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                                                                                                                                                                           Typical lidar setup
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                                                                                                                                                                           Typical lidar setup – modules / blocks
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                                                                                                                                                                           Typical lidar setup – laser

laser
divergence

pointing / jitter

wavelength

polarisation
purity
orientation

temporal / thermal stability
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                                                                                                                                                                           Typical lidar setup – emitter and steering optics

emitter and 
steering optics

wavelength dependent
focus
transmission
polarisation
birefringence

alignment 
accuracy
stability
alignment control

polarisation
orientation
flatness
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                                                                                                                                                                           Typical lidar setup – atmosphere

atmosphere

Rayleigh calibration

Rayleigh 
backscatter coefficients
depolarisation ratios
Raman lines in IFF bw

radiosonde data
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                                                                                                                                                                           Typical lidar setup – telescope

receiving optics
telescope

focal length, diameter

alignment stability

Newton telescope
90° mirror depolarisation

field of view
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                                                                                                                                                                           Typical lidar setup – receiver optics

receiving optics
beamsplitters and filters

focal length of collimator
=> beam divergence
=> beam diameter

accpetance angles of 
beamsplitters and 
interference filters

polarisation problemes
diattenuation
retardance



                                                                                                                                                                           
 ECARS 1st Summer School, Bucharest, 23.05. - 03.06.16, Volker Freudenthaler, Basics of the instrument: optics 9

                                                                                                                                                                           Typical lidar setup – polarisation calibrator

polarisation calibrator

location

type
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                                                                                                                                                                           Typical lidar setup – polarising beam splitter

polarising
beam splitter

acceptance angles

extinction ratio

cleaning
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                                                                                                                                                                           Typical lidar setup – detector and optics

detectors
and optics

PMT 
homogeneity of the sensitivity

APD
small diameter

eyepiece 
=> telescope imaging

neutral density filters
=> adjust signal level (LICEL)
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                                                                                                                                                                           Typical lidar setup – data acquisition

data acquisition

trigger delay

analogue 
max. upper level

photon counting 
max. background

DAQ
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                                                                                                                                                                           Laser - divergence

laser
divergence

pointing / jitter

wavelength

polarisation
purity
orientation

temporal / thermal stability
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                                                                                                                                                                           Laser - divergence

source: http://www.quantel-laser.com
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                                                                                                                                                                           Laser – divergence - Gauß
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                                                                                                                                                                           Laser – divergence - Gauß
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                                                                                                                                                                           Laser – divergence - Gauß
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                                                                                                                                                                           Laser – divergence - Gauß

we need 3 sigma hw !

fwhm

hwhm                     50.00 %
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                                                                                                                                                                           Laser – pointing stability

3 sigma   = 0.75 mrad
pointing stability = 0.05 mrad  (± ?)
-----------------------------------------------
beam fw  = 0.85 mrad 

source: http://www.quantel-laser.com
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                                                                                                                                                                           Laser - wavelength

laser
divergence

pointing / jitter

wavelength

polarisation
purity
orientation

temporal / thermal stability
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                                                                                                                                                                           Laser - wavelength

Question: can we use an interference filter with 0.5 nm bandwidth ?   ( => fwhm ?)

source: http://www.quantel-laser.com
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                                                                                                                                                                           Laser – wavelengths measured and theory

source: http://www.meteo.physik.uni-muenchen.de/~stlidar/earlinet_asos/Rayleigh_scattering/Rayleigh_coefficients.pdf

http://www.meteo.physik.uni-muenchen.de/~stlidar/earlinet_asos/Rayleigh_scattering/Rayleigh_coefficients.pdf
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                                                                                                                                                                           Laser – wavelength

Temperature and its distribution inside the NdYAG rod
=> laser design
=> environmental temperature
=> cooling stability 

Laser gain bandwidth

Two laser lines

Theoretical and measurement uncertainties

The usual lidar laser is not of best quality (high price) 
=> consider the worst case, unless verfied else.

