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Abstract: 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. Current 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 lunar 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 centimeter 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.
I. Introduction
This white paper presents the scientific objectives of single, large, next generation CCRs of uncoated fused silica developed over the past 15 years for lunar missions in the 2020s. These instruments share a common optics design [1], inherited from Apollo LRAs, and currently consist of American and European payload implementations approved for NASA Commercial Lunar Payload Services (CLPS) missions in late 2023 and early 2024, respectively. We recommend that the collective functionalities to be demonstrated by these two payload implementations[footnoteRef:1], their lander accommodations and landing sites serve as a shared (at least) US-EU baseline for LLR science during the CLPS, Artemis and European Large Logistics Lander (EL3) lunar programs. Single, large next-generation CCRs (Figure 1) will significantly expand the Apollo legacy and open the path to improved tests of GR, like weak and strong equivalence principle, geodetic precession, inverse-square force-law and more stringent constraints on possible time changes of the gravitational constant G. [1:  Next Generation Laser Retroreflector (NGLR) by UMD, funded by NASA, and Moon Laser Instrumentation for General relativity/geophysics High-accuracy Tests (MoonLIGHT) by INFN, funded by ESA and ASI.] 
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Figure 1 – NGLR 10-cm solid reflector next to an Apollo 38-mm CCR (left; credits: D. G. Currie) and next to a Martian microreflector like the ones onboard Perseverance and ExoMars (middle; credits: ASI-INFN). Side view of a MoonLIGHT in a fixed-pointing mount with pre-launch selectable elevation (right; credits: ASI-INFN).
In the 1970s LLR measurements had a precision of a meter, then reached about 20 cm. Apollo and Lunokhod 1/2 LRAs contributed a negligible fraction of the instrumental LLR error budget. Nowadays, after the upgrade of the ground station ranging capabilities by more than two orders of magnitude, old generation LRAs dominate the LLR error budget due to lunar librations, while LLR to single, large CCRs is unaffected by those librations (Figure 2), like the librations in longitude (about 8° during the 28 days lunar phase) produced by the eccentricity of the Moon orbit [1]. Because of this effect, that is proportional to the LRA dimension (see Figure 2 and Figure 3), one corner of old generation lunar LRAs can be several centimeters farther from the Earth with respect to the opposite one. The effect on range accuracy is estimated to be (15‒50) mm [2]. By averaging over a large number N of lunar returns, ground stations reduce the range accuracy by a factor  down to 1 cm [3] (based on data before operation of APOLLO[footnoteRef:2]) and up to few mm [4] (APOLLO data). However, this is achieved at the expense of averaging thousands of precious laser returns to build a so-called LLR normal point, while next-gen CCRs, being single reflectors, support mm-level accuracy with nominally every single laser return. In the long term they will fully support laser pulses of 10‒20 ps of width and further improvements in the ground stations capabilities (including even shorter laser pulses), which may lead to a CCR contribution to the LLR error budget below the millimeter. [2:  Apache Point Observatory Lunar Laser-ranging Operation, New Mexico, USA. Other LLR stations are in EU, in Grasse (France), Matera (Italy), joined recently by stations in Wettzell (Germany), and Yunnan (China).] 
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Figure 2 – Comparison between the broadening of the laser return pulse from old generation LRAs due to the libration tilt (left) vs separated laser return pulses from next-gen CCRs unaffected by lunar librations (right).
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Figure 3 – An Apollo 15 run. Top: an observed 40 ns window (range subtracted) round trip time. Middle: a histogram of the return photons with its fit (red line) obtained by convolving the fiducial CCR return (bottom panel) with a profile modeling the spread from the tilted LRA (magenta). Bottom: the fiducial CCR return of the APOLLO system response (credits: https://tmurphy.physics.ucsd.edu/apollo/highlights.html).
In the first four decades the efficiency of old generation LRA has degraded by a factor of 10, likely because of slow lunar dust deposition over their surfaces [5]. At least for their first decade on the Moon NGLR will not suffer significantly by this effect. In addition, MoonLIGHT will employ a robotic, removable dust cover to protect the CCR face from potential dust accumulation during CLPS landing (see Figure 4).
Apollo LRAs were aligned by astronauts with the center of the Earth taking into account the lunar libration pattern. With the MoonLIGHT Pointing Actuator (MPAc) funded by ESA [6], this alignment will be performed robotically by two actuators (see Figure 4). The deployment of next-gen reflectors (with active Earth-pointing and dust protection at landing) for fundamental physics and geophysics is a goal of ESA’s Strategy for Science on the Moon [7].
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Figure 4 – Left two figures: top and side views of next-gen CCR integrated into MPAc. Right two figures: next-gen CCR + MPAc with the robotic removable dust cover shown closed and open. Credits: ESA.
II. 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 solar system bodies and of many artificial satellites/probes. One of the first GR measurement with LLR data was the lunar geodetic precession in 1988 [8]. 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 these packages are state-of-the-art and in different ways they constantly keep improving GR tests and pushing constraints on fundamental physics observables in search for new physics, one US decadal plan and one ESA roadmap [9] after the other. As a reference example of this collective, international work, Table 1 shows a recent compilation of LLR-based measurements of the Weak Equivalence Principle (WEP), the Strong Equivalence Principle (SEP), the Parametrized Post-Newtonian (PPN) parameter β, the Nordtvedt parameter η, the time variation , the inverse square law (strength α of the Yukawa potential at the Earth-Moon range ) and the geodetic precession KGP. While Table 1 may not be comprehensive of all ongoing efforts and of every single physics measurement under study, it is representative of the quantitative improvements that can be reached by deploying next generation reflectors with CLPS, Artemis and EL3 missions, as well as with a future Lunar Geophysical Network (LGN, see next section).
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 [10] and Earth-LAGEOS/LARES[footnoteRef:3] artificial satellites [11]. The physics observables of Table 1 can also be used to probe extended theories of gravity beyond GR, like the so-called f(R) gravity [12] and Nonminimally Coupled gravity (NMC) [13]. These gravity theories are well motivated by cosmological models [14] alternative to dark matter and dark energy, whose apparent effects are explained by modifications of GR, and that may have observable manifestations in the solar system dynamics (and always in the weak-field, slow-motion regime). [3:  LAser GEOdynamics Satellites / LAser RElativity Satellites.] 

