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Abstract
The TianQin Project is aiming at gravitational wave (GW) detection in space.
TianQin GW observatory comprises three satellites orbiting on 1 × 105 km
Earth orbits to form an equilateral-triangle constellation. In order to mini-
mize the variations in arm lengths and breathing angles, the satellites must
be launched and adjusted precisely into an optimized orbit. Therefore, satellite
laser ranging must be used to enhance the precision of satellite orbit determi-
nation. To develop the capability of satellite laser ranging for TianQin’s orbit,
the TianQin Laser Ranging Station has been designed and constructed to per-
form high-precision laser ranging for TianQin satellites and lunar laser ranging
as well. Applying a 1064 nm Nd: YAG laser with 100 Hz repetition frequency,
80 pico-second pulse duration, and 2 × 2 array of superconducting nanowire
single-photon detectors, we have obtained the laser echo signals from the five
lunar retro-reflector arrays, and the measurement data have been packaged into
234 normal points (NPs), including a few data measured during the full-moon
lunar phase. Each NP is calculated from continuous measurement for about ten
minutes and the statistical error of the NPs is about 7 mm (1σ).

Keywords: lunar laser ranging, satellite laser ranging, precision satellite orbit
determination, gravitational waves detection

(Some figures may appear in colour only in the online journal)

1. Introduction

1.1. Requirements of satellite’s orbit determination for TianQin

Proposed in 2014, the TianQin Project aims to launch a space-based GW observatory to detect
GW in the frequency band of 10−4 Hz–1 Hz. The three satellites will be launched to high Earth
orbits of 1 × 105 km around 2035, and the constellation plane is nearly vertical to the ecliptic
and facing a white dwarf binary star system, J0806.3 + 1527 [1, 2].

The requirements for the arm-length variation, the relative line-of-sight velocity and the
breathing angle of the TianQin constellation during the measurement period are stringent.
As the constellation stability is very sensitive to the initial position and initial velocity of the
satellites’ orbits, it is of great importance for achieving a high-precision satellite orbit deter-
mination. Preliminary analysis showed that the accuracy of initial position and initial velocity
of TianQin satellites must be 5 m and 2 mm s−1, respectively [3].

Satellite laser ranging (SLR) is the space geodetic technique with the highest precision of
range measurement [4]. It is commonly used either to calibrate the accuracy or to compensate
the error of satellite’s orbit determination [5], to determine the station coordinates [6, 7], Earth
orientation parameters (EOP) [8], and tidal parameters [9, 10]. Studying the Earth’s gravity
field, the ocean tide models [11, 12], and the elasticity [9, 13]. However, due to the limita-
tion of observation (weather) conditions, it generally needs to work together with the orbital
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dynamic models with long measurement arcs for dynamic orbit determination. There is about
15% coverage of long-arc-length observation data which are provided by the International
Laser Ranging Service (ILRS), especially for medium-altitude and high-altitude Earth orbit
navigation satellites [14].

We have done the simulation analysis on TianQin satellite’s orbit determination, assuming
that the ranging data were obtained from seven worldwide laser ranging stations, with a mini-
mum observation elevation of 30◦, with an observation rate of 15% and with a statistical error
of about 1 cm. The simulation results show that the positioning accuracy in three dimensions
can reach 1.69 m, and the velocity accuracy is about 0.12 mm s−1. The detailed discussion will
be reported in another paper.

So far, most of the satellites equipped with retro-reflectors are operating below the geosyn-
chronous orbit. To ensure a sufficient budget of laser ranging capability for TianQin satellites,
the lunar retro-reflectors are ideal targets for testing and evaluating the performance of a new
laser ranging station built inside the Zhuhai campus of Sun Yat-sen University.

