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® History of LLR “”}’ ‘
® Measurements & Detectors
® Science enabled by LLR .< ;
® Summary o ,;f;'
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e First retroreflector array N
o o A s
positioned on lunar surface i
li;.'n ‘j.'“.".y'd !

by crew of Apollo 11, July
1969

e 4moreposiionedby [N
Apollo 14,15, and French (AREERERRRR . ﬂj
built arrays on Soviet Luna [(NESSEEEEEN <~
missions
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Distribution of arrays on lupar surfq‘cel '”/,) /177 ]
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Ristory

® FEarly ranging
measurements at Llck

McDonald (right),
CERGA (France)
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® First measurements good to ~20cm e
,.n‘ | (

® Ground station change-sw;
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get this down to ~2cm /.
in the 1980’s (even with' r;
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a smaller scope') I Y
® Early data still vital for*/, ,,/’
| studying effects with
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Measurements = )
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Measurements = ¢

® Light leaves laser on the ground... ’-.’,;,f,‘ i

® Best atmospheric seeing from the ground is ~I 7 v
arcsecond ?:/,,;,‘,,..

® Beam diverges to |.8 km diameter on lunar
surface , ﬂ/

® Apollo 3.8 cm diameter corner cube 7 /.:/_,L,

retroreflector only catches ~4 x 107'° oﬁg,t hg
incoming light ’
' WA
/;;' b
{ /A

/‘ ‘ {
Wednesday, January 20, 2010 -



AN
) "(\'{‘(‘2‘7{\»
Measurements =
Ny 3'!;3 b
\ ‘ ‘“"'u“(:.":‘i)'.'
® Spread of Apollo retroreflector ~ |10 arcsecong}!s k.
. i\
® Beam diverges to 20 km diameter area on Earth S; '\
|
surface :‘,,,,,.,y i
ol
?{I.1
® A |Im telescope on Earth receives only 2 x 107 ig:
‘y i
of returning photons , i

e Total losses: ~10-2%! (not including additional . ./

problems like detector QE, mirror reflectanca etg.
W
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E,utee = 115 mJ i

pul " = 6 x 10'®photons/sec -'».l)'?."\ 7
Vpulse = 20 Hz "":';f"“/}" i
o < 100 ps | G

® Need many
pulses for
multiple
detections!
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Apollo 3.8cm retroreflector (right),
and a |0cm retroreflector just
qualified for lunar environment (left)

s
Apollo |5 retroreflector (3;0' /'/‘ ¢
corner cube retrodef w S
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Detectors A

® Physical size of i
Apollo arrays is now "7 i
the limiting factor gop)

® Changing
orientation due to | 94#
lunar libration 1o ".f/
causes spread in . 4

Lunar Libration ) | . s f‘ v/
return times oy
e
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Future Detectors =}
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® Retroreflectors > 10cm could i \{.5‘
provide returns as good as the Wikt
Apollo arrays |

® However, they are more susceptible 0
to thermal expansion, which J 0id
becomes significant systematic error /[ ,'-'::/"
around ~|mm 50 wf-»»‘
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Science i

R

\ 1 Wi

'.'

® || R can be used to test gravitational theory,.? i
i
in addition to serving as a probe of the e
A
Moon’s interior ;./,;‘.;_,,y’i.
Ry

: i

® First, must correct for: _.’;‘2
'A\'/ “\4

® Precession, nutation, tidal acceleration, i
and the relative orientations of Earth’s ,.;j/;
/'/ Y
equator, the lunar orbit, and the eC|lptIC },\
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Testing GR with LLR " 3

| Is the Equivalence Principle exact!? .
® Equality of gravitational and inertial masses "9;43¢:;,,5}'<}
,' (’j !

Mine’r‘tial DG — Mgfrcwitational X g .;

® Nearly all , )
alternate \ VNIV AN /,,,‘j.

theories of | )

° ° J 4 k LB /
gravity predict st pare oo (U
ACCELERAT I ON Loy /:’.,/
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Testing GR with LLR ;
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® Weak Equivalence ® Strong Equivalence !, f‘\
. O R
Principle: Principle: ;‘,,;;t.}y}
i)
. I
® |aws of motion are the  ® Laws of nature are the 3,
same for freely falling same in uniform statlc y
bodies and bodies in gravitational fields ﬁ,
inertial reference non-inertial referen
frames frames /
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2. Does the strength of gravity vary with time? "1/ /4

m1m2 i/ ?( 1
F=aG _\,}

WM

1
Current LLR constraint: 10 ,)f/'

. A v e
G —13 g '*
— < (4 T 9) x 10 /yr i
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Testing GR with LLR ? ¢

Yy 35$€

' il ':\3) .~...

