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Outline

• Science with Satellite Laser Ranging (SLR)

• LAGEOS physics

• The LARES, the LAser RElativity Satellite
– space mission approved by ASI/ESA and experiment approved 

by INFN

• The LNF SLR Characterization Facility (SCF)

• Testing new physics

• Outlook
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LAGEOS: the LAser GEOdynamics Satellites
LAGEOS I (1976; NASA)
LAGEOS II (1992; NASA - ASI)

∅= 60 cm 

M=400 Kg 

N=426 CCRs

Time of flight, 
atmospheric
corrections

Normal reflection
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Cube corner retro-reflectors (CCRs)

S
L
R



C. Lops, INFN-LNFLNF Spring School   May 08 4

The SLR Constellation in NEOs
Altitudes from few hundred km (LEOs) to
~20K Km (GNSS), 35K Km (GEO)

Two very important observables
- Geocenter of ITRF
- Scale of length of ITRF

are defined uniquely by LAGEOS I & II
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High-accuracy General Relativity (GR) tests
• Of course direct observation of Gravitational Waves is “the”

most important dynamical test of GR
• Main theoretical goal: quantum theory of Gravity and 

Unification of the 4 interactions. GR is a classic theory
• Main experimental goal: where does GR fail ?

– Frame dragging (LAGEOS, GP-B, LAGEOS+LARES)
– At what accuracy ? For example, for frame-dragging:

• LAGEOS: 10%
• GP-B: 300% (April 14, 2007), now 30%, final results in June 08
• LARES: new mission, aims to 1%. Is 1% enough ?

– Other tests:
• Space-time curvature (Cassini, PPN γ)
• Geodetic/De Sitter precession (Lunar Laser Ranging, PPN β)
• Redshift/clock dilation (GP-A, VIKINGS/Shapiro time delay)

• New theories: see slide # 13



Measurement of “frame-dragging” w/LAGEOS

• Raw observed node 
residuals combined

• Raw residuals with 
six periodic signals 
removed, estimated 
rate is 47.9 mas/yr

• GR-predicted 
residuals, rate: 
48.2 mas/yr

•• Raw observed node Raw observed node 
residuals combinedresiduals combined

•• Raw residuals with Raw residuals with 
six periodic signals six periodic signals 
removed, estimated removed, estimated 
rate is 47.9 rate is 47.9 masmas/yr/yr

•• GRGR--predicted predicted 
residuals, rate: residuals, rate: 
48.2 48.2 masmas/yr/yr

Earth angular momentum drags space-time 
around it. The node of LAGEOS satellites
(a~12300 Km) is dragged by ~2 m/yr

EIGEN-GRACE02S 2004 data by GFZ
1993-2003 LAGEOS I and LAGEOS II data
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I.Ciufolini, E. C. Pavlis
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LAGEOS+LARES vs Gravity Probe B
-LAGEOS I, LAGEOS II and LARES:
dragging of angular momentum wrt ILRS 
stations. Passive satellites.
LARES is an approved ASI mission and will 
be launched with the ESA rocket VEGA and 
is an approved INFN experiment

Gravity Probe B
(NASA mission ended in 2006):

dragging of drag-free gyroscope inside very 
high-tech spacecraft wrt distant guide star IM 
Pegasi

Cost: few M€ Official cost: 760 M$
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Critical experimental issues

• Non Gravitational Perturbations
(NGP): asymmetric thermal thrusts
due to Solar constant and Earth IR
– 2-3% of error on frame dragging

• Velocity aberration. Relative station-
satellite velocity requires non-zero 
expensive CCR dihedral angle offsets 
w/0.5 arcsec accuracy

• Design to control thermal 
perturbations on optical performance

• Characterize “as-built” thermal and 
optical performance at the INFN 
dedicated facility

Rubincam/Yarkovsky effect

For LARES: θ ~ 2 v/c cosφ ~ 40 mrad ⇒ ~50 m
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LARES design

Single piece of 
W-alloy

Ø ~ 39 cm
92 CCRs 

Equatorial
view

MLARES (102 Kg)

Thermal NGPs proportional 
to satellite Area/Mass
MLARES ~ MLAGEOS ~ 400 Kg 

M/SLARES/M/SLAGEOS ~ 2.7

Work by Scuola Ingegneria 
Aerospaziale, Rome “Sapienza”

