
Journal of Geodesy (2019) 93:2195–2210
https://doi.org/10.1007/s00190-019-01296-0

ORIG INAL ART ICLE

Lunar Laser Ranging: a tool for general relativity, lunar geophysics
and Earth science

Jürgen Müller1 · Thomas W. Murphy Jr.2 · Ulrich Schreiber3 · Peter J. Shelus4 · Jean-Marie Torre5 ·
James G. Williams6 · Dale H. Boggs6 · Sebastien Bouquillon7,8,9,10 · Adrien Bourgoin7,11 · Franz Hofmann1

Received: 27 February 2018 / Accepted: 4 September 2019 / Published online: 17 September 2019
© Springer-Verlag GmbH Germany, part of Springer Nature 2019

Abstract
Only a few sites on Earth are technically equipped to carry out Lunar Laser Ranging (LLR) to retroreflector arrays on the
surface of the Moon. Despite the weak signal, they have successfully provided LLR range data for about 49 years, generating
about 26,000 normal points. Recent system upgrades and new observatories have made millimeter-level range accuracy
achievable. Based on appropriate modeling and sophisticated data analysis, LLR is able to determine many parameters
associated with Earth–Moon dynamics, involving the lunar ephemeris, lunar physics, the Moon’s interior, reference frames
and Earth orientation parameters. LLR has also become one of the strongest tools for testing Einstein’s theory of general
relativity in the solar system. By extending the standard solution, it is possible to solve for parameters related to gravitational
physics, like the temporal variation of the gravitational constant, metric parameters as well as the strong equivalence principle,
preferred-frame effects and standard-model extensions. This paper provides a review about LLR measurement and analysis.
After a short historical overview, we describe the key findings of LLR, the apparatus and technologies involved, the requisite
modeling techniques, some recent results and future prospects on all fronts. We expect continued improvements in LLR,
maintaining its lead in contributing to science.
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1 Introduction

This paper gives a review of the Lunar Laser Ranging (LLR)
technique and analysis. LLR has provided high-precision
measurements of the Earth–Moon distance since 1969.Using
reflectors placed on the lunar surface byAmerican astronauts
and Soviet rovers, LLR involves measuring the round-trip
travel time of short pulses of laser light directed to one
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reflector at a time. Range precision has improved from a few
decimeters to a fewmillimeters over the decades, constituting
a relative rawmeasurement precision of 10−9–10−11. Lever-
aging the raw measurement across the Earth–Sun distance
provides another two orders of magnitude for measuring rel-
ativistic effects in the Earth–Moon–Sun system.

5 Observatoire de la Côte d’Azur, Géoazur, Université de Nice
Sophia-Antipolis, Caussols, France

6 Jet Propulsion Laboratory, California Institute of Technology,
Pasadena, CA, USA

7 POLAC, SYRTE Laboratory, Observatoire de Paris, Paris,
France

8 PSL Research University, Paris, France

9 CNRS, Sorbonne University, Paris, France

10 UPMC University, Paris, France

11 Dipartimento di Ingegneria Industriale, University
of Bologna, Forlì, Italy

123

http://crossmark.crossref.org/dialog/?doi=10.1007/s00190-019-01296-0&domain=pdf
http://orcid.org/0000-0003-1247-9525


2196 J. Müller et al.

Having the longest observation time series of all space
geodetic techniques, LLR allows the determination of a vari-
ety of parameters of interest covering Earth–Moon dynamics
(e.g., orbit and libration parameters, mass of the Earth–
Moon system, cf. Williams et al. 2013; Pavlov et al. 2016;
Viswanathan et al. 2018), ephemeris (Folkner et al. 2014; Pit-
jeva andPavlov 2017;Viswanathan et al. 2018), lunar physics
(Williams et al. 2006; Williams 2007; Williams and Boggs
2015; Pavlov et al. 2016), reference frames and coordinates
(e.g., ranging station and lunar reflector coordinates, Müller
et al. 2009;Williams et al. 2013; Pavlov et al. 2016; Hofmann
et al. 2018) and relativistic physics (e.g., strong equivalence
principle, variation of the gravitational constant, metric or
preferred-frame effects, Müller 2008; Müller et al. 2008a;
Soffel et al. 2008;Williams et al. 2006; Hofmann andMüller
2018). Besides, LLR is also sensitive to nutation/precession,
Earth rotation UT0 and polar motion/variation of latitude (cf.
Biskupek and Müller 2009a, b; Müller et al. 2015).

2 History

From the earliest of times, observing the Moon has been
an interesting and important scientific discipline. Very early
observations using parallax achieved an error in the Earth–
Moon distance on the order of several thousands of kilome-
ters, which was considered good. When the first spacecraft
was sent to theMoon, the uncertainty was kilometers. Today,
using laser ranging, the mean distance to the center of mass
is known to well less than 1 m and the mean distance to
the retroreflectors is known to millimeters: improvements in
many orders of magnitude.

Lunar Laser Ranging (Bender et al. 1973) became possi-
ble after a retroreflector package was placed on the Moon by
the crew of Apollo 11. On August 1, 1969, just 11 days after
the placement of the reflector, the first data were obtained by
the Lick Observatory (USA: Faller et al. 1969). Later, other
observations were made by the US Air Force Cambridge
Research Laboratories located in the Catalina Mountains
(USA:AFCRL1969), by theMcDonaldObservatory (USA),
by the Pic du Midi (France) and in Crimea, then in Japan
(Kozai 1972), Hawaii and Australia.

Other reflectors have since been landed on the Moon. The
second was carried on the Lunokhod 1 rover in 1970 by the
Luna 17 mission. In 1971, two more reflectors were landed
by the Apollo 14 andApollo 15missions (Chang et al. 1972).
The last reflector on the Lunokhod 2 rover was put in place
in 1973 by the Luna 21 mission.

The observatory for the original Apollo Lunar Ranging
Experiment (LURE) was initially to be placed atop Mount
Haleakala, on the island ofMaui,Hawaii.However, problems
at the Haleakala site prevented the facility from being ready
for the planned landing inAugust 1969.AnewNASA-funded

telescope had just been completed at McDonald Observatory
for planetary observations. The Director, Harlan J. Smith,
proposedmaking theTexas facility available for LURE. Even
though preparation could only be begun in the spring of 1969,
the facility was made ready and the 2.7-m system became the
premiere site for LLR observations through the mid-1980s
(Silverberg 1974). McDonald Observatory became the first
station to routinely produceobservations.Theproblems at the
Haleakala station were eventually solved, and ranges were
obtained from 1984 to 1990.

