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SLR/LLR examples

Apollo LRA

Moon (d ~ 380000 km): ToF ~ 2.5 sec
LAGEOS (h ~ 6000 km): ToF ~ 0.05 sec
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LLR tests of General Relativity —

()
S.cienc.:e measurement / Pfe?ision test of Time scale Apollo/Lunokhod MoonLIGHT
violation of General Relativity few cm accuracy* 1 mm 0.1 mm
Parameterized Post-Newtonian (PPN) B |Few years |Ip-1l<1.1x10 10 10
Weak Equivalence Principle (WEP) Few years |lAalal<1.4x1013 | 1014 10-1
Strong Equivalence Principle (SEP) Few years |Inl<4.4x10 3x10> | 3x10°
Eﬁﬁi ;ﬁ‘fiaﬁon of the Gravitational 5 years | IG/GI<9x103yr! | 5x10-14 | 5x10°13
Inverse Square Law (ISL) ~10 years |lol<3x10-!! 10-12 1013
Geodetic Precession Few years |IK, |<6.4x107 6.4x104[6.4%x10°

*J. G. Williams, S. G. Turyshev,and D. H. Boggs, PRL 93, 261101 (2004)

LNF measurement of the Geodetic Precession with Apollo/Lunokohd, including new
APOLLO station, with Planetary Ephemeris Program (PEP) by CfA: ~1% accuracy

Number of laser returns to make a “standard” ~2-cm LLR range:

- MoonLIGHT single, large reflector: ~1
- Apollo/Lunokhod/Luna-Glob multi-reflector array: thousands




data records per year
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Librations up to 8°

Apollo
LLRRA 20th 532 nm laser

walvefront from Egrth

MoonLIGHT
LLRRA 21st Century

Unresolved Multi-
CCR return:
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Moon,
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MoonLIGHT, Apollo
100 mm, 38 mm

Experiment of INFN National Scientific
Committee 2 (CSN2) MoonLIGHT ended
and 1ts continuation for 2013-2018:
MoonLIGHT-2
Moon Laser Instrumentation for General

relativity High accuracy Tests — Phase 2
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SCF-Test: thermal-optical-vacuum
measurements

SCF-Test concept: reproduce the passage of a satellite equipped with an LRA,
into the Earth shadow and sun illumination.

Exposure of CCR/LRA: AMO Sun
 Low temperature (77K) and vacuum (10 mbar) of the environment | simulator

-

* Hold the average temperature, Ty, of the CCR/LRA
—> reached stationary state, FFDP taken

* Sun Simulator (SS) illumination = thermogram taken

* Cool down = FFDP acquired

* Repeat the above measurement for different:
* Temperature: T# T g
e SSillumination angles

Satellite
with CCR



Intensity (fraction of airy peak)
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«— average FFDP intensity
variation at Moon
velocity aberration.

Error on intensity is
+ 20% relative.



e 2nd CF-Test
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Moon & Mars

* Lunar Laser Ranging (Sun-Earth-Moon gravity)

— Existing reflectors (5 Apollo/Lunokhod), existing (4) & new statlons (L>2)

— New big reflector by INFN/Maryland, MoonLIGHT. Improved tests of
General Relativity and New Gravity theories up to x100

— New solar system small reflector by INFN, INRRI (INstrument for landing-
Roving laser ranging/altimetry Retroreflector Investigations). Ranged by
orbiters

— Approved missions: Luna-27 (Rosc.-ESA), Astrobotic, Moon Express
— Proposed: SELENE-2 (Jaxa), Chang’e 4+ (CSA), LGN (NASA)

* Mars/Phobos/Deimos Laser Ranging (Sun-Mars-Jupiter)

 INRRI and medium-size reflector, CORA (COsmo Retroreflector Array), by INFN &
Ministry of Defense

* Approved missions: Mars 2020 (NASA), ExoMars 2018 (ESA-Roscosmos)
* Proposed: GETEMME (ESA, DLR, ...), gravity mission on Phobos/Deimos

* Data laser-communications, esp. for Mars exploration, will be
great opportunity for laser ranging experiments




INRRIs at: Moon; Mars, Jupiter/Saturn moons

Cartoon
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Planet/asteroid/icy-rocky moon

« Selenolocate rover activity from orbiters thanks to CCR (reflector):
— Laser altimetry at nadir (LRO-like) to rovers at poles of moons

— Laser ranging with pointing capability to CCRs anywhere (GETEMME-like)
* Deploy CCR networks! Also on far side of Earth’s Moon
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