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- Recent ’S‘pé"é‘
 GLAS, CALIPSO

« HAYABUSA lidar, PHOENIX Lidar
 MLA, LALT, LAM, LLRI, LOLA
* Observing laser light from space lidars

e Future lidar missions
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Lidar: Light Detection And Ranging
(Laser + Photonics + Light Scattering + Space Geodecy)
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Lidar can also be used to measure atmosphere
backscattering and absorption.




Space Lidar Systems to Date
(not including Space Shuttle Missions )

=

GSFC

=

Apollo, - moon Clementine - moon
NASA (1971-1972) LLNL/NRL (1994)
J - ]

NEAR/NLR - Eros

MGS/MOLA - Mars
JHU/APL (1996)

NASA GSFC (1996)

MESSENGER/MLA  Hayabusalidar  cAL|OP/CALIPSO - Earth
- Mercury - ltokawa NASA LaRC
NASA GSFC JAXA (20086, still operating) Phoenix Lidar
(2004, still operating) ~ (2004) - Mars
CSA
(2008)

7

SELENE/LALT - moon

Japan (2007) Chang’E - moon

N Candrayaan/LLRI LRO/LOLA - moon
India (2008) NASA GSFC

(2009, still operating)
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NASA GSFC (2003)
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@ Comparison of Earth & planetary Lidar Systems

GSFC

I

Clementine LIDAR 25 Jan 1994 170 mJ 0.6, 8 Hz (burst) 40 m 2.4 kg, 6.8 W 72,000
NEAR NLR 17 Feb 1996 15 mJ 1/8,1,2,8 Hz 0.3 m 5 kg,17 W 11 million
MGS MOLA 7 Nov 1996 50 mJ 10 Hz 04m 26 kg, 34W 670 million
ICESat GLAS 12 Jan 2003 75mJ/35 mJ* 40 Hz 0.1m 330 kg, 300 W 3 billion
HAYABUSA LIDAR 9 May 2003 10 mJ 1Hz 1-10 m 3.6 kg, 17 W 4.1 million
MESSENGER MLA 3 Aug 2004 20 mJ 8 Hz 0.15m 7.4 kg, 25 W 11 million and counting
CALIPSO CALIPO 28 Apr 2006 110mJ/110 mJ* 20 Hz - 170 kg, 200 W 2 billion and counting
SELENE LALT 14 Sep 2007 100 mJ 0.5, 1 Hz 5m 19 kg, - 13 million
Chang’E-1 LAM 24 Oct 2007 150 mJ 1 Hz 5m 16 kg, 25 W 8 million
Phoenix LIDAR 4 Aug. 2008 0.3mJ/0.4m) 100 Hz - 6 kg, 30 W 65 million
Chandrayaan LLRI 22 Oct 2008 13 mJ 10 Hz Im 10 kg, 15 W millions
LRO LOLA 18 Jun 2009 3 mJ/5 28 Hzx 5 0.15m 13 kg, 34 W 5 billion and counting

June 20, 2012
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Early Planetary Lidar
1970 -2000

June 20, 2012 SGP seminar, NASA GSFC XSun- 6



First Lidar in Space (1971) Apollo Laser Altimeters | GSFC
(Lunar orbit) 71
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Clementine (1994, LLNL/NRL) ﬁ%

I
'l GSFC

Diode pumped Nd:YAG laser
1064 nm, 170 mJ/pulse,
0.6Hz and 8Hz

10 cm telescope diameter

Si APD photodetector

2.4 kg, 6.8W

e 72,534 shots - 22x22 km “average” pixel size
® Cross-track spacing limits resolution to 80 km (deg. 66)
e 100 m vertical accuracy in COM coordinate system

® Resolves S. Polar basin; 16 km dynamic range

June 20, 2012

SGP seminar, NASA ( Measu rement Approach XSun - 8



Near Laser Rangefinder (1998, APL) /

GSFC

it

N

Elevation, m

The Shape of 433 Eros from the

NEAR-Shoemaker Laser

Rangefinder

Maria T. Zuber,"?* David E. Smith,?> Andrew F. Cheng,?

James B. Garvin,2 Oded Aharonson,’ Timothy D. Cole,?

Peter J. Dunn,* Yanping Guo,? Frank G. Lemoine,?

Gregory A. Neumann."? David D. Rowlands.? Mark H. Torrence*

oid (Fig. 1) (I5). From these data we hav
constructed a topographic model of Erc
(Fig. 2) with a spatial resolution of 960 m ar
a radial accuracy of ~30 m (/6) with respe
to the asteroid’s center of mass (/7).