The MLRS (originally Mobile Lunar Ranging Station),
designed to be a mobile LLR station for measuring tectonic
plate activity on the Earth, was re-configured to be a fixed-
location replacement for the 2.7-m McDonald LLR system,
also capable of ranging to artificial satellites. The renamed
station, McDonald Laser Ranging Station (MLRS: Shelus
1985, 1987), initially placed in the saddle betweenMt. Locke
and Mt. Fowlkes, became operational in 1983. Wind tunnel-
ing effects in the saddle site produced serious problems with
atmospheric seeing, and the station was moved to its current
position on top ofMt. Fowlkes in early 1988.With the loss in
late 2013 (due to age) of the two very high sensitive Varian
photomultiplier tubes that served through the 2.7-m as well
as theMLRS eras, and not having a suitable replacement, the
MLRS is no longer LLR capable. However, Satellite Laser
Ranging (SLR) observations continue to the present day.

In parallel, lunar tracking has been developed in France. In
1967, the idea of combining a telescope with a powerful laser
was gaining ground. The director of Pic duMidi, Jean Rösch,
whose offices were in the former Jolimont Observatory, sug-
gested using the 1.1-m telescope while Alain Orszag from
Ecole Polytechnique’s laboratory examined the new possi-
bilities opened up by a powerful laser. A ruby laser had been
set on the telescope in the Pic du Midi Observatory. This
telescope was used both to emit light and to receive it. The
first echoes from Lunokhod 1 were obtained on December
1970 (Orszag et al. 1972). Due to some technical problems,
these laser emissionswere discontinued at Pic duMidi but the
decision was taken to build an instrument dedicated to LLR
and to install it in the CERGA center for geodynamic and
astronomic studies (Veillet et al. 1993) since merged with
the Nice Observatory to form the Observatoire de la Côte
d’Azur (OCA) near Grasse. The resulting Lunar Laser Rang-
ing station, using a 1.54-m telescope, was amajor experiment
setup on the Calern plateau, situated in the mountains to the
north of Cannes at an altitude of 1270 m. After important
modifications (2004–2008), this station was renamed MeO
(Metrology and Optics). The new configuration permits both
laser ranging (LLR and low- and high-altitude Satellite Laser
Ranging) as well as time transfer research (Samain et al.
2008).

For the first 35 years, the majority of LLR measurements
were obtained by three stations, see also Fig. 1: McDon-
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ald (USA: Shelus et al. 1993), Grasse (France: Veillet 1987;
Veillet et al. 1993) and Hawaii (USA). Today new stations
are appearing, such as Wettzell (Germany: Schreiber et al.
1992),Matera (Italy),ApachePointObservatoryLunarLaser
Ranging Operation (APOLLO) (USA: Murphy et al. 2006,
2008b) and Kunming (China), and projects are in the works
in China (Shanghai and Changchun), in Russia (Grechukhin
et al. 2016; Vasilyev et al. 2016) and in South Africa (Com-
brinck 2011).

A revival of interest in LLR has been provided by the
opening of the APOLLO Station, which furnishes data of
unequaled accuracy (Murphy et al. 2008a). This station is
better able to range at fullMoon. In 2010, it ranged the reflec-
tor emplaced by Lunokhod 1, which lacked a precise position
and was unavailable to LLR for four decades until the rover
was located on Lunar Reconnaissance Orbiter images (Mur-
phy et al. 2011).

3 Measurement system and observations

3.1 Technique and challenges

LLR relies on a total of five passive reflectors left on the
surface of the Moon roughly 49 years ago. The Apollo
arrays—landed by the Apollo 11, Apollo 14 and Apollo 15
missions—consist of, respectively, 100, 100 and 300 corner
cube reflectors 3.8 cm in diameter operating via total inter-
nal reflection, respectively. The Luna 17 and Luna 21 Soviet
missions to the Moon landed the Lunokhod 1 and Lunokhod
2 rovers, each carrying identical reflector arrays designed by
the French. These arrays consist of 14 triangular-faced cor-
ner cubes having edge lengths of 11 cm and silvered rear
surfaces. The nominal response of the Lunokhod arrays falls
between that of the 100-element and 300-element Apollo
arrays.

LLR shares many techniques with SLR, in that short
pulses of laser light are directed to a retroreflector target
where they bounce back to the station, measuring the depar-
ture and arrival times of the pulse to high precision. But the
laser link budget for lunar ranging is very marginal due to
the overall signal loss, mostly because of the large distance.
Beam divergence on both the up leg and down leg results in
a signal strength that depends on the inverse-fourth power
of distance. This results in the lunar return signal being 107

times weaker than that from a similar reflector at the distance
of the LAGEOS satellite, for instance. Thus, even today, only
very few terrestrial stations have the technical equipment
necessary to detect a very weak signal. Detection is aided by
good operating conditions (low latitude, high altitude, good
atmospheric seeing and the absence of humid haze). Addi-
tional stations should contribute to lunar ranging campaigns
(see Fig. 2 for measurement statistics).

The up-leg divergence is limited by atmospheric turbu-
lence (seeing), so that one may not expect better than about
1as (5 µrad) divergence illuminating a 2-km spot on the
Moon, translating to about 3 × 10−8 throughput onto the
smaller Apollo 11 and 14 arrays. The down-leg divergence
is set by diffraction from the corner cubes. The Apollo cubes
produce a central irradiance that is roughly one-fifth that of
a top-hat illumination with diameter λ/D corresponding to
the circular aperture of diameter D and laser wavelength λ,
so that each square meter of aperture on Earth receives about
7×10−9 of the flux incident on the reflector. The net through-
put is then ≈ 2× 10−16 for each square meter of aperture on
Earth. Adding to this typical optical system and atmospheric
throughputs (traversed twice), together with filters and detec-
tion efficiencies, total throughput tends to be in the range of
10−18 per square meter of aperture on Earth. An energetic
pulse of laser light having a pulse width in the neighborhood
of 100ps might have an energy of 100mJ, corresponding to
3×1017 photons at greenwavelengths. The result is that LLR
invariably operates in the single-photon detection regime.
Further degradation owes to poor atmospheric seeing (the
calculation here is for 1 arcsecond, which is rarely achieved
for many of the LLR ground stations) in addition to an esti-
mated factor-of-ten degradation of the reflector arrays over
time as reported by Murphy et al. (2010).

In practice, the Apache Point station’s best performance
collects about five photons per shot from the Apollo 15
reflector (Murphy 2013), while OCA’s best performance is
about 0.1 photons per shot and 0.02 photons per shot from
MLRS—and similar to the Matera station. The original 2.7-
m McDonald LLR station approached a single photon per
pulse, but the photon rate was much lower due to a pulse
repetition rate of 0.3Hz (compared to 10Hz for OCA and
MLRS and 20Hz for APOLLO). Prior to 2006, ranges to the
larger Apollo 15 reflector dominated LLR data (roughly 85%
of range measurements). APOLLO reduces dependence on
Apollo 15 to less than half of measurements, and the recent
addition of infrared capability at OCA evens out the distri-
bution even more.

