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1 Next generation lunar laser retroreflectors for
fundamental physics and lunar science

Lunar Laser Ranging (LLR) data represent a powerful tool to understand the
dynamics of the Earth-Moon system and the deep lunar interior. Over the past
five decades, the ground station technology has significantly improved, whereas
the lunar laser retroreflector arrays (LRAs) on the lunar surface did not. Cur-
rent instrumental LLR error budget is dominated by the spread of the returning
laser pulse due to the large size of the arrays. Next-generation single solid lu-
nar Cube Corner Retroreflectors (CCRs) of large optical diameter (whose LLR
performance is unaffected by that time spread) aim to fully exploit the current
laser ranging station capabilities to attain LLR accuracy below current centime-
ter value down to the desired millimeter level and much higher data collection
rates. Such improvements will have a significant impact, enabling more refined
ephemerides, improved tests of General Relativity (GR) and of other theories
of relativistic gravity in the Sun-Earth-Moon system and improved knowledge
of the properties of the lunar interior.

1.1 Primary Scientific Objectives

Several lunar ephemeris and orbit determination software packages have been
developed over the decades by expert analysts who are among the co-authors
of this white paper. Historically, one of the very first such packages was the
Planetary Ephemeris Program (PEP) by CfA, which estimates the orbits of so-
lar system bodies and of many artificial satellites/probes. One of the first GR
measurement with LLR data was the lunar geodetic precession in 1988. Other
original software packages have been developed and are actively used at JPL
and in Europe (France and Germany). UCSD and INFN-LNF use PEP. All
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these packages are state-of-the-art and in different ways they constantly keep
improving GR tests and pushing constraints on fundamental physics observ-
ables in search for new physics, one US decadal plan and one ESA roadmap
after the other. Finally, LLR is also a powerful tool to test gravity theories
beyond GR, like spacetime torsion, through its potential manifestations in two-
body systems like: Earth-Moon and Sun-Mercury and Earth-LAGEOS/LARES
artificial satellites. The physics observables can also be used to probe extended
theories of gravity beyond GR, like the so-called f(R) gravity and Nonminimally
Coupled gravity (NMC). These gravity theories are well motivated by cosmolog-
ical models alternative to dark matter and dark energy, whose apparent effects
are explained by modifications of GR, and that may have observable manifesta-
tions in the solar system dynamics (and always in the weak-field, slow-motion
regime). Recently, to support the need for accurate and sufficient LLR obser-
vations, investigations were carried out in order to assess the benefit of many
high-precision infrared (IR) data

1.2 Secondary Scientific Objectives

Extending the reach of Apollo and Lunokhod LRAs, next generation CCRs will
greatly contribute to lunar surface geodesy (selenodesy) by improving the local
lunar cartesian reference system and its tie to the International Celestial and
Terrestrial Reference Systems (ICRS/ITRS). Currently LLR determines the co-
ordinates of Apollo and Lunokhod LRAs w.r.t. the center of mass of the Moon
with decimeter level uncertainties. Up to date, these five sites have the most
accurately known positions on the Moon and may serve as control points for
lunar reference systems, including the one based on Lunar Reconnaissance Or-
biter (LRO) data and metric maps, the future LGN, as well as positioning and
navigation from orbiters equipped with laser time-of-flight capabilities. LLR is
one of the core technologies of the LGN mission (to be proposed by C. Neal,
R. Weber et al. for NASAs New Frontiers 5), where it contributes to the im-
provement of the determination of the lunar interior structure together with the
other LGN instruments. Concerning lunar inner structure, next-gen single large
CCR will contribute in improving the uncertainties of the core momentum and
Love numbers of the Moon. Lunar core and inner structure have been probed
by several techniques. The lunar mean density and moment of inertia values
permit a small dense, solid or liquid core, but not a large one. Seismic data
provides information on the elastic properties of the lunar crust and mantle:
S-waves damp out for the deep mantle, possibly due to a deep partial melt; P-
waves penetrate the deepest mantle better, but are not able to unambiguously
detect a core. Magnetic induction data indicates a small conducting core. LLR
is sensitive to the physical librations, i.e. the 3-axis lunar rotation and orien-
tation . The rotation of the Moon is sensitive to moments of inertia of lunar
mantle and fluid core, lunar gravity field, tidal deformation, dissipation at the
CMB (Core-Mantle Boundary) and flattening at the CMB. LLR physical libra-
tion analysis indicates a liquid lunar core, first detected from dissipation at the
CMB and more recently from detection of CMB flattening and core moments
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of inertia; according to the core moments values and CMB flattening, the fluid
core radius is determined to be 380km. Next-gen CCRs will further signifi-
cantly contribute to the determination done by GRAIL (the Gravity Recovery
And Interior Laboratory mission) and existing LLR data of tidal Love num-
bers which are sensitive to internal elastic properties and structure including a
core: in particular the displacement Love number h 2, which is compatible with
the foregoing core size though the k 2 Love number would work better with a
smaller core. A future wider selenographical distribution of next generations
CCRs would help to single out the contribution of physical librations from LLR
data and would lead to the increase in sensitivity not only of physical librations,
but also of tides. Correspondingly, this would improve the uncertainties of the
core moments and Love numbers.

