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Remote Sensing of the Atmosphere by Resonance Raman LIDAR - A. Sedlacek, 
D. Harder, K. Leung, P. Zuhoski, D. Burr, and C.L. Chen 

When in resonance, Raman scattering exhibits strong enhancement ranging from 
four to six orders of magnitude. This physical phenomenon has been applied to 
remote sensing of the atmosphere. With a 16 inch Cassegrain telescope and 
spectrometer/CCD-detector system, 70-1 50 ppm-m of SO2 in the atmosphere 
has been detected at a distance of 0.5 kilometer. This system can be used to 
detect/monitor chemical effluence in the atmosphere by their unique Raman 
fingerprints. Experimental result together with detailed 'resonance Raman and 
atmospheric laser propagation effects will be discussed. 
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I. INTRODUCTION 

identify and monitor pollutants and, where necessary, verify their destruction. This need is 
evidenced by the recent creation of the Clean Air Act Amendments (CAW, of which the Title III- 
Hazardous Air Pollutants (HAP) amendments mandate the complete revision and expansion of the 
earlier Clean Air Act (CAA), section 112.l As was pointed out by Grant, Kagann and McClenny, 
optical remote sensing technologies are expected to play a very important role in insuring that 
various facilities are in compliance with the Maximum Achievable Control Technology (MACT) 
standards for the reduction of HAP emissions that are called for in section 301 of Title 111. 
Unfortunately, however, many of these technologies have varying detection and applicability 
characteristics which often dictate the conditions under which one can use the sensor to  detect, 
identify or monitor a chemical species. Some of the  advantage^^'^ that a Raman-based pollution 
sensor possess are: (1) very high selectivity (chemical specific fingerprints), (2) independence from the 
excitation wavelength (ability to monitor in the solar blind region), (3) chemical mixture fingerprints 
are the sum of its individual components (no spectral cross-talk), (4) near independence of the 
Raman fingerprint to its physical state (very similar spectra for gas, liquid, solid and solutions), and 
(5) insensitivity of the Raman signature to environmental conditions (no quenching, or interference 
from water). The detection of atmospheric components using Raman backscattering of laser 
radiation dates back to the pioneering work of Leonardg in 1967. In that study, he used a pulsed 
N2 gas laser at 337.1 nm t o  generate Raman return signals from N2 and 0 2 .  Further 
investigations performed by CooneylO, Inaba and Kobayasi11,12, Melfi13,14 and others15 during the 
early 1970s pushed the envelope of performance for a Raman LIDAR However, due to the lack of 
tunable W laser sources these early investigations were not able to take advantage of near- 

approaches an electronically excited state of the molecule 6s17-19. The enhancement of the scattering 
cross-section can be quite large, often approaching 4 to 6 orders of magnitude. This improvement in 
the cross-section, in conjunction with the global advantages of Raman spectroscopy cited earlier and 
the availability of frequency-tunable, all solid-state W laser systems and high sensitivityflow noise 
multichannel detectors, provides a promising optical open-path platform for the remote atmospheric 
sensing. In this paper, we will discuss the active technique of resonance Raman LIDAR for the 
remote detection gaseous chemicals. 

With our increased environmental awareness has come the need for technologies that can detect, 
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I resonance enhancementle of the Raman cross-section which occurs when the excitation frequency 

IL EXPERIMENTAL 
The BNL resonance Raman chemical sensor is typical of most Raman LIDAR configurations. It 

is composed of three main subsystems: (i) frequency tunable laser system and beam transmitter, (ii) 
signal receiver telescope and spectral fingerprintiIig detection unit, and (iii) equipment control and 
data acquisitiodprocessing subsystem. All timing aspects of this system are based on a single 
master oscillator which provides triggering to the laser and gate delay timing to the detector 
circuitry. Following the laser trigger from the master oscillator, the 6 mm diameter, 300 nm laser 
beam (of 3-4 ns duration) was expanded to a diameter of 100 mm via a 1:16 beam expander prior 
to exiting the trailer. The laser used for the current set of experiments was the all solid-state, 
completely tunable Spectra-Physics 730 MOP0 system. All return signals were collected by a 16 
inch Cassegrain telescope and focused onto the slits of a single grating spectrometer (1200 
groovedmm) and then detected by an EG&G intensified CCD (charge-coupled device) camera for 
spectral fingerprinting. In order to avoid the possibility of charge saturation of pixels by the 
unwanted Rayleigh-return, and to prevent &arge spill-over to the Raman channels, a pre-disperser 
was employed for the preferential removal of the Rayleigh signal return. The SO2 resonance Raman 
and N2 and 02 Raman return signals were t y p i d y  averaged over lo4 laser pulses. However, it, 
should be noted that as few as 200 laser pulses were necessary to distinguish the SO2 resonance 
Raman return (see below). Collected signals were then exported over to a Sun Spardtation model 
10 for initial spectral analysis and display. 



