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<R LLR test of General Relativity
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Science measurement / Precision test Apollo/Lunokhod * MoonLIGHTs **
of violation of General Relativity few cm accuracy mm sub-mm
Parameterized Post-Newtonian (PPN) |B-1] < 1.1x10* 107 10°
Weak Equivalence Principle (WEP) |Aa/a| < 1.4x10°13 1014 10°1°
Strong Equivalence Principle (SEP) In| < 4.4x10* 3x10° 3x10°®
Time Variation of Gravitational Constant |G/G| < 9x1013yr? 5x1014 5x101°
Inverse Square Law (ISL) - Yukawa |a| < 3x1012 1012 1013
Geodetic Precession |Kgp| < 6.4x1073 6.4x104 6.4x10

* Williams et al., PRL93, 261101 (2004).
** Chandler et al., submitted to PRD, 2018.
** Martini M., Dell’Agnello S. (2016), In: Peron et al. (eds.), Springer.
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<@ MoonLIGHT / NGLR
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Lunar landing opportunities for MoonLIGHT / NGLR (and INRRI) include:
* Moon Express (US, commercial, = 2020), via NASA CLPS / ROSES 2018 Calls.

Astrobotic (US, commercial, > 2020), via NASA CLPS / ROSES 2018 Calls.

Chinese Chang’E missions.

Team Indus (India, commercial, > 2020).
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<R MoonLIGHT / NGLR
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Moon Express (www.moonexpress.com)
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Chang’E landers/rovers

(figure courtesy of Wang Qian, LESEC-CNSA)
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<R MoonLIGHT / NGLR

Team Indus:
e Delivery of ML+INRRI mockups (Bangalore, August 2017).
* Delivery of FMs during 2019 after extensive testing.

* Launch > 2020.
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<5 MoonLIGHT 75
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MoonLIGHT 75 is a 0.5 kg, 75 mm payload designed to fit within
weight constraint required by Team Indus.

The performances of MoonLIGHT 75 were tested in the SCF_Lab
through the measurements of the far field diffraction pattern,
and the temperature distribution of the CCR under conditions
simulating space environment during the lunar night.

Indeed, the payload always returned to the reference steady-
state optical conditions, and met the required performances to
guarantee an acceptable laser return for LLR purposes to the
ground stations.

All the following optical tests (performed on MoonLIGHT 75 and
other CCRs) were carried out with a green laser (A =532 nm,
linear H-polarization).
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<R MoonLIGHT 100
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MoonLIGHT 100 is a 1.5 kg, 100 mm
payload.

The test shown here lasted about 33 h.

Steady state conditions; heating phase with
the solar simulator for 17 h; cooling phase
towards the optical window for 16 h.

T =300K

OCS,/, ‘unaltered’

ctrl

(a) Average intensity vs time at range 4.0 to 4.5urad during the

Teer = 10%s = 2.5 h (in vacuum) SCF-Test.

Ciocci et al., Performance analysis of next-
generation lunar laser retroreflectors,
Advances in Space Research 60 (2017),

1300-1306.

(b) 1°tFFDP (c) 2"¢ FFDP (d) Last FFDP.
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Lunokhod

As a figure of merit, MoonLIGHT / NGLR thermal
and optical behaviours were compared to those
of the one of the very few remaining Lunokhod
CCRs, cut and polished in France about 50 years
ago.

Extended comparisons will be shown in a
following paper.

INFN is truly thankful to OCA for providing the
retroreflector.

Fournet, Le reflecteur laser de Lunokhod, Space
Research XII - Akademie-Verlag, Berlin 1972.
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Lunokhod

FFDPinairatT7=21.8°C
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Lunokhod

thermocouple thermometer

CCR in air on the optical bench. Steady state
FFDP acquired at T, = 21.8 “C (previous slide).

DC power supply heated up the CCR pumping 10
W for 20 min through heater tape resistor.

After 20 min, Ty;ax = 80.0 °C; power supply was
switched off, and first cooling FFDP was acquired
(next slide).

Thereafter, 4 more FFDPs were acquired. At the

end of the test, temperature of the CCR was
backatT. .. =21.8 °C (next slide).

initial

DC power supply

OCS,,, spanning over 2 order of magnitudes
Teer =4 %103 s =1 h (in air)

Extended comparisons will be shown in a
following paper.

optical bench
simulating
LLR far-field
operations
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Lunokhod vs. MoonLIGHT

T=218°C T=80.0°C

‘disastrous’ factor
200 worsening of
optical performance
due to heating
(Lunokhod in air! ®)

T=50.1°C T=37.7°C T=315°C

SC

(b) 13 FFDP

reversible factor
(less than) 2
decrease of optical
performance due to
heating (M100 in
vacuum! ©)

F-Test.

(a) Average intensity vs time atfrange 4.0 to 4.5urad during the ¢

(c) 2" FFDP

(d) Last FFDP.

T=21.8°C

Optical Cross Section (10° m?)
2 g
ey

Tverage mlemsty & 10715 mad

MM i N

0 T

2 3

contained factor
(less than) 2
decrease of optical
performance due to
cooling (M75 in
vacuum! ©)

IWLR, 8th November 2018

Porcelli et al., Lunokhod vs. MoonLIGHT retroreflectors

14




<R MoonLIGHT / NGLR summary
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 ‘Big’ (75 mm and 100 mm) single-CCR space-qualified retroreflector payload ready for hot and cold
lunar environments, awaiting for installation on board next lunar landers.

* It willimprove fundamental physics measurements as per our past and future works:

. Martini M., Dell’Agnello S. (2016), Probing Gravity with Next Generation Lunar Laser Ranging, In: Peron et al.
(eds.), Gravity: Where Do We Stand?, Springer.

. Ciocci et al., Performance analysis of next-generation lunar laser retroreflectors, Advances in Space Research 60
(2017), 1300-1306.

. Chandler, J. F., Luongo, O., Muccino, M., Porcelli, L., Tantalo, M., Dell’Agnello, S., Simulating Solar System
constraints in f(R) gravity via Lunar Laser Ranging, submitted to PRD, 2018.

*  Comparison with Lunokhod coated cube further showed the goodness of selecting MoonLIGHT / NGLR
uncoated cubes for next-generation lunar laser ranging.

*  MoonLIGHT / NGLR will be coupled with an INRRI-like device (routinely on board Mars landers, as
described by M. Muccino in his talk and Porcelli et al., accepted by Space Science Reviews, 2018).
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(v Lunokhod thermochromism? - ROM approach

e T=218°C e T=315°C Let’s ‘translate’ the thermal widening of
the FFDP into a physically optical
*  Steady state. *  Energy moves out. deformation of the CCR generated by
the heating.
e Roughly less than 10 prad on *  Roughly more than 10 prad on
FFDP plane. FFDP plane.

Caveat: this is a very ROM approach!

* 532 nm ‘blindness’.

10 prad x5cm =10 rad x5x 102 m =500 nm=A @ 532 nm

10 yrad x5cm =10 rad x 5x 102 m =500 nm = A/2 @ 1064 nm .and Diepp = cONSE XA,

but o = const x A2

10 yrad x5cm =10 rad x 5x 102 m =500 nm = A/3 @ 1555 nm
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