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Abstract Basedona fully passive space segment, the lunar laser ranging experiment is the last of the
Apollo Lunar Surface Experiments Package to operate. Observations from the Grasse lunar laser ranging
station have been made on a daily basis since the first echoes obtained in 1981. In this paper, first, we
review the principle and the technical aspects of lunar laser ranging. We then give a brief summary of the
progress made at the Grasse laser ranging facility (Observatoire de la Cote d’Azur, Calern Plateau on the
French Riviera) since the first echoes. The current performance, driven by the use of an infrared
wavelength laser, is presented in the last section for the year 2018.

1. Introduction

The Earth-Moon system is a gravity laboratory. A precise metrological link between these two bodies can
probe the external and internal forces that rule their movements. Lunar laser ranging (LLR) is such a metro-
logical link. LLR is sensitive to many parameters of many scientific fields (such as Earth-Moon dynamics,
selenophysics, the lunar and terrestrial reference frames, Earth rotation parameters, and relativistic physics),
and for a lot of these areas, the constraints provided by LLR are the strongest (Miiller et al., 2019). As an
example, many tests of gravitation have been achieved with the help of LLR (the equivalence principle,
Lorentz symmetry, variation of the gravitational constant G, and post-Newtonian tests) by Nordtvedt (1968)
or more recently by Bourgoin et al. (2017), Hofmann and Miiller (2018), and Viswanathan et al. (2018).
As a second example, LLR has provided several contributions to selenophysics due to the influence of the
Moon interior on its librations (Bender et al., 1973; Williams et al., 1996, 2001) and more recently (Pavlov
etal., 2016; Viswanathan et al., 2019; Williams & Boggs, 2015). Of course, efforts toward higher precision are
essential to improve the scientific results (T. W. Murphy, 2013), but these must be accompanied by efforts
to improve observability. To properly probe the Moon's orbit around Earth and its libration, measurements
have to be made over the entire synodic period and on all available retroreflectors over a large time span
(Rambaux & Williams, 2011). Technically, LLR consists of precisely measuring the time of flight of a laser
pulse emitted from Earth toward a lunar reflector and reflected back to Earth, in order to achieve the most
precise and accurate measurement of the Earth-Moon distance. However, pointing a telescope with arcsec-
ond precision without a direct visual signal is rather difficult. Also, due to the relative motion of the reflector
and the telescope, a pointing of the order of 1 arcsecond ahead of the reflector is needed. The difficulty of esti-
mating atmospheric refraction correctly at low elevation angle is another obstacle to proper pointing toward
the target. Atmospheric turbulence generates laser beam broadening, wandering, and speckle pattern for-
mation, which randomizes the return signal. The illuminated surface of the Moon may submerge the signal
into noise, which prevents most LLR stations from getting measurements around the time of the full moon.

The French project to get optical echoes from the lunar surface was launched in 1967 with the support of
the Centre National de la Recherche Scientifique following the experiments made by the Massachusetts
Institute of Technology (Smullin & Fiocco, 1962). However, the accuracy was limited to 100 m, due to the
combined effects of the Moon relief and the size of the laser beam. The idea by the LURE team to use retrore-
flectors (Alley et al., 1965) gave a new direction to this project of building a laser ranging system for the
Moon. In parallel, the Centre Nationale d'Etudes Spatiales started a collaboration with the USSR to build
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the retroreflectors for the Lunokhod 1 and 2 rovers. On 21 July 1969, astronauts Neil Armstrong and Buzz
Aldrin placed the first reflector panel on the lunar surface. The Lick Observatory succeeded in obtaining
strong return signals from the Apollo XI reflector on 1 August (Faller et al., 1969). This first range mea-
surement was made with an accuracy of 7 m. Soon afterward, McDonald Observatory successfully detected
their first returns (Alley et al., 1970). Other range measurements were made at the Air Force Cambridge
Research Laboratories Lunar Ranging Observatory in Arizona (AFCRL, 1970) and the Tokyo Astronomical
Observatory in Japan. On the night of 1 November 1969, a French team obtained returns from the Apollo
XI reflector at Observatoire du Pic du Midi with a ruby laser (26 J per 1 ms pulse) (Calame et al., 1970). This
success convinced the French scientific community to build an instrument dedicated to LLR in a new obser-
vatory: The Centre d'Etudes Géodynamiques et Astronomiques (CERGA) was inaugurated in 1974 on the
Calern plateau 20 km from the city of Grasse (French Riviera). CERGA was designed from the beginning
as a laboratory for the development and testing of new instruments. The 20 km? semidesert karstic plateau
of Calern has a high number of clear nights. The absence of mists and dust and the circulation of marine
winds in horizontal layers due to the topography gives a stabilized atmosphere. The scientific activities cov-
ered by CERGA were diverse: astrometry, celestial mechanics, and space geodesy. Since then, the Grasse
laser ranging station has been one of the leading LLR stations.