1.2. Current status of lunar laser ranging (LLR)

Since the first manned Moon landing mission, Apollo 11, there had been five retro-reflector
arrays deployed on the Moon, enabling the highly accurate range measurements between the
ground station and the lunar retro-reflectors by means of laser ranging [15]. The design of retro-
reflector arrays is based on a corner-cube structure, such that the laser beam can be reflected
back along the direction parallelly to the incident direction. The Apollo astronauts deployed
three arrays with 100 and 300 corner-cube retro-reflectors of 38 mm diameter, mounted in alu-
minum panels. The soviet-French Lunokhod arrays consist of 14 triangular retro-reflectors of
106 mm side-length, arranged in a two-row hexagonal packing. Accumulated LLR measure-
ment data shows these five retro-reflector arrays functioning well, including Lunokhod 1 which
was precisely located by Apache Point Observatory until 2010 [16].

Because of the long distance between Earth and the Moon which accounts for the serious
power loss of echo signals in laser ranging, only a few observatories are capable of doing
LLR. The Lick Observatory started the LLR experiment, and then the McDonald Observa-
tory with a 2.7 m telescope and its upgraded McDonald Laser Ranging Station with a 0.76 m
telescope proceeded. A massive data is contributed by Grasse laser station located in France.
Other renowned stations include Haleakala (USA), Apache Point Observatory Lunar Laser
Ranging Operation (APOLLO, USA) and Matera (Italy). The Wettzell station (Germany) has
contributed some NPs in recent years, and the Yunnan station (China) succeeded in LLR in
2018 [17]. Currently, only APOLLO, Grasse, Matera and Wettzell stations are carrying out
regular LLR observation. Till October 2021, there are 29743 NPs are provided on the ILRS.
The contribution and the duration of LLR data are shown in figure 1. (The LLR data is from
ILRS11 and POLAC12).

The basic principle of LLR is currently based on the measurement of the round-trip time of
flight (TOF) of a laser pulse travelling between the Earth’s station and the lunar retro-reflectors.
With the speed of light in vacuum c, the range can be obtained by using equation (1)

L = c ·Δt/2, (1)

where Δt is the round-trip travelling time of the laser pulse.

11 https://cddis.nasa.gov/archive/slr/data/npt_crd/.
12 http://polac.obspm.fr/llrdata.html.
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Figure 1. Number of NPs acquired per year of LLR stations.

The Earth–Moon system is a natural laboratory for testing general relativity. Studying the
dynamics of the Earth–Moon system is of great importance for testing gravitational theories
and exploring the internal structure of the Moon. The best results of the test of strong equiv-
alence principle [18–20], the test of Newtonian inverse square law [21], the determination of
time-varying gravitational constant [22, 23] have been obtained by means of LLR [24, 25].

The precision of LLR has been improved from decimeter-level to a few millimeters over
decades. So far, the precision of LLR is limited by the performance of the laser ranging sys-
tem, the array structure of lunar retro-reflector [26] and their degraded reflection efficiency
[27] and finally, by the tilt of the retro-reflector array due to Lunar libration, which increases
the random error of the TOF of the laser beam reflected from different array elements. In
order to solve the problem, the design of single large-aperture corner-cube retro-reflectors for
next-generation LLR was proposed [28, 29]. Researchers from Sun Yat-sen University and
Huazhong University of Science and Technology have manufactured a 170 mm hollow corner-
cube retro-reflector, which has been carried by the ‘QueQiao’ relay satellite on 21 May 2018
to test its performance in space [30, 31].

The construction of the TianQin laser ranging station (ab. TianQin station in the following)
had completed in January 2019. It is located at the Zhuhai campus of Sun Yat-sen Univer-
sity at an altitude of about 400 m. The first successful LLR experiment was carried out on 8
June 2019, and the five lunar retro-reflector arrays were successfully detected on 7 Novem-
ber 2019. The observations from June 2019 to November 2020 have been packaged into 234
NPs, each NP is calculated from ten-minute continuous measurement data. In the follow-
ing sections, the overview of the ranging system of TianQin Station is briefly introduced. In
section 3, the random errors of laser ranging are evaluated, and typical LLR results are pre-
sented. Finally, we discuss the performance of laser ranging improved by using an infrared
laser and superconducting single-photon detector array.

