass-spacecraft relative displacement independently.



ASTROD GRS

Dummy telescopeProof mass

Housing

Anchoring

Telescope

LASER Metrology

Telescope

Dummy telescope
Proof mass

Outgoing Laser beam

Optical readout
beam

Large gap Incoming
Laser beam

Schematic of possible GRS designs for ASTROD: a) a cubical proof
mass free floating inside a housing anchored to the spacecraft, b) a 
spherical (cylindrical) proof mass is also considered.  

a) b)



Drag-free control concept

Thrusters

Spacecraft 
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Direct proof mass acceleration 
disturbances

•Magnetic interactions due to susceptibility (χ) and permanent moment of 
the proof mass (Mr)

•Lorentz forces due to proof mass charging (Q).

•Thermal disturbances (radiometer, out gassing, thermal radiation pressure 
and gravity gradients).

•Impacts due to cosmic rays and residual gas.

Q, χ, Mr V

BSC (Spacecraft 
magnetic field)

Bip (Solar magnetic field)

δT (temperature fluctuations) induces δP (pressure 
fluctuations) and Gravity Gradients in the spacecraft

Cosmic rays
impacts.

Residual gas



Capacitive sensing

V2 V1

Vg

Cg
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•Capacitive sensing needs very close metallic surfaces to achieve
good readout sensitivity.
•Displacement readout sensitivity is proportional to d-1 or d-2 for 
different readout configurations.
•By decreasing the gap, readout sensitivity increases but also back 
action disturbances and stiffness terms increase.



Optical sensing
• A drawback of capacitive sensing is the need for close gaps 

between metallic surfaces to increase sensitivity. The sensitivity is 
proportional to the difference between capacitance (C1-C2), 
therefore proportional to d-2.

• Optical sensing allows us using larger gaps between the PM and 
surrounding metallic surfaces.

• Optical sensing provides a way of sensing essentially free of 
stiffness.

• Optical sensing sensitivity is limited by shot noise. Picometer 
sensitivity can be achieved with μW of lasing power and 1.5 μm 
wavelength.

• Back action force, 2P/c, can be made negligible, with 1% 
compensation ~10-17 m s-2 Hz-1/2.
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LISA and ASTROD acceleration
noise comparison
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Detecting Gravitational Waves

• To estimate gravitational wave strength sensitivity
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LISA and ASTROD GW strain 
sensitivity (S/N≈5, int. time 1yr)
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Picowatt  and femtowatt weak 
light phase locking

• LISA needs to achieve weak phase locking of the order of 85 pW. Because 
of longer armlengths ASTROD I and ASTROD have to probe weak phase 
locking of the order of 100 femtowatts (assuming 1 W lasing power from far 
spacecraft).
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Laboratory research on weak light 
phase locking for ASTROD14
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Results on weak light phase 
locking for ASTROD (20 pW)

Error signal
X: 20 µs/div
Y:10 mV/div

Locked
X: 50 ms/div
Y: 10 mV/div

FFT of the Error signal FFT of the Locked signal
X: 125 kHz/div

Y:20 dB/div-70 dBm

Beat signal: 29.3 kHz



Conclusions
• ASTROD is a multi-purpose space mission 

employing pulse and interferometric ranging to 
measure relativistic and solar system 
parameters, and low-frequency gravitational 
waves. 

• A ten-fold improvement in acceleration noise 
would allow us to reach relativistic parameter 
uncertainties at the ppb level.

• Close collaboration among the international 
scientific community is needed to achieve 
the scientific objectives and technological 
challenges required by ASTROD!
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Acceleration disturbances
• Position dependent (stiffness terms): a) sensor 

readout noise and b) external environmental 
disturbances affecting the spacecraft including 
thruster noise.

• Direct acceleration disturbances: a) 
environmental disturbances and b) sensor 
back action disturbances. 

• For sensing proof mass-spacecraft relative 
displacement and control actuation both 
capacitive and/or optical sensing will be 
considered.



Efforts towards optical sensing I

• Optical lever. A test mass displacement induces a transversal 
beam displacement which is detected by the position sensor.

