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As the signal reflected by the corner-cube reflector arrays is very weak and easily submerged during the full moon,
we analyze the influence of the thermal effect of corner-cube reflector arrays on the intensity of lunar laser ranging echo.
Laser ranging measurements during the penumbra lunar eclipse verify suspected thermal deformation in the Lunakhod 2
reflectors. Signal levels vary over two orders of magnitude as the penumbra eclipse progresses. This can be explained by
the change in the dihedral angle of the corner-cube reflectors caused by the temperature. The results show that when the

dihedral angle errors reach 1”

, the energy is reduced by 100 times compared with the ideal corner-cube reflector. In the

experiment, our findings suggest that when the corner-cube reflector arrays enter the penumbra of the earth, the effective
echo signal level which reaches 0.18 photons/s far exceeds the historical level of the full moon. However, 11 minutes after
the penumbra lunar eclipse, the effective echo rate of Lunakhod 2 will drop two orders of magnitude. The mechanism can

explain the acute signal deficit observed at full moon.

Keywords: lunar laser ranging, corner-cube reflector arrays, dihedral angle errors, penumbra lunar eclipse

PACS: 06.30.-k, 07.07.Df, 07.60.j

1. Introduction

The lunar laser ranging (LLR) data is of great scientific
significance. It can be used to verify the relativistic equiva-
lence principle,!!"?! the invariability of light speed and post-
Newtonian gravity.[*! Alley!® proposed to place the corner-
cube reflector arrays (CCRs) on the surface of the moon to
carry out LLR experiment. On July 21, 1969, the CCRs were
placed on the moon surface at predetermined position, and
then the U.S. Lick Observatory®! successfully observed the
laser ranging echo signal from the Apollo 11 reflectors with
3 m telescope. On August 30, the 2.7 m telescope of the Mc-
Donald Observatory®! in the U.S. also received echo signals.
Following that, the Pic du Midi Observatory (France) and the
Tokyo Observatory (Japan) successfully reached the echo sig-
nal from these reflectors.! Scientists at Yunnan Observato-
ries successfully achieved LLR at 532 nm, which is the first
time to measure the distance between the earth and the moon
in China.l”! Apart from the Apollo 11 CCRs, there were also
Apollo 14, Apollo 15, Lunakhod 1 and Lunakhod 2 (L2) re-
flector arrays, while the Lunakhod 1 was only received by the
former Soviet Union’s Crinean Observatory (2.6 m telescope)
and the French Pic du Midi Observatory (1.06 m telescope) at
the beginning of its placement. (¥

During the process of laser ranging, there are many fac-
tors affecting the number of photoelectrons in the echo de-
tection, such as earth—-moon distance, atmospheric transmit-
tance, CCR reflection area, divergence angle and reflection
efficiency. Two problems were identified when Murphy and

fCorresponding author. E-mail: liming73 @mail.sysu.edu.cn
© 2022 Chinese Physical Society and IOP Publishing Ltd

DOI: 10.1088/1674-1056/ac3068

other scientists carried out LLR observations.!®~13] The sig-
nal strength returned from CCRs was about ten times lower
than the theoretical prediction calculated value, and the ef-
fective echo signal intensity of the CCRs was further reduced
when the moon phases were within 20° of a full moon. Sci-
entists from different countries have analyzed the attenuation
of the LLR effective echo during the full moon. For example,
Goodrow and Murphy!!°! analyzed the influence of tempera-
ture upon energy distribution of the far-field diffraction pattern
(FFDP), and suggested that the central intensity of the FFDP
emerging from the CCRs was severely diminished when dif-
ferences of even a few degrees of Kelvin existed across CCRs,
but they did not give the effect of far-field diffraction energy
on the number of echo photons received, and the effect of di-
hedral angle errors on FFDP was not described. Murphy!!7!
used a lunar eclipse to conduct the LLR experiment and in-
vestigated the effect of temperature on the effective echo in-
tensity of the Apollo CCRs, but they did not analyze Lu-
nakhod 2 reflectors. Then, in order to increase the efficiency
of LLR, a next-generation single lunar CCR was developed by
Currie.l"® Martini!'”! focused on its thermal influence upon
the energy distribution of the FFDP. Otsubo,?"! Zhou, ! and
He??! also examined the effect of the dihedral angle errors on
the far-field diffraction energy distribution, but they did not do
space experiments.