Literature and references in => 
Rayleigh_coefficients_ver1.4g.pdf
http://www.meteo.physik.uni-muenchen.de/~stlidar/earlinet_asos/Rayleigh_scattering/Rayleigh_coefficients.pdf

http://www.meteo.physik.uni-muenchen.de/~stlidar/earlinet_asos/Rayleigh_scattering/Rayleigh_coefficients.pdf
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                                                                                                                                                                           Laser - polarisation

laser
divergence

pointing / jitter

wavelength

polarisation
purity
orientation

temporal / thermal stability
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                                                                                                                                                                           Laser - polarisation

source: http://www.quantel-laser.com
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                                                                                                                                                                           Laser - polarisation

source: http://www.litronlasers.com/pages/nano_series.html
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                                                                                                                                                                           Laser – polarisation – SHG / THG / beam separation

source: http://www.litronlasers.com/pages/nano_series.html
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                                                                                                                                                                           Laser - polarisation

Linear polariser in the resonator should clean the 1064 polarisation,

 - but NdYAG rod birefringence can decrease 
the DOLP (Degree Of Linear Polarisation) of 1064 nm

- SHG and THG only convert light in certain polarisation planes
=> DOLP of 355 should be very clean
=> DOLP of 532 could be decreased by THG
=> DOLP of the residual 1064 less than original

- Harmonic beam separators can decrease the DOLP

see also:  https://en.wikipedia.org/wiki/Second-harmonic_generation
   https://www.rp-photonics.com/frequency_doubling.html
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                                                                                                                                                                           Laser – polarisation – 532 nm Surelite II, Continuum

Giuseppe d'Amico 2006:

I send the measurement results from Continuum USA. 

The measurements were done using a laser Surelite II - 10Hz with a SHG crystal 
of Type I and II. (so at 532 nm; Giuseppe)

Using both crystals, the energy of the vertical component of polarization was  
3 Watts and the energy of the horizontal component was 2 mWatts 
corresponding to polarization purity of about 99.93%.

=> LDR = 0.002 / 3 = 0.00067

https://en.wikipedia.org/wiki/Second-harmonic_generation
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                                                                                                                                                                           Laser – polarisation – POLIS-6 – 355 / 532 nm – measured / theoretical  Rayleigh LDR

uncertain theoretical LDR due to uncertainties in
- laser wavelength
- Rot. Raman Lines in interference filter bandwidth

source: Freudenthaler et al., 27th ILRC 2015, Accuracy of linear depolaristion ratios in clear air ranges measured 
with POLIS-6 at 355 and 532 nm.    https://epub.ub.uni-muenchen.de/24942/index.html

Laser polarisation must be cleaner than 
deviation of measurements from theory
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                                                                                                                                                                           Laser – polarisation - orientation

laser
divergence

pointing / jitter

wavelength

polarisation
purity
orientation

temporal / thermal stability
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                                                                                                                                                                           Laser – polarisation – orientation

source: http://www.litronlasers.com/pages/nano_series.html
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                                                                                                                                                                           Laser – temporal stability

laser
divergence

pointing / jitter

wavelength

polarisation
purity
orientation

temporal / thermal stability
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                                                                                                                                                                           Typical lidar setup – emitter and steering optics

emitter and 
steering optics

wavelength dependence
focal length => divergence
transmission
polarisation
birefringence

alignment 
accuracy
stability
alignment control

polarisation
orientation
flatness
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                                                                                                                                                                           Emitter optics – LINOS 4x beam expander simulation (silica lenses)

ca. 60 mm
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                                                                                                                                                                           Emitter optics - LINOS 4x beam expander parallel input => output angle distribution

Angular spot diagrams for 0°, 0.05°, and 0.5° tilted input, showing a performance better than the diffraction limit (black circle). 
At laser input tilt of 0.5° (lower plot)  already 0.14 mrad distortions (hw).