2. Overview of ranging system

The instruments and optical path of the TianQin laser ranging system are shown in figure 2. The
system consists of a 1.2 m telescope and Nd: YAG laser with single pulse energy of 300 mJ and
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Figure 2. Optical path and facilities of TianQin Station.

Table 1. Main parameters of TianQin Station.

Parameter Value Comment

λ 1064 nm Laser wavelength
Et 0.3 J Laser pulse energy
fpulse 100 Hz Laser pulse repetition rate
D 1.2 m Aperture of the telescope
θlaser 2′′ Divergence angle of laser
θtrack 2′′ Tracking error of telescope
ηt 0.6 Transmitting efficiency of optical system
ηr 0.2 Receiving efficiency of optical system

a pulse width of 80 ps. The repetition frequency of this pulsed laser is 100 Hz, operating at a
wavelength of 1064 nm. To ensure a better detection efficiency, a 2 × 2 superconductor nano-
wire single-photon detector array is used. The technical specifications of this laser ranging
system are shown in table 1. Compared with other LLR systems, the major features of this
system are the use of a 1064 nm laser with a repetition frequency of 100 Hz and a new type
of detector array for LLR. Principally speaking, a higher pulse repetition rate makes a lower
random error and a larger echo photon number per unit time.

A common light path system has been adopted at TianQin Station. The optical train has
a transmit path and a receive path that share the telescope as shown in figure 2. A rotation
mirror (as shown in the figure 2 (green)) separates the laser transmit path and the receive path
similar to Apache Point Observatory set-up [32]. The rotation repetition of the T/R optic is
well controlled to 50 Hz, and two transmit holes of the T/R optic are designed to match the
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Table 2. Expected gain in the infrared compared to the green link.

Expected gain in IR compared to green link

Elevation angle 20◦ 40◦

Laser 3 3
Divergence 1.3′′ 1.3′′

Atmospheric transmission 1.92 1.322

Velocity aberration 1.28 1.28
Total gain IR/green 18.02 8.70

laser repetition frequency (100 Hz). The receive path is split into two beams through a beam
splitter, one of which is sent toward a charge-coupled device camera that aids acquisition and
alignment, another to the receiving detector. Temporal filtering (range gate), spatial filtering (a
pinhole), and spectral filtering (narrow pass-band filter) are used to suppress the background
noise from the lunar surface, atmospheric back-scattering, and optical lens back-scattering, as
shown in figure 2 (gray).

2.1. The advantages of 1064 nm

Due to the excellent detection performance of the detector in the visible spectral band, most
LLR observatories adopt a 532 nm laser as the light source which is generated from Nd:
YAG laser and second harmonic generation (SHG). They have suffered signal acquiring dur-
ing new and full Moon phases with a green laser. First applying the 1064 nm infrared laser
at Grasse laser ranging station allows LLR measurements during those periods [33]. Wettzell
laser ranging station also has acquired LLR signal in infrared. Beyond the detection efficiency
of detectors at two different wavelengths, there are some advantages to using near-infrared
compared with green laser in the following aspects:

(a) Atmospheric transmission. The atmospheric attenuation is a function of wavelength, local
atmosphere seeing, the altitude of a station, etc. The atmospheric transmittance at 1064 nm
is better than that at 532 nm in different elevations [4].

(b) The number of photons. The number of photons at 1064 nm is twice that of 532 nm with
the same energy. The 532 nm laser is acquired through SHG from the 1064 nm laser, and
the efficiency of SHG is about 50%. The ratio of the number of transmitting photons at
1064 nm to that at 532 nm with the same energy will be greater than 2.

(c) Beam divergence propagating through the atmosphere. Affected by the external atmo-
spheric turbulence, the diffraction limit is not determined by the aperture of the telescope,
but by the Fried parameter r0 [34], which is related to the atmospheric parameter (atmo-
spheric seeing) of the station and laser. r0 increases with the increasing of wavelength,
corresponding to a smaller radius of the Gaussian beam propagating in the atmosphere at
1064 nm.

