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CHAPTER 1 INTRODUCTION

The laser rader has been achieving great attention as a new tool for remote
monitoring theb various properties of the environmental atmosphere. So far a
variety of capabilities of the laser rader technique has been demonstrated. In
order to meet the severe requirements as practical and valuable remote monitoring
instrumentations, however, the laser radar needs further improvement in the
sensitivities, applicabilities and other engineering problems.

Thié thesis was intended to study and extend fundamental and application techniques
of the laser remote measurements of atmospheric trace molecules based on the
differential absorption method. The main efforts were concentrated in the design,
development and construction of two-wavelength oscillation CQ, lasers which are
of fundamental importance for the application in the differential absorption laser
radar system. The long - path differential absorption monitoring systems were
developed using the ftwo~wavelegth oscillation CO, lasers for high sensitive

measurement of air pollution molecules,
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Furthermore, the differential absorption laser radar system employing the
topographic targets was also developed using the infrared heterodyne detection
technique for the high sensitive remote measurement of the atmospheric trace
molecules,

The design and experimental results of these systems Werebpresented and

discussed in this thesis which was divided into seven chapters,

CHAPTER 2 LASER RADAR TECHNIQUES FOR REMOTE
MEASUREMENTS OF ATMOSPHERIC TRACE
MOLECULES

The laser radar technique has made it possible to realize the single- ended
measurement of optical signals backscattered from materials existing in the
atmosphere., By applying spectroscopic analytical techniques in the laser radar,
qualitative and quantitative informations about atomic and molecular constituents
and their concentrations are obtained, In this chapter, the basic characteristics
of the laser radar technique was reviewed and discussed., Three different laser
radar systems based on Raman scattering, resonance fluorescence and absorption
methods have been discussed and compared on the capabilities and limitations of
their performances., It has been clear that the differential absorption method
offers the best sensitivity incorporating with a long- path measurement of trace
atmospheric molecules and requires least laser output powers.

Characteristics and performances of the laser sources for the laser radar
applications were summarized, For the differential absorption laser radars in
the infrared region where most molecules have strong vibration-rotation
absorption spectra, the CO . laser can be used effectively because of its high

power, high efficiency and step - tunable features in 9.6 um and 10.6 #m bands.

CHAPTER 3 MEASUREMENTS OF ABSORPTION COEFFICIENT
AND DIFFERENTIAL ABSORPTION OF MOLECULES
WITH CO, LASERS

For the estimation of the sensitivity and potential_ity of the differential

absorption remote sensing method with lasers, detailed information on the strength

and the nature of the absorption spectra of the molecule to be monitored is

basically important. In this chapter, the absorption coefficients of some

atmospheric ‘trace molecules were measured and tabulated for the use in the

later parts of this thesis,



We have analyzed that in the lower atmosphere the spectral lines are

pressure broadened to about 0.1 em™

for the spectral width and there is a
great probability of overlapping with oscillation lines fromsdiscretely tunable
CO;, lasers,

Absorption coefficients of C, H, and NH; molecules were measured in the
pressure broadened region of one atmospheric air pressure using the CO,
laser spectrometer at many oscillation branch wavelengths,

Differential absorption coefficients of C,H, molecules were measured by
developing the dual CO, laser differential absorption spectrometer and the

best selection of the CO, laser line pair for the long-path differential

absorption measurement of C,H, molecules in the atmosphere has been found.

CHAPTER 4 TWO —WAVELENGTH OSCILLATION COz LASER
USING GRATING-ANGLE MODULATION FOR
DIFFERENTIAL ABSORPTION MEASUREMENTS

In this chapter, the basic relations for a new technique of the long-path
differential absorption scheme were derived. The two-wavelength and output
power ~balanced oscillation in a single CO, laser oscillator has been realized
using both the control techniques of the grating-angle modulation and the cavity
length change by means of PZT driven mirror.