This paper is organized as follows: After reviewing the principle of LLR, we briefly discuss the local technical
history of our LLR facility. Finally, after a discussion of the advantages of using infrared (IR) wavelength
light, section 4 gives the current observation performance of the Grasse LLR station.

2. The Principle of LLR

The principle of LLR is to fire laser pulses toward target reflectors on the Moon and to detect the return sig-
nal. By measuring the time of flight of the light precisely, one can determine the distance between the laser
ranging station and the corner cube reflector (CCR) on the lunar surface. However, this measurement is
technically challenging. To have a non-negligible chance of detecting a return signal, the laser pulse energy
must be relatively high (0.1 to 1 J). The outgoing laser beam from the telescope has a minimal divergence of
about 1-3” depending on the atmospheric turbulence (seeing conditions). The laser beam reaches a diame-
ter of ~6 km on the lunar surface so that only a fraction 10~° of the light is reflected back by the CCR panel.
On its way back to Earth, the divergence of the laser beam is >10"” and with a 1.54 m telescope, again only
a fraction 10~ of the light is collected. Because of other factors such as atmospheric transparency, atmo-
spheric turbulence, and detector efficiency, the link budget measured experimentally is between 107 and
10~2°. In these conditions, it is only possible to detect returns from the CCR if the background noise is thor-
oughly filtered. Generally, the incoming photons in the telescope encounter three types of filter: A field filter
rejects the photons that are coming from a direction far from the CCR’s position, a tight spectral filter of 0.1
nm around the laser wavelength removes most of the background light from the lunar surface, and a time
gate of about 100 ns is applied to the detectors around the expected return time. For an accuracy of 1 cm
in the distance between the station and the target, one must measure the round-trip travel time of the laser
pulse with an accuracy below 100 ps. To achieve this, the time measurement must be based on a very sta-
ble high-frequency signal such as that generated by a cesium or H-maser clock with a frequency stability
better than 10712, Nevertheless, several other factors affect the precision, accuracy, and stability of the mea-
surements. The distance is determined by using a model of the refractive index of the atmosphere based on
local ground monitoring of the pressure, temperature, and humidity. The timing uncertainty generated by
the lack of knowledge of the atmosphere can induce a time delay of 15 to 70 ps. The detectors at the sta-
tion are not perfect, and their timing jitter can generate an uncertainty of several millimeters depending on
the technology used. The cross-axis point of the telescope (the only point that stays fixed while the tele-
scope is tracking the Moon) must be positioned with an accuracy below 1 cm in the Earth's reference frame.
The Moon itself by its libration generates an oscillation of the orientation of the CCR panel that can spread
the return signal from 0 to 350 ps (Samain et al., 1998). To face this technical challenge, an LLR station must
monitor on a daily basis all kinds of bias, noise, and drifts that might arise from any of the subsystems (laser,
clock, detectors, mechanical and optical drift, etc.).

At the Grasse LLR station, LLR observations are performed one reflector at a time, and each observation
typically lasts for 10 min. During this time span, the time differences (residuals) between the predicted
and the observed time of flight of the emitted photons are recorded. The predictions are provided each day
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Figure 1. Achieved rms of the NP residuals for each configuration of LLR stations as a function of time (top). Average
number of normal points acquired per year over the considered time spans (bottom). Data and statistics from POLAC
(http://polac.obspm.fr/llrdata.html).

by the Paris Observatory Lunar Analysis Center (POLAC) in Topocentric Prediction Format for the LLR
observations of the coming night. They are computed for all CCRs (and close craters) at two wavelengths
(green and IR) with the most up-to-date Earth orientation parameters provided by the International Earth
Rotation and Reference Systems Service. To separate the signal from the noise and to increase the precision of
the measurement, a series of individual-shot observations is consolidated into a single representative launch
time and associated with a round-trip travel time. (This consolidation can be done because the dynamics of
the Earth-Moon system within this short time span is not of interest to LLR science.) These measurements,
paired together with representative meteorological information and other auxiliary data, are packaged into
a data unit called a normal point (NP).