(d) Effect of velocity aberration. Due to the relative motion of the Moon and the rotation
of the Earth, the energy received by the telescope is not in the center of the Airy Disk
[35]. The distribution of the far-field diffraction pattern is related to the laser wavelength,
corresponding to a disk with more concentrated energy at 1064 nm.

Given the above factors, the analysis results in the paper [33] are used, as shown in table 2.
The results show that there are obvious advantages in the LLR experiment at 1064 nm.
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Figure 3. Comparison of theoretic return rates between 1064 nm and 532 nm varies with
distance.

2.2. Theoretical calculation of the number of photons

For a space target equipped with the retro-reflector, the number of theoretical return photons
recorded by detectors is as follows [4]:

n0 =
λ

hc
· Et · T2 · ηt · ηr ·

4 · D2 · ρ · σ
πθ2

ccr · θ2
t · R4

· α · fpulse, (2)

where λ is the laser wavelength, fpulse is the frequency of the laser, h is Planck’s constant, Et

is the energy of a single pulse, T is the atmospheric transmittance, ηt and ηr are the efficiency
of the transmitting optics and the receiving optics, respectively, σ is the retro-reflector optical
cross-section, ρ is the reflectivity of the target, D is the effective receiving aperture of the
telescope, θccr is the divergence angle of the corner cube reflector, α is attenuation coefficient.

The theoretical return counts per second (cps) of Apollo 15 is simulated when the eleva-
tion angle of observation is 40◦ with the parameters shown in tables 1 and 2, and the results
are shown in figure 3. Red and green dots represent the theoretical calculation return rates at
1064 nm and 532 nm, respectively. The return rates decrease with the increasing distances.
More importantly, more effective echo photon counts will be acquired at 1064 nm compared
with 532 nm in the same experimental conditions, which shows the performance at 1064 nm
is significantly superior to that at 532 nm.

2.3. Detection probability analysis of four-pixel SNSPD array

Apart from the theoretical return rates, the detection probability is another important parameter
to describe the performance of a laser ranging system. Due to the excellent quantum efficiency
at single-photon level detection, avalanche photon diode (APD) is a routine detector applied
for SLR and LLR. SNSPD is widely used for quantum key distribution and quantum communi-
cation [36] with its excellent characteristics such as a large detection area (diameter = 60 μm),
low time jitter (<80 ps), broadband response (0.4–2 μm), high quantum efficiency (>90%),
extremely low dark count rate (DCR) (100 Hz), and high repetition rate (20 MHz). Since the
subcentimeter depth profiling was demonstrated at a distance of 330 m on the ground [37].
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The SNSPD was also applied for space target detection, e.g. SLR [38] and space debris laser
ranging [39], which have proven the capability for space target laser ranging.

Here, we will analyze the detection probability of APD and SNSPD, as well as how the
number of pixels of the two kinds of detectors will influence the detection probability. Assum-
ing that the effective echo photon counts is s counts per pulse (cpp), the noise rate is rnoi cps.
The total noise consists of the dark count of the detector, back-scattering from the optical
lens, atmospheric back-scattering, and sky background noise. Among them, the noises from
the back-scattering from optics and atmosphere can be filtered out through the range gate. The
effective detection probability in a range gate can be described as [40]:

PD = e−W · (1 − e−s−n) · η, (3)

where W = rnoi ·
(
γ · tgate − techo

)
is the number of noise before effective return echo within

a range gate, γ is the position of the effective return echo in the range gate, generally taking
0.5, tgate is duration of range gate, techo is the effective echoes distribution width, we take 1 ns
here, and n = rnoi · techo is the number of noise within the effective echo range.