M/SLARES/M/SLAGEOS
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Optical table, 
FFDP circuit

The INFN-LNF SLR Characterization Facility (SCF)
Thermal and laser tests never perfomed before in space conditions
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Measured & simulated optical Far Field Diffraction Pattern (FFDP)

Simulated with CodeV Measured @ LNF

Good agreement

Scale is ± 50 μrad

NASA-GSFC proto 
has dihedral angle 

offset = 0.0±0.5 arcsec
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Thermal SCF-Test and simulation (tough job)

SCF work led by
G. O. Delle Monache

T from IR camera 
τCCR drives NGPs
τCCR never measured
τCCR predictions have 
300% “error”

Our measurement:
σ(τCCR)/ τCCR ~ 10%,
which makes thermal 
NGPs negligible for 
LAGEOS & LARES
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LARES limit by I. Ciufolini

Limits on non-newtonian gravity using the perigee

Current limits on additional 
Yukawa potential:
α × (Newt-gravity) × e-r/λ

Expected limit on α set by the
LARES mission at an orbit radius 

of about 8000 Km.

For a clean perigee measurement
1) accurate measurement of 

thermal perturbations
2) high value of Mass/Area
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Conclusions

• SLR: the most precise AND cost-effective way to probe 
gravity in Near Earth Orbits

(Millimeters) .AND. (0.1 M€ to M€)
• Not just physics

– Space geodesy
– GALILEO has SLR on all satellites

• Three main contributions to science error budget
– SLR measurements, Earth grav. models, thermal perturbations
– The INFN SCF fills the void of non-existent of space characterization 

of SLR
• With SLR/LLR we love to test:

– General Relativity
– Yukawa deviations from 1/r2, Gravity with Torsion (in progress)
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Thank you
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The INFN-LNF SLR Characterization Facility (SCF)
Thermal and laser tests never perfomed before in space conditions



C. Lops, INFN-LNFLNF Spring School   May 08 17

Science with Satellite Laser Ranging

• Consolidated ToF to measure positions in space with passive, 
long-lasting targets
– Apollo LLR: oldest physics experiment in space with a man-made payload
– LAGEOS orbit lifetime is O(1) million years

• SLR is the most (cost-effective).AND.(precise) orbitography
– Laser interferometry in space more precise but much more expensive 

• Millimeter level precision of SLR is excellent for
– Precision tests of Gravity (GR, Unified Theories)
– Space Geodesy (ITRF/ICRF)
– Global Navigation Satellite System (GALILEO, GPS-3)

ITRF = International Terrestrial/Celestial Reference Frame
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Other manifestations of frame dragging

SPIN

Spin-time delay and gravitational lensing: can be 
observable on large scale structures (I. Ciufolini)

Gravitomagnetic clock effects near 
spinning astrophysical objects
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Satellite Laser Ranging (SLR)
Lunar Laser Ranging (LLR)

• The Moon as a test mass (1969+, 
Alley, Bender, Currie, Faller …)

• LAGEOS: “cannon-ball”, point-like 
test-masses covered with laser retro-
reflectors (raw orbit accuracy < 1 cm)

LAGEOS:
h ~ 6000 KmAPOLLO 11, 14,15
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LARES and GP-B: main goals & differences

• LARES+LAGEOS: test the gravitomagnetic field at the 1% level.  Same
goal as GP-B. LARES costs “a few millions” of euros.

• LAGEOS-only error is now 10%

• GP-B: ~300% error at in April 07 at APS
– Web site declares they are now at ~30% level. Final result in June 08
– Official cost = 760 M US$; approval in 1964, launch in 2004

• They are based on two DIFFERENT equations for the effect of the 
gravitomagnetic field, this difference could have profound implications in 
some gravitational theories embedding GR (for example Gravity with
Torsion)

• LARES data analysis may be repeatable by any laboratory. LARES 
measurements will improve with time, because of longer periods of 
observations and better modeling of the physical orbital perturbations
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LARES according 
to ASI

The ASI President wrote about 
LARES on Sep. 12, 2007, on 
an italian newspaper, Corsera

Ciufolini on NATURE, INFN, 
VEGA, Matera Laser Ranging 
Observatory, “a few Millions”