1.3 First Approved Missions and Decadal Recommenda-
tions

The first NGLR (with fixed pointing) will be launched with a NASA-CLPS
mission dubbed Ghost Blue and the lander provider will be Firefly. The launch
is scheduled for Q4 2023 and the landing site will be the Mare Crisium. The first
MoonLIGHT (equipped with MPAc and the robotic dust cover) will be launched
the NASA-CLPS/PRISM1A (CP-11) mission and the lander provider will be
assigned in the November 2021 timeframe. The launch is scheduled for Q1
2024 and the landing site will be the Reiner Gamma swirl region. This topical
white paper wishes to recommend to the BPS decadal survey the state-of-the-art
objectives of fundamental physics and lunar science described in sections II and
III, that are enabled by next generation single, large diameter CCRs deployed
by means of NASA-CLPS missions, through the international Artemis Accords,
the EL3 lunar program and the LGN during the decade 2023-2032. The science
return will continue for the following decades because CCR are passive, long-
lived instruments and as demonstrated during the past 50+ years by Apollo and
Lunokhod LRAs (one of which was rediscovered in 2010 by APOLLO thanks
to LROC, the LRO Camera). Since all existing LRAs are north of the lunar
equator, we recommend one or more southern landing or roving sites, especially
towards the limbs or the south pole, as they would be most helpful both for lunar
science and for fundamental physics. Concerning rover opportunities, if (for
example) NASAs Volatiles Investigating Polar Exploration Rover (VIPER) does
not include one, it could deploy a next-gen CCR of increased performance, like
the one in Figure 1 in a fixed-pointing mount with pre-launch selectable elevation
(middle and right photos). At its end-of-life VIPER could maneuver to align
the CCR to Earth, avoiding the need for MPAc (i.e. an active pointing). Such
a next-gen CCR would be a cost-effective, science-effective (because deployed at
the south pole), compact and light instrument (¡2kg, dust cover included). ESAs
robotic, removable CCR cover (Figure 4 or a version simplified/optimized for
VIPERs 85oS latitude) would be most useful to avoid regolith dust accumulation
over the 10-cm diameter CCR face during the rover traverses.

3



References

[Delle Monache et al. 2015] Delle Monache, G., Dell’Agnello, S., Vittori, R.,
et al., INRRI-EDM/2016: the First Laser Retroreflector Payload on Mars,
International Laser Ranging Service Technical Workshop 2015, Contribution
n. 2.10, geodaf.mt.asi.it/2015 ILRS TW/index.html.

[Smith et al. 2010] Smith, D. E., Zuber, M. T., Jackson, G. B., et al., The Lunar
Orbiter Laser Altimeter Investigation on the Lunar Reconnaissance Orbiter
Mission, Space Science Reviews, doi:10.1007/s11214-009-9512-y.