0.2 mrad

laser input tilt

@355 nm
div . hw = 2.4 mrad
(not shown)

@532 nm
div . hw < 30 µrad
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                                                                                                                                                                           Emitter optics – beam expander with achromats
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                                                                                                                                                                           Emitter optics – TROPOS beam expander 6.5x (with CaF2 lens ) apochromat

ca. 600 mm

Engelmann, R., et al., The Automated Multiwavelength Raman, Polarization, and Water-Vapor Lidar Polly XT : 
The NeXT Generation, AMT, 2016.  http://www.atmos-meas-tech.net/9/1767/2016/amt-9-1767-2016.html

Big problem: 
CaF2 and MgF2 lenses 
are birefringent

Other problems: 
- residual wavelength dependence
- 3 lambda AR-coating
- glass solarisation
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                                                                                                                                                                           Typical lidar setup – emitter and steering optics

emitter and 
steering optics

wavelength dependence
focal length => divergence
transmission
polarisation
birefringence

alignment 
accuracy
stability
alignment control

polarisation
orientation
flatness

remind:
laser divergence < 1 mrad
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                                                                                                                                                                           Kinematic Mirror Mounts  Adjustment Accuracy

2"   Resolution: 5 mrad (0.3°) per Rev

1"   Resolution: 8 mrad (0.5°) per Rev

0.5"   Resolution: 13 mrad (0.75°) per Rev

source: http://www.thorlabs.de/search/thorsearch.cfm?search=Kinematic%20Mount

remind:
laser divergence < 1 mrad
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                                                                                                                                                                           Low Drift Ø0.5" Kinematic Mirror Mount – Deflection over Temperature

source: http://www.thorlabs.de/newgrouppage9.cfm?objectgroup_id=3912
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                                                                                                                                                                           Linear thermal expansion of aluminium

aluminium    23.1 * 10-6 / K

ΔT = 10 K
L = 1 m
=> ΔL = 0.231 mm

<=  -10 K  cooler due to air conditioning

=>  - 0.231 mrad

1 m

remind:
laser divergence < 1 mrad
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                                                                                                                                                                           Bending of a square,  hollow aluminium beam with 50 mm side and 2 mm walls

1 mrad

50 mm

1000 mm

aluminium beam
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                                                                                                                                                                           1 mrad
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                                                                                                                                                                           radians, tanges, sinus
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                                                                                                                                                                           Typical lidar setup – atmosphere - Rayleigh

atmosphere

Rayleigh calibration

Rayleigh 
backscatter coefficients
depolarisation ratios
Raman lines in IFF bw

radiosonde data
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                                                                                                                                                                           Rayleigh calibration: absolute backscatter coefficient and extinction (slope)
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Rayleigh scattering (extinction) cross section 

and backscatter coefficients 
for the Cabannes line (C)  and total (T) Rayleigh scattering

from atmospheric pressure p and temperature T depending on 
height z.

Atmosphere – radiosonde => scattering coefficients

( ) ( ) ( )
( )

,m s

p z
z C

T z
s l l=

( ) ( ) ( )
( )

, ,,C T C T
m s

p z
z B

T z
b l l=

http://www.meteo.physik.uni-muenchen.de/~stlidar/earlinet_asos/Rayleigh_scattering/Rayleigh_coefficients.pdf
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                                                                                                                                                                           Rayleigh calibration: absolute backscatter coefficient and extinction (slope)

http://www.meteo.physik.uni-muenchen.de/~stlidar/earlinet_asos/Rayleigh_scattering/Rayleigh_coefficients.pdf

http://www.meteo.physik.uni-muenchen.de/~stlidar/earlinet_asos/Rayleigh_scattering/Rayleigh_coefficients.pdf
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                                                                                                                                                                           Rayleigh calibration: absolute backscatter coefficient and extinction (slope)

http://www.meteo.physik.uni-muenchen.de/~stlidar/earlinet_asos/Rayleigh_scattering/Rayleigh_coefficients.pdf
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                                                                                                                                                                           Rayleigh calibration: quality checks
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                                                                                                                                                                           Rayleigh calibration: quality checks
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                                                                                                                                                                           Rayleigh calibration: quality checks
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                                                                                                                                                                           Typical lidar setup – atmosphere - radiosonde

atmosphere

Rayleigh calibration

Rayleigh 
backscatter coefficients
depolarisation ratios
Raman lines in IFF bw

radiosonde data
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                                                                                                                                                                           Atmosphere – radiosonde
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                                                                                                                                                                           Atmosphere - radiosonde
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                                                                                                                                                                           Atmosphere - radiosonde
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                                                                                                                                                                           Atmosphere – radiosonde – how to get?