In low-signal regimes, it can be helpful to operate with a
train of about five laser pulses per shot, as is practiced by the
Wettzell station. A correlation of the laser pulse signature,
derived directly from the laser cavity, with the histogram of
all accumulated detector events within the range gate allows
the Wettzell station to extract the coherently spaced lunar
returns from the randomly distributed noise recordings.

Pointing and tracking a telescope to arcsecond precision
on a target that provides virtually no feedback is a diffi-
cult challenge. The problem is exacerbated in conditions of
excellent seeing and correspondingly small beamdivergence.
Although the signal may be much higher, a deliberate point
ahead of the laser beam relative to the receiver direction of
the order of one arcsecond is required due to relative tangen-
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Fig. 1 Distribution of LLR
normal points taken by the major
observatories over the years

Fig. 2 Measurement statistics
(1970–2018) with observatories
(left), reflectors (right)

tial motion between the reflector and telescope. Additionally,
the illuminated face of the Moon presents a high background
that ismost effectively filtered in the temporal domain by pre-
dicting the photon return time to a stability of approximately
one nanosecond. Spatial and spectral filters also eliminate
unwanted background light.

3.2 Example apparatus

Figure 3 illustrates the typical measurement equipment at an
LLR site, hereWettzell. A full description of the latest imple-
mentation of an LLR apparatus can be found inMurphy et al.
(2008b). In brief, APOLLO employs a 2.3W average power
laser at 532nm, generating 100ps pulses at a 20Hz repetition
rate and 115mJ per pulse. The laser is transmitted from the
3.5m aperture telescope at the Apache Point Observatory in
southernNewMexico at an elevation of 2.8km.The full aper-
ture is utilized for beam transmission. A small portion of the
outgoing beam is intercepted by a corner cube prism attached
to the telescope secondary mirror, sending light back to the
receiver, attenuated to the single-photon level and providing
a precise measure of the pulse departure time.

The receiver (detector) houses a 4× 4 avalanche photodi-
ode (APD) array capable of high-precision timing of single
photons at a detection sensitivity around30%.Photon arrivals

Fig. 3 Principal measurement equipment at the LLR observatory
Wettzell

create START pulses for a 16-channel time-to-digital con-
verter (TDC) with 15ps jitter and 25ps bins. STOP pulses to
the TDC are extracted from a 50MHz low-phase-noise clock
pulse train, and the number of clock pulses between the STOP
signal for the local corner cube return and the STOP signal
for the lunar return is counted. The master clock on which
the 50MHz pulse train is generated uses an ovenized quartz
crystal disciplined by the global positioning system (GPS)
so that the 2.5-s round-trip travel time is measured against a
reliable frequency standard. The absolute time delivered by
this system is known far better than the microsecond level
required for millimeter range precision.
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A recent development adds an absolute calibration capa-
bility to APOLLO, permitting millimeter accuracy and not
just precision. The system is based on a fiber laser delivering
10ps pulses at 80MHz and locked to a cesium clock so that
pulse intervals are known/trusted at the few-picosecond level
over several seconds of time. Injecting the 532-nm photons
from selected pulses onto theAPDdetector array during LLR
acquisition permits real-time optical “tick marks” against
which to measure lunar return photons. A single five-minute
LLR run on one reflector is thus able to collect enough cal-
ibration data to determine measurement accuracy below the
one-millimeter level (Adelberger et al. 2017).

3.3 Lunar Laser Ranging in infrared

For many years, LLR observations using a green wavelength
have suffered an inhomogeneity problem both temporally
and spatially. A new infrared (IR) detection capability at the
Grasse LLR station improves this situation (Courde et al.
2017). The implementation of IR detection for LLR provides
new opportunities for the improvement in scientific products.
As expected, LLR in infrared increases the station efficiency
by a factor of eight during new and full Moon periods and
improves the temporal homogeneity of LLR observations
over a synodic month, as shown in Fig. 4. The best link bud-
get at this wavelength results in a significant increase in the
normal points (NPs, see Sect. 3.4) over all the reflectors on the
Moon. The observations are statistically more homogenous
over all the targets, as shown in Fig. 4. A surprising result
concerns the Lunokhod 2 array behavior in IR. The degra-
dation of Lunokhod 2 performances compared to Lunokhod
1 seems to be chromatic because the significant difference
observed in green at Grasse and APOLLO is absent in IR
(Murphy et al. 2011; Courde et al. 2017). Although this dif-
ference remains unexplained, the differential reflectivity at
those two separate wavelengths gives new insights to ana-
lyze the performances of lunar retroreflectors.

3.4 Observations and data reduction

LLR observations are conducted to one reflector at a time,
each observation typically dwelling for 5–15 min. In this
time, anywhere from a few lunar photons to thousands may
be recorded. Because the dynamics of the Earth–Moon sys-
tem within this short span is not of interest to LLR science,
the series of individual-shot observations is consolidated into
a single representative launch time and associated round-trip
travel time. This measurement pair—together with repre-
sentative meteorological information and other auxiliary
data—is packaged into a data unit called a normal point.

Identifying the legitimate lunar returns in the presence of
a high noise background is accomplished by first subtracting
a high-fidelity prediction/model from the measured round-

trip time so that the legitimate returns lie in an identifiable
line, although likely having an offset and small slope due to
model imperfections (Abbot et al. 1973), also see Fig. 5. To
the extent that any residual slope is small, a histogram of
the entire data set will often reveal the signal. Photoelectron
events within a prescribed narrow window of the histogram
peak may be considered valid, though additional noise filter-
ing techniques may also be employed. Once identified, the
returns may be fit with a linear or (with caution) higher-order
polynomial, acting to simultaneously average the returns and
establish the model offset at arbitrary time. It is then possi-
ble to select a representative launch time—which need not
correspond to an actual launch time—and assess the value of
the model plus fit offset at that time. The result becomes the
round-trip time reported in the normal point.

4 Modeling and analysis

As an example of LLR analysis and parameter estimation,
the analysis model used at Institut für Erdmessung (IfE)
is briefly described. Similar procedures are implemented at
other International Laser Ranging Service (ILRS) LLR anal-
ysis centers (e.g.,Williams et al. 2009, ILRSannual reports1).
The basis for the analysis of LLR data inGermanywas devel-
oped in the late 1980s and 1990s at Technical University of
Munich (Müller 1991) and recently further improved (Bisku-
pek 2015; Hofmann 2017; Hofmann and Müller 2018).

