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Overview

* Briet introduction to APOLLO
sclence goals and instrument description

* Description and early results from our
“Absolute Calibration System”



APOLLQO, through the lens of yesterday

* For us, the target selection 1s trivial!

* Shot-by-shot calibration using a retro-retlector
mounted to the secondary mirror.

* Shared facility (1h sessions, 8-10x per lunar month)

* No daytime operation
(telescope restrictions on sun avoidance)

* Large aperture (3.5m), same for transmit & recelve

* Seeing at site 1s very good (0.9 arcsec, median), but
lose ~1/8 of our time to weather



APOLLOQO: science motivation

Test fundamental physics through astrophysics
* Gravitation (post-Einstein)
* N>4 dimensional theories (braneworld gravity)
* Lorentz symmetry

Oct. 11, 2016 James Battat, Wellesley College -- IWLR 2016 Potsdam
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Transponder-Based Aircraft Detecto

-

Coles, Murphy et al., PASP 124 (2012)
arX1v:0910.5685

FiG. 7.—The antenna array mounted on the sky-facing side of the secondary Rk P coR le (alrcraft P Ott@l‘S)
mirror support structure on the APO 3.5 m telescope. The electronics box with N 1 Gl ” Now 1‘ep1aced by TBAD ",_
white labels visible below the antenna plate contains the RF electronics, and S ' T O
consumes only 3 W of power.See the electronic edition of the PASP for a color
version of this figure.
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APOLLO: Instrument

T. Murphy et al. PASP 120:20-37 (2008) [arXiv:0710.0890]

e J.aser:

— 532 nm Nd:YAG, mode-locked, cavity-
dumped

xR 3 — 90 ps pulse width

— 115mJ per pulse
— 20 Hz  repetition rate

— 2.3 W  average power

' .‘, \\‘;f{) | * Detector: Silicon APD Array
. @ S — 4x4 made by Lincoln Laboratory
— 30 um elements, 100 um centers
— lenslet array recovers fill-factor
— 1.4 arcsec on a side (0.85 arcsec/element)
— allows multi-photon returns

— permits real-time tracking
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APOLLO Example Data

Apollo 15

2007.11.19 Apollo 11

magenta curves are theoretical protiles: convolve with fiducial to make lunar return
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* 6624 photons in 5000 shots
* 369,840,578,287.4 + 0.8 mm
* 4 detections with 10 photons

Oct. 11, 2016

time offset (ns)

* 2344 photons 1n 5000 shots
© 369,817,674,951.1 = 0.7 mm
* 1 detection with 8 photons
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APOLLO Data & Precision
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* Ranging to all five reflectors (re-discovered L1 in 2010)
* Less reliance on A15 over time.
* Median nightly range error is 1.4mm
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Quantity system timing accuracy

Comparison with lunar range models

 But... residuals of few-cm RMS
* Models under active development
(see e.g. talks 1n this session, + JPL & PEP)

Few (but positive) internal APOLLO tests
* In asingle night, NP scatter (about linear trend)
consistent with quoted statistical uncertainties. Linear

trend consistent with single change 1n site location.
Battat, PASP 121:29-40 (2009)

* Ranging to = 3 reflectors in a session constrains lunar
orlientation, which builds confidence in NP uncertainty

(as described at previous IWLR meetings by Tom Murphy)

Oct. 11, 2016 James Battat, Wellesley College -- IWLR 2016 Potsdam 15



O=C (ns)

Compare segments over ~0.5 hr

1-0 1 I I I I I 1 I
1.16 mm  .*
Apollo 15 retlector |
2269 photons; 3k shots.
2008.02.18
0.8f 7
0.61 " 1.73 mm ]
901 photons; 2k shots
0.4r =
0.2 = 1
0.66 mm
8457 photons; 10k shots
0.0 = -
1.45 mm
1483 photons; 3k shots
0.2 - |

0 5 10 15 20 25 30 35
Time since first normal point (minutes)

40

We can get 1 mm
range precision in
single “runs”

(< 10 minutes)

The scatter about a
linear fit 1s small:
consistent with
estimated random
error (true for all
nights studied this

way)

0.5 mm effective data
point for Apollo 15
reflector on this night

J. Battat et al. PASP 121:29-40 (2009)

Oct. 11, 2016 James Battat, Wellesley College -- IWLR 2016 Potsdam

17



Constraining lunar libration
Residuals it APOLLO data downweighted by 15mm RSS

401 | * |
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When = 3 retlectors, estimate ad-hoc libration correction per nlght
40 - 40 T T
! Comblned flt mflated uncert APOLLO only fuII welght
30 . 30 .
- _ |
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o —20F — —20- —
_30_ — 39 — —30_ X, = 1.8 ] —
—40 = . —40 L= Ll R N | L
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APOLLO data down-weighted

Constraining lunar libration

APOLLO data at full weight

by 15mm RSS. Large,

largely eliminates the libratior
unmodeled libration 1s indicated.

oftset.