Eros has a mean radius of 7311 * 10 :
(Table 1) and exhibits excursions in the equ:
torial plane that range from ~3500 m to ovi
17,500 m. The maximum chord is 32.697 ki
(oriented along 3.96°N, 185.47°E to 0.31°
18.69°E), consistent with an orbital value «

T T S S s R YR PO S

Specifications
General Technical
Mass: 5 kg Laser wavelength: 1.064 ym

Power: 20.7 W peak, 16.5 W average

Volume: overall TX/RX assembly 37.5 cm (deep) x

Range accuracy requirement: 6 m

21.6 cm (high) x 22.9 cm (wide) inclusive of

overhangs; 10.9 x 15.2 x 3.8 cm laser power

supply; 7.6 x 2.5 x 14 cm medium voltage
power supply
Data rates: commandable, 51 bps or 6.4 bps

Receiver
telescope
Detector assembly v
Calibration

fiber-optic

fixtures)

* Receiver door
assembly (with test

Range requirement: 50 km

Inflight range calibration capability

Pulse repetition rate: commandable among 1/8,

Pulse energy: 15 mJ

1,2, and 8 Hz

Pulse divergence: 235 prad

Pulse duration: 12 ns

Range gates: two, commandable

Detector threshold: commandable, eight values

Receiver aperture: 7.6 cm (effective)

Range quantization level: 31 cm

Predicted range at asteroid acquisition: 150 km

www.sciencemag.org SCIENCE VOL 289 22 SEPTEMBER 2000
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" poorly constrained because the structure is

situated within a regional low. Even given the
depth uncertainty, Psyche is deeper relative
to its size than simple (bowl-shaped) craters

z

on the terrestrial planets, consistent with its
formation in a low-gravity and perhaps a
low-velocity regime.

A second, larger concavity, provisionally

5 10 15

20
Siope [deg]

Fig. 3. Six perspective views of a three-dimensional shape model of 433 Eros from the NLR plotted
to spherical harmonic degree and order 24. The mesh represents the scaled shape, and the surface
facets are color-coded according to the surface slope with respect to a constant-density gravity
field derived from the shape model (32). The asteroid is viewed at the following (elevation,
azimuth) pairs: (A) 30°N, 60°E; (B) 30°N, 120°E; (C) 30°N, 0°E; (D) 30°S, 60°E; (E) 30°S, 300°E; and

(F) 30°S, O°E.

A :

named Himeros, is centered at 0°N, 75°E. This
structure spans a distance on the surface of
slightly greater than Eros’s mean radius and
displays a saddle shape (Fig. 3), with the sym-
metry axis of its broad inflection in curvature
[Web fig. 2 (23)] oriented approximately longi-
tudinally. The structure also exhibits complex
short-wavelength curvature variations to the east
and west of the structure that trend approximate-
ly latitudinally. Himeros lacks topographic char-
acteristics that are commonly associated with an
impact origin such as a closed depression, rim,
and ejecta blanket (20, 30, 31). If Himeros’s
present morphology was preserved since its
time of formation, then this feature likely
formed as a consequence of collision, i.e., con-
tact between two bodies of roughly similar sizes.
However, at the current resolution of the topo-
graphic model we cannot rule out the possibility
that this structure formed as a result of impact
when Eros was part of a larger parent body, or
during the process of the asteroid’s breakaway
into a separate entity. In either of these scenar-
ios, the morphology of an originally impact-
generated Himeros would have been modified
from its original configuration. We see no geo-
physical evidence that would suggest that Eros
attained its present shape by accumulation or
of smaller idal bodies.

A mesh view of the shape of Eros (Fig.
4A) in the vicinity of Himeros includes su-
perposed vectors of gravitational acceleration
(32) that indicate directions of downslope
movement. The highest slopes on the asteroid
cluster to the southwest and northwest of
Himeros, which are regions that have lower
than average crater density (/8), and collec-
tively suggest that these are regions where
regolith has been transported downward
(with respect to the gravitational potential) by
mass wasting.

The histogram in Fig. 4B shows that the
average slope on a surface baseline of ~3° is
about 10°, substantially higher than that on a
comparable spatial scale on the terrestrial plan-

H

H

e approximate angle of repose

8
Cumulative Area Fraction

3

X}
E) L
Siope (deg)

Fig. 4. (A) Vectors showing directions of gravitational acceleration (§). Units are Gals, where 1 Gal = 1 cm s~ 2 The asteroid is viewed from
30°N, 60°E. Colors represent the magnitude of § and arrows indicate the direction. (B) Histogram and cumulative frequency distribution of

3°-baseline surface slopes (32).