Each pixel of a M × M SNSPD/APD array works independently during the detection.
Assuming that the arrival time of photons to the arrays are uniformly distributed, the num-
ber of noise and effective photons reaching each SNSPD are W/M2 and (s + n) /M2 in one
range gate, separately. Once detected a photon, there is a recovery time till another detection,
the duration time called dead time tdead. Only if there is no noise to be alarmed during t − tdead

to the time effective photon arrives t will we make effective measurements. The probability of
an effective echo photon can be described as follows:

PSNSPD = 1 − (1 − PD)M2
. (4)

The DCR of APD is 28 kHz [33], and the duration of range gate is 100 ns [32]. This cor-
responds to 15 m in one-way range, which means a more accurate range prediction for the
space target. While the DCR of SNSPD is 100 Hz, the duration of the range gate is 20 μs
because of the charge-discharge. The number of measurements within one range gate of APD
is once, while more than one measurement within a range gate can be made by SNSPD, except
during its recovery periods. At noise level of 2 MHz [41], the detection efficiency of SNSPD
and APD are both 30%, with return rates at 0.1–1 cpp, simulation has been conducted for the
detection probability as shown in figures 4 and 5. From the analysis in figure 4, the detection
performance of SNSPD is superior to APD. The results in figure 5 show that the detection
probability increases with increasing the number of pixels of the detector, which highlights the
advantages of the array detector. When the echo rate is below 1 cpp, the detection probabilities
of the 2 × 2, 3 × 3, and 4 × 4 SNSPD arrays are basically equivalent.

3. Results

3.1. Measurements of LLR at TianQin station

The first echo from the Apollo 15 retro-reflector on the surface of the lunar had been detected
on 8 June 2019. Till the same year of 7 November, the distances between TianQin Station
and five retro-reflector arrays had been ranged, which shows the capability of routine LLR
at TianQin Station if weather permits. Figures 6 to 10 show the typical scatter of observed-
calculated (O-C) residuals from the five retro-reflector arrays. The best return rate is over 1 cps
for Apollo 15 and Lunokhod 1.
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Figure 4. Comparison of detection probability between APD and SNSPD.

Figure 5. Influence of different number of pixels on detection probability of SNSPD.

From the analysis above, one of the merits of SNSPD lies in high detection efficiency
even under the low signal-to-noise ratio (SNR), which means we can get the signal near
the full Moon. Figure 11 shows the LLR session on Apollo 15 during Moon phase at 192◦

(0◦ and 360◦ are new Moon, 180◦ is full Moon). Due to the enhancement of background noise,
the SNR of detection decreases, but the effective echo signal can still be extracted from noise
easily. Further LLR data near the full Moon will be provided from TianQin Station, which is
of great significance to the study of Earth–Moon gravitational theories and lunar ephemeris.

3.2. Precision analysis of SLR and LLR

The random error of laser ranging is determined by the laser ranging system and external
factors. The system random errors are introduced by the duration of the laser pulse, time jitter
of the detectors (emitting and receiving detectors), GPS clock, event timer, and fiducial signal.
The external factors include atmospheric turbulence [42] and retro-reflector array [26, 43].
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Figure 6. Example of a ranging session on the Apollo 11.

Figure 7. Example of a ranging session on the Apollo 14.

Based on measurements in the laboratory of the timing performance of the individual facilities
comprising the system, we derive the random error budget per photon presented in table 3.

3.2.1. Evaluation the SLR accuracy. SLR is an important tool in satellite and space geodesy
because it is a technique that can provide independent orbit information. There are some heavy,
spherical, passive satellites equipped with corner cubes called geodetic satellites, e.g. Starlette,
Stella, LAGEOS, Etalon, GFZ-1, WESTPAC, Larets, LARES, Ajisai, and BLITS which had
the potential of centimeter accuracy ranging [44]. There are precision orbit data provided by
ILRS [14] in Standard Product 3 (sp3) orbit format. Given a specific time, combined with the
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Figure 8. Example of a ranging session on the Apollo 15.