3. Performance and Technical Evolution of LLR at the Grasse Station

Figure 1 shows the average number of NPs obtained per year and the rms of the NP residuals for each
configuration of all LLR stations since 1969. The residuals have been obtained by POLAC by simulating
the time of flight of the laser pulses with the LLR reduction software CAROLL, which now uses the ELPN
lunar ephemeris (Bourgoin, 2016). The rms of the NP residuals given in Figure 1 is presented as a one-way
distance after a 4-sigma cutoff. In what follows, we chose the residual rms as the estimator of the quality of
the NPs instead of the NP intrinsic precision for two reasons. Firstly, it allows us to compare the quality of
NPs taken by different stations at different epochs homogeneously, which is not possible with the available
NP intrinsic precisions measured by different and not documented methods. Moreover, as the measurement
of the NP intrinsic precision is based on the dispersion of its individual shots, it cannot be estimated a
posteriori without the raw data. Secondly, most of the calibration biases are observable in the rms of the
residuals and not in the NP intrinsic precision (bias in time reference, in the calibration of the cross-axis
point of the telescope, etc.). However, it is important to keep in mind exactly what is plotted in this figure in
order not to overinterpret or misinterpret it. For instance, the low rms of the Wettzell NP residuals is mainly
due to the low number of NPs and is overoptimistic as an estimator of their quality, while the small rms
difference between Grasse and Apollo is insignificant in comparison with model uncertainty.

The first LLR observations from the Grasse station (a 1.54 m Alt-Az Ritchey-Chrétien telescope) started in
1981, using a ruby laser (4 = 684.3 nm) firing 3 ns wide pulses of 3 J every 6 s. Over 4 years, 1,188 mea-
surements were made, and the residual rms achieved was about 16.4 cm. In 1986, this success convinced
the scientists involved to move toward a neodymium-doped yttrium aluminum garnet (Nd:YAG) laser emit-
ting in the IR at a wavelength A = 1, 064 nm. Utilizing the second harmonic generation frequency doubling
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method to reach a wavelength of 532 nm enabled the use of precise and less noisy detectors. The available
energy per pulse was about 75 mJ in the green at a rate of 10 Hz, leading to a return rate of about one every 10
s. From 1986 to 2005, the Grasse station generated 8,324 NPs and reached a residual rms of 4.1 cm. This laser
technology is still used today, but other kinds of improvement have been made during the last decade. In
2005, the station was upgraded by extending the operability of the MéO telescope to low Earth orbit satellites
and improving the stability of the time base of the station for time transfer experiments, for example, Time
Transfer by Laser Link (T2L2) on board the Jason-2 satellite. Several upgrades were made to the electron-
ics, and new event timers and a fibered calibration system were installed. In 2012, the pulse duration at the
Grasse station was increased from less than 70 to 150 ps by replacing the hazardous dye saturable absorber
with a 4-mm-thick MolTech GmbH Cr4+:YAG crystal (Martinot-Lagarde et al., 2016). This modification
reduced and simplified the routine maintenance of the laser system and was beneficial for the operability of
the laser ranging facility. In this last period, with only the green wavelength laser, the NP residual rms was
about 2.0 cm.

4. Current LLR Performance at the Grasse Station

4.1. The Infrared Wavelength

In 2015, a major upgrade was made at the Grasse LLR station to use directly the native IR wavelength of the
Nd:YAG laser directly (Courde et al., 2017). The progress made in InGaAs technology prompted the station
to purchase an InGaAs/InP single-photon avalanche diode. The quantum efficiency of this detector is about
20% in Geiger mode at 4 = 1,064 nm, and the active area has a diameter of 80 pm. With a measured timing
jitter of about 109 ps full width at half maximum, the level of precision is suitable for LLR.