Downloaded from www.sciencemag.org on April 3, 2011
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Mars Orbiter Laser Altimeter (1996, GSFC)

(initially on Mars Observer Mission, launched Sept., 1992)

MGS
spacecraft
(JPL)

» Laser Wavelength: 1064 £ 0.2 nm

» Laser Pulsewidth: 8 nsec

+ Pulse energy (start of mapping): 48 mJ

» Pulse repetition frequency: 10 Hz

* Range resolution: 38 cm

* Return pulses detected: ~99%

* Maximum range (hardware limit): 786 km

+ Surface spot size in mapping orbit: ~168 m

» Along-track shot spacing: ~330 m

« Vertical accuracy ( radial orbit error): <1 m
2 ~ * Number of laser firings: 671,121,600

Was in circul | * Operated in lidar & radiometer modes

400km altltu d

June 20, 2012 SGP seminar, NASA GSFC XSun - 10



MOLA System Block Diagram
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GSFC

Topography of Mars from MOLA ;

RE ) @ THE TOPOGRAPHY OF MARS BY THE MARS ORBITER [LASER ALTIMETER (MOLA)

~

P s,

¥

671 million altimeter measurements, <1 m topographic accuracy

June 20, 2012 SGP seminar, NASA GSFC XSun - 12



MOLA ‘Noise Map’ of Mars

ISSN: 0003-6935

Applied [o] <

MOLA

laser lllumination
& receiver
viewing angle

local

i zenith
Sun Light

Receiver

laser field of view

footprint

10 June 2006

Optical Society of America
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Seasonal

Seasonal
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Earth Orbiting Lidars

June 20, 2012 SGP seminar, NASA GSFC XSun- 15



Flashlamp-pumped
Water-cooled
Pressurized canister

0 250 500 750 1000 1250 1500 1750 2000 2250 2500 2750 3000 3250 3500
MET = 02/03:19:34.4 - 02/03:20:54.3

20

15

g 10
E
* The LITE instrument was flown aboard Space Shuttle Zs
Discovery on mission STS-64 in September 1994.
» Three measurement wavelengths: 355, 532, and 1064 nm. =
* During its 11-day operation LITE accumulated 53 h of 10-sec
averaged backscatter profiles within a few degrees of nadir e I,
‘mglude 83 78 74 69 64 55 55 50 48

* First lidar profiles of the Earth’s atmosphere from space !

3. Offset-subtracted LITE return signal at 532 nm showing aerosol structure in the vicinity
Atlas Mountains and the Atlantic coast of Morocco.

June 20, 2012 SGP seminar, NASA GSFC XSun - 16



Shuttle Laser Altimeter (SLA-1 & SLA-2)
GSFC Shuttle Hitchhiker Experiments

Jack Bufton, Jim Garvin, Bryan Blair, David Harding and others ...

Laser Altimeter
Canister

= 1integration into HH
canister

8 prior to SLA-01

Mission

Altimeter
Support

i ) Canister
Laser Altimeter Canister

— SLA-01: Jan. 1996 flight, £ 28.5° orbit inclination, 80 hours operation
— SLA-02: August 1997 flight, £ 57° orbit inclination, 80 hours operation

June 20, 2012 SGP seminar, NASA GSFC XSun - 17



ICESat/GLAS - Launch Feb 2003
Measurement Approach

Emitted

1064 and
532 nm
Laser
Pulses "

Photon Scatter
due to Clouds
nd Aerosols

;o
of the
V Earth

June 20, 2012 SGP seminar, NASA GSFC XSun- 18



ICESat and GLAS

Laser selection
Mechanism

Laser
pick-off
optics
Laser
profile
array
(LPA) Laser reference system (LRS)
telescope & camera
Instrument star tracker
telescope (IST)
Electronics
(digitizers,
clk oscillator
and etc.
- Gyro
. . 532nm
GLAS being integrated onto detectors ———— Heat rai
assembly eat radiator
the spacecraft at the Ball
Aerospace in 2002
532nm
Optical
bandpass
filter assembly 1064nm
Altimeter
Detectors

June 20, 2012 SGP seminar, NASA GSFC XSun- 19



{\H GSFC
@ GLAS Receivers and Key Components VK

N
-~
1064nm detectors assembly
(1 prime and 1 spare) E
Laser beam
steering mechanism
Bandpass
filter assembly
Quad Detector
) - - To Lidar Box
i \ ; ) G10 Spacers for

~ thermal isolation

SPCM (x8)

8-way
beam splitter
assembly

June 20, 2012 SGP seminar, NASA GSFC XSun - 20



GLAS Function Block Diagram N
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Greenland Elevation Changes Since 2003

I — -_—— --.-. -
— ————

Lidar used to monitor thinning of Greenland ice, and
height (-> flow rates) of major ice streams

Zwally et al.,
Preliminary Results




ICESat Sea Ice Measurements

GSFC
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GLAS Measurement of Echo pulse from Trees /

GSFC

Transmit Pulse
1064 nm, 7 nsec laser pulse
]
“—Threshold Echo Pulse
highest detected elevation

1|3 N < Outer Canopy Relief O §<§>
3| S o
R E * 5 5
SEIL~-3- g - U S
N3P o g
8 average detected elevationS £
~I|: (alternate “land” elevation) l cg_

i <1 Ground Relief I

. . : owest detected elevation
~ 80 m diameter laser footprint .
spaced 175 m apart along ground track P R
Amplitude (volts)
Height Distribution of Reflected Laser power with 15 cm Vertical Sampling
Harding/NASA- GSFC
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Global Forest Canopy Height Map
from ICESat/GLAS (M. Lefsky, GRL, 2010)

Mean Canopy

g~ O
Height (m) g ™ ; b B ;_:,'-,
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CALIPSO Mission
Earth Orbit, Atmospherlc Structure
NASA LaRC

Dave Winker et. al.
- NASA Langley, Hampton, VA

Calipso First light: 7 June 2006

Sun-synchronous orbit

‘Three co-aligned instruments: |,

CALIOP: polarization lidar.