Radiosonde data: 
http://weather.uwyo.edu/upperair/sounding.html

Modell data:
http://rucsoundings.noaa.gov/

EARLINET forum: earlinetforum.imaa.cnr.it
=> topic: QA Rayleigh-fit and radiosonde

http://www.meteo.physik.uni-muenchen.de/~stlidar/earlinet_asos/Rayleigh_scattering/EA-radiosondes.html
=> Generate soundings from model analysis and forecast
=> Generate soundings from archived model data
=> Archived soundings from radio sondes 
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                                                                                                                                                                           Typical lidar setup – telescope

receiving optics
telescope

focal length, diameter

alignment stability

Newton telescope
90° mirror depolarisation

field of view

distance of full overlap 
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                                                                                                                                                                           Typical lidar setup – receiver optics

receiving optics
beamsplitters and filters

focal length of collimator
=> optics beam divergence
=> optics beam diameter

accpetance angles of 
beamsplitters and 
interference filters

polarisation problemes
diattenuation
retardance
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                                                                                                                                                                           Receiver optics – optics beam

Telescope  PM

Image 
of focusFocus

Image
of PM

α

β

α/β ≈ tanα / tanβ = fcoll / f tele ≈ 100 / 1000 = 0.1
α = 1 mrad => β ≈ 10 mrad
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                                                                                                                                                                           Overlap function, focal spot radial position (∞ incident angle) - change with range

Telescope  PM

Image 
of focusFocus

Image
of PM
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                                                                                                                                                                           Focal spot radial/axial position - change with range

focal plane

telescope
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                                                                                                                                                                           Focal spot radial/axial position - change with range

behind focal plane

telescope
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                                                                                                                                                                           Focal spot radial/axial position - change with range

focal plane

telescope
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                                                                                                                                                                           Focal spot radial/axial position - change with range – tilted laser beam

telescope



                                                                                                                                                                           
 ECARS 1st Summer School, Bucharest, 23.05. - 03.06.16, Volker Freudenthaler, Basics of the instrument: optics 69

                                                                                                                                                                           Overlap function – distance of full overlap with and w/o laser tilt

V. Freudenthaler, "Optimized background suppression in near field lidar telescopes", 6th ISTP Int. Symposium on Tropospheric Profiling, 14. - 20. Sept. 
2003, Leipzig, Germany, (2003). URN  urn:nbn:de:bvb:19-epub-12957-5 ,  available online: http://epub.ub.uni-muenchen.de/12957/

Laser axis parallel to telescope axis
DFO =  (2*DTL + DT) / 2 / (RFOV - TFOV) = 
         =  (2*0.2 m + 0.2 m) / 2 / (0.001 - 0.0005) 
                           

                         DFO = 600 m

With optimal laser tilt 
Atilt = RFOV – TFOV
DFO =  (2*DTL + DT) / (4 * Atilt) = 
         =  (2*0.2 m + 0.2 m) / ( 4 * 0.0005) 
        

             DFO = 300 m
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                                                                                                                                                                           Basic lidar design considerations 

Explanations:
www.meteo.physik.uni-muenchen.de/~stlidar/earlinet_asos/raytracing/Basic_design/basic_lidar_design.html

EXCEL spreadsheet (basic_lidar_design_ver_1.0.xls, Panos Kokkalis)
www.meteo.physik.uni-muenchen.de/~stlidar/earlinet_asos/raytracing/Basic_design/basic_lidar_design_ver_1.0.xls
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                                                                                                                                                                            Tilted laser beam with tilted slit fov diaphragm

telescope

http://epub.ub.uni-muenchen.de/12957/
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                                                                                                                                                                           Spatial and angular beam truncation by apertures and coatings

telescope 
focus
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                                                                                                                                                                           Transmission of an interference filter depending on incidence angle
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                                                                                                                                                                           ZEMAX simulations of interference filters