• Relevant noise sources: a) 
shot noise and b) amplifier 
current noise 
(ƒ-1/2).
• Back action force disturbance 
depends on power fluctuations.
• In Acernese et al. [10] they 
achieve displacement readouts 
of the order of 10-9 m Hz-1/2 

down to 1 mHz.



Efforts towards optical sensing II
•Figure on the right side 
shows a GRS where the 
test masses are merged 
into a spherical proof 
mass [8]. 
•They consider all-
reflective grating beam 
splitters, minimizing  
optical path errors due 
to temperature 
dependence refractive 
index. They 
demonstrate an optical 
sensing of 30 pmHz-12.



Efforts towards optical sensing III
• In Speake et al. [9] a prototype bench top polarization-based homodyne 

interferometer based on wavelength modulation technique achieve a 
shot limited displacement sensitivity of 3pmHz-1/2 above 60Hz (using 
850 nm VCSEL with 60 nW optical power).



Experimental set-up



ASTROD I spacecraft: general 
features

1. Cylindrical spacecraft with diameter 2.5 m, 2 m 
height, and surface covered with solar panels.

2. In orbit, the cylindrical axis is perpendicular to 
the orbit plane with the telescope pointing 
toward the ground laser station. The effective 
area to receive sunlight is about 5 m2 and can 
generate over 500 W of power.

3. The total mass of spacecraft is 300-350 kg. 
That of payload is 100-120 kg.

4. Science rate is 500 bps. The telemetry rate is 
5kbps for about 9 hours in two days.



ASTROD I spacecraft schematic 
design
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ASTROD I science objectives

• Testing relativistic gravity and the 
fundamental  laws of spacetime with three-
order-of-magnitude improvement  in 
sensitivity;

• Improving astrodynamics with laser ranging 
in the solar system, increasing the sensitivity 
of solar, planetary and asteroid parameter 
determination by 1-3 orders of magnitude;

• Improving the sensitivity in the 5µHz – 5mHz 
low frequency gravitational-wave detection by 
several times (Auxiliary goal).



Proof mass acceleration 
disturbances
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Total proof mass acceleration noise at 0.1 mHz (ms-2Hz-1/2)                                                                       1.9    

 



Back action disturbances 
(Capacitive sensing)

Source of disturbances             Expressions                      Frequency dependence          Noise  in units (10-16 ms-2 Hz -1/2) 
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Total sensor back action disturbance (capacitance)                                                                                          0.4  

 



Coherent Fourier components
• Arise due to steady build up of charge on the test mass 

Protons
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Coherent Charging Signals (CHS) 
• CHS due to Coulomb forces are due to geometric (machining accuracy) 

and voltage offsets (non-uniformity in the sensor surfaces, to minimise 
work function differences, patch effects, etc) in the capacitive sensor.

• These signal increases at low frequencies.
• The magnitude of these signals have been shown to compromise the target 

acceleration noise sensitivity of LISA (see D. N. A. Shaul [9])
• Ways of dealing and/or suppressing these signals are also discussed in [9]. 

1E-18

1E-17

1E-16

1E-15

1E-14

1E-13

1E-12

1E-11

1E-10

1E-09
1E-04 1E-03 1E-02 1E-01

f  (Hz)

A
cceleration spectral density

(m
s -2H

z -0.5)

Coulomb 
~ t

Coulomb ~ 
t2

Lorentz ~ 
t

LISA

LISA PF

ASTROD I

ASTROD



Discharging schemes
• Accumulation of charge in the test mass induces acceleration disturbances 

through Lorentz and Coulomb interactions (if employing capacitive sensing).
• Position dependent Coulomb forces also contributes to the coupling 

between the proof mass and the spacecraft.
• Discharging periodically the proof mass to maintain this signals under the 

allowable limits, introduce coherent Fourier components as mentioned 
before.

• These CHS can spoil the sensitivity for a mission as LISA and therefore for 
ASTROD. Therefore there is a need for looking into continuous discharging 
schemes to suppress CHS.