- 70-meter . footprmt

- 1/3 km footprint spacmg
IIR: Imaglng IR radlometer

, WFC: Wide-Field Camera




CALIOP First Light Observations | osFe

(all 3 channels) i

June 9, 2006

532 nm Total Attenuated Backscatter, /km/sr

. Biomass
G smoke

Alliada, km

«10-Fire Iocatlons in southem
Africa from MODIS, 6/10/06

btbbbo
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™~
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Three-channel profiles provide insight into aerosol type and mixing
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Recent Planetary Lidars
(2000-present)

June 20, 2012 SGP seminar, NASA GSFC XSun - 29



Hayabusa Lidar (2003-2005)
(JAXA/NEC/TOSHIBA, Asteroid Itokawa landing lidar)

Items Specification
Range 50m~50km
Accuracy T 1m(@50m)
Repetition Rate | 1Hz
Laser Q-SW, Nd:Cr:YAG
Wave length 1064 nm
Output Power 8 mJ
Pulse Width 14 nsec
TX Beam Width | ¢ 1.7 mrad (1/¢?)
RX FOV ¢ 1 mrad
RX Optics Casegren ¢ 126 mm, SiC
Weight 3.7kg
Include: DC/DC, Radiator
Power 17.0W (+LD Heater max5W)
Size 240mm X 228 mm X 250mm

Radiator: 240mm X 300mm

o R4 A L T R
b i C L T T © Diode pumped Nd: YAG laser
{ « g 10
! g 8_
7, N : 23 e QOperated from 50 km to 30 m
°°oo°°o ® o % 2F
~0 000 o °O g 0:'_ . ]
. X (2 o e o o o ¢ 4] million laser shot
\ W X ‘\ i 5 | orizonta istance m
AT L T Ky g QP O NMLKGJ IHGFEDCBA measurements
| E e Hayabusa also had a four-beam
Examples of Hayabusa P Ly laser rangefinder to measure
Lidar measurements . 600 400 200 0 altitUde and SlOpe frOIn 100 to /m

(SCience, June 2006) Horizontal distance along path (m)

June 20, 2012 SGP seminar, NASA GSFC XSun - 30



Phoenix Lander Lidar (2007-2008)
(Canadian Space Agency, Mar Atmosphere Backscattering Profile)

1064 nm 532 nm
Transmitter
Laser Nd: YAG Diode pumped
Wavelengths 1064 nm 532 nm
Pulse repetition rate 100 Hz 100 Hz
Pulse energy 03 mJ 0.4 mJ
Divergence 0.25 mrad 0.25 mrad
Emitted line width 0.25 nm 0.25 nm
Receiver
Telescope 10 cm diameter
Field of View 2 mrad 1.5 mrad
Spectral width 2 nm 1 nm
Detector Silicon APD PMT
Signal recording Analog:14 bit ADC Analog: 14 bit ADC + Photon Counting
Sampling frequency 30 MHz (5 m) 30 MHz (5 m)
Total mass 6 k
Maximum power 30 W Whiteway et. al., JGR 2008

SOL 45, 6PM 5 Cloud

SOL 97, 8PM

/

Height (km)
w
Altitude [km]

Receiver Telescope

0 | 1 0 1 1
000 005 010 015 000 005 0.10

Extinction Coefficient (km)

Operated at Mars
~1 hour/day for ~6 months

0.15

Phoenix Lidar Measurements - Sol 99

04:37

>14.0

850 1

5.8

Backscatter Coefficient[m 'sr™] x 10

Fall Streaks /

04:52
Local Time

05:07 05:21

From Whiteway et. al., Science, July 2009
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MESSENGER Spacecraft & Science Payloads \ :
(JHU/APL, Mercury Orbit, 2004 to present) It

'l GSFC

MESSENGER - MErcury Surface, Space ENvironment, GEochemestry, and Ranging

MLA — Mercury Laser Altimeter

Magnetometer ——
Egr?i'ggtsic Laser Altimeter
spectrometer (NASA GSFC)
\
Neutron \ /
spectrometer ' /,/

Plasma
spectrometer ~.__

™

N X-ray
Gamma ray spectrometer
spectrometer
Atmosphere Dual imaging
and surface (wide and
spectrometer narrow angle)
system

Hotter
(Periapsis

on sunlit side)

MESSENGER sunshade has to face the sun at all time
and MLA has to range in non-nadir direction most of the time.

