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Outline 

•  INFN-ASI “Joint Laboratory” on laser reflectors/ranging 
•  INFN Affiliation partnership to NASA-SSERVI 

–  Solar System Exploration Research Virtual Institute 

•  Moon & Mars Science Assets to test General Relativity 

•  Lunar mission opportunities 

•  Mars mission opportunities 
•  Outlook 
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Slide by Y. Pendleton @ELS-Frascati 
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NASA-SSERVI 



INFN Affiliation to NASA-SSERVI 
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Signed in Rome on Sep. 15, 2014
INFN proposal to NASA:

laser retroreflectors for the whole solar system

See also the NASA webpages:

http://sservi.nasa.gov
http://sservi.nasa.gov/internationals/

http://sservi.nasa.gov/articles/nasa-and-infn-sign-affiliate-member-statement/

http://sservi.nasa.gov/articles/infn-laser-retro-reflector-development/

http://sservi.nasa.gov/articles/moon-express-announces-multi-mission-payload-
agreement-with-infn-and-university-of-maryland/
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INFN Affiliation to NASA-SSERVI 

5S. Dell'Agnello et al ILRS-16

Signed in Rome on 
Sep. 15, 2014

INFN proposal
to NASA:

laser retroreflectors 
for the whole
solar system
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Right: SSERVI 
news, visit by

C. Elachi (JPL) & 
E. Flamini (ASI 
Chief Scientist)



Matera Laser Ranging 
Observatory

1.5 m telescope
@ASI - CGS 

Slide courtesy of G. Bianco



ASI-MLRO LLR (Lunar Laser Ranging) Time of Flight 
on Apollo 15: ~2 ns rms. Much narrower with new reflectors 
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Solar system science assets 

•  MoonLIGHT, the big Lunar laser retroreflector 
-  Moon Laser Instrumentation for General relativity High 

accuracy Tests, next-generation lunar (see D. Currie’s talk) 

•  INRRI, the Solar System microreflector 
-  Instrument for landing-Roving laser Retroreflector 

Investigations 

•  PEP, the Planetary Ephemeris Program orbital SW 
-  Lunar/Martian positioning data: with PEP, developed in 

USA at the Harvard-Smithsonian Center for Astrophysics 
(CfA), by Shapiro, Reasenberg, Chandler since 1960/70s 
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MoonLIGHT / LLRRA21: 
Next Generation LLR Reflector (see D. Currie’s talk) 

•  Collaboration 
–  INFN-Frascati, U. Maryland, INFN/Univ. Padua 
–  Lunar stations: ASI-MLRO (Italy), APOLLO (US), OCR (Fr.) 
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MoonLIGHT (100 mm)       GNSS (33 mm) MoonLIGHT package



MoonLIGHT (next-generation reflector)
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•  Improvements of the space segment up to ×100 with 
MoonLIGHTs on near side in addition to Apollo/Lunokhods

Lunar Laser Ranging test of General Relativity

Science measurement / Precision test        
of violation of General Relativity

Apollo/Lunokhod * 
few cm accuracy

MoonLIGHTs **         
mm        sub-mm

Parameterized Post-Newtonian (PPN) β |β-1| < 1.1×10-4 10-5 10-6

Weak Equivalence Principle (WEP) |Δa/a| < 1.4×10-13 10-14 10-15

Strong Equivalence Principle (SEP) |η| < 4.4×10-4 3×10-5 3×10-6

Time Variation of Gravitational Constant |Ġ/G| < 9×10-13yr-1 5×10-14 5×10-15

Inverse Square Law (ISL) - Yukawa |α| < 3×10-11 10-12 10-13

Geodetic Precession |Kgp| < 6.4×10-3 6.4×10-4 6.4×10-5
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* J. G. Williams et al PRL 93, 261101 (2004)
    ** M. Martini et al Plan. & Space Sci. 74 (2012) 276–282; M. Martini PhD thesis 2016



MoonLIGHT + INRRI on the Moon 
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Commercial mission: Moon Express 1 (US, end 2017- start 2018) 
MEX-INFN-UMD agreement: on 15/5/15 in Frascati 

Competing also for Google Lunar X Prize 
Note: the INRRI microreflector is an INFN-only payload 