Because of the special position of L2, the data of L2 can
be used to study the lunar libration more effectively. The study
of L2 is of great significance. The goal of this paper is to build
up a model and analyze the effect of dihedral angle errors of
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L2 on FFDP. We interpret the complex amplitude distribution
of the output beam caused by dihedral angle errors of a non-
ideal CCR based on the geometry of the CCR. LLR experi-
ments which use superconducting nanowire single photon de-
tectors (SNSPDs) at 1064 nm wavelength are conducted dur-
ing a penumbral eclipse. This is the first time that SNSPDs are
used for LLR. In our research, LLR experiment is performed
on the CCRs of L2 during the penumbra lunar eclipse period.
Based on data processing, it concludes that the effective echo
intensity of L2 is sensitive to dihedral angle errors changed.

2. LLR system

The LLR system has been designed and installed at
Zhuhai, as shown in Fig. 1. The system consists of electrical
system and optical system. The optical system is divided into
imaging tracking system and echo photon receiving system.

The LLR system with the newly fabricate SNSPDs is shown in
Fig. 2(a). As the performance of SNSPDs is much better than
that of avalanche photodiode (APD) at infrared wavelengths,
our system using SNSPDs at 1064 nm wavelength is more
promising to obtain higher detection efficiency and a higher
signal to noise ratio. A telescope, as shown in Fig. 2(b), with
a diameter of 1.2 m, is used not only to emit laser but also
to receive photons which are reflected by the target. Another
important equipment in the ranging system is the high repet-
itive, picosecond pulse laser. Researchers at Shanghai Insti-
tute of Optics and Fine Mechanics obtained a single energy of
10 mJ with a pulse width of 13 ns at a pulse repetition rate of
250 Hz at 1064 nm.!?*! Shanghai Astronomical Observatory
used a 60 W nanosecond green laser at 200 Hz for debris laser
ranging.[>*! In this paper, a laser with wavelength of 1064 nm,
a pulse width of 80 ps, a repetition frequency of 100Hz and a
single pulse energy of 300 mJ is used, as shown in Fig. 2(c).

Launch laser

Reflector: Rotating mirror Focusing lens

detection

Receiving light path
Diaphragm

Collimator lens@

Receiving light path: Narrowband filter

Fiber coupling lens 21 K26 K

SNSPDs

(Red: 10 nm Blue: 0.15 nm)

>

Visible light: surveillance

Beam splitter Beam splitter Lens group

CMOS

pare

Fig. 1. LLR system. Laser transmission and reception are switched by the rotating mirror. Two kinds of filters with bandwidth of 0.15 nm and 10 nm
are used for background suppression. Small field of view imaging camera is used to image the target and achieve high precision pointing.

Fig. 2. (a) SNSPDs. SNSPDs with an intrinsic quantum efficiency of 80% and a dark count rate of 100 cps at 1064 nm wavelength are developed and
introduced to TianQin laser ranging observatory in China. (b) 1.2 m laser ranging telescope. Co-axis-aperture laser ranging telescope. The telescope
carries out high-precision tracking of the target with a pointing accuracy of 2”. (c) Laser with 1064 nm wavelength, 300 mJ single pulse energy, 80 ps
laser pulse width and 100 Hz repetition frequency.
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Compared with 532 nm, the usage of 1064 nm wave-
length in LLR help to achieve high atmospheric transmittance
and larger number of photons contained under the same en-
ergy condition. Then compared with the Grasse observatory,
a higher repetition rate laser is used in this experiment to im-
prove the detection signal-to-noise ratio of the system. Com-
pared with Apache observatory, we used SNSPDs!?~2"] for
LLR to improve detection probability.

3. Thermal analysis of CCRs

The effect of temperature will introduce additional phase,
shown as!!®]

2rl’ 27l (1+adT)(ng+BoT)
A Ao ’

where A is the vacuum wavelength, ng is the refractive in-

A¢ = ey

dex, 6T is departure from some reference temperature, 8 is
thermo-optic coefficient, o is the thermal expansion coeffi-
cient, and [ is geometric path length.

CCRs of Apollo are designed with specialized shading
structures, but L2 does not have such structures, making it
more susceptible to environmental influences. We consider
that temperature changes will produce dihedral angle errors.
There are three dihedral angle errors in the CCRs when they
are heated, which cause changes of the additional vector of the
beam distribution of the outgoing light field. The additional
vector dF of the reflected beam after three reflections from
the reflective surface of the reflectors is calculated when there
are three dihedral angle errors, and the coordinate system of
the corner reflector is established as described in reference!?!!

dF

[2(A251 +A430,),2(A303—A181),
—2(Ar83+418)

dF, = [2(A38:+A28)),—2(A385+A18)),
2(A253—A152)]T7

[2(A38, —A281),2 (4181 +A383),
—2(A152+A253)]T;

dFy = —dF,, dFs=—-dF;, dFg=

dF;

—dF, @

where 8;, & and &5 are the dihedral angle errors between two
pairs of the three reflecting surfaces of the reflectors, and A is
the refraction vector.