North
Dawn-Dusk
A\‘lild_.. ‘ orbit ~25 deg
) - > altitude at
MESSENGER - periapsis
~300km
5,“ v mercury Lpss and even heating
é‘,’ f by the planet
I3
| noon-midnight orbit J :
[ | (orbit plane locked
@ Sun - in the initial space)
g/ Hot / C

: f (PeriapSis

‘g J on cold side) oY Noon-Midnight

-, orbit

' ~25 deg
i Mercury '
T sun light —>
Mild ~ Day1

(orbit insertion,
dawn-dust orbit,
repeat every 88 days)

A More .1\:«: fast changing
’0’6/"' heating by the planet
(o] i,
7 ()
loy B @ |
e,/ |

a/,; "ds

* Developed by JHU/APL under NASA’s Discovery Program

e Launched on 8/3/2004 from KSC, arriving Mercury orbit on March 18, 2011

June 20, 2012
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Electro-Optics & timing
electronics assembly

Laser pulse energy 20mJ

Pulse rate 8 HZ

Pulse width 6 ns FWHM

Wavelength 1064.30 £0.05 nm

Beam divergence 80 urad (TEMO00)

Receiver aperture 11.5 cm diameter, X4

Receiver field of view 400 urad

Receiver optics transmission 77%

Receiver optical bandwidth 0.7 nm FWHM

Detector quantum efficiency >35%

Receiver dark noise equivalent | 200 pW

power (NEP) (over 33 MHz Noise BW)

Receiver timing electronics 6 channel event timers

Receiver timing accuracy <I ns

Operation duty cycle 30 min/12 hour orbit, for 365

and lifetime earth days

Data rate while in operation 2.4 kbits/s

Weight 7.4 kg

Size 30x30x30 cm 2 stage
Electrical power consumption |23 W laser
while in operation transmitter

June 20, 2012 SGP seminar, NASA GSFC XSun - 33



ﬁ GSFC

Venus Flybys

Laser Ranging

» Laser pulses were transmitted to

Venus atmosphere during the
closest approach (~200km)

Pressure (bar)
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cloud layers
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during the 2" Venus flyby, but no
signal was detected, indicating

the apparent cloud and haze
cross section was below 0.001/
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Mercury Flyby on Jan. 14, 2008

spacecraft time view from above Mercury’s north pole
shown day/night /¥ Sun
terminator —_—
Earth

exit
Earth occultation W smooth area

not imaged by
Mariner 10 14 January 2008

— 19:04:39 UT
200 km altitude

L J

5 s
Mipy U (es

s
1

eclipse — exit
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a Arecibo Radar

= Sy

MLA was pointed
to Mercury for
about 10 minutes
about the closest
approach
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@ Earth Shine Seen by MLA over 135 million km AN

MLA could still see earth April 29, 2009 Earthscans

shine from nearly 1 AU
away with an estimated
cw optical power of ~10
pW.

0.0 -

ADec, mrad

0.0
ARA, mrad

T T | Noise
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@ MLA Measurement Coverage on Mercury i
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MLA measurement coverage, >5 millions range measurements, as of 12/31/2011




MLA Range Measurement Performance

GSFC

MLA is the first
space lidar that has
to range to surface
at oblique angle

MLA ranged to
>1500 km in nadir
direction

MLA range to 700
km at 70° slant
angle.

70

60

50

30

20

0.9

0.8




GSFC

MLA Measurement Results ;

180°

0.32

- 0.24

0.16

0.08

0.00

Surface Reflectance

Mercury Topography, north pole to 5 deg South North pole to 75 deg N

from MLA Data Mar-Oct, 2011 (Neumann et. al., LPSC 2012)
(Zuber et. al., Science Apr, 2012)

-4 -3 -2 -1 0 1 2 3
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@ Sample MLA Science Results - Gravity A

60°
Mercury gravity anomaly '
derived from MLA

measurements o

-60°

0’ 60° 120° 180° -120° -60° 0’
v

Mercury crustal thickness
derived from MLA

measurements

0" 30" 60° 90" 120" 150" 180" 210° 240° 270" 300" 330" O




Going Back to the Moon
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GSFC

Kaguya-LALT (2007) "

I

Structure of LALT(2) NEC A NORTH>85° B SOUTH<-85°

180"

Receiver

telescope mirror LALT—TR . Rozhdestvensky %

Receiver
detector (Al

Hermite
High voltage
Ranging power supply

detector
(PIN-PD)

Transmitter
telescope

Laser oscillator

Topography (km)

Near side

-9 -8 -7 68 -5 -4 3 -2 -1 0 1 2 3 4 5 6 7 8 9
Topography (km)
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Chang’E-1 Laser Altimeter (2007) ;

Table 1 Chang’E-1 LAM Instrument Characteristics

—8=7—6=5-4-3-2-10 1 2.3 4 5 6 7 8

Characteristics Values
Effective distance range 200km=25km
Footprint 120m@200km
Wavelength 1064nm
Energy 150mJ

Width of Laser Pulse <Tns

Repeat rate 1Hz

Receiver telescope diameter  140mm
Telescope focal length 538mm
Distance resolution 0.96m
Distance error <+5m

Data rate 384bps
Weight 15.7Kg
Power 25W

Life 1 Year

June 20, 2012

CLTM-s01
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Table 1.