LLR observations in the IR from the Grasse station constitute almost all observations since the implemen-
tation of this detector. Courde et al. show that performing LLR in the IR increases the station efficiency by
a factor of 8 during new and full moon periods and improves the temporal homogeneity of the LLR obser-
vations over a synodic month. There are three main reasons for these improvements in performance. First
of all, the number of photons is increased by a factor of 3. Next, there is better atmospheric transmission in
the IR; for example, in a clear atmosphere, the transmission is improved by a factor of 1.9 at an elevation
angle of 20° and by 1.32 at 40° (Degnan, 2013). And finally, the far-field diffraction pattern from a CCR is
twice as large in the IR. Taking into account a typical 5 prad velocity aberration, the relative gain in inten-
sity between IR and green is 1.3 on Apollo arrays and 2.1 on Lunokhod arrays (Courde et al., 2017). Also,
because of the transmittance and the scattering effects in the atmosphere, the solar noise is less important
in the IR than in green light for elevation angles greater than 30°. All these properties of the IR naturally
extend the capability of the station to range the lunar reflectors at lower elevation angles and closer to the
new moon and full moon.

Along with the use of an IR laser, some technical improvements made at the station have been beneficial
for our LLR performances, so that the number of NPs has jumped during 2018 with a one-way NP residual
rms of 2.4 cm in 2018. First, beam divergence has been carefully calibrated and controlled for both wave-
lengths. Then, the laser coudé path of the telescope is now carefully tuned to avoid pointing errors in the
emergent laser beam for different azimuth angles. Finally, a mechanical correction on the M3 mirror posi-
tion of the telescope (Ritchey-Chrétien design) has been made to correct residual optical aberrations. This
clearly improved the link budget during the year 2018, and some NPs have been acquired with more than
1.5 returns per second. Figure 2 shows an example of a ranging session on the Apollo XI retroreflector while
the sky was clear and the seeing value was 0.97”; 465 returns were obtained while the Moon was at 25°
elevation and the retroreflector panel was illuminated.

The recent contribution of the Wettzell laser ranging station to LLR (see Figure 1) is interesting as this station
also now uses the IR wavelength but with a pulse duration of 20 ps, which explains the good NP residual
rms they obtained. However, the 1 cm rms attributed by POLAC to this station has to be confirmed since
this rms computation is based on only 22 NPs (spread over only six nights and for only two CCRs).

4.2. Observation Statistics Over 2018

In this section, we present the data collected from 1 January 2018 to 11 September 2018, the final day before
our last IR single-photon avalanche diode broke. Even though the statistics are based on less than a year's
worth of data, the number of NPs collected reached 973, a good performance in LLR history.
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Figure 2. Example of a ranging session on the Apollo XI reflector panel on 23 July 2018; 465 returns were obtained and
used to generate an NP.

The observation strategy of the Grasse station gives a high priority to LLR compared to other stations from
the ILRS network. When the weather is good enough, an LLR session starts when the Moon's elevation is
above 20°. Below 20°, air-mass transmission and atmospheric turbulence drastically reduce the probability
of acquiring returns. However, thanks to the IR wavelength, and if the atmosphere is clear and the seeing
exceptional (¢, < 1”), data can be acquired below 20° and some operators try their luck. Apollo XV is always
the first reflector ranged in order to evaluate the link budget, then Lunokhod 1, Lunokhod 2, Apollo XI, and
Apollo XIV.

Figure 3 shows the percentage of acquired NPs for each reflector over three separate years. The green wave-
length (2014) suffered from a large inhomogeneity in the reflectors observed, with very few NPs from the
French reflectors on the Soviet rovers. Statistics at the IR wavelength (2017 and 2018) are much better. Oper-
ating in the IR highlights an efficiency problem at the green wavelength for the Lunokhod retroreflectors,
especially for Lunokhod 2, as described in Courde et al. (2017) and T. Murphy et al. (2011). In this case,
the theoretical efficiency doesn't coincide with the observed efficiency. In 2018, we managed to reach an
almost perfect homogeneity on the ranged reflectors over the year. This homogeneity is not only in the total
of number of NPs but also throughout the lunar cycle as shown by Figure 4. This figure presents the num-
ber of ranged reflectors as a function of the lunar cycle. If we were able to acquire at least one NP at a given
time in the lunar cycle from a reflector, it appears on this graph. Most of the time, we were able to probe
the five reflectors, except around the full moon where the Lunokhod reflectors are not designed to operate
(Fournet, 1972). This performance was reached during summer 2018, right after the technical modifications
mentioned above, as can be seen in Figure 5.