This new scheme of CO, laser oscillation is particularly suited for the
differential absorption measurement of low concentration atmospheric trace
molecules, Incorporating this performance of the CQO, laser, the phase sensitive
detection method was applied to derive accurately the signal difference between
the received powers at the two wavelengths transmitted into the atmosphere,

This method offers a significant simplification of the detection system against
the conventional differential absorption method and also an effective improvement
in the detection sensitivity by reducing not only the mechanical and optical
instabilities but also the atmospheric scintillation noise.

As a demonstration of the usefulness of the technique described in this
chapter, C, H, molecules have been detected experimentally both in a calibration
cell and also in the exhaust of a combustion engine. Minimum detectable
absorption was approximately 0.8 % in this experiment.

The experimental set~up of the differential absorption spectrometer using
the two-wavelength oscillation CO, laser is shown schematically in Fig. 1.

Fig. 2. shows the oscilloscope trace of the CO, laser output and the driving
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voltage with a square waveform applied to the electromagnet, The alternate

oscillation of the two wavelengths at P(14) and P(16) branches in 10.6 #m

band of the CO; laser used for the detection of C.H, molecules is shown in

this Figure with almost balanced output powers,

As an example, Fig. 3. shows

the result of the measurement of concentration of C,H, in the exhaust of a

small combustion engine during different operating conditions.
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Fig. 1 Block diagram of the two-wavelength oscillation CO, laser

spectrometer used for the long-path differential absorption

measurement of molecular species.
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Detection of C.H,molecule in
the exhaust of the motor cycle
engine, Region A is ignition
and idling, B is medium speed
(3500 RPM) and C is high speed
(7000 RPM) running conditions.
Lock-in amplifier time constant
is 10 sec.



CHAPTER 5 TWO—WAVELENGTH OSCILLATION CO, LASER USING
MIRROR —ANGLE MODULATION FOR HIGH SENSITIVE
DIFFERENTIAL ABSORPTION MEASUREMENTS

Although the grating-angle tilting method described in the previous chapter has
offered higher sensitivity than the previous methods, further improvement in the
sensitivity of the differential absorption scheme is needed for the accurate
measurement of trace molecules.

In this chapter, another two-wavelength oscillation CO, laser has been developed
using the mirror-angle modulation method for further improvement of the detection
sensitivity in differential absorption measurements. The design and performance
of this CO, laser was presented and the results of applying this laser to the
long-path differential absorption system were discussed and summarized,

The stable high-frequency modulation and the automatic output power-balancing
for the two-wavelength oscillation have been realized, From these features we
could improve the detection sensitivity of the long-path differential absorption
measurement, Also they allow us to provide a long term and stable operation of
the differential absorption system employing this CO. laser,

l Using this long-path differential absorption system, C,H, molecules have been

detected experimentally both in a calibration cell and also in the open atmosphere.

Minimum detectable absorption was found to be nearly 0.1% in the cell experiment

and 0.3% in the long-path outdoor experiment.

Fig. 4 shows the block diagram of the experimental system using the power

— balanced, two— wavelength oscillation CQO, laser described in this chapter, for
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Fig. 4 Block diagram of the long-path differential absorption system
incorporated the power-balanced, two-wavelength oscillation CO.
laser using the mirror-angle modulation method.




the long-path differential absorption measurement of C,H, molecules, Fig. 5 is
an example of oscilloscope trace illustrating the power-balanced, two-wavelength
oscillation in the P (14) and P (16) branches of the CO, laser at the modulation
frequency of 100 Hz. Fig. 6 shows an example of the experimental result of ‘the
differential absorption measurement of C,H, molecules diffused in the atmosphere

from the exhaust of a running motor cycle engine.
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Fig.5 Oscilloscope trace of the power Fig. 6 Differential absorption detection of
- balanced, two - wavelength CO, C2H4 molecules diffused in a long
laser oscillation in the P(14) - path open atmosphere, In region
and P(16) branches realized by B, a motor cycle engine was started

and run near the optical path,
while region A indicates condition
before the drive and in region C,
the engine was stopped. Detection
time constant is 3 sec,

the automatic power ~balance
controller at the modulation
frequency of 100 Hz.