After the additional vector of the reflected beam is re-
fracted through the bottom surface of the CCR, the additional
vector dR,, of the laser beam is emitted, which can be calcu-
lated as

ARy = (AR, Ry, ARy ] " = refr (dFy, —Np),
m=1,2,3,....6, (3)

where N is the normal direction of the bottom surface of the
reflector.

The additional optical path of the outgoing laser beam
caused by the dihedral angle errors are calculated to satisfy
the following relation:

O, = —V2rtana (dRyxcos 0 + dR;uysin ),
m=1,2,3,...,6, ()

where r is the radius of the bottom surface, 0 is the azimuth
angle of the incident laser beam in the base plane coordinate
system of reflectors and « is the refraction angle of the inci-
dent laser beam at the bottom surface.

Calculate the far-field diffraction intensity of the laser
beam reflected by the CCR,?! and the additional phase will
change the energy distribution of FFDP

2
a1/ GG BN
E = |E|exp {11 (a)am)] , (6)

where A, is the laser wavelength, A is effective diffraction re-
gion which depends on the aperture of the CCR, k refers to the
wave number and E represents the complex amplitude of the
reflected beam. The other parameters in the formula can be
referred to reference. (!

When the specifications of the system parameters are
given, the received photon number can be directly derived
from the FFDP of the CCR. According to the radar equation,
the received photon number of the LLR system can be given

by
A 1 \?
"= (ET;w)”t" (m)

X ArbrTa2 - Npointing * Mturbulence s @)

where R is the range from the target to the observation sta-
tion, A is the laser wavelength, & is Planck’s constant, c¢ is
the light speed, Et is the pulse energy, T, is the atmospheric
transmittance, ¢ is the total cross section of the retroreflec-
tors, A, is the aperture of the receiving telescope, b, and b, are
the optical system efficiencies of the transmitting and receiv-
ing systems, Mpointing 1S the attenuation coefficient of pointing
erTor, Murbulence 1S the attenuation coefficient of atmospheric
turbulence, and 74 is the quantum efficiency. Diffraction spot
energy directly affected the number of effective echo photons.

4. Energy distribution of FFDP of CCRs

The effective echo intensity received by the ground sta-
tion from the CCRs is not only related to the detection perfor-
mance of the system, but also is mainly affected by the energy
distribution of the FFDP of CCRs, as shown in Eq. (7). The
dihedral angle errors designed of standard CCRs are 0° to get
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higher energy without any extra phase difference. The FFDP
energy distribution is analyzed without dihedral angle errors,
as shown in Fig. 3. The FFDP of a standard CCR presented a
circular distribution with the strongest central energy and rel-
atively weak surrounding energy. Goodrow analyzed effect of
the temperature gradient on the diagonal reflection of far-field
energy, and he thought that the expansion coefficient of Apollo
reflector was small, so the influence of this part was ignored.
However, the L2 is not designed to block light, so tempera-
ture changed have a significant influence on the deformation
of the dihedral angle. Here we intend to focus on the analysis
of dihedral angle errors which are caused by temperature, and
calculate the far-field energy distribution.

The aberration caused by the measured target is an im-
portant factor affecting the amount of echo energy the station
receive, as shown in Fig. 3. The range of aberration involved
in LLR is 3.5 prad—7 prad. The red circle in Fig. 3 represents
the far-field energy corresponding to a velocity aberration of
3.5 prad. The energy intensity at aberration of 3.5 prad is
about 3 times of that of 7 prad.

10 x10—9
6
5
0
-5
—10
—10 —5 0 5 10

a (prad)

Fig. 3. The energy distribution of the FFDP when CCRs have no dihe-
dral angle errors. The red circle indicate the target velocity aberration
which reaches 3.5 prad.

B (urad)
[ ] w ' ot

—

x10-11

4 L) h
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—10
—-10 -5 0 5 10
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Fig. 4. The energy distribution of the FFDP when CCRs have the dihe-
dral angle errors. The dihedral angle errors are 17, 1” and 1”, respec-

tively.

Influenced by the temperature, CCRs undergo thermal de-
formation, which is reflected in the dihedral angle errors. It is
found that the FFDP is deformed and the energy distribution

appeared to separate. The effective echo intensity accepted
by the station decreased sharply, as shown in Fig. 4. When
the dihedral angle errors caused by temperature change are the
factor to be taken into consideration with the three dihedral
angle errors reaching 1”7, 1” and 1” respectively, the energy is
reduced by 2 orders of magnitude at the 3.5 prad aberration,
compared with ideal CCR.

