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» Simplest: laser altimeter "
= Usually a function more than a lidar concept .

e — HSR etalon transmission

4 — — — | —Signal at HSR etalon input |+

A'wide range of lidars... (1/2)

» Simplest for atmospheric science: backscatter lidar

= One case: High Spectral Resolution Lidar (HSRL)
= ATLID, but also ALADIN!

= An extremely narrow filter (gas cell or
Fabry-Perot etalon) separates molecular and
aerosol backscatter - Rayleigh & Mie channels

= Vertical profiles of aerosols and thin clouds
= Wind Doppler Lidar
= Aeolus: direct (incoherent) method

= NASA considering coherent method for wind
& ocean/river surface currents

Intensity
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Doppler shift
e < 350 MHz

Laser Pulse | | Mie Signal
30 MHz < 90 MHz

Rayleigh Signal
3340 MHz

Wavelength
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A'wide range of lidars... (2/2) g S
1_;71 : ey A i
» Differential Absorption Lidar (DIAL) ey s,,; ' .MMI Vi
= 2 spectrally-close laser beams: Eﬁ.z? / 5"&_ / NV N
one on-line (absorption), one off-line < ] | | | |
= WALES: water vapour profiles (2 pairs) OB e

» Integrated Path Differential Absorption (IPDA) Lidar

= Same as DIAL but returns a total column DIAL
, : A e
= Also needs a calibration path B gt
= A-SCOPE (up to Phase 0) for CO, ¢ "
P—- Zw_aveleng’rhfs
= Raman, fluorescence, etc... Orlne » OFfine
/N
A 4

.

©
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>

fransmitter

Receiver
Laser

On-board
Calibration Path

P—- 2 wavelengths
F—- Online + Offline

¢

A ’d

Atmospheric echoes at
dif ferent altitudes
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Ground echo
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sSatellite | Measuremnent
Giound a } Ground Track

When to use a Lidar? R o~
. servation

S€S eqach

* They benefit from the general laser properties:

= High power density, monochromaticity,
short-duration, highly collimated beam

» Lidar are independent of solar illumination,
can see between clouds
= Butll, ..
= Only one ground sample at a time, I
many days before a revisit
» Temporal resolution is low
—> only resolve slow events

»= Next ground sample tens of metres away T e s
0o e e

= Spatial resolution is low e o

—> only resolve large scale phenomena

S0'laser py

ADM-Aeolus

‘. differential optical depth
A

A‘, Column integrated

] g
wavelength

Laser footprint
A-SCOPE
[1IBakalski, I., Space Lidars: design and operational constraints, CEOI Enabling Technologies
for Lidar Missions Challenge Workshop, 21 Sept. 2009. —-
EADS o
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A Dbrief history of spaceborne Lidars
Manned missions

= Demonstrators:
» NASA, Sept. 1994: Lidar In-space Technology

Experiment (LITE) on Space Shuttle
= 355/532/1064 nm, 486 mJ (@1064 nm), 10 Hz
* Russia, May 1995: Balkan-1 on MIR

= CNES, Apr. 1996: ALISSA on MIR
= NASA: Shuttle Laser Altimeter

(Jan. 1996 & Aug. 1997)

Telescope

Lazer Transmitter Module Boresight Assembly

Crthogrid

AftCptics

Name Wavelength Beam Energy Aperture PRF (Hz)
(nm) (mJ) diameter (m)
LITE 355 196
532 460 0.956 10
1064 486
Balkan-1 532 150 0.18
ALISSA 532 40 8

Photo credits: NASA
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A Dbrief history of spaceborne Lidars
Unmanned missions

Mission ICESAT CALIPSO VCL Aeolus EarthCARE
Instrument GLAS CALIOP MBLA ALADIN ATLID
Launch date Jan. 2003 Apr. 2006 cancelled 2011 2012
Altitude 600 km 705 km 400 km 408 km 450 km
Lidar technique | Backscatter & altimetry Backscatter Altimetry Doppler Backscatter
o cloud & atmospheric aerosol & cloud Tree canopy . Cloud &
Mission . . global wind
biecti properties backscatter and height; ground rofile aerosols
objectives ice & land elevation extinction profiles topography P profiles
Laser type Nd:YAG Nd:YAG Nd:YAG Nd:YAG Nd:YAG
Wavelengths 532 nm 1064 nm 532 nm 1064 nm 1064 nm 355 nm 355 nm
Laser beam 36mJ | 73m3 | 120m3 | 110md 10mJ 150 mJ 19mJ
energy
PRF 40 Hz 20 Hz 242 Hz 100 Hz 100 Hz
Pulse length 6 ns 20 ns 5ns 15ns <20 ns
Lgser beam 110 urad 100 urad ? <400 urad 8 urad
divergence
Aperture diameter 1Im 1m 09m 15m 0.6m
Rx FoV (microrad) 160 475 130 300 15 25
Mass 300 kg 156 kg 133 kg 464 kg 231 kg
Power 330 W 124 W 220 W 840 W 370 W
o 1100 (W) x 1100 (L) x | 1000 (W) x 1490 (L) x 1600 (dia) x | 1600 (L) x
Dimensions ? 2200 (H) 1480 (W) x
1750 (H) 1310 (W)
approx. 933 (H)
Data Rate 450 kbps 332 kbps ? 11 kbps 822 kbps