Specifications of the lunar laser ranging
instrument.

Laser wavelength
Laser type

Laser energy
Beam divergence
Pulse width

Pulse repetition rate
Transmitter optics
Receiver optics
Detector

Vertical resolution
Footprint on Moon
Power

Weight

: 1064 nm
: Nd:YAG diode-pumped

Q-switched laser

:20mJ

: 0.5mrad (half)

: 10ns

: 10Hz

: 38 mm Galilean telescope
: Reflective, 170 mm

: Avalanche photo detector
:5m

: 100 m

: Less than 15 watts

: Less than 10kg

Color Coding of LLRI Points till 01-Jan-2009

Near Equator regions
90°

45°

oo

- -
L
> as

-45°

0° 45° 135° 180° 225° 270° 315° 360°

90°

June 20, 2012
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Lunar Reconnaissance Orbiter (LRO, 2009) |, esFe
the Lunar Orbiter Laser Altimeter (LOLA) GSFC/ Lunar Orbit /1

)

Launched June 18, 2009, still in orbit
and collecting data

Laser
beam

LOLA is one of the 7 payload Receiver expander
instruments on LRO telescope
Objectives are to measure lunar surface radiator

topography and to establish a global
lunar geodetic coordinate system.

Optical transceiver

Assembly
(lasers and detectors)

LOLA

SPACECRAFT BUS
INSTRUMENT MODULE (Modular Honeycomb Desig Tlmlng
(6 instruments, 460 Gbits/day) AVIONICS PANEL 4 Electronics
(SpW/1553, 412 Gbits Storage| and power
_ \ converter

Parameter Value
Zm ~va Laser Wavelength 1064.4 nm
HIGH GAIN ANTENNA Pulse Energy 2.7/3.2 mJ (laserl/laser2)
b Pulse Width ~5ns
R Pulse Rate 28 £0.1 Hz
Beam Divergence 100 + 10 prad
Beam Separation 500 + 20 prad
Receiver Aperture Diameter 0.14 m
PROPULSION MODULE Receiver Field of View 400 + 20 prad
e Receiver Bandpass Filter 0.8 nm
= Detector responsivity 300 kV/W
— SOLAR ARRAY Detector active area diameter 0.7 mm
Total Mass: 1845 kg (2000 W BOL, 80 AH Battery) Detector electrical bandwidth 46 + 5 MHz
Timing Resolution 0.5 ns
Smith et al., Space Science Reviews, 2010
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@ LOLA - 1st Multi-beam Space Lidar i N,

* Use of a diffractive optical elements (DOE) '\ ? S/C Velocity
to split the laser to illuminate five spots on '
ground

* Use of an optical fiber array to direct each
spot into a separate receiver channel

Shot N+1

* Make five measurements from a single laser
shot to give range, slope and direction

| Fiber
Pattern at
telescope
focal plane

DOE and the optical fiber array

Each fiber couples to a separate Si
APD detector

June 20, 2012 SGP seminar, NASA GSFC XSun - 46



Nearside

Topography of the Moon
Farside

Nearside

5.5 billion altimeter measurements; ~2 billion laser shots
20-m along-track resolution; 0.7-km average orbit track spacing at equator




L OLA Global Datasets:

15 30 degs

5 km

1064 nm albedo

at zero phase
Slopes 5m baseline

Topography 25m baselines




Shackleton Crater; Lunar South Pole

Shackleton Crater o [ SRR ‘ -
— Is adjacent to lunar south pole
— Lies mostly in permanent shadow 0
— Has anomalously high 1064-nm .
reflectivity o
— Lacks a hydrogen signature from
neutron flux
SR o
B T
e il
Zuber et al.
. (2012)

Mazarico et al. (2011)
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Several small areas
close to south pole
are in sunlight for
most of month.

Most illuminated
area appears to be
~10 km wes of
Shackeleton rim.

June 20, 2012

SGP seminar, NASA GSFC

XSun - 50
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2010]

2
¥

i 3

5

17 September 2010 510

"Smith et al.[2010]

High-resolution measurements of lunar topography ¢ Simulations show deep oil from
leak is confined to Gulf of Mexico ¢ Assessing regional impacts of geoengineering

June 20, 2012

SGP seminar, NASA GSFC
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Observing Lidar Light from Space

* Lidar made by NASA were designed to be safe for people and
amateur astronomers with commercial equipments.

* [t 1s extremely difficult to observe lidar light from space
without official help from NASA on the spacecraft ephemeris
and other details.