• Recently, a deep UV LED as the promising light source for charge
management was identified by Ke-Xun Sun et al. (Hansen Experimental 
Physical Laboratory, Stanford University, CA 94305-4085, USA). This 
system could have advantages over the more traditional mercury lamp-
based system in three key areas: power efficiency, lower weight and flexible 
functionalities including AC operation out of the science measurement band



Stiffness terms
PM-spacecraft stiffness                  Expressions                                 Parameter dependence                Units (s-2) 0.1mHz  
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Total st iffness  (Capacitance)                                                                                                                              104.4 10−×  

 In the case of employing optical sensing the stiffness will be limited by gravity gradients. In 
a preliminary study for ASTROD I a stiffness value associated to gravity gradients when 
considering a cylindrical spacecraft and a parallelepiped proof mass is about 3.5×10-10

s-2 and 5.7×10-8 s-2 when the proof mass is enclosed in a box (as in the case of capacitive 
sensing).



ASTROD GRS parameters
Paraneter values used in the acceleration noise  estimates. 
Proof Mass 
Mass  (kg)                                                                                                                                                              1.75 
Density (kgm-3)                                                                                                                                                  42 10×    
Cross Section (m2)                                                                                                                                        0.050 0.035×  
Temperature (K)                                                                                                                                                  293  
Magnetic Susceptibility: χ                                                                                                                                63 10−×   
Permanent Magnetic Moment: Mr  (Am2Kg-1)                                                                                                                                                            82 10−×  
Maximum charge build-up:                                                                                              UV light continuous discharging 
Velocity [ms-1]                                                                                                                                                  44 10×   

Electrostatic shielding factor ξe                                                                                                                           100   
Magnetic shielding factor ξm                                                                                                                                10   
Optical bench thermal shielding factor ξTS                                                                                                         150  
Residual gas pressure                                                                                                                                          610−  
Magnetic fields. 
Local Magnetic field                                         [ ]SCB T                                                                                 78 10−×    

Local Magnetic field gradient                       1[ ]SCB Tm−∇                                                                            63 10−×   

Fluctuation in local magnetic field              1/ 2[ ]SCB THzδ −                                                                          71 10−×               

Interplanetary magnetic field                           [ ]ipB T                                                                               71.2 10−×  

Interplanetary magnetic field gradient             1/ 2[ ]ipB THzδ −                                                       ( )2 / 374 10 0.1mHz f−×   

Gradient of time-varying nagnetic field                     ( ) 1 1/ 2[ ]B Tm Hzδ − −∇                                               84 10−×  

Capacitive sensing 
Capacitance Cx [pF]                                                                                                                                             6 
Capacitance to ground Cg [pF]                                                                                                                            6 
Total capacitance C [pF]                                                                                                                                   36 
Gap d  [mm]                                                                                                                                                        4    
Average voltage across opposite surfaces Vx0 [V]                                                                                           0.5 
Proof mass bias voltage VM0 [V]                                                                                                                      0.6 
Voltage difference to ground Vx0-Vg=V0g  [V]                                                                                               0.01 
Voltage difference between opposite faces Vd [V]                                                                                         10-4  
Fluctuation voltage difference δVd [V Hz-1/2]                                                                                                 510−      
Residual dc bias voltage on electrodes V0 [V]                                                                                                10-2 

Loss angle δ                                                                                                                                                    610−    
Gap asymmetry Δd [μm]                                                                                                                                 10  
Quantization 
Net force on the proof mass: Fx0   [N]                                                                                                     142.5 10−×    
Binary digit: N [bits]                                                                                                                                      16 
Sampling frequency: νs [Hz}                                                                                                                        100 

 



ASTROD I accelerometer 
parameters (1)



ASTROD I accelerometer 
parameters (2)



ASTROD I proof mass acceleration 
noise and back action



ASTROD I stiffness terms



ASTROD I requirements 
compared to LISA



Relativistic parameter 
uncertainties for ASTROD I

• Assuming 10 ps timing accuracy and 10-13

ms-2Hz-1/2 (ƒ = 0.1 mHz), a simulation for 
400 days (350-750 days after launch) we 
obtain uncertainties forγ, β and J2 about 10-7, 
10-7 and 3.8×10-9.
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