1 nrad 1s 1.7 mm lateral motion on lunar surface

Oct. 11, 2016 James Battat, Wellesley College -- IWLR 2016 Potsdam 19



Absolute Calibration System

* Measure timing of short calibration laser
pulses inserted at a known, stable rate

* Simultaneous with lunar ranging
An “optical ruler” overlaid on data.

= A

' O’ Y g
N
y = 12.5 ns period
Cs Frequency Fiber Laser < 10ps pulse width
Standard Toptica
Microsemi 5071A PicoFYb
df/f ~ 10-12 80 MHz : .
Laser locked to Cs with sub-ps jitter.

Oct. 11, 2016 James Battat, Wellesley College -- IWLR 2016 Potsdam 20



Absolute Calibration System

e Phase 1:

e Phase 2:

Oct. 11, 2016

Clock comparison: Cs vs. GPS

Installed February 2016 B

Laser (ranging with the ACS on)

Installed August 2016

=

| } e o ’_\
@ff‘?*i‘“Ar o

“Laser Slicer Board”

James Battat, Wellesley College -- IWLR 2016 Potsdam 21



Phase 1: Clock 1nstallation (Feb. 2016)

12m fiber run to GPS clockt

telescop
bl

o/

Universal Coupter
comparlson)

~Tayts

© {
ot
¢
.t

kS
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Number of corrections

Measure GPS clock ottsets

stddev: 2.51 rms: 2.58

1400
From frequency
1200 | difference between
Cs and GPS clocks
(measured by UC)
1000 |
GPS clock offsets
800 equivalent to
~2.5mm added in
600 quadrature to the
raw range precision
400 | APOLLO NPs
already included
200 | 1.4mm in quadrature
as an estimate of this
0 — —

=15 ~10 =5 0 5 10 15
GPS clock offset [mm one-way lunar range]

Oct. 11, 2016 James Battat, Wellesley College -- IWLR 2016 Potsdam 24



Correct tor GPS clock oftsets

15} *

10} -

Corrected - uncorrected one-way distance (mm)
o

_5 ...
_10 " ' o
15 <
=295 10 20 30 20 50 60 70 80

Integers; Red lines denote session separations
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Correct tor GPS clock offsets

20

—
w

[
o

¢/ distance (mm)

Big bonus: can retroactively apply this
correction to our_entire archive

—5 . 'n

|
[
o

|
Pt
wn

Corrected - uncorr

|
N
o
o

10 20 30 20 50 60 70 80
Integers; Red lines denote session separations
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Phase 2: LLaser + Electronics installation
August 2016

Secondary Mirror (M2)

(support not shown) local corner cube

Observing Level
(tight thermal restrictions)

Heat Exchangers CAMA direction to sky

Laser Capacitor

Laser Power Meter Units

Cabinet

Optics Control Quaternary
A = Mirror (M4)
Flowmeter Box Llr I Lase
I!li | APDs
STV CCD Control ""Utah" Box Primary Mirror
Cell (PMC)

T A

/

Receiver Optics Space (see Fig. 3)

Monitor & Kbrd

DAQ Breakout

RTD Sensor Box
]
DC Power [
Supplies (6) -
PP 11 Hardware Control Computer (HCC) /

| Observing Level Floor

I:l D D D‘— Air and Cable Conduits

= /
| 2 = @?& P = = - Intermediate Level Enclosure (ILE) ;
| 'i'-«\"]‘ Z z ; Terminal :
CHAN | 5 = [_L_] = Z Server = e
% z ZHZ DREde] £ Gos ook Multiplier
Z Z Z Z
-
s Z Z
GPS Clock & Multiplier [ [aser Z nformeiistaTevd
Z .
é Chiller Utah ; (no thermal restrictions)
Z Chiller
=
— =
"\ANAANAANAANANNANANAANNANANAANANANANNAANANAANANANNANNANANANANANANANNANNANNNA
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Couple calibration photons
into optical system without
disruption to lunar
ranging (45-deg mirror
patch in shadow of
secondary mirror)