INRRI qualification/integration for ExoMars
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•  Eight ½ inch microreflectors
•  Reflector load/peel test
•  TVT (158-328 K)
•  Vibe/shock (Proton rocket)
•  Repeat load/peel test
•  Mass loss check (none)
•  INRRI: 25 gr < ½ Pyramid weight = 60 gr



Laser microreflectors for whole solar system 

•  Positioning and/or geodetic targets (ground “truth” 
georeferencing). Observed locally, by laser orbiters 
–  Laser altimetry (NASA LRO, ESA AIM); dedicated laser ranging 
–  Lasercom (like NASA’s LADEE mission, Mars 2022 orbiter) 

•  Lasercom: slides by D. Cornwell, Head NASA Optical Division 
•  2022 orbiter: Slides by E. Stofan, Chief Scientist of NASA-HQ 

•  Supports mm-positioning w/single shot to single reflector 
–  Supports VIS to NIR (~2000 nm) 

•  Laser-tracking supports retrieval, redirection, deflection … 
•  Laser-guide directed forms of energy and interceptors 
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LLCD
Lunar Laser 
Communications 
Demo
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Reflectors on Moon/Mars, asteroids/comets, icy/moons

Lander or Rover:
arm, Reflector, camera

iced sea
cryogeyser

crater/canyon
Exolife? 

NIR
VIS

Planet/asteroid/
moon/comet
Rover at EoL 

Cartoon  
not to scale

rock
or 

icebergSurface of planet/asteroid/
icy-rocky moon/comet

camera

 Lasercom,
Laser Ranging

Laser-locate Rover/Lander w/reflector from orbiters. Moon far side
Global and local reflector networks to serve Exploration,   
Planetary Science, Geodesy and test Fundamental Gravity
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Laser Altimetry,  Atm. 
Lidar,  Laser flashes



INRRI laser location by orbiters 
Measured laser return, or lidar optical cross section 

(msqm, µrad) units at 532 nm. Adequate to observe INRRI 
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LRO
@MOON

MGS
@Mars

Orbiter
@Asteroid
or Comet

INRRI coated reflector (Airy) 
far field diffraction pattern



INRRI laser location by orbiters 
Simulated laser return (CodeV), or lidar optical cross section, 

(msqm, µrad) nits at 1064 nm (LOLA, MOLA). Airy peak even wider at 
1550 nm (LLCD). Adequate to observe INRRI 
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LRO@
MOON

MGS@
MARS

Orbiter
@Asteroid
or Comet

INRRI coated reflector (Airy) 
far field diffraction pattern



ExoMars 2016: 1st laser retroreflector on Mars
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INRRI
  25 gr

~5cm×2cm

Science payloads on
Lander Schiaparelli
Landing: Oct 19, 
2016, in 6 days

http://exploration.esa.int/mars/
46124-mission-overview/



Accepted 
by 

Advances 
in 

Space 
Research 
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INRRI-EDM/2016: the first laser retroreflector on the

surface of Mars

S. Dell’Agnelloa, G. Delle Monachea, L. Porcellia,⇤, A. Bonia, S. Contessaa,
E. Cioccia, M. Martinia, M. Tibuzzia, N. Intagliettaa, L. Salvatoria,

P. Tuscanoa, G. Patrizia, C. Mondainia, C. Lopsa, R. Vittorib,a, M. Maielloa,
E. Flaminic, E. Marchettic, G. Biancod,a, R. Mugnuolod, C. Cantonea

aIstituto Nazionale di Fisica Nucleare - Laboratori Nazionali di Frascati (INFN-LNF),
Via E. Fermi 40, 00044, Frascati, Rome, Italy.

bAeronautica Militare Italiana (AMI), Viale dell’Università 4, 00185, Rome, Italy.
cAgenzia Spaziale Italiana - Headquarters (ASI-HQ), Via del Politecnico snc, 00133,

Rome, Italy.
dAgenzia Spaziale Italiana - Centro di Geodesia Spaziale Giuseppe Colombo (ASI-CGS),

Località Terlecchia, P.O. Box ADP, 75100, Matera, Italy.

