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Optical Absorption and Scattering Processes
IR Absorption
Rayleigh Scattering (Cabanas + Rotational Raman Lines)
Raman Scattering (Vibrational Stretch and Bend, Rotation)
Resonance Raman
Fluorescence
Cross Sections for Processes

LIDAR Techniques
Rayleigh
Aerosol and Cloud (Mie scatter)
Doppler (Coherent and Direct)
DIAL (Multi-wavelength)
Raman (Raman-DIAL)
Bistatic and Multistatic

Current and Future Topics
Resonance Raman and Fluorescence LIDAR
White Light Laser Long Path Absorption (DAS)
Single Particle Scatter Properties (White-light Laser)
Polarization Ratio of Scattering Phase Function (Forward and Backscatter)
RF Refraction

Topical Outline
GOAL:  Improved detection at lower concentrations.



Process Type Cross section (cm2/sr) Use

Scattering Rayleigh ~10-26 Molecules, atoms
T, ρ

Mie 10-26-10-8 Aerosols, particles
α, n, r

Raman
Non-resonance 10-30-10-28 Molecules

T, [Ni], α
Resonance 10-28-10-20 [Ni]

Absorption DIAL 10-24-10-20 [Ni]

DAS ~(DIAL) x 104 Ni (path integrated)

Emission Fluorescence 10-26-10-20 Species detection
~Ni (quenching) 

Detection Processes



Sun Emission Earth Emission

Atmospheric 
Transmission

Visible Spectrum

Where can LIDAR measurements be carried out?
- Laser transmitters available
- Transmission windows and emission backgrounds

Solar Blind UV



Atmospheric Transmission Windows 



Water Molecule  - Energy States

http://www.lsbu.ac.uk/water/images/v1.gif





IR Absorption
Vibration is infrared active if the molecules normal dipole moment is modulated.
Radiation field must be near the same frequency as the oscillation of the electric 
dipole moment.

Raman Scattering
A molecule is Raman active if a dipole is induced by the action of a radiation electric 
field in forcing a relative motion between the electrons and the nuclei.  The induced 
dipole moment is proportional to the radiation electric field strength and the 
polarizability of the molecule.

IR Absorption and Raman Scattering 
Provide Complementary Pictures 
of a Molecule

Both IR spectra and Raman scatter intensity provide “fingerprints” of molecules.



Morse Potential Energy Diagram
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4150 cm-1 0

Range of energies for vibration, rotation, 
Stretching, and bending of molecules.

Infrared active region corresponds to the Raman active region

0



~4000 cm-1

IR Absorption Spectrum Correspondence to Raman Scattering

σ % ν4





Raman Scatter
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Rotational Raman



[after Inaba and Kobayasi, 1972]

Q-branch Shifts of Vibrational-rotational Raman 
Spectra for Several Molecular Species

532 nm 580 nm 607 nm 660 nm
355 nm 376 nm 388 nm 407 nm
266 nm 277 nm 284 nm 294 nm



Calculated Raman Signatures for a Smoke Plume
Probed by 3rd Harmonic ND:YAG Laser (after Inaba and Kobayasi)



Optical Absorption and Scattering Processes
IR Absorption
Rayleigh Scattering (Cabanas + Rotational Raman Lines)
Raman Scattering (Vibrational Stretch and Bend, Rotation)
Resonance Raman
Fluorescence
Cross Sections for Processes

LIDAR Techniques
Rayleigh
Aerosol and Cloud (Mie scatter)
Doppler (Coherent and Direct)
DIAL
Raman (Raman-DIAL)
Bistatic and Multistatic

Current and Future Topics
Resonance Raman and Fluorescence LIDAR
White Light Laser Long Path Absorption (DAS)
Single Particle Scatter Properties (White-light Laser)
Polarization Ratio of Scattering Phase Function (Forward and Backscatter)
RF Refraction



First ‘LIDAR’ used a search light 

z

Elterman, JGR 59 351-358, 1954

LIDAR  (LIght Detection And Ranging)



Lidar Scattering Equation [Measures, 1984]
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z is the altitude of the volume element where the return signal is scattered,
λT is the wavelength of the laser light transmitted,
λR is the wavelength of the laser light received,
ET(λT) is the light energy per laser pulse transmitted at wavelength λT,
ξT(λT) is the net optical efficiency at wavelength λT of all transmitting devices, 
ξR(λR) is the net optical efficiency at wavelength λR of all receiving devices, 
c is the speed of light,
τ is the time duration of the laser pulse,
A is the area of the receiving telescope,
β(λT,λR) is the back scattering cross section of the volume scattering element 

for the laser wavelength λT at Raman shifted wavelength λR,  
α(λ,z') is the extinction coefficient at wavelength λ at range z'.