The IfE model is fully relativistic up to the first post-
Newtonian order. It has an accuracy level of about 1–2 cm
for reconstructing the real distance between observatories
on the Earth and five retroreflector arrays on the Moon,
see Müller et al. (2014) for an overview. The LLR analysis
software package consists of two major modules: i) compu-
tation of the ephemerides of the main solar system bodies; ii)
global parameter adjustment where improved values of the
unknowns and the corresponding formal standard errors are
obtained. The dynamical partials, i.e., those that depend on
the position of Earth, Moon and Sun, are calculated by finite
differences of numerically integrated ephemerides.

The modeling of the light travel time τ is done separately
for the up leg τ12 and down leg τ23 with τ = τ12 + τ23 at the
times t1, t2 and t3 for emission, reflection and reception of
the laser pulse:

τ12 = 1

c
|rM(t2) + rref(t2) − rE(t1) − robs(t1)| + Δτ12

τ23 = 1

c
|rE(t3) + robs(t3) − rM(t2) − rref(t2)| + Δτ23 (1)

1 https://ilrs.cddis.eosdis.nasa.gov/about/reports.

123

https://ilrs.cddis.eosdis.nasa.gov/about/reports


2200 J. Müller et al.

Fig. 4 Repartition of the normal points during the synodic month—normal points statistics by reflector (Apollo and Lunokhod)

Fig. 5 Lunar returns (observed minus computed residuals) as a time series showing a lot of background noise (upper panels) and in histogram
representation (lower panels). On the left-hand side a typical lunar measurement at Wettzell is shown and on the right-hand side a typical scenario
for the APOLLO site

with the speed of light c, vector of geocenter rE and seleno-
center rM in the solar system barycentric (SSB) frame, the
position vector of the observatories from the center of the
Earth robs, the position vector of the reflectors from the cen-
ter of the Moon rref and leg-dependent delays Δτ12, Δτ23
due to atmospheric and relativistic effects as well as station
dependent biases. To apply Eq. (1), all vectors and mea-
sured times must be given in the same inertial reference
frame. The vectors robs and rref are transformed from their
original terrestrial (TRF) or selenocentric (SRF) reference
frames into the SSB frame (Soffel et al. 2003). The real LLR
measurement fundamentally consists of recording two event

times—corresponding to photon launch and detection—on a
terrestrial clock synchronized to the atomic clock ensemble
that defines atomic time (TAI), for instance. Measured times
are transformed into the SSB frame following the IERS Con-
ventions 2010 using the time ephemeris TE405 (Petit and
Luzum 2010; Harada and Fukushima 2003). Another recent
time ephemeris can be found in Viswanathan et al. (2017).

The rotation matrix between the TRF and inertial frame is
calculated from the Earth orientation parameters as described
in Petit and Luzum (2010). For the rotation between SRF
and inertial frame, the lunar orientation is required, which
is obtained by numerical integration of the Euler–Liouville
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equations for the Moon, where also external torques caused
by other solar system bodies as well as relativistic torques
due to geodetic and Lense–Thirring precession are taken into
account (Thorne and Hartle 1985). The IfE model for lunar
libration comprises a model with an elastic, homogeneous
and dissipative Moon including the influence of a liquid core
according to JPL DE430 ephemeris (Williams and Boggs
2009; Folkner et al. 2014; Hofmann and Müller 2018).

The Earth and Moon vectors rE and rM in Eq. (1)
are calculated by numerical integration of the relativistic
Einstein–Infeld–Hoffmann equations of motion in harmonic
coordinates to seek world lines of the relevant bodies that
satisfy the round-trip light propagation measurements in the
SSB frame. Introducing some parametrized post-Newtonian
(PPN) framework, one might look for violations of gen-
eral relativity (GR) by means of LLR data, as described in
Williams et al. (1996a) and Müller et al. (2008b). Added to
the point–mass attractions between solar system bodies are
Newtonian accelerations due to gravity field inhomogeneities
of Earth andMoon, as well as the secular tidal acceleration of
the lunar orbit. The JPL integration model for orbit and lunar
rotation is described in Standish and Williams (2012) and
Folkner et al. (2014). The Institute of Applied Astronomy
model is described by Pavlov et al. (2016), and the model
for the INPOP ephemeris is described in Manche (2011) and
Viswanathan et al. (2018).

For the estimation ofmodel parameters in theEarth–Moon
system, themodel is adjusted to the observations by perform-
ing a weighted least-squares fit. A typical standard solution
covers the (non-relativistic) Newtonian parameters, which
are estimated in a first run of the analysis, by fixing other
tiny parameters (like relativistic quantities, etc.) to their state-
of-the-art (e.g., Einsteinian) values until a stable solution is
obtained. These solution parameters include coordinates and
velocities of LLR observatories and retroreflectors, initial
values for the lunar orbit and rotation, GMEarth+Moon, long-
periodic nutation coefficients, initial values for the lunar orbit
and rotation, some mass multipole moments of the Moon
(C22 in combination with dynamical β, C32, C33, S32, but
different choices can be made), lunar Love numbers k2 and
h2, parameters related to dissipation effects in the lunar inte-
rior as well as time delays of solid Earth tides indicating the
lunar tidal acceleration and measurement biases (Hofmann
2017; Hofmann et al. 2018). After convergence is achieved,
certain parameters like single relativistic parameters (e.g.,
equivalence principle parameter, possible temporal variation
of the gravitational constant, cf. Hofmann and Müller 2018)
are estimated together with the Newtonian parameters. All
other relativistic parameters are fixed to their Einsteinian val-
ues. Examples for recent estimates of various parameters in
the Earth–Moon system are discussed in the following sec-
tion.

5 Results

5.1 Tests of gravity

The lunar orbit provides a pristine laboratory for testing grav-
ity, as non-gravitational effects on the orbit begin to show
up only at the millimeter level (e.g., Vokrouhlicky 1997).
Moreover, the Moon is far enough from the Earth to be
strongly perturbed by solar gravity. This fact permits the
Earth–Moon–Sun system to be used as a probe of the equiv-
alence principle (and other relativistic phenomena) at scales
of 1 AU—extending the baseline against which to compare
the raw measurement precision.

We highlight here some of the contributions to gravita-
tional physics from LLR. Most of these science results are
based on modeling that currently produces post-fit resid-
uals of measured data in the neighborhood of 1–2cm, so
that millimeter-quality data could in principle improve cur-
rent limits by an order of magnitude given commensurate
improvements in modeling and analysis.