Abstract

During Summer 2015 the SCF Lab1 (Satellite/lunar/GNSS laser rang-
ing/altimetry and cube/microsat Characterization Facilities Laboratory)
Team of INFN-LNF, with support by ASI, carried out an intense activity of
final design, manufacturing and testing in order to construct, space qualify
and finally integrate INRRI-EDM/2016 on ESA’s ExoMars EDM spacecraft
(also dubbed ’Schiaparelli’), which was successfully launched on March 14,
2016. INRRI (INstrument for landing-Roving laser Retroreflector Investiga-
tion) for the EDM (Entry descent and landing Demonstration Module) 2016
mission is a compact, lightweight, passive, maintenance-free array of eight
cube corner laser retroreflectors fixed to an aluminium alloy frame through
the use of silicon rubber suitable for space applications. INRRI was installed
on the top panel of the EDM Central Bay on October 14, 2015. It will enable
the EDM to be laser-located from Mars orbiters, through laser ranging and
altimetry, lidar atmospheric observations from orbit, laser flashes emitted by
orbiters, and lasercom. One or all of the above means of observation can
be supported by INRRI when there is an active, laser-equipped orbiter, es-

⇤ Corresponding author. Email address: luca.porcelli@lnf.infn.it.
1 www.lnf.infn.it/esperimenti/etrusco.

Preprint submitted to Advances in Space Research October 7, 2016

Manuscript
Click here to view linked References
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INRRI exploration/science goals on Mars  
http://exploration.esa.int/mars/48898-edm-science-payload/ 

http://exploration.esa.int/mars/57466-retroreflector-for-exomars-schiaparelli/ 

•  Accurate positioning of landing-roving 
•  Improved definition of Meridian 0 (Mars Greenwich) 

better than current Airy 0 crater (200 m accuracy) 

•  Test of General Relativity and its extensions 
•  Lidar-based/aided landing (return to lander/rover site) 
•  Atmospheric trace species detection by lidar on orbiter 
•  Atmospheric dust measurement by lidar on orbiter? 
•  Lasercomm test & diagnostics 

Ultimately: Mars Geo/physical Network (MGN) 

S. Dell'Agnello et al ILRS-16 22



Moon-Mars for GR, 13Oct16S. Dell'Agnello et al ILRS-16 23

MAJOR NEWS



INRRI$2020:"
INstrument"for"landing1Roving"laser"Retroreflector"Inves5ga5ons"

on"
Mars+2020+

Mars Geo/physical Network (MGN) of INRRIs  
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ExM 2016 Schiaparelli ≡ 1st MGN node ≡ Mars Greenwich
NASA/ASI: Mars 2020, Insight 2018?

ESA/ASI: ExoMars 2016, ExoMars 2020

ExoMars 2020Mars 2020 (NASA)



INRRI$2020:"
INstrument"for"landing1Roving"laser"Retroreflector"Inves5ga5ons"

on"
Mars+2020+

Mars Geo/physical Network (MGN) of INRRIs  
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Schiaparelli = 1st node of MGN = Mars Greenwich
NASA/ASI: Mars 2020 (×1), Insight 2018 (×1?)

ESA/ASI: ExoMars 2016 (×1), ExoMars 2020 (×2)

Mars 2020 (NASA)

NASA-JPL Mars yard, 
Curiosity, now roving 

Mars

Functioning model of Curiosity
Curiosity & Mars 2020 are huge,

>1 ton



NASA-JPL Mars yard, Curiosity mockup

With Bruce Banerdt (PI of InSight)
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Spirit/Opportunity (left), Sojourner (cnt), Curiosity (right)�
Three generation of Mars Rovers
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NASA’s InSight Lander (May 2018 launch) 
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Meeting with NASA’s InSight Lander PI 
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If equipped w/INRRI, InSight 
(Interior exploration using Seismic 
Investigations, Geodesy and Heat 

Transport) will become the 2nd node 
of the Mars Geo/physical Network.