The influence of temperature on the dihedral angle errors
of the CCRs is a dynamic process, so the energy distribution of
the CCRs with different dihedral angle errors is simulated in
this paper, as shown in Fig. 5. In the range of velocity aberra-
tion (3.5 purad—7 prad), the larger the dihedral angle errors, the
smaller the energy. When the velocity aberration is 3.5 prad,
the energy will be reduced by a factor of 100 times when the
dihedral angle errors change from 0" to 1”.

1.0
Xii.ﬂ X7
Y1 Y1
0.9 1 1
1 1
— 012=013=1023=0
0.8 : : — 012 =1013=1023=0.1"
1 1 612:613:523:0'2”
i) 0.7 1 1 —019=013=093=0.3"
R : : — 012 =1013=023= 0-4::
g 06 \Aberration, 512:513:623:0'5”
= <——> —012=013=023=0.6
= 0.5 ! 1 —012=1013=1023=0.7"
2 \ ! —21222132223:0-8”
= 12=013=1093=0.9"
% 0-4 | —O0=0i3=08u=1.0"
~ 03 1
1
1
0.2 1
1 1
0.1 I |
1
9% 5 10 15

0 (urad)

Fig. 5. The relative intensity of CCRs. The x-coordinate represents the
velocity aberration, and the vertical axis is energy intensity.

5. LLR experiment

The moon entered the penumbra of the earth on Novem-
ber 30, 2020 and we carried out the LLR experiment on the
L2 during this period. Since the CCRs of Al11, A14, A15 and
L1 were no longer in the penumbra of the earth at the time
of the experiment, the analysis was not performed here. Ta-
ble 1 records the time information of the start and end of the
penumbra lunar eclipse. The penumbra lunar eclipse started
at 15:30 pm on November 30 (Beijing time) and ended at
19:56 pm. The whole process lasted for 4 hours and 26 min-
utes. The LLR system in TianQin station is used to carry out
the experiment. The system parameters are shown in Table 2.

Table 1. Penumbra lunar eclipse timetable.

Data Time of Beijing Status Penumbra eclipse
15:30 Start
2020.11.30 17:43 0.855
19:56 End

050602-4



Chin. Phys. B 31, 050602 (2022)

Table 2. System parameters.

Parameters Estimated value Observed value Comments
A 1064 nm 1064+0.2 nm laser wavelength
E; 30 mJ 300 mJ-320 mJ laser pulse energy
Tpulse 100 Hz 100 Hz laser pulse repetition rate
Dy 1.2m / aperture of the transmitting telescope
D, 1.2m / aperture of the receiving telescope
Blaser 2" 23" laser divergence angle
Birackl 2" 2" pointing error of transmitting telescope
Orack2 2" 2" pointing error of receiving telescope
K; 0.5 / transmitting optical system efficiency
K 0.2 / receiving optical system efficiency

Figure 6 shows the position of the sun and the earth, when
the penumbra lunar eclipse occur. According to the orbital dy-
namics, the earth blocked part of the sun and the moon entered
the earth’s penumbra, in which time the temperature of the
moon surface decreased. The LLR experiment recorded the
change of effective echo rate when CCRs entered and left the
penumbra of the earth, as shown in Fig. 7. The abscissa rep-
resents time and the ordinate represents the ranging residual.
By analyzing Fig. 7, it is obtained that the effective echo rate
of the CCRs in the penumbra of the earth is larger than that
of its absence. The average effective echo rate and peak effec-
tive echo rate statistics of L2 are collected, as shown in Fig. 8.
In Fig. 8, four groups of experimental results are recorded, of
which two groups are corner reflectors in the penumbra of the
earth and two groups are out of penumbra. Table 3 records the
distance measurement for the L2 from 19:00 to 21:00. When
L2 is in the penumbra of the earth, the average effective echo
rate is revealed to reach 0.02 photons/s, and that at the peak
effective echo rate is 0.18 photons/s. In particular, due to the
deformation of the CCRs, we will no longer be able to get ef-
fective echo signals, when L2 removes out of the penumbra
11 minutes later. In particular, compared with the previous L2
full moon period experimental data, the effective echo rate is
significantly enhanced. When L2 CCRs are moving out of the
penumbra of the earth, its average effective echo rate experi-
ences a downward trend, as shown in Fig. 9(a). Figure 9(a)
shows the statistics of effective echo rate after L2 leaves the
earth penumbra for 10 minutes. It results that the effective
echo rate of L2 decrease fast, and shows an exponential law.
Finally, the effective echo rate is reduced by 2 orders of mag-
nitude. Figure 9(b) shows the relationship between received
energy and dihedral angle errors. From the theoretical calcula-
tion, it can be obtained that the received energy decreases with
the increase of dihedral angle errors. When the dihedral angle
errors reach 17, the energy intensity of the energy decreases
by 2 orders of magnitude as compared with that without the
dihedral angle errors. The theoretical calculation matches the

experimental results.