5.1.1 Equivalence principle

The simplest prediction of Einstein’s equivalence principle
(EP)—the universality of free-fall—is one of the most pre-
cisely tested principles in all of physics. Yet there are strong
motivations for extending the tests and pushing their preci-
sions even higher. The EP comes in two key forms. The weak
form of the EP (WEP) applies to the gravitational properties
of everything but gravity itself, while the strong EP (SEP)
accounts for gravity. Besides binary pulsars (e.g., Damour
and Schäfer 1991), the Earth–Moon system is among the
best available probes of the SEP as was first pointed out by
Nordtvedt (1968a, b, c). From the vantage point of the EP, the
Earth and Moon are test bodies that differ in two important
ways. First, the Earth’s mass has a fractional contribution
from gravitational self-energy (4.6× 10−10) that is about 20
times greater than that of theMoon—allowingLLR to test the
SEP. Second, the Earth has a massive iron–nickel core, while
the Moon is dominated by silicates similar to the Earth’s
mantle—making LLR sensitive to a WEP violation as well.
Laboratory WEP tests of Earth-like and Moon-like objects
falling toward the Sun can be used to distinguish between
Earth–Moon SEP and WEP violations (Baeßler et al. 1999).

LLR tests the SEP by measuring the difference in the
accelerations of the Earth and Moon toward the Sun. In
the presence of a differential acceleration, the orbit of the
Moon—from our perspective on the Earth—would appear to
be displaced, or polarized, toward or away from the Sun. The
range signal would take the form

Δr = 13.1η cos D [in meters] (2)
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where D is the lunar orbit’s synodic phase having a period
of 29.53 days, with D = 0 corresponding to new Moon
(Nordtvedt 1995; Damour and Vokrouhlický 1996). The
parameter η is a theory-dependent dimensionless coefficient
sensitive to almost every post-Newtonian feature of the the-
ory. Although η vanishes in GR, it generally does not in
alternative theories. But independent of any theory, this test
of the SEP addresses a very basic and important question—
What is theweight of gravity itself? It tests a crucial nonlinear
property of gravity: How gravity produces energy that itself
gravitates.

The metric models by Damour and Nordtvedt (1993)
describe a relaxation of scalar field strength that today would
produce SEP differential accelerations between 5 × 10−17

and 10−13. The present limit on differential acceleration is
in the order of Δa/a = ±(0.5 · · · 1.3) × 10−13 (Williams
et al. 2012; Viswanathan et al. 2018; Hofmann and Müller
2018), corresponding to a test of the SEP at the level of
|η| < 3 × 10−4, given the self-energy fraction of the Earth.
Millimeter-quality ranging stands to improve sensitivity of
the SEP test by one order of magnitude, measuring Δa/a
to a precision of 10−14 and reaching into the theoretically
motivated range indicated above.

5.1.2 Time variation of the gravitational constant

A secular change in the gravitational constant, G, would
produce secular changes in the lunar mean distance and the
orbital period (Kepler’s third law), as well as in the angular
rate of the Earth about the Sun. While the orbital semima-
jor axis change results in a range signal that varies linearly
in time, the change in orbital period leads to a quadratic
evolution of the Moon’s mean anomaly (phase) with time.
Similar behavior caused by tidal dissipation prevents that
evolution from being unique, but the solar perturbations give
a more identifiable signal. The solar orbit longitude also has
a quadratic time dependence that powerfully constrains Ġ/G
through the solar perturbations of the lunar orbit (Williams
et al. 1996b). Here, the long time span of LLRmeasurements
becomes important, limiting Ġ/G at the impressive level of
less than three parts in 1013 per year (Williams and Folkner
2009; Hofmann and Müller 2018).

Steinhardt and Wesley (2010) examined the constraints
that observations and experiment place on a wide range of
ideas for explaining dark energy in the context of extra-
dimensional theories. They find that if current constraints on
both Ġ/G and the value and rate-of-change of the equation-
of-state parameter, w, improve by a factor of two, such
ideas could be ruled out at the 3σ level. In their analysis,
Steinhardt and Wesley use the pulsar timing Ġ/G limit of
6 × 10−12 1/years. LLR already improves on this limit by
more than a factor of ten.

5.1.3 Gravitomagnetism, geodetic precession and other
PPN tests

LLR tests a number of basic relativistic phenomenolo-
gies. These phenomena include gravitomagnetism, geodetic
precession and consequences of preferred frames. Many
such phenomena can be cast into the parameterized post-
Newtonian (PPN) framework (Nordtvedt andWill 1972;Will
1993): a generalized metric description of gravity for which
GR is a special case. The most prominent PPN parame-
ters are γ , describing the amount of curvature produced
per unit mass, and β, describing the nonlinearity of grav-
ity. Both of these are unity in GR. The best constraint on
γ comes from Doppler tracking of the Cassini spacecraft:
|γ − 1| < 2.3× 10−5 (Bertotti et al. 2003). β is constrained
by LLR tests of the SEP via the identity: η = 4β − γ − 3.
Using the Cassini result for γ with the LLR result for η yields
|β − 1| < 6 × 10−5 (Hofmann and Müller 2018). Recently,
interplanetary ranging to mercury has improved on the LLR
β result (Park et al. 2017; Genova et al. 2018).

Gravitomagnetism is a generic consequence of any mass
in motion. As the Earth orbits the Sun, its gravitomagnetic
field exerts a Lorentz force on the Moon. If the gravito-
magnetic force in the BCRS were missing while the other
GR terms were present, it would cause 6-m-amplitude peri-
odic disturbances (in harmonic coordinates) at both synodic
and twice-synodic frequencies that are not seen (Murphy
et al. 2007; Murphy 2009). The LLR analysis constrains this
effect to less than 0.2% precision, as confirmed by Soffel
et al. (2008). Note: The gravitomagnetic effect as studied in
our case is coordinate dependent (Kopeikin and Xie 2010).
Thus, it is not the gravitomagnetic field which is measured
but the self-consistency of the set of relativistic equations.
The coordinate-independent gravitomagnetic effect is small
(less than 1 mm) but might be observed with better LLR
data in future (Kopeikin 2010). A direct measurement of the
frame dragging as component of gravitomagnetismwas done
by the LAGEOS-LARES and Gravity Probe B experiments
(Ciufolini et al. 2016; Everitt et al. 2011).

Geodetic precession, at 19.2mas/years, is tested by LLR
(Williams et al. 1996b; Turyshev and Williams 2007; Hof-
mann and Müller 2018) and is now confirmed at the
0.1. . .0.3% level. LLRmeasures the radial distance between
Earth and Moon and can determine the rotation rates of the
lunar perigee with respect to space which is strengthened
by an accurate planetary ephemeris (Williams et al. 1996b).
The spatial orientation of the used fundamental reference
systems (barycentric, geocentric and selenocentric reference
systems) is tied to the International Celestial Reference Sys-
tem (ICRS) realized by Very Long Baseline Interferometry
(VLBI) observations. Geodetic precession is likewise a mea-
sure of PPN γ .
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Preferred-frame effects, such as those codified by PPN
parameters α1 and α2, are also tested by LLR, currently
at the level of 2 × 10−5 and 9 × 10−6, respectively (Hof-
mann 2017; Müller et al. 1996) with the cosmic microwave
background as preferred frame, although Nordtvedt (1987)
obtains a stronger limit on α2 based on the long-term orien-
tation of the spin axis of the Sun.