Figure 5 gives an overview of the sampling of the observations over the year. The top panel shows the number
of returns of each NP as a function of time. The middle one plots the elongation of the Moon as a function of
time and the bottom one the elevation of the Moon as a function of time. One can see that during the major

2014 (Green) 2017 (IR) 2018 (IR)
AXI 17% 2w AXI2% | 5009, A XI17%

L 220%

L1 5% L1 18%

L121%

A XIV 14% AXV 25%

AXIV11%
A XV 39%
AXV 62% AXIV17%

Figure 3. Retroreflector normal point statistics from the Grasse LLR station in 2014 (with only the green wavelength),
2017, and 2018.
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Figure 4. Number of reflectors observed as a function of the lunar cycle in 2018.

part of the year, good ranging sessions with more than 250 returns can be achieved around the first quarter
at favorable elevations. Thanks to the small technical improvements mentioned, the summer season shows
very good ranging sessions with more than 500 returns. While the sky is clear, this allows the entire lunar

cycle to be ranged using almost all reflectors panels (red rectangle).

4.3. A Continuous Lunar Cycle Observation

During the summer of 2018, thanks to favorable weather and seeing conditions, we were able to range all
reflectors through the entire lunar cycle with high signal-to-noise ratio (red rectangle in Figure 5). A total of
345 NPs were acquired in the IR during this lunar cycle, and some of them were generated with more than a
thousand returns from the lunar surface in 10 min. A high-signal regime that has never been reached with

the green wavelength before.
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Figure 5. Overview of measurements over 2018. Top: number of returns as a function of time. Middle: elongation of
the Moon as a function of time. Bottom: elevation of the Moon as a function of time. Red rectangle is the period

detailed in 4.3.
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Figure 6. Normal point statistics for each reflector and all cumulated reflectors (bottom right corner) during a full lunar cycle from 8 August 2018 to 6

September 2018.

Between 8 August 2018 and 6 September 2018, the weather was clear. The night seeing had a median value
of 0.8” during this period. Figure 6 presents the NP statistics for each retroreflector (A XI, L 1, A XIV, A XV,
and L 2) and for all the reflectors (bottom right corner) as a function of the lunar cycle.

Figure 7 helps to explain the observations of Figure 6. The histogram of total NPs as a function of the lunar
cycle is plotted along with the elevation of the Moon because, on a single lunar cycle, the impact of the phase
and elevation of the Moon on the LLR performance cannot be decoupled. The red dots show a series of
measurements on the five reflectors. The lack of data immediately after the first quarter is due to a technical
constraint. Also, before the full moon, the target was always below 30° elevation. The time available to range
the reflectors was therefore reduced and the air-mass/turbulence effects decreased the signal-to-noise ratio,
limiting the number of NPs that could be obtained.
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Figure 7. Normal point statistics for all reflectors during a full lunar cycle from 9 August 2018 to 6 September 2018.
Each red dot represents a session with NPs obtained on the five retroreflectors, where each red dot is presented at its
Moon elevation angle.
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5. Conclusion

After a few years of LLR in the IR, the Grasse LLR station has improved its observational capabilities. The
signal-to-noise ratio is greatly improved so that NP statistics cover almost all the synodic period. Measure-
ments close to the new moon and full moon are possible, and almost all the reflectors are ranged over the
lunar cycle; this is crucial in order to better resolve the physical libration effect and give information about
the structure of the lunar interior. The link budget improvement is also interesting to study to compare the
relative efficiency of the lunar reflectors and the lunar orbiter reflectors (Lunar Reconnaissance Orbiter,
Queqiao). This will help to better understand the reflector degradation and sensitivity to solar radiation and
the Moon environment (dust effect) (Currie et al., 2013; Goodrow & Murphy, 2012; Murphy & Goodrow,
2013). The performance in the IR is also very favorable for new monolithic CCRs, which are smaller but
have a better ranging precision. A sparse network of large single corner cubes that could be resolved by a 100
ps laser pulse system would greatly improve the precision of LLR (Currie et al., 2013; Garattini et al., 2013).
The use of the IR wavelength also increases the number of stations that could enter the LLR community.
Sharing the data production with other stations will improve the lunar cycle sampling and can only be ben-
eficial for the scientific outcomes from LLR. The most cost-effective experiment from the lunar exploration
missions probably has some great scientific results to offer in the next few years.
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