Lidar Configurations

Coaxial
Biaxial

Monostatic
Bistatic
Multistatic



LIDAR Types

Rayleigh Scatter
Aerosol and Cloud (Mie scatter)
Doppler Velocity

Coherent Detection
Direct Detection

DIAL 
Raman Scatter
Bistatic & Multistatic
Resonance Processes

Scattering cross section of 
dielectric sphere:
σ= 4π[(ε - εo)/ε + 2εo)]2k4a6 sin2θ

Backscatter cross section:
σback % a6

500 nm

σ % a6

10

106



GLEAM (1978)
GLINT (1983)
LAMP (1990)
LARS (1994)
LAPS (1996)

Raman Lidar 
Development

Five generations 
of Raman Lidars



LARS

LAMP

LAPS

Three Raman Lidar Operating Simultaneously at PSU

Lidars were designed by staff and students, and fabricated in the PSU shops.



Laser Transmitter – Continuum 9030

Beam Expander Telescope

Optical Table

Environmental Control
Heat & Cool

Power Distribution

Course Adjustment
Beam Director

Laser Power Supply

Control Systems, 
Computer

Radar System

Heat Exchanger

Receiver
62 cm Parabolic 
Mirror Telescope

Shock Mounting

Backside of LAPS Instrument

The LAPS instrument
is first prototype for an 
operational system –
Rugged, weather-sealed,
compact, semi-automated

LAPS Instrument



LAMP 
at Point Mugu CA

Raman Lidar
Water Vapor & Temperature



6 Sept 1996 USNS Sumner

Water Vapor
Extinction
Cloud

Water Vapor –
Ratio of 660 to 607 nm
Ratio of 294 to 287 nm

Optical Extinction –
Incremental change in return 
signal at each range bin



N = (n - 1) x 106 =  77.6 P/T + 3.73 x 105 e/T2

e (mb) = (r P)/(r + 621.97)
P - surface pressure r - specific humidity T - temperature

T(K) ~ 295 K P(mb) ~ 1000 mb r ~ 7 g/kg N ~ 310

)N = (*N/*r) )r + (*N/*T) )T + (*N/*P) )P
*N/*r ~ 6.7 *N/*T ~ -1.35 *N/*P ~ 0.35

dN/dz = 6.7 dr/dz - 1.35 dT/dz + 0.35 dP/dz
Gradients in water vapor are most important in determining 
RF ducting conditions.

RF Refractivity Variation



Water Vapor and Temperature



Radar Effects

• U.S. Standard Atmosphere Surface/Evaporative Duct

Collier, PSU MS Thesis 2004



Radar Propagation Results 
– Vertical Profiles –

Persian Gulf

Collier, PSU MS Thesis 2004
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Wavelength (nm)

Ozone Absorption Cross Section (Hartley Band)

266 nm Nd:YAG

277.6 nm O2

283.3 nm N2

294.8 nm H2O

UMd Aircraft Measurements - Doddridge
LAPS Lidar

Ozone
Ratio of Raman signals of O2 to N2
are used to determine O3 absorption 
based on departure from known 
constant ratio.



LAPS Raman Lidar – 24 hr sequence
Significant Ozone and Aerosol Air Pollution Event

H2O

O3

Aerosol



Digital
Video
Camera

DIAL
Sensor High

Resolution
Mapping
Camera

DIAL Sensor System and Supporting Hardware
ITT’s Airborne Natural Gas Emission Lidar (ANGEL)



DIAL Lidar uses the ratio of 
on-line to off-line transmission 
to determine the species 
concentration 

Wavelengths are 
selected for measurements 
to obtain ratio of the on-line 
to off-line transmission

Murdock and Stearns, NYS Remote 
Sensing Sym, May 2005

(First commercial Application of DIAL Lidar)



ITT - ANGEL System

Murdock and Stearns, NYS Remote Sensing Sym, May 2005
C. Grund, S. Shald and S. Stearns, SPIE Proc 5412, 
Defefence & Security, 2004.