CHAPTER 6 HETERODYNE CO, LASER RADAR SYSTEM FOR
REMOTE DIFFERENTIAL ABSORPTION
MEASUREMENTS OF ATMOSPHERIC TRACE
MO LECULES

More flexible and wide applications of the differential absorption measurement
are expected by utilyzing the‘topographic targets as the reflector. In this case
the molecular concentration in various directions, distances and places could be
measured and the two dimentional mapping of the concentration becomes possible.

In this chapter, the infrared heterodyne detection laser radar system has
been developed incorporating the FM—CW technique for the differential absorption
measurement of atmospheric trace molecules using topographic targets as the
reflectors., The heterodyne detection method was found to give higher detection

sensitivity even using a low-power CO, laser compared with the direct detection



method conventionally used in the infrared,

The FM—CW heterodyne laser rader has been constructed using a compact
waveguide CO. laser as the transmitter for which the frequency modulation by
the laser cavity length modulation technique was applied, The range of the
target was measured from the beat signal frequency between the tranmitted
and recieved laser beams,

Furthermore, a simple and compact differential absorption laser radar system
incorporating the FM—CW heterodyne scheme has been realized based on the
development of the power-balanced, two-wavelength oscillation method by means
of the grating-angle modulation technique. In the long-path experiment to
observe C,H, molecular concentrations in the atmosphere using a building wall
as the reflector, the minimum detectable absorption of approximately 0.5% was
achieved,

Fig. 7 shows the block diagram of the CO, laser radar system. Fig, 8 shows
a typical example of the beat signal spectrum observed for the backscatter
from a building wall as a topographic target. Fig. 9 shows an oscilloscope
.trace of the power-balanced, two-wavelength oscillation output of the CO,
waveguide laser and the driving voltage applied to the grating-angle modulator,
The P (14) and P (16) branch pair in the 10.6 um was selected for the alternate
oscillation for the detection of C,H, molecules, Fig, 10 shows a typical result

of the long-path measurement of C,H, molecules in the atmosphere.
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Fig, 7 Block diagram of the FM—CW heterodyne
laser radar system with a power-balanced,
two-wavelength oscillation CO, laser for
differential absorption measurements using
topographic targets.

Fig. 8 Beat signal spectrum
centered around 3 kHz
observed for a target
at 200 meter range.
Spectral width of 300
Hz corresponds to 20
meter range resolution,
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Fig, 9 Oscilloscope trace of the Fig.10 Remote measurement of C,H,
alternate two-wavelength molecules by long-path’
oscillation at P (14) and differential absorption method
P (16) branches in the CO: using the FM—CW heterodyne
laser using the grating-angle CO, laser radar, In region
modulation method. A, a two-stroke motor cycle

engine was driven along the
optical path and in region B,
the engine was stopped.
Detection time constant is 3
sec,

The laser radar system described in this chapter is compact and easily
movable by loading on a small car that measurements in various directions and
places can be expected, Also, many other molecules such as 05, NH;, Freon, CO,
and H,0 could be measured with this FM—CW heterodyne CO, laser radar sys-

tem by properly selecting the oscillation wavelengths.

CHAPTER 7 SUMMARY AND CONCLUSIONS

This thesis has described the design and performance of alternate two-wavelength
oscillation CO, lasers based on the wavelength selective modulation techniques,
and their applications to the high-sensitive remote differential absorption
measurements of atmospheric trace molecules.

The results obtained in this thesis may give significant contributions to the
field of laser engineering and the laser radar technology mainly in remote
sensing applications, Further research and development of tunable lasers and
laser radar systems will be able to find many new applications in active remote

sensing technology relevant to both research and practical purposes.
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