12m fiber

e

Electro-optic

system
2
pinhole

RL3 RL2 . RL1 ==

DF y VND ND e

[ | [ 1
APD array _ NB___
. rot. axis T
7 X

!
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12m fiber

dilN

Electro-

A

OBth s_zstem

I To

I revr
i

0.4m

I IN “IIPI‘IDTLlNE out
----------------- -
I IR pre-PP &/‘ ‘ % I I l l ‘ ‘ : IR post-PP green out 0-60dB
atten.
122m LL3P[03m o3m L_pulse picker |5 03m LLAP[03m SHG 03m L@P[03m 03m
| 2% = 2% 5% 1
I wv
I
I < <C
S S
I wv) Ny
DC RFmod PP-PD  postPP|, 075M
| 0.75m _ 0.75m
clock/pwr in 532 out
I
I LEMO
I ACM CAL_ST > GPIO 12C
LEMO
I ACMLUN ST ) . - ethernet
I

Oct. 11, 2016
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L.unar return distribution

0! signal photons

3,

o, JL[

Q.

o4

Val

0 1000 2000 3000 4000
later TDCBin # earlier

Lunar returns are not synchronous with our 50 MHz system clock
Uniformly populate a 20ns-wide range of our timing space.
TDC = time-to-digital converter. 4096 channels, 100ns range: 25ps/bin

Oct. 11, 2016 James Battat, Wellesley College -- IWLR 2016 Potsdam 30



ACS: an optical ruler

0 ACS comb

%: (for small _

o clock drift) 1J’[ J-L
(el

2 _ Juﬂﬂ _

0 1000 2000 3000 4000
later TDCBin # earlier

1 2 3 4 5 1

GPS clock so MHz |

Cs clock somHz ‘|\ | |

L

pick next
Oct. 11, 2016
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25ps/bin

TDC Bin Value

ACS Observations atop Lunar Returns 2016.09.12

3000 e I e N N— e I I I
o . * . . te . et
I . % . . . . . . . . o . ..
- . . ® . .e . . - . .

N

(o0]

o

o
\

2400

2000 4
1800 /14T E

1600} %,

2200 P

2600 :1 6::.‘. :_‘ . -n.. l e.' L ::' S N

Oct. 11,

2016

2000 3000 4000 5000 6000 7000 8000 9000 10000
Shot Number

James Battat, Wellesley College -- IWLR 2016 Potsdam

Total shots 10k

Lunar returns (3k)
Neither (bkg)
— clock comparison

Can tag photons
very efficiently even
when overlaid with
Lunar returns.

Use knowledge of
ACS phase relative
to GPS

GPS __| ‘

DAFCHEBG
Cs  [1LLLLL]




ACS Observations atop Lunar Returns 2016.09.12

I I I I 1 I I

black: all events binned by 2
200} red: lunar returns i All events
blue: not ACS or lunar peaks Lunar returns

Neither (bkg)

=
U1
o
T
!

Clear Lunar signal
(3k photons in 10k
shots), even amid
100 | heavy ACS rate (11k
photons in 10k
shots)

T

Number of photons

50

-400 -200 0 200 400 600
TDC bin offset

O ]
—-1000 -800 —-600
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900 l ;
Center = 0.126
800 | StI?ev = 7.971 |
ChiSq = 0.935
Offset = 0.47 mm
700+ Error = 0.24 mm
600 |
500
400 |
300}
200
100
O e — el 1 ] ] ] i L
-40 -30 -20 -10 0 10 20 30 40

Measure At of ACS for “transmit” and
“receive” gates. Compare with N*12.500000 ns

Offset (TDC bins)

Oct. 11, 2016 James Battat, Wellesley College -- IWLR 2016 Potsdam

Find ~mm
timing accuracy
(in-situ,
simultaneous
with LLR

observations)



Many possibilities with such a system...
Still the early days. For now:

Clock comparison (Cs vs. GPS) reveal that GPS clock
offsets cause ~2.5mm range error

Can likely correct for ~75% ot this over our eniire 10-year
data archive using logged GPS clock reports (10s)

Can separate ACS photons from Lunar returns

ACS overlaid on LLLR data reveal no unexpected
anomalies 1n our timing accuracy (~mm as expected)

