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Topical Outline

GOAL: Improved detection at lower concentrations.
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Detection Processes

Process Type Cross section (cm?/sr)  Use
Scattering Rayleigh ~10-26 Molecules, atoms
T, p
Mie 10-26-10-3 Aerosols, particles
o, n, r
Raman
Non-resonance 10-30-10-28 Molecules
T, [N, o
Resonance 10-28-10-20 IN:]
Absorption DIAL 10-24-10-20 IN:]
DAS ~(DIAL) x 10 N. (path integrated)
Emission Fluorescence 10-26-10-20 Species detection

~N: (quenching)



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

{a} BLACK BODY
CURVES
@
s
=
=
J
Ll
=
}.
0
o
m . . . .
z Sun Emission Earth Emission
Visible Spectrum
: ===
7T~ F T F1rpl__ T ] [T T T ITT1 [ 1 T T T1%7]
0.1 01502 03 05 10 15 2 3 5 10 15 20 30 100
100 WAVELENGTH um
i {(b) GROUND
Z 80 LEVEL Atmosp.he?lc
= -
- 60 Transmission H.O (ROTATION]
2
c 40}
o
% 20 3
I o s o 1T = }’ B L [ T
co
0,0,0,0, O, 0, 2|2‘ 5 H oM Oﬂ 7 HDE OHz 03H l_.IJNQD
Y. - . ZHED '2 NZD CO?
Solar Blind UV Ha0 CHy €O cn, CFCl,
CF,CI



Transmittance
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Water Molecule - Energy States
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Single Path Transmittance
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IR Absorption and Raman Scattering
Provide Complementary Pictures
of a Molecule

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 1s 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.

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




Raman
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Infrared active region corresponds to the Raman active region

Optical Spectrum of the Atmosphere
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IR Absorption Spectrum Correspondence to Raman Scattering
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Pure Rotational Raman and 1st Vibrational Rotational Raman
for N, and O, with Excitation at Nd:YAG Harmonics
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Raman Scatter
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Rotational Raman
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Q-branch Shifts of Vibrational-rotational Raman
Spectra for Several Molecular Species
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Calculated Raman Signatures for a Smoke Plume
Probed by 37 Harmonic ND:YAG Laser (after Inaba and Kobayasi)
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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

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



ALTITUDE (Km)

LIDAR (LIght Detection And Ranging)
First ‘LIDAR’ used a search light
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Lidar Scattering Equation [Measures, 1984]

4

cT A

P(Ar,z) = Er(Ar)ér(Ar)ér(AR) T?ﬂ(ﬂj AR) €Xp —j[a(ﬂT, 2 )+ o(Ar, 2")]dz’

0

z 1s the altitude of the volume element where the return signal 1s scattered,
A is the wavelength of the laser light transmitted,

A, is the wavelength of the laser light received,

E(A;) is the light energy per laser pulse transmitted at wavelength A,

EA(A;) is the net optical efficiency at wavelength A of all transmitting devices,

En(Ar) is the net optical efficiency at wavelength A, of all receiving devices,
c 1s the speed of light,

T 1s the time duration of the laser pulse,

A 1s the area of the receiving telescope,

B(A Ay is the back scattering cross section of the volume scattering element
for the laser wavelength A at Raman shifted wavelength A,

o(A,z') is the extinction coefficient at wavelength A at range Z'.



Lidar Configurations

Monostatic
Bistatic
Multistatic




Scattering Cross Section (cm2)

LIDAR Types

Rayleigh Scatter

Scattering cross section of
dielectric sphere:
o= 4mn|(¢c - €,)/e + 2¢,)]*k*a® sin?0

Backscatter cross section:
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Raman Lidar
Development

Five generations
of Raman Lidars

GLEAM (1978)
GLINT (1983)

LAMP (1990)
LARS (1994)
LAPS (1996)



Three Raman Lidar Operating Simultaneously at PSU

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



LAPS Instrument
big

The LAPS instrument
. P - -
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RF Refractivity Variation

N=(n-1)x10% = 77.6 P/T +3.73 x 10° ¢/T?
e (mb) = (r P)/(r + 621.97)
P - surface pressure 1 - specific humidity T - temperature

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

AN = (8N/8r) Ar + (SN/8T) AT + (SN/SP) AP
SN/t ~ 6.7 SN/ST ~ -1.35 SN/SP ~ 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.



Altitude (km)

Water Vapor and Temperature
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Modified Refractivity in Gulf Region at 1at-27.0 & long-51.0 on 08/18/2003 at 0300 (UTC)
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Cross section (1077 cm?)

Ozone Absorption Cross Section (Hartley Band)
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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 e ; PRI

(First commercial Application of DIAL Lidar)

300m to Ground Transmission -- 5km Visibility
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ITT - ANGEL System

e ——

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




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

Less than 3 seconds
of collection from

1,000’ altitude
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1 250 - 300
] 300 - 350
1 350 - 400
B 400 - 450
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ITT’s ANGEL Service Aircraft:

Computer controlled pointing, scanning and tracking system




ADS Log Concentration (mg/m?)

ADS (Area Detection System)
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Trace Constituents
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White light laser (supercontinuum)
Application for DAS

Photonic crystal fiber

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




Transmittance

MODTRAN 4 Transmittance for 20 m Path
Compared to White Light Experimental Data (Corrected)
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Transmittance

MODTRAN™ 5 Transmission for a 20 m Path Compared to
High Resolution Experimental Data
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Radiant Emittance(n 2 “_m'1)

N,O Detection

Filtered Radiant Emittance Seen by Carmera WITHOUT nitrous oxide absorbing
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Bistatic Methodology and Equipment
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E-field
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Resonance Raman
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Intensity Arbitrary Units

Raman Spectra of Ice

Function of Excitation Wavelength

Raman Scatter on Ice
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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 ....



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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