All the space you need

GLAS (credits: NASA)

s

EADS

SasEriam

CEOI Training Workshop — Designing and delivering an instrument concept — 15 March 2010



This document is the property of Astrium. It shall not be communicated to third parties without prior written agreement. Its content shall not be disclosed.

Basic Elements of a Lidar

Control
Unit

Receiver I;l

0--5

—

Transmitter

HrAm
Bx oA s
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Transmitter

= One possibility: Master Oscillator /
Power Amplifier (MOPA)

= Multiple lasers working in tandem

= Particularly well suited when a high
energy pulse of high beam quality
Is required (ALADIN, ATLID) A
= Laser source: Nd:YAG (1064 nm) ’
* Frequency doubled/tripled
= Optical Parametric Oscillator
= Some key issues:
» Laser required temperature stability ~ 1K
= Wall-plug efficiency typically 0.5 to 2 %

; lelecopeHGSECTION y

L <l \
TR
R e
[ Lenses
5 AN
1
== : 4
Bea
== o i LG C
! Fold Power Amplifier .
v 1 Mir AMPLIFIER SECTION !
355nm Pre Amplifier i
«fif-==1<f |
I . \
Polarizer : :
; HE M;
b Cylindrical Lenses / Ry e

Cylindrical lens

1
solator 2 Tablet '
= e FT ‘;F—li‘m" Q Tnput from RLH
T - i
= O N l

INJECTION OPTICS

» The rest is converted to heat which must be removed! Not trivial in space!
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Problems experienced by GLAS

» Laser 1: catastrophic failure of laser diode array

(37 days)
= Actions:

1064 nm Tranemit Energy (mJ)
10 minute avariges

» Reduce duty-cycle (100 > 27%)
» Reduce operating temperature of laser

» Laser 2: Degradation of beam energy
guicker than expected = laser-induced damage

= Actions:

= Lower operational temperature
= Lower beam energy (in particular at 532 nm)

= Laser 3 failed

B3 NM | FANEMIT ENergy ym-J)
10 minute averages

= Reverted to Laser 2, which in turn failed

All the space you need
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GLAS 1064nm Laser Energy History
through end of Campaign L3d

1] o] L1 EQ oo 100 120 T4

Laser Dparation Time (days)

GLAS 532nm Laser Energy History
through end of Campaign L3d

a0

. [WTT TR}
s |- - asar ¥ -

19815 /1
s Laser 31
30 i -

. i d
= Laser3
28 - TLEL
. N _

Ay

1 20 4o G L 1] 100 120 140
Laser Operation Duration {Days)

Afzal et al., Photonics West 2006, SPIE 6100
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ALADIN Technical Challenges

Y o H : ><]] Fovol
= Space qualification of diode arrays N
= Testing, screening procedures, LDA cooling we € ml

» Laser Induced Damage

= 3 possible sources of

= Power density exceeds the damage threshold =
of optical elements coatings in vacuum

= Optical fatigue over the mission duration

-

Step 1 : standard monolayer
contamination. The laser is not
involved

.| | Regulator 2

= T A
rﬁ@&ﬁ - ol

V2 |r LVS I HIP | LV sonmreJ

pP=
el \C o [,
Test Port 01 I
(LP O) ﬁ 1 @ D Test Port 02

= Effects of optics contamination in vacuum restponos [ L = W
’ > <€ > <8 PO
= Solution: Slightly pressurised TRO & PLH ??
;;;rl ETP oBA  oBA L—@ EL
§ § y / /\\\
- . p ‘ y
§ § \(/X o E
UV light § LV light § / ek AN /
—_— —_— & s .
% % PLH N + R and OBA / Siee B 5% Existing
% \ _lhs_e::ed TEO f"e isolated | LSS B L OBA Ground
§ § with independent oxygen purge _._ I-\fx M PLII'QG N,
Step 2 : under UV illumination, molecules Step 3 : under UV illumination, the
are « plated » and chemically transformed absorbing layer is heated up to the
and become absorbant pyrolysis threshold and becomes dark
EADS e
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Current Lidar Challenges and Technology Developments

at NASA

2 Lasers, 4 Techniques, 6 Priority Measurements

Pulsed
Laser Development

2 MICRON
R —— ...l-.

Doppler Lidar: Wind

Coherent
Winds

Noncoherent
Winds
0.355 micron

1 MICRON

[
.06 mic|

0.532 micron

"