Release Tank
Flow: 30 scfm

DIAL Detection and Measurement of Propane Gas
Detection over grass – open field

CPL (PPM-m)

Less than 3 seconds 
of collection from 
1,000’ altitude



ITT’s ANGEL Service Aircraft:
Computer controlled pointing, scanning and tracking system
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DMMP 29 Mar

DMMP 30 Mar

GB 19 Apr

GB 20 Apr

GD 25 Apr

GA 02 May
1982

GC Log Concentration (mg/m3) Leonard, et al. SPIE 2831, 20-31, 1996.

ADS (Area Detection System)
1978-1984 AF-WPAFB – GTE Sylvania

DMMP with 60 lines of 1 J CO2 Laser in 2 sec

GB Test Through Chamber Wall



PNNL Infrared Spectral Data Base



White light laser (supercontinuum)
Application for DAS

(From http://www.crystal-fibre.com)

Photonic crystal fiber



RH 37.2+0.5 %
Psychrometer 37%





N2O Detection

Nitrous oxide in atm 320 ppb

Automobile exhaust average 4-8 ppm

high as 23 ppm



Bistatic Methodology and Equipment

Target board
at 3.28 km

LAMP Lidar

Measured
Scattering 

Angles

155
°

175°

140m 
measurement 

path

i⊥

i⎪⎪

Transmitted 
E-field

components

Bistatic Receiver



Resonance Raman



Raman Spectra of Ice
Function of Excitation Wavelength



Measurements of Species Concentration

Model Simulations and measurements in the lower atmosphere (1-3 km range)

DIAL ~ ppm
100 ppm – 10 ppb

DAS ~ 10’s ppb
10 ppm – 100 ppt

Raman ~ 100’s ppm
1000 ppm – 10 ppm 
Raman/DIAL  ~ 10 ppb (Hartley band of ozone)

Resonance Raman   ~ ppm
100 ppm – 10 ppb - - - - 100 ppt (?)

Fluorescence  ~ 10’s ppm
1 ppm – 10 ppt (?)

Many Factors:  Laser Power, Collector Size, Range, Range Resolution,
Integration Time, Optical Signatures Available ….



Topical Outline
Optical Absorption and Scattering Processes

IR Absorption
Rayleigh Scattering (Cabanas + Rotational Raman Lines)
Raman Scattering (Vibrational Stretch and Bend, Rotational)
Resonance Raman
Fluorescence
Cross Sections for Processes

LIDAR Techniques
Rayleigh
Aerosol and Cloud (Mie scatter)
Doppler (Coherent and Direct)
DIAL
Raman (Raman-DIAL)
Bistatic and Multistatic

Current and Future Topics
Resonance Raman and Fluorescence LIDAR
White Light Laser Long Path Absorption (DAS)
Single Particle Scatter Properties (White-light Laser)
Polarization Ratio of Scattering Phase Function (Forward and Backscatter)
RF Refraction

Current and Future Topics
Focus on extending capability to trace concentrations

Resonance Raman and Fluorescence LIDAR
Use the solar blind UV-region with transmitter 210 to 250 nm to 
gain several orders of magnitude in sensitivity for minor species

White Light Laser Long Path Absorption (DAS)
Make use of the developments in hyper-spectral remote sensing 
extended to using a WLL source

Single Particle Scatter Properties (White-light Laser)
Angle, polarization, and wavelength dependent scatter information 
simultaneously from individual particles 

Polarization Ratio of Scattering Phase Function
Forward scatter nose less dependent on shape 
Backscatter extend to non-spherical particles (T-matrix and Monte-
Carlo techniques)

RF Refraction (Emphasis on evaporation duct)
Horizontal Path for definition of the evaporation duct for real 
time measurements of radar beam propagation characteristics
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