[Zuber et al. 1992] Zuber, M. T., Smith, D. E., Solomon, S. C., et al., The
Mars Observer Laser Altimeter Investigation, J. Geophys. Res., Vol. 97, No.
E5, Pages 7781-7797, May 25, 1992.

[Yu et al. 2010] Yu, A. W., Li, S. X., Stephen, M. A., et al., Spaceborne Laser
Transmitters for Remote Sensing Applications, Proc. of SPIE, Vol. 7808,
780817-1, doi:10.1117/12.861536.

[ESA 2015] ESA ITT AO/1-8227/15/NL/RA, AIM Optel-D concept definition
study, 2015.

[Chen 2014] Chen, H. S., Space Remote Sensing Systems: An Introduction, Aca-
demic Press, 2014, ISBN:9781483260075.

[Argall and Sica 2014] Argall, P. S. and Sica, R. J., Atmospheric Sound-
ing Introduction in Encyclopedia of Atmospheric Sciences, Elsevier, 2014,
ISBN:9780123822260.

[Minato et al. 1991] Minato, A., Sugimoto, N., Sasano, Y., Spectro-
scopic Method for Atmospheric Trace Species Measurement Using
a Satellite Retroreflector (RIS), The Review of Laser Engineering,
doi:10.2184/lsj.19.12 1153.

[Ozawa et al. 1997] Ozawa, K., Nobuhiko, K., Sugimoto, N., et al., Laser trans-
mitter/receiver system for earth-satellite-earth long-path absorption measure-
ments of atmospheric trace species using the retroreflector in space, Opt. Eng.
36(12), 3235-3241 (Dec 01, 1997). doi:10.1117/1.601595.

[Oberst et al. 2012] Oberst, J., Lainey, V., Le Poncin-Lafitte, C., et al.,
GETEMME - a mission to explore the Martian satellites and the fundamen-
tals of solar system physics, Experimental Astronomy, doi:10.1007/s10686-
012-9307-0.

[Thomas et al. 2007] Thomas, N., Spohn, T., Barriot, J.-P., et al., The Bepi-
Colombo Laser Altimeter (BELA): Concept and baseline design, Planetary
and Space Science, doi:10.1016/j.pss.2007.03.003.

4



[Robinson et al. 2014] Robinson, B. S., Boroson, D. M., Burianek, D. A., et al.,
The NASA Lunar Laser Communication Demonstration - Successful High-
Rate Laser Communications To and From the Moon, SpaceOps Conferences,
doi:10.2514/6.2014-1685.

[Cornwell 2014] Cornwell, D. M., NASA’s Optical Communications Program
for Future Planetary and Near-Earth Missions, International Workshop
on Instrumentation for Planetary Missions 2014, Contribution n. 1010,
ssed.gsfc.nasa.gov/IPM/PDF/1010.pdf.

[Pearlman et al. 2002] Pearlman, M. R., Degnan, J. J., Bosworth, J. M.,
The international laser ranging service, Adv. Space Res. 30 (2), 135-143,
doi:10.1016/S0273- 1177(02)00277-6, 2002.

[Smith et al. 2006] Smith, D. E., Zuber, M. T., Sun, X., et al., Science 311, 53
(2006).

[Sun et al. 2006] Sun, X., Neumann, G. A., McGarry, J. F., et al., in OSA
Annual Meeting Abstracts, Tucson, AZ, Oct. 16-20, 2005 (OSA, 2005).

[Sun et al. 2015] Sun, X., et al., Laser Ranging and Communication Experi-
ments from Earth to Laser Altimeters in Space, in Future Space Navigation
Technology Workshop on Space Communications and Navigation (January
13, 2015).

[Reasenberg et al. 1979] Reasenberg, R. D., Shapiro, I. I. et al., Viking relativity
experiment: Verification of signal retardation by solar gravity, Astrophys. J.
Lett., 234, L219-L221, (1979).

[Shapiro et al. 1988] Shapiro, I. I., Reasenberg, R. D., Chandler, J. F., et al.,
Measurement of the de Sitter Precession of the Moon: a Relativistic Three-
Body Effect, PRL 61, 2643 (1988).