Recently, to support the need for accurate and sufficient LLR observations, investigations were carried out in order to assess the benefit of many high-precision infrared (IR) data [26].
[bookmark: _Ref85637682]Table 1 – Compilation of GR tests with LLR from S. Turyshev et al., NASA BPS Division’s “Lunar Surface Science Workshop Fundamental and Applied Lunar Surface Research in Physical Sciences”, August 2021, and from [26].
	Fundamental physics  measurement
	Current LLR accuracy of ~1 cm, supported by Apollo/Lunokhod LRAs 
	LLR accuracy of ~1mm, supported by next generation CCRs
	Ultimate LLR accuracy ~0.1 mm, supported by next generation CCRs 

	Weak EP
	| a / a | < 2.4 × 10-14
	< 10-14
	10-15

	Strong EP
	| | < 3.4 × 10-4
	3 × 10-5
	3 × 10-6

	PPN β
	| β - 1 | < 7.2 × 10-5
	< 10-5
	10-6

	Time variation of G
	| | < 9.5 × 10-15 yr-1
	5 × 10-15
	< 1 × 10-15

	Inverse Square Law
	|α| < 3 × 10-12
	10-12
	10-13

	Geodetic precession
	|KGP  - 1| < 6.4 × 10-3
	< 6 × 10-4
	< 6 × 10-5



[bookmark: _Toc77096127][bookmark: _Toc51000713][bookmark: _Toc51010470]III. Secondary Scientific Objectives
Extending the reach of Apollo [15] and Lunokhod [16] LRAs, next generation CCRs will greatly contribute to lunar surface geodesy (selenodesy) [17] by improving the local lunar cartesian reference system and its tie to the International Celestial and Terrestrial Reference Systems (ICRS/ITRS) [18,19]. Currently LLR determines the coordinates 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 [20,21,22], including the one based on Lunar Reconnaissance Orbiter (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 [23] (to be proposed by C. Neal, R. Weber et al. for NASA’s New Frontiers 5), where it contributes to the improvement of the determination of the lunar interior structure together with the other LGN instruments.
[bookmark: _Toc51000715][bookmark: _Toc51010472][bookmark: _Toc77096129]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 orientation [24]. 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 libration analysis indicates a liquid lunar core, first detected from dissipation at the CMB and more recently from detection of CMB flattening and core moments of inertia; according to the core moments values and CMB flattening, the fluid core radius is determined to be ~380 km [25]. Next-gen CCRs will further significantly contribute to the determination done by GRAIL (the Gravity Recovery And Interior Laboratory mission) and existing LLR data of tidal Love numbers which are sensitive to internal elastic properties and structure including a core: in particular the displacement Love number h2, which is compatible with the foregoing core size though the k2 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.
IV. First Approved Missions and Decadal Recommendations
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) NASA’s 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). ESA’s robotic, removable CCR cover (Figure 4 or a version simplified/optimized for VIPER’s 85oS latitude) would be most useful to avoid regolith dust accumulation over the 10-cm diameter CCR face during the rover traverses.
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