Next up:

— measure channel-to-channel otfsets, and time evolution, for each
of the 16 APD channels

— Probe/characterize time offsets induced by EM noise from laser
fire (cavity dumped by switching 4kV in 1ns)

— Use Cs as the APOLLO system clock?
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APOLLO Optical System

SHG dichroics

DI / \ 5 beam dump
Laser Enclosure _- + green =
shutter '-_ resid. green

Oct. 11, 2016

—>| o_b
. BS DF FPD
pinhole *
Lt R DF {VND ND RLI NN
110 i | —_I -
arra 3 L . q
4 mask ™ rot. axis
P »
Legend: NI i i receiver enclosure / \
BS: beamsplitter (7%) ND: neutral density filter
DF: diffuser D: dichroic M
FPD: fast photodiode PEPD: pulse energy photodiode (DF) (VND) (ND)
[R: infrared SHG: second hamonic generator )
L/RL: lens/receiver lens ~ TL: transmit lens Optlcal Bench
M: mirror VND: variable ND filter
T/R Optic front view:

laser receiver

front surface coating (narrow) beam dump  beam dump

for laser transmit reflection

rear surface coating (wide)
for receiver attenuation and

stray light protection M4

Otherwise AR-coated for transmission

T. Murphy et al. PASP 120:20-37 (2008) [arXiv:0710.0890]
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Gravitational Redshift Signature

PPS of Cs minus PPS of XL-DC
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STOP req.

clock control

<— COMMON STOP

)

AAA0A0444)

TDC

discriminator

44

[r\‘ . APD Array
<+ START signals (not to scale!)

: delay line

discriminator [*

FPD

APD gate

T/R Optic

optics

- b
<
<
<

BS = beamsplitter; M = mirror; L = lens
FPD = fast photodiode

TDC = time-to—digital converter

APD = avalanche photodiode

T/R = transmit/receive

Oct. 11, 2016

A A
)
&

laser output

L3 M4

light to and from lunar reflector

—

A

~

M2

local
corner cube

telescope axis
intersection

Y

M1
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TCP/IP

RS-232

pwr:ts1, Cat5e to DB9 straight, gray, 3’

IP-pwr, Cat5e, yellow, 3'

|

switchbox
3
Cat5e, yellow, 2 p| co
control
PicoFYb laser  [fier
piezo motor FPD
2 2 4
y 2 )
yellow 10m @ \ 4
xternal to hub MBout MCmotor RF1
— Use MB USB
. Cat5e _ RG58 SMA 2' _
o5 150 eoes]| hub Catse, yellow, 3 laptop s | LaserRep Ctrl (LRC) rr2je 20dB
IP-in IP-iso MCUSB yy
DTC
dtc-ts4, Cat5e, gray, 7'
Cat5e, yellow, 3
trm-srv TS
UC-ts3, Cat5e to DB9 crossover, gray, 2’ ‘::
GPIB3' P
| ®
GPIB__ RS-232 &
_ RG58BNC2’
53132A UC  ReF|«tisiiicZ 8x
CH1 CH2 A
XL10M, 10 MHz from XL-DC, RG58 BNC 3" 4. A
1
XLPPS, PPS from XL-DC, RG58 BNC “2-ft" N
vl ¥
Z1 @
21 B
ag O
& s
ul Ay
PPS Syncin
10 MHz
Port 2
5071A Cs Clock
Port 1 10 MHz RG58 SMA 1
RS-232

Oct. 11, 2016
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Coupling calibration light into receiver
box
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APOLILO Data & Precision

Ao Apollo 11
14H % Lunokhod 1 ° R Yo " )
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APOLLO Session Number

Uncertainties are per night, per reflector
Medians are 2.4, 2.7, 2.4, 1.8, 3.3 mm for A11, L1, A14, A15, [.2, respectively
Combined nightly median range error is 1.4 mm
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APOLLO RANDOM ERROR BUDGET PER PHOTON.

rms Error  rms Error

Error Source (ps) (mm)
APD illumination ............ 60 9
APD mtrinsic ................. <20 <7.5
Laser pulse ................... 45 7
Timing electronics ........... 20 3
GPSclock .................... 7 1
Total APOLLO ............... 93 14
Retroreflector array .......... 100-300 1545
Total random uncertainty ..... 136-314 2047
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APOLILO 1n action
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