June 20, 2012 SGP seminar, NASA GSFC XSun - 52



@ Observing Lidar Light from Space - ICESat

* The 532 nm laser light from ICESat/GLAS was visible to
unaided human eyes.

* The laser light from ICESat/GLAS was green, brighter than
Venus, and hit only once on each passing

9/26/2003
|ICESat

June 20, 2012 SGP seminar, NASA GSFC XSun - 53



11/6/2003

Santa Rosa, NM
~120’ from ICESat
ground track

June 20, 2012

ICESat laser
appeared as a streak to human

eyes when viewed through thin
clouds

SGP seminar, NASA GSFC

ICESat laser, 2003
Viewed directly under the
laser beam from Boulder CO

XSun - 54




@ Observing Lidar Light from Space - ICESat

11/2/2006
|ICESat over NASA GSFC
Recorded with an old Sony video camera

{*ICESat

Stars shown:

v Mag. 3, near horizon
Mag: 6, zenith

June 20, 2012 SGP seminar, NASA GSFC XSun - 55



GSFC

Observing Lidar Light from Space - ICESat

I

11/2/2006
|ICESat over NASA GSFC
Recoding laser pulse waveforms

0.50
0.45
0.40 Normalized Pulse Energy and Time Walk
J of the ICESat Laser Pulses Detected at GSFC on Nov. 3, 2006
0.35 - 1.00€-03 80.0
& —=— EnergyRatio
o ~+— TimeToCentroid (ns) 70.0
— 2030 }
% a
1.00E-04 : : : 60.0
= § 0.25 3 -
E = E s00 &
S =020 7 £ :
© +0.20 TV 2 -
&8 & 1.00€-05 400 $
T 2 r s X o 8
=3 3 ]
Q0.5 A £ °
% 2 / N ® 2
] 2 8 5 Mg WY e g 300 E
i / 5§ 4 N A K] "
V7 43
g a. % 0.10 1.00E-06 e
Re)
-

The GLAS EM detector and i ? /\/ /
aft optics piggy backed on a § e & — [ AL P
Meade 10” telescope. A S
diffuser was placed in front ot 30 100 150 140 160 150 200 230 240 280 280 300

of the detector to attenuate Time (ns)

the signal by ~1000 and
widen the field of view to

+/-3° FWHM.

Seconds of Day (EST, Nov. 2, 2007)

o

N
34
8_
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Sunlit MESSENGER Spacecraft | esrc
— Earth Fly-by, 2005 [

Star:
GSC 6774:211
RA: 15h 13m 04s
Dec: -29°27°47”
Messenger
altitude~22000km ; magnitude~12

MESSENGER

gl PR "

!

GSC 6774:251
RA: 15h 13m 12s
Dec: -29°34'14”

This image, taken with the TAROT CNES telescope (Latitude: 43.75deg N - Longitude: 6.92deg E) in southeastern France, reveals the position
of MESSENGER as a streak of light near the center. Atthe time that the image was taken, 20:16:39 UTC (8:16 pm), the MESSENGER
spacecraft was about 21,640 km above the eastern Atlantic Ocean near the western coast of Africa - due west of Luanda, Angola and due south
of Cote d'lvoire.

Photo credit: Régis Bertrand, B. Deguine and S. Rios-Bergantinos, CNES (Centre National d'Etudes Spatiales)

Images of the sunlit MESSENGER spacecraft shortly after the Earth fly-by at
120,000 km distance. MESSENGER appeared as a 17th Visual Magnitude star.
The raw images were taken with a 14” Meade LX200GPS telescope and a SBIG
ST-9E CCD camera. The image shown above is the sum of 27 raw images, each
with 3 seconds exposure time. The spacecraft position solved from these images
using Astrometrica software was, Time: August 3, 2005 01:27:08 (UTC), RA:
15h 13m 11.18s, DEC: -29°29°02.8”, which agreed with the predicted ephemeris
to within 8 arc-seconds.
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MLA-Earth Two-way Laser Ranging
during Earth Flyby in 2005

* 1st successful 2-way laser ranging: >24 million km at
~20cm precision

* Verified instrument performance

* Detected relativity effect (~500m longer light path due
to solar gravity)

 Confirmed link equation for deep space laser ranging
and communication

(Smith et al., Science, Vol. 311, 2006)

0.4 4

o
w
1

Pulse Waveform (volts)
o
N
1

?ﬁ

0.0+ J\rm\/\/\_mmmw
T T T T T T T T T T T T 1
0 50 100 150 200 250 300

Time (ns)

June 20,
2012
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@ Check Optical Alignment from Earth Shine
during Earth Flyby

* One of the MLA receiver
channels was configured as
a high performance
radiometer, sensitive to cw
Earth shine light;

* The Earth shine image taken
by MLA gave a measure of
MLA receiver FOV alignment
wrt the spacecraft coordinate
system;

« The timing of the Earth shine
signal and the detection of
the MLA laser on Earth gives
a measure of MLA bore sight
offset <110 urad (~1/4 FOV).