: : . f,’;’( il
3. Do extra dimensions/new physics alter the )
. "\\‘\ 1
inverse square law? g ; \‘
e
. . . . : /,";"}")y "
® Modifying gravity to explain dark energy L i
has repercussions for lunar orbit :,,;g

QR

i

® Accuracy needed to falsify/confirm such did

theories is within a factor of 10 of current .
LLR

y .
Wednesday, January 20, 2010 -



Testing GR with LLR ? ¢

) 35$€
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4.What is the nature of space-time? h 8

iy
® GR predicts that a gyroscope moving s

. o ‘/H)').? \

through curved space-time will precess i /
i

. . L
“Geodetic precession” of 19.2 ms/yr o

® Earth-Moon system = gyroscope (essentially) éj i)

® || R Constraint: .
e
Kgp = (~1.9+6.4) x 107° 0 @8y
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Testing GR with LLR -
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® Parameterized Post-Newtonian Formalism O,
, . | mo
v = space-time curvature produced /unit mass ‘.,-'Q \
I/,
3 = measure of gravity’s non-linearity ‘./,1-’-",5,"’;{4 )
?{I;1
® In GR, Y = 6 =1 \',/
b))
® Current Constraints: y ‘5’
/
.P’ Y

(7 — 1) — (2.1 T 2.3) X 10_5 (ShaPII”O De|a),) / e
() u*.f
(B—1)=(12+1.1)x 1074 (LLR,),.;" gz* /
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Weak Equivalence Principle Few years |Aa/fal<1.3x10"
Strong Equivalence Principle Few years | |n|<4.4x10 4
T'ime vanation of (; ~10 years | 9x10 7 yr
Inverse Square Law ~10 years la|<3x10-1

PPN Few years IP-1|<1.1x10°

Current and future science deliverables from LLR. LLR is [ il
the best test for all but WEP.
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Lunar Science with LLR: ?
m ,...;
y \:,,l “*'
’55\‘ i
{?\‘ {}1
® Range measurements change due to lunar i @
libration and tides /‘}’y’
B
: : gaaityt'
® Moments of inertia, lunar Love number ky, ,”{;2
and variations in libration are related to the e

Moon’s composition, mass distribution, and did
internal dynamics UM
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Anorenositic Cruse %

4% il
~587 kin radius IENE s
Zone of Partial V]t " ‘/,";’,,}")},4
(Lowear Mantl2) ?v’j,’

~350 lkrn racius
Fluld Ouytar Cora W

( ,
~190 krn raclils ﬂj

Middle Mantle Solid Innar Cora | 1 L
(assuming 10% of thacora / [£'8

has crystallized)

Upper Mantl e
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Lunar Science with LLRs\.,,.
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|. Core Mantle Boundary (CMB) Dissipation ’5,;-..“,‘ "

.'\ { &

® Fluid core first proven by LLR through energy /' i

dissipation by flow of fluid along CMB ‘/"}';f’:;fi
'{6;’
® Depends on fluid core size, viscosity, CMB il
i
roughness , ﬁ/
)
2. Free Physical Librations i
v
A
® Could be stimulated by eddies at CMB, LLR v
would see as irregularities in polar wob,bJ»"f,’,,
174
,o .)._r
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Lunar Science with LLP\r
3. Fluid Core Moment of Inertia ‘-;",5;,{,, "

® Depends on core density and radius

® Requires accurate long time span data g
i
Cf i/

— = (124+4) X 10~% ~ 390 + 30 km y d/!

(uniform iron core) e /,_,/ ,
//

1
° ' ;.. . '/' '
4. Whole Moon Moment of Inertia i ,,,g;/."
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Lunar density (g/cm?3)
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® LLR provides best constraints for GR (other tH?\'é‘?\n ;i
WEP) to date ':{',;-;.,‘_.‘..5;; gl.

® Also can provide valuable information of lunar
interior ';;,»?

® However, now limited by size of Apollo arr’ays ﬂ/

® A wider distribution of larger retroreflectors /M ﬁ,
would enhance sensitivity and maintain retu
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Questions! Uy
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