Bruce is a promoter of both Lunar & 
Mars Geo/physical Networks



GR tests with Mars – PEP simulations
•  MGN, Mars Geo/physics Network of INRRIs
•  Test of non-ideal MGN (~all north, weather/accuracy limitations)

Phoenix Lander (68N, 234E), Curiosity Rover (4S, 137E), Opportunity Rover 
(2S, 354E), Viking1 lander (22N, 50W), Viking 2 Lander (48N, 258W)

•  Data: 1 laser normal point (NP) every 7 Sols for 10 years
–  Or >1 NP every 7 Sols for < 10 years

•  Preliminary, but based on consolidated lunar PEP analysis 
•  Accuracy: 10cm–10m (current ephemeris ~50m)
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INRRI:	Time/Accuracy	 Accuracy	on	β-1	 Accuracy	on	γ-1	 Accuracy	on	!/!	
10	years	/	10	m	 1.7	x	E-04	 7.2	x	E-04	 3.8	x	E-14	
10	years	/	1	m	 3.7	x	E-05	 1.6	x	E-05	 1.4	x	E-14	
10	years	/	10	cm	 7.4	x	E-07	 3.2	x	E-06	 2.9	x	E-15	

Best	accuracy	now	
Data	

Analysis	group	

1	x	E-04	
Lunar	Laser	Ranging	
JPL,	Harvard-INFN	

2.3	x	E-05	
Cassini	

Bertotti	et	al	

9	x	E-13	
Lunar	Laser	Ranging	
JPL,	Harvard-INFN	

	



Lasercom/altimetry (2022), Journey to Mars (2030) 

Talk by Ellen Stofan @ASI-HQ, Rome, June 2016 
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From ASI:
lasercom and 
laser altimeter 
on the orbiter



Lasercom/altimetry (2022), Journey to Mars (2030) 
Talk by Ellen Stofan @ASI-HQ, Rome, June 2016 

Moon-Mars for GR, 13Oct16S. Dell'Agnello et al ILRS-16 32



Lasercom/altimetry (2022), Journey to Mars (2030) 
Talk by Ellen Stofan @ASI-HQ, Rome, June 2016 

Moon-Mars for GR, 13Oct16S. Dell'Agnello et al ILRS-16 33



Outlook 

•  Quote by JFK in 1960’s (my modest additions in italics): 
–  “We (ILRS, too) are going (landing/roving) to the Moon (& Mars), 

not because it is easy ... (but) because it is hard  

•  New and strong wave of Mars/Moon landing/roving 
science, exploration, mining, ISRU, search for exolife ... 

•  All the above mean great opportunities to test GR and 
New Physics of gravity; and for Solar System Geodesy 
–  GLXP: Moon Express ... 
–  ESA: ExoMars Lander (Oct 19, 2016, in 6 days) & Rover (2020) 
–  NASA: Mars 2020 Rover. InSight lander (2108)? 
–  NASA’s Journey to Mars, Optical communications and relay 

orbiter. With ASI collaboration 

•  Future of ILRS? (Also) To the Moon, Mars & beyond 
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LLR test of the Equivalence Principle

If EP is violated:
lunar orbit displaced 
along Earth-Sun line;
periodic variation
of Earth-Moon distance

 Δr = 13.1 η × cos D

D = lunar phase angle 
η = Nordtvedt parameter, 
describes gravitational 
self-energy 

Graphic excerpt from San Diego Union Tribune
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LLR SEP test: implications on η and PPN β
•  SEP violation is due to self-energy (U) contribution only

[(MG/MI)]SEP = 1 + η (U/Mc2)
U/M ∝ M => to test SEP need astronomical bodies => only LLR

•  Theory prediction
[(MG/MI)earth - [(MG/MI)moon]SEP = [Ue/Mc2 - Um/Mc2] × η

             = - 4.45 × 10-10 × η
•  Considering in η only PPN β and γ

η = 4β - γ -3 = (4.4 ± 4.5) ×10-4

•  β describes non linearity of gravity associated to a SEP violation
•  Using Cassini’s value of γ:

β - 1 = (1.2 ± 1.1) × 10-4

High accuracy η and β measurements 
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Limits on 1/r2 deviations in the Solar System

MoonLIGHT provides 
accuracy 100 times better 
on the space segment (the 
reflectors) 
 
When other LLR error 
sources will have improved 
up the same level, 
MoonLIGHT-2 will 
improve limits from 
α  ~ 3x10-11 down to <10-12  
at scales λ ~ million km 

Limits on Yukawa potential: α × (Newtonian-gravity) × e-r/λ 
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