MLA Response to Earth Shine vs.
scanning angle

seconds (3.2 mrad/200s)

50 100 150 200

Earth shine

Time of
MLA
laser pulses :
il laser emitted
Earth

Time of MLA




@ LOLA Diagnosis Tests
— Earth Scan (2009)

* Two-way laser ranging test between LOLA and SLR station on Earth in
Aug. 25, and Sept. 13-14, 2000

— Scanning the LOLA laser beam about the SLR station at NASA GSFC

— SLR station tracking LOLA and transmitting and receiving laser pulses

— Solving LOLA pointing and bore-sight from the time tags of the laser pulses
— Recording LOLA laser pulse energy and pulse shape using an oscilloscope

09257 def
r 0.001 0.001 § \X r 0.001
0.000 g 0.000 & e 0.000 g

- -0.001 -0.001 \\\\N -0.001

D ink sign tected
0.002 -0.002 r -0.002

pe
‘02 00 0.601 0.002

y the 5” telesc

-0.002

RA

The test results verified DOE
far field pattern and revealed
a bore sight shift at low
temperature

NASA GGAO 1.2 m
Telescope Facility
(8/24/2009)
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Future Space Lidar Systems

« ADM-Aeolus Wind Lidar, ESA, launch 2013

» BepiColumbo Laser Altimeter, ESA, launch 2015

« ICESat-2/ATLAS, NASA, launch 2016

* OSIRIS-REX Laser Altimeter (OLA), NASA/CSA, launch 2016

« MERLIN (MEthane Remote sensing Lidar missioN), DLR/CNES

« ASCENDS (Active Sensing of Carbon-dioxide Emission over Nights,
Days, and Seasons), NASA

« LIST (LIdar Surface Topography), NASA

June 20, 2012 SGP seminar, NASA GSFC XSun - 61
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Radiators

GSFC
ICESat2/ATLAS Instrument Overview A
s
Multi-beam Micropulse Ground Track and Footprint
Laser Altimeter
Single laser beam split into 6 beams «B&BlmR 5 T
10 m ground footprints A A AP
10 kHz rep. rate laser (~1mJ) cak () cak (1) cak ()
Multiple detector pixels per spot (52f'5"im)
On-board boresight alignment system
: @ @ @
Laser Reference System gives absolute Strong (4) Strong (4)\ Strong (4)
laser pointing knowledge Track
Direction
LRS
Beam Steering S/C provided

Mechanism

trackers and

SIRU

Diffractive Optic
Element

------
'''''''''''''

Beam Expander

A Optical Filter

Assembly
(OFA)

Redundant

Lasers

2012

(BE)
Redundant
Banks of 6 Telescope
Detectors Alignment
Composite BICHION
80cm Box Structure
Telescope
June 20,

XSun - 62
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@ ASCENDS Mission & Laser Sounder Approach
Earth Orbit, Column CO2 concentration

. Measures: .
Simultaneous laser measurements: - CO2 tropospheric column € — ~450 km polar orbit
- O2 tropospheric column / ¢ CO2: 1572 nm
i

- Cloud backscattering profile
o 02: 765 nm

“
\H ’
’

1. CO2 lower tropospheric column o
One line near 1572 nm

2. 02 total column (surface pressure)
Measure 2 lines near 765 nm

3. Altimetry & atmospheric

backscatter profile from CO2 signal:

WQveIen%th g\m)

1572.5 1572.4 572.3 1572.2 1572.1
T T T T T

1.0 -

08 X
8 B - 1572.3497 nm
C - 1572.3397 nm -

4
o

Planned Launch
Date: 2019

2-Woy Tronsmittonce
o

0.2~

63%9.0 655‘9. Wove Nﬁ‘?r?‘&?(cm") S$S|0.5 6361.0 MeaSur‘emenTS uSe:
- Single frequency tunable pulsed lasers

Transmitted

= Monopulse Approach | - 8-10 KHZ pulse rates
f]—”—”—”—”—”—”—”—&» -Time gated Photon counting receiver
<1, 1ms ! . .
- g * High SNRs (~ 1000 in 10 sec)
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@ Lidar Surface Topography Mission (LIST) ﬁ%p

“Swath Imaging” Lidar: D. Harding
* 5 m pixels 1000 Parallel beams NASA Goddard

» Echo pulse resolved 10 cm vertical resolution

=" Approach-studied:
» Lidar Pushbroom

-Efficient short pulse laser

. Very sensitive detector array

_+ Low power d|g|t|zers ==

. Alrborne demonﬁ?tlonm char)) '

y A canopy
Topography sfrucfure
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Summary:
» Dramatic progress since early 1990s
. Many space lidar, observatlons demonstrated:

(! ~J:\.

. PIanetathopography
' Land & sea ice,..‘tree heights, water height

* [gpabled new geéphysmal science & discoveries

« Space Ildér isn aﬁgmary tool for smence I