5.1.4 Lorentz symmetry in the standard-model extension
parametrization

Lorentz symmetry is a fundamental symmetry of space–time.
It assumes that the result of any local test experiment is inde-
pendent of the velocity and the orientation (in space and time)
of the inertial frame in which the experiment is conducted
(Will 2014). The Lorentz symmetry is satisfied in any sectors
of Physics; in quantum Physics, it is seen as a global prop-
erty of overall space–time while it becomes a local property
in general relativity through the EP. In an effort to turn gen-
eral relativity into a quantum field theory, some unification
theories predict a breaking of Lorentz symmetry at different
energy levels. In an attempt to test this possibility, Colladay
and Kostelecký (1997, 1998) have built an effective field
theory framework which parametrized any Lorentz symme-
try violations in all sectors of Physics. This wide framework
is called the standard-model extension (SME) and possesses
hundreds of coefficients (all are equal to zero in General
Relativity) to be determined by direct confrontation with
experiments.

The main motivation for studying Lorentz symmetry
violations in the SME framework compared to the PPN
framework is related to the fact that (i) it does not possess
overlapping coefficients with the PPN framework as pointed
out by Bailey and Kostelecký (2006) and (ii) it offers the pos-
sibility to test non-metric theories of gravity. Indeed, in the
matter sector of the SME, violations show up through cou-
plings between matter and the Lorentz violating fields. Also,
in the point-mass limit, test bodies do not follow geodesics of
space–time anymore. Their motions become species depen-
dent and lead to violations of the WEP.

The first test in the pure gravitational sector of theminimal
SME using LLR data was performed by Battat et al. (2007).
They provided six null estimations (from 10−6 to 10−11) on
six linear combinations of SME coefficients. They used ana-
lytical signatures derived by Bailey and Kostelecký (2006)
that they fitted directly in LLR residuals previously obtained
in the pure general relativity framework. More rigorously,
Bourgoin et al. (2016) have included directly Lorentz sym-
metry violations into a LLR data analysis software similar
to the one described in Sect. 4. They have shown that the
linear combinations of SME coefficients to which the LLR
data are sensitive to are different from the analytical ones
used in Battat et al. (2007). They provided six realistic con-

straints at the level 10−8 up to 10−12. This test is among the
best constraints to date in the pure gravitational sector of the
minimal SME. More recently, Bourgoin et al. (2017) added
Lorentz symmetry violations from matter–gravity couplings
in order to test theWEP. Assuming very simple modeling for
the composition of the Earth and theMoon, they provided the
highest constraints to date simultaneously on the SME coef-
ficients from the pure gravitational sector and the point-mass
limit in the matter sector.

5.1.5 Inverse square law, extra dimensions and other
frontiers

Any deviation from the Newtonian 1/r2 force law produces
a precession of orbit perigees. LLR’s measurement of any
anomalous precession rate of the lunar orbit (within VLBI
realized ICRS) limits the strength of Yukawa-like long-range
forces with ranges comparable to the ≈ 108m scale of the
lunar orbit to < 5×10−11 times the strength of gravity. This
is the strongest available constraint on the inverse square law
(Adelberger et al. 2003; Hofmann 2017).

Measurement of the precession rate can also probe a recent
idea (calledDGP gravity) in which the accelerated expansion
of the universe does not arise from a nonzero cosmological
constant but rather from a long-range modification of the
gravitational coupling, brought about by higher-dimensional
effects (Dvali et al. 2003a, b; Lue and Starkman 2003). Even
though the lunar orbit is far smaller than the Gigaparsec
length-scale characteristic of the anomalous coupling, there
would be a measurable signature of this new physics, man-
ifesting itself as an anomalous precession rate at about 5
µas/years—roughly a factor of ten below current LLR limits,
and potentially reachable by millimeter-quality LLR.

5.2 Geophysics

Concerning “terrestrial” parameters, LLRmainly contributes
to monitoring long-term variations of Earth orientation
parametersEOP (i.e., precession andnutation aswell asEarth
rotation and polar motion). For example, precession rate and
nutation coefficients of different periods (18.6 and 9.3 years,
1 year, 182.6 and 13.6 days) have been determined and ana-
lyzed with respect to the values of the MHB2000 model
of Mathews et al. (2002). Hofmann et al. (2018) obtained
discrepancies to the nutation model of up to 1.46 mas. The
discrepancies shall be further studied by joint analysis with
VLBI data. LLR determinations of the precession rate of the
Earth’s equator are compatible with the IAU model (Hilton
et al. 2006). Zerhouni and Capitaine (2009) showed that it is
possible to determine celestial pole offsets from LLR, how-
ever with less accuracy than results from VLBI because of
fewer LLR observatories and data.
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In the past, most often the daily decomposition method
(Dickey et al. 1985) was applied to determine corrections
for Earth rotation ΔUT0 and variation of latitude Δϕ, where
the post-fit residuals of the standard LLR solution were pro-
cessed. In the last years, there were attempts to estimate a
single Earth rotation parameter (xP, yP, or ΔUT) together
with standard solutionparameters for single nights, providing
possible correlations with other parameters in the Earth–
Moon system (Müller et al. 2015; Hofmann et al. 2018).
Biskupek et al. (2009) estimated the pole coordinates xP, yP
for longer time spans, indicating long-periodic variations in
Earth orientation. They determined a drift rate in the pole
coordinates to be 4.9 ± 0.3 mas/years for the full period of
LLR data with fixed station velocities based on ITRF values,
whereas Gross and Vondrák (1999) obtained a linear drift of
4.123±0.002mas/years, analyzing a shorter time series and
also including non-LLR data. A denser network of LLR sta-
tions and simultaneous observations from different stations
would be helpful to estimate EOP from LLR in future. LLR-
based EOP results (ΔUT0,Δϕ) contribute to combined EOP
solutions like JPLKEOF (Ratcliff andGross 2018). The long
time span of LLR data also provides the prerequisite to mon-
itor long-term variations of the involved reference systems
(see below).

Finally, the lunar tidal acceleration should bementioned. It
causes a secular increase in the average Earth–Moon distance
by 3.82cm/years and a − 25.9 ′′/cy2 acceleration in orbital
longitude (Chapront et al. 2002; Williams and Boggs 2016),
which can only be determined accurately using LLR.