[Chandler et al. 1996] Chandler, J. F., Reasenberg, R. D., Shapiro, I. I., in:
Jantzen, R. T., Mac Keiser, G., Ruffini, R. (eds.), Proc. of 7th Marcel
Grossman Meeting on Recent Devel. in Theoretical and Experimental General
Relativity, Gravitation, and Relativistic Field Theories, p. 1501.

[Battat et al. 2007] Battat, J. B. R., Chandler, J. F., Stubbs, C. W., Physical
Review Letters 99, 241103, arXiv:0710.0702.

[Martini and Dell’Agnello 2016] Martini, M., and Dell’Agnello, S., Probing
gravity with next generation lunar laser ranging, Chapter in the book: Peron,
R., et al. (eds.), Gravity: Where Do We Stand?, doi:10.1007/978-3-319-
20224-2 5, Springer International Publishing, Switzerland, 2016.

[Martini 2016] Martini, M., Next-generation Laser Retroreflectors for Precision
Tests of General Relativity, Roma Tre - University of Rome, Department of
Physics, Dissertation for the title of PhD, February 2016, unpublished.

5



[Bender et al. 1973] Bender, P. L., Currie, D. G., Dicke, R. H., et al., The lunar
laser ranging experiment, Science 182 (4109), 229-238, 1973.

[Fournet 1972] Fournet, M., Le reflecteur laser de Lunokhod, Space Research
XII - Akademie-Verlag, Berlin 1972.

[Williams et al. 2006] Williams, J. G., Turyshev, S. G., Boggs, D. H., et al.,
Lunar laser ranging science: gravitational physics and lunar interior and
geodesy, Advances in Space Research 37 (1), 67-71, 2006.

[Capderou 2014] Capderou, M., Handbook of Satellite Orbits: From Kepler to
GPS, Springer Science & Business, 2014, ISBN:9783319034164.

[Duxbury et al. 2002] Duxbury, T. C., Kirk, R. L., Archinal, B. A., et al.,
MARS GEODESY/CARTOGRAPHY WORKING GROUP RECOMMEN-
DATIONS ON MARS CARTOGRAPHIC CONSTANTS AND COORDI-
NATE SYSTEMS, Symposium on Geospatial Theory, Processing and Ap-
plications, Ottawa 2002.

[Williams et al. 2004] Williams, J. G., Turyshev, S. G., Boggs, D. H., Progress
in Lunar Laser Ranging Tests of Relativistic Gravity, Phys. Rev. Lett. 93,
261101 (2004).

[Turyshev et al. 2010] Turyshev, S. G., Farr, W., Folkner, W. M., et al., Ad-
vancing Tests of Relativistic Gravity via Laser Ranging to Phobos, Experi-
mental Astronomy 28, 209-249, arXiv:1003.4961 [gr-qc].

[Anderson et al. 1996] Anderson, J. D., Gross, M., Nordtvedt, K. L., et al., The
solar test of the equivalence principle, The Astrophysical Journal, 459:365-
370, 1996.

[Folkner et al. 2014] Folkner, W. M., Williams, J. G., Boggs, D. H., et al., The
Planetary and Lunar Ephemerides DE430 and DE431, IPN Progress Report
42-196, February 15, 2014.

[March et al. 2011a] March, R., Bellettini, G., Tauraso, R., et al., Constraining
spacetime torsion with LAGEOS, Gen. Relativ. Gravit., doi:10.1007/s10714-
011-1226-2 (2011a).

[March et al. 2011b] March, R., Bellettini, G., Tauraso, R., et al., Constrain-
ing spacetime torsion with the Moon and Mercury, Phys. Rev. D 83, 104008
(2011b).

[Bertolami et al. 2013] Bertolami, O., March, R., Páramos, J., Solar System
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Constraining non minimally coupled gravity with laser ranging to the Moon,
3rd European Lunar Symposium, Frascati, Italy (2015).
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