50F Sun orbit 2
Earth orbit

48} Sun /

Penumbra lunar eclipse

Elevation (°)

461 O

4328 230 232 234 236 238 240 242
Azimuth (°)

Fig. 6. Penumbra lunar eclipse. The orbits of the sun, the earth and

their respective positions during the penumbra lunar eclipse. The blue

point represents the solar orbit, and the red point refers to the earth’s

orbit. The black circle is the earth, and the yellow disk is the sun. The

overlapping part indicate the occurrence of a penumbra lunar eclipse.

a .Penumbra lunar eclipse -
0 10 20 30 40 50 60
Time (s)
400} Echo intenslity Witlhin 10 Imifyﬁﬁéé':
a g after penumbral echpse EERRES " :
o 200 " CER I
| o Slgnai / R
0 10 20 30 40 50 60
Time (s)
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o~ Echo lntenmty after 30 mlnubes
E 400} of penurnbral ecllpse .
i 200f LT L
o ’ " . . ._ e ..
O . 1 . N 1 " %
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Time (s)

Fig. 7. Residuals of LLR. Red dots represent echo signals and blue dots
represent noise. The top picture shows L2 is in the penumbra of the
earth. The middle picture illustrates the signal intensity of L2 moving
out of the penumbra of the earth within 10 minutes. The bottom pic-
ture shows the signal intensity 30 minutes after L2 is removed from the
penumbra of the earth.
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Table 3. LLR experiment.

Target . Start - End /.\verage Peak effective Penuml?ra lunar
time (UTC) time (UTC) effective echo rate echo rate eclipse

11:00 11:10 0.01 photons/s 0.1 photons/s in

L2 11:20 11:30 0.02 photons/s 0.18 photons/s in

12:05 12:07 X X out

12:20 12:23 X X out
in the United States performed LLR experiment under lunar
0.90 S ' _ ' eclipse conditions. The main targets of their measurement
iﬁzlde Peak,=0.18 ! tOhl;tSIde and analysis were the Apollo series CCRs. The Apache Point
— penumbra, \ penumbra Observatory focused on the influence of thermal gradients on
% 0.15 [lunar ; lunar 1 the energy distribution of FFDP. Being different from Apache
g cclipse E eclipse Point Observatory, this paper focuses on the measurement and
:E_; 0.100 Peak, = 0.1 ' | analysis of the effective echo intensity of the L2 CCRs un-
2 . der the condition of the penumbra lunar eclipse, and calcu-
; : lates the influence of dihedral angle errors on FFDP. It con-
S 0.05 1 Averase, -0 U_,)E Failure 4 cludes that when the dihedral angle errors is 17, the energy
b ¢ E will decrease 100 times. In the experiment, it is found that af-

)

0?;\\'(11‘;1‘;_‘,(‘3 = {).f)ﬁl,
1.0 1.5 2.0 2.5 3.0 3.5 4.0

Number of experiment

Fig. 8. Statistics of effective echo rate of LLR. Blue quadrilateral
presents the average effective echo rate and green circle refers to the
peak effective echo rate.
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Fig. 9. (a) Effective echo rate of L2 after leaving the penumbra of the earth for
10 minutes. The abscissa represents the experiment time and the ordinate rep-
resents the effective echo rate. The blue square represents the experimental
effective echo rate, and the red curve is the fitting result of the experimen-
tal data. (b) Theoretical calculation of relation between relative intensity and
dihedral angle errors.

6. Conclusion

On September 27, 1996 and November 21, 2010, the
OCA Opbservatory in France and the Apache Point station

ter CCRs are moved out of the penumbra 10 minutes, effective
echo begins to decline rapidly, and the decline trend shows ex-
ponential law. In a very short time interval, the effective echo
rate decreases by two orders of magnitude. Finally, the sig-
nal will disappear 11 minutes after the CCRs leave penumbra.
We believe that dihedral angle errors ultimately affect the echo
energy of L2.
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