5.3 Selenophysics

The physical properties of the Moon affect its solid-body
tides, physical librations and orbit. Since LLR is sensitive to
all of these, there is opportunity to determine several param-
eters related to lunar physical properties. LLR stations range
to five retroreflectors at different locations on the Moon, see
Fig. 6. A broad geographical distribution of lunar sites aids
the separation of range variations due to tidal displacements
and physical librations from those due to orbit variations.

Solid-body tides at the lunar surface cause vertical dis-
placements of about 0.1m and horizontal displacements
about half that. The two largest periodic tides have monthly
periods and are of similar amplitude. The beat period between
the two terms is 6years, and the pattern of tides takes 6years
to nearly repeat. The Love number h2 scales the vertical dis-
placement and l2 scales the horizontal. Fixing l2 at a model
value of 0.0107, the distribution of sites is not wide enough
for good separation of l2 from h2. A recent LLR analysis
with data from 1970 to 2013 gives h2 = 0.043 (Pavlov et al.
2016).

Torques on the Moon cause small variations in orienta-
tion called physical librations while also making the rotation

Fig. 6 Retroreflector arrays on the lunar surface. The Lunokhod 1 and 2
retroreflectorswere landed by the Luna 17 and 21missions, respectively

synchronous and causing an 18.6-year precession of the
equator plane along the ecliptic plane. By being sensitive
to these variations, LLR has determined moment of inertia
differences, third-degree gravity field, Love number k2, tidal
dissipation and interactions at the fluid-core/solid-mantle
boundary. For the principal moments of inertia ordered
A < B < C , LLR determines the difference combinations
(B−A)/C = 2.277×10−4 and (C−A)/B = 6.310×10−4.
Uncertainty in the last digit, with a relative uncertainty of
3 × 10−4 for both combinations, comes mainly from the
poorly known moment of inertia of the fluid core. Compared
to the Earth, the slowly rotating Moon is less oblate while
the equatorial moments are less similar, so theMoon is triax-
ial. The moment difference combinations are related to the
degree-2 gravity field. LLR is also sensitive to the degree-3
gravity field.

Although the potential Love number k2 affects the phys-
ical librations and can be determined from the LLR data,
the GRAIL mission has provided an accurate value of k2 =
0.0242 ± 0.0002 (Williams et al. 2014). Tides in the Moon
are subject to dissipation that cause phase shifts in the tidal
response. Along with k2, LLR determines a time delay for
the tidal response and several tidal dissipation related terms.
Following the procedure in Williams and Boggs (2015), the
specific dissipation yields Q = 38 ± 4 for monthly tidal
periods and Q = 41 ± 9 at one year. The time delay dis-
sipation model has k2/Q ∝ 1/(Tidal Period). The solution
for several perturbed periodic libration components allows
more complex tidal models to be constructed. These post-fit
models peak at 3–4months, decreasing for longer and shorter
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tidal periods. Also, dissipation should cause k2 to increase
with period.

In addition to tidal dissipation, the physical librations
show dissipation arising from relative motion at the fluid-
core/solid-mantle boundary (CMB). This evidence for a fluid
lunar core was originally published inWilliams et al. (2001).
The dissipation can be explained as arising from a turbulent
boundary layer by using the theory of Yoder (1995). The
detection of CMB dissipation is now very strong (Williams
and Boggs 2015), and LLR gives clear evidence of a fluid
lunar core.

The orbit of the Moon and the physical librations are
integrated numerically to achieve the high accuracy needed.
The LLR analyses include the initial conditions for the orbit
and physical librations. Given its age and the absence of
oceans and atmosphere, one might expect the Moon’s rota-
tion to be completely damped by the dissipative effects
leading to predictable initial conditions. But despite two
strongly observed sources of dissipation, the physical libra-
tions exhibit two strongly detected free libration modes
(Newhall and Williams 1997; Rambaux and Williams 2011;
Yang et al. 2017). One mode is a 74.6-year wobble of the
pole analogous to the Earth’s Chandler wobble and the other
is a 2.9-year longitude libration, a periodic variation in the
rotation rate. The free libration modes affect the numeri-
cally integrated librations through the initial conditions. The
modes may have been stimulated by resonance passage for
the 2.9-year longitude libration (Eckhardt 1993) and turbu-
lent core–mantle interactions for the wobble mode (Yoder
1981).Both deserve further investigation. In addition,weaker
modes including coremodes (Barkin et al. 2014; Petrova et al.
2018) are possible.

This section gives a brief description of lunar science
obtained from LLR analysis. More extensive discussions are
given in Williams and Boggs (2009), Williams and Boggs
(2015) and Williams et al. (2014).

5.4 LLR contribution to celestial reference frames

The mean equator is not exactly aligned with zero declina-
tion in the International Celestial Reference Frame (ICRF),
and zero right ascension is not quite at the intersection of
the equator and ecliptic planes. Modern lunar numerical
ephemerides are constructed by fitting dynamical models
to the LLR observations: IfE model (Müller et al. 2014;
Hofmann et al. 2018; Hofmann and Müller 2018), JPL DE
(Folkner et al. 2014), EPM (Pitjeva and Pavlov 2017), ELPN
(Bourgoin et al. 2016) and INPOP (Viswanathan et al. 2018).
The LLR ephemerides realized by these numerical integra-
tions are compatible with the ICRF, but we want to know the
orientation of the equator and ecliptic in the ICRF. The LLR
technique is particularly sensitive to the orientation of the
mean equator plane and themean ecliptic plane in the dynam-

ical reference frame defined from analytical or numerical
solutions of planetary and lunar motions. Thus, LLR obser-
vations can be used to locate the mean ecliptic, mean equator
and the mean equinox of J2000.0 in the extragalactic frame
of the ICRF. This frame tie was achieved in three ways by
Folkner et al. (1994): (1) by jointly reducing VLBI observa-
tions of planet-orbiting spacecraft and LLR observations; (2)
by jointly reducing VLBI observations of quasars and LLR
observations with a compatible transformation between the
terrestrial frame (ITRF) and celestial frame (ICRF) and then
comparing ground station positions; (3) by comparing pulsar
timing positions that depend on the ephemeris of the Earth
with VLBI positions.