III. RESULTS AND DISCUSSION 
Shown in Figure 1 is a sample of the resonance Raman return signal from SO2 along with the 

Raman return signals from atmospheric nitrogen and oxygen. These datawere averaged over lo4 
laser pulses with a nominal pulse energy of 3-5 mJ, and a CCD intensifier gate width of 20 ns. 
Since this gate width corresponds to a 6 meter sampling length and the exhaust plume diameter 
was estimated to be 2 meters, the signal strengths of the nitrogen and oxygen return signal were 
nominally 3-times larger than would be measured with a range resolution of 2 meters (-6.5 ns). 
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A significant advantage of the resonance Raman chemical sensor is the presence of the 
atmospheric nitrogen and oxygen return signals in the same scan, therefore providing self-calibration 
of the concentration with signal intensity. This self-calibration is accomplished by comparing the 
integrated areas under the respective return signals for the knowns (N2 and 02) and the unknowns 
(in the present case SO,), and using their respective scattering cross-sections to derive the unknown 
concentration(s) from the known concentrations for atmospheric nitrogen and oxygen. The Raman 
scattering cross-sections for these two atmospheric species as a function of laser excitation 
wavelength is documented in the literaturelo. For the specific case of S02, the resonance Raman 
scattering cross-section has been measured at 300 nm15. In order to check the accuracy of these 
field measurements, two calculations have been performed: the first one examining the ratio of the 
corrected N2 return signal to the corrected 0 2  return signal and the second one calculating the SO2 
concentration based upon signal strength, scattering cross-sections and known concentration of 
atmospheric nitrogen. Also shown in Figure 1 is the result of a non-linear curve fit to the 
experimental data which assumed that the return signals had Gaussian lineshapes. The best fit 
curve was then used to calculate the respective areas under the N2,02 and SO2 return signals. By 
using the known concentrations, measured areas, scattering cross-sections, and correcting for ozone 
absorption it was found that the ratio of N2 molecules to 0 2  molecules was 3.31. The known ratio 
is 3.73. This immediately provides an initial estimate of the accuracy of - 10% for the return signal. 
A similar analysis between atmospheric nitrogen and the released chemical S02, revealed a 
concentration of - 120 ppm of S02. This analysis includes corrections for self-absorption of the SO2 
return signal within the plume (see the dotted line in Figure 1) and Ozone attenuation over the 500 
meter pathlength. At a laser repetition rate of 30 Hz, this signal required only 6.7 seconds to collect 
with a signal-to-noise sufliuent to allow curve fitting to be performed and the relevant Raman return 
signals identified. 



~~~ ~ _ _  
k " "  I "  " ' " " I " "  ' ~ " ' I " " ' " ' ' I " ' ' ' " " I J  

6 0  - - Raman return (200 shots @ 30 Hz: 6.7 seconds) 
- Best fit to 3 Gaussians . I 

0 100 2 0 0  300 400 5 0 0  

CGD Pixel Number I 
IV. CONCLUSIONS 

We have discussed recent experimental results using a resonance Raman based LIDAR system 
as a remote pollution sensor. This spectroscopy has the fundamental advantage that it is based on 
optical fingerprints that are unique to each molecular species and are insensitive to environmental 
perturbations or excitation frequency. By taking advantage of resonance enhancement, the inelastic 
scattering cross-section can increase anywhere from 4 to 6 orders of magnitude translating into 
increased sensing range or lower detection limits. The availability of frequency-agile UV lasers, high 
gain\low noise multichannel detectors and other state-of-the-art technologies now allows the 
phenomenon of resonance-enhanced Raman spectroscopy to be fully exploited as a remote chemical 
sensor platform. Since many chemicals have electronic transitions in the WMS, it is expected that 
many will have pronounced resonance enhancements. 
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