Introduction, explanations, database
www.meteo.physik.uni-muenchen.de/~stlidar/earlinet_asos/raytracing/IFF/EA-IFFilters.html
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                                                                                                                                                                           SEMROCK filter simulator

https://www.semrock.com/filters.asp
x
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                                                                                                                                                                           Typical lidar setup – polarisation calibrator

polarisation calibrator

location

type

parameters to determine
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                                                                                                                                                                           Typical lidar setup – polarising beam splitter

polarising
beam splitter

acceptance angles

extinction ratio

cleaning
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                                                                                                                                                                           Typical lidar setup – detector and optics

detectors
and optics

PMT 
homogeneity of the sensitivity

APD
small diameter

eyepiece 
=> telescope imaging

neutral density filters
=> adjust signal level (LICEL)
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                                                                                                                                                                           Detectors: Hamamatsu photomultiplier  R5600, R7400, R9880  (LICEL)

assembled in many Hamamatsu
photosensor and photocounting
modules like 

very small size =>
    fastest rise time => 

   highest count rate and dynamic range
+ relatively insensitive to magnetic fields
   used also in LICEL lidar data aquisition

R5600R5600

R7400 R9880

source: 
http://www.hamamatsu.com/us/en/product/category/index.html
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                                                                                                                                                                           Detectors: Hamamatsu photomultiplier  R5600, R7400, R9880  (LICEL)

source: V. Simeonov et al., Influence of the Photomultiplier Tube Spatial Uniformity on Lidar Signals, Appl. Opt. 38, 5186-5190 August 1999. 
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                                                                                                                                                                           Detectors: Hamamatsu PMTs  R5600  spatial  sensitivity – detector in a focal plane

source:  V. Freudenthaler, Effects of spatially inhomogeneous photomultiplier sensitivity on lidar signals and remedies, ILRC22, 2004
http://www.meteo.physik.uni-muenchen.de/~st212fre/ILRC22/index.html

http://licel.com/
http://www.hamamatsu.com/us/en/product/category/index.html


                                                                                                                                                                           
 ECARS 1st Summer School, Bucharest, 23.05. - 03.06.16, Volker Freudenthaler, Basics of the instrument: optics 82

                                                                                                                                                                           Detectors: Hamamatsu PMTs  R5600  spatial  sensitivity – detector in a focal plane

source:  V. Freudenthaler, Effects of spatially inhomogeneous photomultiplier sensitivity on lidar signals and remedies, ILRC22, 2004
http://www.meteo.physik.uni-muenchen.de/~st212fre/ILRC22/index.html

horizontal                           vertical

vertical

horizontal

Ratio to real signal
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                                                                                                                                                                           Detectors: Hamamatsu PMTs  R5600  spatial  sensitivity – detector in a focal plane

N
S
E
W

N
S
E
W

http://www.meteo.physik.uni-muenchen.de/~st212fre/ILRC22/index.html
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                                                                                                                                                                           Transmission function, focal spot position on detector - change with lidar range

Telescope  PM

Image 
of focusFocus

Image
of PM

http://www.meteo.physik.uni-muenchen.de/~st212fre/ILRC22/index.html
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                                                                                                                                                                           Transmission function, primary mirror image on detector - change with lidar range

Focus

F2 F3

Telescope  PM

Image
of PM
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                                                                                                                                                                           Hamamatsu PMTs  R5600  spatial  sensitivity – relative signal deviations

source:  V. Freudenthaler, Effects of spatially inhomogeneous photomultiplier sensitivity on lidar signals and remedies, ILRC22, 2004
http://www.meteo.physik.uni-muenchen.de/~st212fre/ILRC22/index.html

+  Spot does not move
–   change of intensity distribution
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                                                                                                                                                                           Typical lidar setup – data acquisition

data acquisition

trigger delay

analogue 
max. upper level

photon counting 
max. background

DAQ
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                                                                                                                                                                           Trigger delay

http://www.meteo.physik.uni-muenchen.de/~st212fre/ILRC22/index.html
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                                                                                                                                                                           Trigger delay
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                                                                                                                                                                           Trigger delay measurement
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                                                                                                                                                                           Trigger delay measurement



                                                                                                                                                                           
 ECARS 1st Summer School, Bucharest, 23.05. - 03.06.16, Volker Freudenthaler, Basics of the instrument: optics 92

                                                                                                                                                                           Telecover measurements

Telescope  PM

Image 
of focusFocus

Image
of PM
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                                                                                                                                                                           Telecover measurements
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                                                                                                                                                                           Signal limits

1. analogue < 50 mV

photon counting dead 
time correction limit 

2. photon count noise level
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                                                                                                                                                                           Birefringence