Do Ier Lidar: Coherent Ocean/River
Surface Currenm
2.05 micron

Surface Mlapplng, Oceanogra

2.05 micron

Backscatter Lidar:

Aerosols/Clouds
Atmosphere:

Upper

Lower

- e e e R

DIAL: Ozone
Backscatter Lidar:
Aerosols/Clouds

0.300.32 micron

‘%‘.

oo

Singh, U.P., W.S. Heaps, G.J. Komar, AIAA 2005-6773.
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Sysiem Test, Launch
& Operations

System/Subsystem

Development

Technology
Demonstration

Technology

Development

Research to Prove
Feasibility

Basic Technology
Research

eSa

SCTENCE

All the space you need

TRL - philosphy

Technology 1s with access to space one of the enabling
activities of ESA

The requirements on technology are increasing,
performance, reliability, etc so as to make impact on
science and provide services

Failure to have technology at the right readiness level at
each project phase 1s a major sources of risks for
schedule delays and cost overmns

Technology
development shall
be sufficiently and
timely supported

Oject Phases
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Designing & Sizing a Lidar — Key drivers & considerations

= TRL!

= Figure of merit for lidar sizing, based on the performance for a
specific case:

2
D by =t ) %(Ebeam 'PRF)=cst

» You cannot scale a ground-based or even airborne lidar for
spaceborne applications

= You need a suitable first reference
= Consider eye-safety too

* Including an observer
with a telescope (say, 80-mm)

» Off-nadir pointing
= Avoid specular reflection

Big Scary Laser

Do not look Into beam
with remaining eye

e slectricutullco.uk EADS [ _._.-/
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Eye-Safety

10

0.01

0.001

1e-04

MPE (J/cm?)

1e-05

1e-06

1e-07

16-08 |
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http://en.wikipedia.org/wiki/File:IEC60825 MPE_J nm.png
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Some high-level trade-offs

» Operation wavelength(s)

» Often depends on the subject under investigation, e.g. A-SCOPE
= B1 has more stringent requirements but B2 detector has a very low TRL

Wavelength [nm] Wavelangth [nm]
1573.4 1573 1672.6 1572.2 1571, 2051.4 2051 2050.6 20502
100 - - .
10
= =
a
g ! 3 _/
ﬁ - —
0.1 8 <
m é‘ E‘ ﬂ
— 0N
| —OFF |
0.001 0.001 | ~— COZ2 optical depth
0.0001 i 0.0001 | | —H20 optical depth |
6355 B357 6358 6361 4874 4875 4876 4877
Wavenumber [cm] Wavenumber [cm']
Figure 6.2: One-way CO, and H,0 optical depths around 1.57 pm (left) and 2.05 pm (right). Selected on/
off- lines are 6361.2246/6356,50 cm™ and 4875.6487/4875.22 cm™..,
EADS s’
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Practical Case — A-SCOPE [ESA]

Parameter Target Threshold
Geophysical data product HCO,
Random errorl] . 0.5 ppm 15ppm
- Total CO | umn Of CO Systematic error . 0.05 ppm _ 0.15 ppm
2 Coverage Global Global
Horizontal resolution: . -
Observation 50 km 50 km
. . i L. Individual measurement =100 m =100m
u SpreadSheet mOdel |S hlghly Slmpllfled Vertical resolution . Total column Total column
“ o Local overpass time &am/E pm & am/& pm
and very specific to A-SCOPE B2 channel [y ofseatisingsurias ™, o

elevation

* |t only considers the Relative Error Timeliness L month L month
Data Processing &

ici 1 Table 4.1: Observational Requirements for the Primary Data Product.
= Sufficient to get an idea tansl Requirements for the Primry Data Product
of the lidar size etumend o

= |t ignores other important

=
Issues e | s e
Electronics r -

= Systematic errors are e o ]| s
extremely important to - = — veell .

consider when looking i .I_

1A =suming altitude independence of the measurement sensitivity to a C0; molecule,

|

1|

S Hk==
H : 1= C Elecironice
into the details of ] mo— | une
. = — [rive . _l .
the instrument : seaonics [ | o W el | [ 2o Teansr
¥ Hesd cwitch =] Extraction eam
& i Unit D!L‘JNTW
il
Freguency Seeder
Reference 1 Tr Power monltoring Transmitter optical
¥ ] 5 ul Subsystem

EADS
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Step 1 — DAOD Random Errors and Instrument Sizing