Standish (1981) showed that two ways of defining the
mean ecliptic plane have been used: one with a fixed refer-
ence frame and the other with a frame rotating with the mean
ecliptic plane. The Paris Observatory Lunar Analysis Cen-
tre (POLAC) has examined this issue using an inertial mean
ecliptic. In this study, the position of the inertial dynamical
mean ecliptic of J2000.0 with respect to an equatorial frame
chosen as reference is oriented by two angles: ε, the inclina-
tion of the ecliptic to the equator, and ϕ, the angle between
the origin of the right ascension (o) on the equator and the
ascending node (γ I

2000) of the ecliptic on the equator (Fig. 7).
Below, the link with ICRS is defined by the angles ε(ICRS)

and ϕ(ICRS), and in the same way, the angles ε(Eq2000) and
ϕ(Eq2000) define the link of the inertial dynamical mean eclip-
tic of J2000.0 with the mean equator of J2000.0 associated
with the celestial pole (CEP or CIP). In these LLR analyses,
the dynamical inertial mean ecliptic of J2000.0 is materi-
alized with the lunar semi-analytical solution ELP2000-96
(Chapront et al. 1999) and the determination of the angles
ε and ϕ depends on the precession–nutation matrix (PN)
which is involved in the transformation between the terres-
trial and the celestial system for the positions of the LLR
tracking stations. If the reference is the ICRS, the PN matrix
is constructed according to the IERS conventions using the
celestial pole corrections (Δψ ,Δε or ΔX , ΔY ), given in the
IERS EOP publications. If the reference is the mean equa-
tor of J2000.0, the PN matrix is built with modern analytical
expressions: in the past, PWilliamsNHerring (Williams 1994;
Herring 1991) and more recently, PCapitaineNMathews (Capi-
taine et al. 2003;Mathews et al. 2002). The evaluations made
by POLAC (Chapront et al. 2002) give the following values:

ε(ICRS) = 23◦26′21.4110′′ ± 0.1mas;
ϕ(ICRS) = −55.4 ± 0.1mas;

ε(Eq2000) = 23◦26′21.4056′′ ± 0.1mas;
ϕ(Eq2000) = −14.6 ± 0.1mas.

The arc between γ
I(ICRS)
2000 and γ

I(Eq2000)
2000 on the ecliptic is

44.5 ± 0.3mas.
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Fig. 7 Dynamical ecliptic plane orientation

The frame tie parameters improve with time, and LLR
continues to improve the determination of the relative orien-
tation of the ecliptic and equator planes. These results have
some applications for the astronomical community. In the
IAU 2009 System of Astronomical Constants (IAU 2009),
the obliquity at J2000.0 is given under the notation εJ2000
and is equal to the value of ε(Eq2000). It is also a component
of the IAU 2006 precession model (Hilton et al. 2006). Note
that while the VLBI technique alone allows a more accurate
determination of the position of the mean equator of J2000.0
planewith respect to the ICRS equatorial plane (Herring et al.
2002), it does not allow determining the right ascension of
the mean equinox of J2000.0 in the geocentric celestial ref-
erence system. This right ascension, noted dα0 in the IERS
conventions (Petit and Luzum 2010), is equal to ϕ(Eq2000).
Finally, LLR also contributes to terrestrial reference frame-
and selenocentric reference frame-related parameters with
station and reflector coordinates (Hofmann et al. 2018).

6 Future/outlook

Lunar Laser Ranging has stayed at the forefront of tests
of gravity, probes of the lunar interior and determination
of Earth coordinate systems. Recent improvements to the
technique have stimulated a push to improve modeling capa-
bilities, so we can expect further gains in the short term.

Longer-term improvements at the lunar end offer the
biggest advantage—either in the form of new reflectors,
active transponders or both. The current reflectors limit per-
formance in a compounded way. Most fundamentally, the
finite extent of the reflector array spreads the temporal width
of the pulse by virtue of the fact that the array normal tilts
away from the line of sight by up to 10◦ due to lunar libration.
This spread can be as large as one nanosecond for the Apollo
15 array at full-tilt, corresponding to a root-mean-square
measurement uncertainty of 50mm for each returned pho-
ton. Statistical centroiding of the signal to millimeter-level

range precision requires hundreds or thousands of photons,
which is howAPOLLOachieves its goal. Courde et al. (2017)
shows that alsoOCAwith infraredmeasurements can get into
themillimeter regime.Compounding this difficulty,while the
weak signal associated with LLR has always been a limita-
tion, reflector degradation over time has reduced the signal
by a factor of approximately ten (Murphy et al. 2010). Thus,
the brute force approach to LLR by gathering more photons
is only getting harder.

Meanwhile, the spread imposedby the tilted reflector array
eliminates incentive to improve ground-based laser pulse
width or timing systems, since these errors add in quadra-
ture to the dominant reflector spread. Improving APOLLO’s
100-ps laser pulse width and 20-ps timing system—even by
a factor of two—would have no discernible impact on the
net timing precision and so would appear to be wasted effort.
Scaling a new array also has no effect, as doubling both lin-
ear dimensions doubles the single-photon timing uncertainty,
requiring four times the number of photons for

√
N statisti-

cal reduction to the same level—which is exactly what the
quadrupled area of a double-sized array delivers: no precision
gain.

Simply making a sparse array of corner cubes so that each
one could easily be resolved by ≈ 100 ps laser pulses would
break the logjam (Murphy 2013). Suddenly improvements
in ground systems would have immediate impact. Halving
the laser pulse width would require four times fewer photons
for similar statistical precision. Most locations on the front
face of the Moon see the Earth permanently well away from
local zenith, so that a modest lateral separation on the ground
(> 10 cm) is sufficient to separate the returns unambiguously.

Large single corner cubes have also been proposed
(Otsubo et al. 2010; Currie et al. 2013; Turyshev et al. 2013).
Such large cubes do not widen the reflected pulse, but they
are more sensitive to thermal distortion and the diffraction
pattern needs to be large enough to accommodate the velocity
aberration of the laser beam.

Installing active laser transponders on the lunar surface
would have perhaps an even greater impact on LLR science
(Degnan 2008). Replacing the 1/r4 signal loss regime with a
far more benign 1/r2 regime would allow the extensive SLR
network to engage in LLR on a routine basis. This would
have tremendous impact in data volume, global distribution
(no LLR from the southern hemisphere, currently), tie-in to
well-established geodetic stations, improvements in Earth
surface/atmosphericmodels by having a reference unaffected
by non-gravitational forces, etc. In this context, transpon-
ders work best in asynchronous mode, rather than echoing
detected incoming signals. This permits the transponder to
transmit a steady pulse train tied to a good clock and record-
ing times of incoming signals with respect to this clock. The
asynchronous mode has much greater noise immunity and
thermal stability than echo-based techniques.
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The accuracy of lunar science parameters depends on the
spread of retroreflectors or transponders on the Moon. Fig-
ure 5 shows that a southern hemisphere target would be
very useful and the northern hemisphere spread could be
broadened. Signal strength, range accuracy and geometric
distribution are all reasons to place new retroreflectors or
transponders on the Moon.

Lunar Laser Ranging can be improved by refined model-
ing, very accurate ranging stations at a variety of terrestrial
locations andwidely distributed reflectors or transponders on
the Moon. Future LLR will continue to contribute to science
(Kopeikin et al. 2008).
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