Figure 9. Example of a ranging session on the Lunokhod 1.

sp3 data, it is easy to calculate the single-trip TOF ρ:

ρ =
1
2

(
ρup + ρdown

)
+ ρrel + ρatm + ρcom + ε, (5)

where ρup and ρdown are the up-link and down-link pulse travels between the station and tar-
get. To acquire precision station coordinates, there exists the Earth tide correction [45]. ρrel is
relativistic gravitational delay of signal propagation [46], ρatm is the zenith atmospheric delay
[47, 48], ρcom is the correction of mass center [49], ε is system error bias. The bias can be
calculated from measured and precision orbit data [50].
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Figure 10. Example of a ranging session on the Lunokhod 2.

Figure 11. Example of a ranging session on the Apollo 15 near the full Moon.

During a SLR session, the laser up-link and down-link TOF are

τup =
1
c

∣∣r (t + τup
)
− R(t)

∣∣+ ρrel_up + ρatm_up + ρcom_up, (6)

τdown =
1
c

∣∣r (t + τup
)
− R

(
t + τup + τdown

)∣∣
+ ρrel_down + ρatm_down + ρcom_down,

(7)

where r
(
t + τup

)
is the center coordinates of the satellite on the geocentric inertia system when

the pulse arrives the satellite, R(t) and R
(
t + τup + τdown

)
are the coordinates of the station on

12
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Table 3. Random error contributes at TianQin Station.

Error sources
Contributed timing

electronics error (ps)
Contributed ranging

error (mm)

Pulse width 31.6 4.7
Time jitter of (emitting) detector 1.0 0.1
Time jitter of (receiving) detector 39.5 5.9
GPS clock 1.0 0.1
Event timer 0.9 0.1
Calibration of ground target 3.0 0.4
Atmospheric turbulence (seeing: 2′′) 3 0.4
Lunar retro-reflector: Apollo 15 0–240 0–36.0
Total random error 50.8–255 7.6–38.2

Figure 12. An example of range session on LAGEOS2.

the geocentric inertia system when the pulse is transmitted and the effective return echo is
received. The round-trip time of pulses travel between station and target can be calculated
through equations (6) and (7). The typical ranging session of SLR carried out by TianQin
Station on LAGEOS2 on 25 October 2019 shows in figure 12.

There are system biases at TianQin Station shown in figure 12, which are composed of
station eccentricity bias, time bias and fixed bias, etc. The bias and correction will be fur-
ther analyzed in the follow-up work. Polynomial fitting is performed for the O-C residuals
in figure 12. After removing the trend term, the corresponding new residuals can be used for
analyzing the random error of TianQin Station. The random error of two-way measurement is
167 ps, corresponding 2.4 cm in one-way range as shown in figure 13.

3.2.2. Checking against models of LLR. The schematic diagram of a pulse travelling between
the Earth and the Moon is shown in figure 14, the process involves the motion of the Earth
and the lunar. The geocentric coordinates, selenocentric coordinates, and the lunar Euler
angles which can be used for transformation between the International Celestial Reference
System and principal axis (PA) system can be obtained from ephemeris [51, 52]. Combined
with the EarthEOP released by the International Earth rotation and reference systems service
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Figure 13. An example of histogram statistics and polyfit on O-C residuals of
LAGEOS2.

Figure 14. Schematic diagram of LLR.

[53], the round-trip time of the pulse between the station and the lunar retro-reflector can be
calculated.

Because all massive Solar System bodies influence the Earth–Moon range, the analysis
is most conveniently performed in the Solar System barycenter (SSB) frame. Barycentric
celestial reference system (BCRS) and geocentric celestial reference system share the same
spatial axes, but different origins, and are associated with the time scale barycentric coordinate
time or barycentric coordinate time (TDB) and the time scale geocentric coordinate time. The
measured times are transformed into SSB coordinates using the standard time transformation
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Figure 15. The process to obtain the coordinates of retro-reflector and station in BCRS.