= The Lidar must be sized to meet the DAOD Random Errors

- .
=—1Nl —
" " DAODJN S 2 | P,
= Working of the model: -
E > :
beam A miracle REygp
I
D happens*
Range ~ h =400 km *Thanks to James Lawrence at the University of Leicester
.
Input yériables "\
Laser beam energy E(beam) Q 10 ) mJ D <-- drop-down menu
Primary mirror aperture diameter D(M1) 0.5 m <-- drop-down menu
N
DAOD Random Error Target / Threshold
Desert 4.38E-03 -
Ocean 2.63E-02 -
Snow 3.74E-02 [ <\; 1574.5E3
Vegetation 2.81E-02 -
EAD —
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Step 2 — Scale the Lidar

» Possibility to play with altitude / aperture diameter / beam energy

Parameter scalifrg controhbox
What parameter do you want to keep constant? altitude
What parameter do you want to vary? altitude

Enter new value here: 0

<-- drop-down menu
C ERROR |<-- drop-down menu
km <-- enter manually

Lidar configuration
Aeolus-like
Telescope accommodation:

N\ NewyParameters
Altitude N h 400.00 [km These parameters would result in
Aperture Diameter \ D(M1) #VALUE! [m (approximately) the same Random Error
Beam energy E(beam) #VALUE! |mJ

» The Lidar configuration does not affect the performance of the lidar,
but the mission (telescope size when in LV fairing, atmospheric drag)

» Example of some considerations when playing with altitude / aperture
diameter / beam energy...

EADS
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Aperture diameter, D

Receiver Aperture
Diameter

v

Large

Small

Deployment kinematics
and mechanisms

Primary Mirror

Secondary Mirror

N

Power System

Inflatable Baffle
Envelope

Mazzinghi et al. (2006),
ESA SP-621

Primary mirror segments

Single element?
Multiple elements, deployable?

Single element?

NASA

Rx telescope size

How compact can the Rx telescope be (fast focal ratio)?

Spacecraft accommodation /
satellite configuration

Aeolus-like?

ICEsat/EarthCARE-like?

Drag & perturbation forces

Cross-section area - propulsion system and amount of propellant

CoP away from CoM - torques > AOCS

actuators requirements

Launch vehicle
accommodation / class

Launch vehicle fairing size, payload mass
COST: 1 Soyuz = 3 Vega

ESA

Mirror Material

high specific stiffness E/p?
Low thermal distortion ratio: low CTE, o / high thermal conductivity A?

Cost?

All the space you need
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Al

Range, R

Altitude

|
v v

High Low

Drag force (& torque)

Low atmospheric density High atmospheric density

Delta-V & propellant budget, AOCS actuators

Launch vehicle
accommodation / class

Launch vehicle performance (mass delivered at a given altitude)
COST: 1 Soyuz = 3 Vega

Pointing requirements

Geo-location: the lower, the easier
(But is it challenging in the first place?)

Eclipse duration

Size of the thermal control system (heater power)
Size of the solar arrays

Repeat ground track

Selectable altitudes (if applicable)?

2300

2200

2100

2000

1900

1800
1700

1600

Payload Mass [kg]

1500

1400

Arianespace (2006) 3,

1200

Vega User’'s Manual

~_
\\- [VEGA LV PERFORMANCE
| REQUIREMENT
~ /
I ‘L\ 300 km
\ 500 km
T 1200 km

1100

1000

0

the space you need
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Beam Energy x PRF

(Energy x PRF)

High Low

Power consumption,
Power dissipation

Large Lower

Tx stage heat dissipation

Tend towards large radiators, can be difficult to accommodate

All the space you need
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Step 3 — Check Results

» Mass, power and volume budgets

» A section called “consequences” shows the impact of the options you
have chosen on the radiator size and at mission level

= Some colour-coding feedback to help you but it does not represent a
strict statement

= Your turn!

|

R
All the space you need EAQ% Eriaom
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EXercise Objectives

= Come up with 2-3 design options achieving different degree of

performance

» You will be asked to summarise your selected options

» For the selected options, trade-off between RE performance and
instrument characteristics

= Reminder

Input yAriables  \
Laser beam energy E(beam) 10 mJ <-- drop-down menu
Primary mirror aperture diameter D(M1) 0.5 m <-- drop-down menu
= Step 1 — <
DAOD Random Error Target / Threshold
Desert 4.38E-03 -
" Step 2 Ocean 2.63E-02 - 15/45E3
Snow 3.74E-02 - : ’
Vegetation 2.81E-02 -
Parameter scaljfff controngox
What parameter do you want to keep constant? altitude <-- drop-down menu
What parameter do you want to vary? altitude L ERROR |<-- drop-down menu
Enter new value here: 0 km <-- enter manually
Lidar configuration
Aeolus-like =
Telescope accommodation:
N\ NewWyParameters

Altitude \\ h 400.00 |km These parameters would result in

Aperture Diameter D(M1) #VALUE! Im (approximately) the same Random Error

Beam energy E(beam) #VALUE! |mJ
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