Figure 16. Distribution of NPs on different retro-reflector arrays on the Moon (left).
Distribution of NPs on different months over 1.5 years (right).

technique [54]. The LLR up-leg TOF in TDB is [55]

t2 − t1 =
|rBCRS (t2) − sBCRS (t1)|

c
+Δtrel (t1, t2) +Δtatm (t1, t2) , (8)

where t1 is the transmit time through the reference point (the intersection of azimuth and alti-
tude axes of the telescope, also known as the invariant point) of the station and t2 is the arrival
time on the retro-reflector. The LLR down-leg TOF in TDB is

t3 − t2 =
|sBCRS (t3) − rBCRS (t2)|

c
+Δtrel (t3, t2) +Δtatm (t3, t2) , (9)

where t3 is time of receiving at reference point, rBCRS and sBCRS are the coordinates of the
retro-reflector and the station on BCRS, respectively. Obtaining the rBCRS and sBCRS involve
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Figure 17. NPs obtained from June 2019 to November 2020 on 5 retro-reflector arrays
versus the lunar phase.

Figure 18. The random error of the 234 NPs.

the coordinate transformation between the International Terrestrial Reference System, the PA
system and BCRS. The coordinate acquisition and transformation process is shown in figure 15,
and the more specific description can be referred to [55].

3.3. Evaluation of LLR results

A NP is a reduced observation containing the round-trip time of the light pulse at a given time
from the spatial reference point of the LLR station on the Earth to the retro-reflector array
on the surface of the Moon, computed from many individual measurements, often with the
duration of 5–20 min. A NP also contains meteorological parameters and the main parameters
of the LLR station. The random error relations between NP and a single shot is

σNP =

(
σsingle shot√

Ncount

)
. (10)
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Figure 19. Example of a ranging session on the Apollo 15 reflector panel on 20
November 2019.

Figure 20. Example of histogram statistics on the Apollo 15 retro-reflector array.

The LLR data acquired by TianQin Station is affected by seasonal weather, the data are
mainly distributed in the second half of the year. The main observation target on the surface
of the Moon is Apollo 15 due to its largest effective reflection area, as shown in figure 16. The
distribution of NPs varies with the phase of the Moon, as shown in figure 17. Routine LLR can
also be carried out during the full Moon period.

The precision (i.e. the one-way standard deviation) of all the 234 NPs are illustrated in
figure 18. For most NPs, the precision is better than 1 cm, while the corresponding single shot
precision is better than 10 cm. The average random error of single shots is about 5.6 cm, the
average random error of NP is 7 mm, and the best random errors are 1.5 cm and 1 mm for
single shot and NP, respectively. Figures 19 and 20 shows the scatter and histogram of O-C
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residual of a session on Apollo 15 with a duration of about 1 h. By using the effective echo
data to generate a NP, the random error of the NP can reach 1 mm.

4. Conclusion

For precise orbit determination of TianQin satellites, a new laser ranging station with a 1.2 m
telescope has been constructed as step 0 of TianQin Project. After months of experiments
and having overcome some critical problems, such as the pointing accuracy of the telescope,
five retro-reflectors arrays installed on the surface of the lunar have been ranged with the laser
ranging system. The successful development of the laser ranging system is conducive to serving
for TianQin Project.

LLR observations in green laser have suffered temporal inhomogeneity for many years until
the infrared laser has been applied at Grasse. The implementation of 2 × 2 SNSPD array and
pulse with 100 Hz repetition at 1064 nm of TianQin Station provides new opportunities for
deep space detection. The effective return rate and ranging accuracy at TianQin Station have
met the international advanced level. It will help us to understand the performance of reflectors
because of the solar radiation and is of great significance to continuously promote the research
and development of Earth–Moon science, such as the libration and inner structure of the lunar.
Testing the gravitational theories, such as the equivalence principle, Newton’s inverse square
law, etc. The station diversity will strengthen significantly the exactitude of the determination
of the Moon’s trajectory inside our Solar System.
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