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Optical spectroscopy-determination 
of absorption or Raman spectra of gase- 
ous species (1)-has been an accepted 
method of determining the presence of a 
molecular species of known properties. 
Conventionally, on a laboratory scale, 
spectroscopy is carried out with a black- 

available radiation flux; hence, sooner or 
later, one runs into the unsurmountable 
problem of detector NEP (noise equiva- 
lent power, which is a measure of the 
minimum optical power that can be de- 
tected with a given detector). Because 
the laser radiation line width is deter- 

Summary. Spectroscopic analysis is a useful technique for identifying and quan- 
titatively determining the presence of specific gaseous constituents. Development of 
high-power tunable lasers has made the spectroscopic technique for detection of 
trace constituents in the atmosphere very attractive for practical applications. In this 
article three of the currently used modes for laser detection of pollution are reviewed: 
(i) long-path measurements, (ii) laser Raman (differential absorption) measurements, 
and (iii) optoacoustic detection. Progress in the field has been extremely rapid in the 
last few years and very useful and reliable data on air pollution can now be obtained 
routinely with the techniques described. 

body source of radiation such as a globar 
or a high-pressure arc lamp and a spec- 
trometer (or a set of filters) to mono- 
chromatize the radiation for spectral ab- 
sorption analysis of a sample. The devel- 
opment of tunable high-power lasers has 
attracted new interest in this old tech- 
nique. The specific characteristics of the 
laser which have made the resolution 
possible are the high degree of mono- 
chromaticity and directionality of the la- 
ser output and the high powers available. 
In addition to the detection itself, the 
specific problem addressed in a given 
technique is its specificity and immunity 
from interference from other compo- 
nents in a gaseous mixture. In the spec- 
troscopic studies the specificity is easily 
acquired by using a radiation source pos- 
sessing very high resolution and suf- 
ficient tunability to obtain a "finger- 
print" of the absorption from the desired 
molecular species for identification. No 
bigger problem has plagued the conven- 
tional blackbody source-spectrometer 
combination than the need for higher and 
higher resolution. In the infrared region 
of the spectrum where the fundamental 
vibrational-rotational absorption fre- 
quencies of most if not all molecules are 
located, increasing the spectrometer res- 
olution inevitably results in a reduced 
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mined by quantum (2) considerations, 
the above problem does not arise when a 
tunable laser source is used. Even under 
the situation of Doppler line width-limit- 
ed operation of the absorption measure- 
ment systems, where resolution of the 
order of 1:106 to 1:107 is necessary, the 
laser source provides enough power out- 
put not to be detector NEP limited. The 
high directionality of the laser brings yet 
another advantage. In situations requir- 
ing either long-path pollution measure- 
ments or remote sensing systems, the 
highly directional nature of the laser al- 
lows one to use small-size optical com- 
ponents for transmission as well as re- 
ception of the tunable radiation. 

Interaction of laser radiation with a 
molecular species occurs either through 
absorption or scattering. It is easy to see 
how the absorption technique can allow 
us to identify a given molecule. With in- 
elastic or Raman scattering we can ob- 
tain a similar fingerprint scattering spec- 
trum for any molecule and obtain a defin- 
itive identification. However, for Raman 
scattering, the cross sections are approx- 
imately eight to ten orders of magnitude 
smaller than those for absorption. Thus 
in general the absorption measurements 
are preferred for detection of minor at- 
mospheric constituents. The Raman 

scattering technique, however, does pos- 
sess a singular advantage in that the 
source of radiation does not have to be 
tunable. The spectral information is ob- 
tained by analyzing the scattered radia- 
tion with a spectrometer. 

Absorption measurements for pollu- 
tion detection generally fall in three cate- 
gories: (i) long-path measurements, (ii) 
remote (single-ended) sensing, and (iii) in 
situ measurements. To a large extent 
these three techniques (and their many 
variations) provide complementary in- 
formation and are not necessarily com- 
petitive. Each one is suited to a particu- 
lar application and the studies described 
herein will show the advantages of each 
of the schemes. 

In Fig. 1 I summarize the existing tun- 
able lasers from - 4000 angstroms to 40 
micrometers and show their average 
power output. These lasers include dye 
lasers (3), optical parametric oscillators 
(OPO) (4), color center lasers (5), tun- 
able diode lasers (6), and spin flip Raman 
(SFR) lasers (7). In addition to this wide 
variety of continuously tunable sources 
of laser radiation in the visible and the 
infrared region, we also have a number 
of molecular gas laser systems which op- 
erate on a large number of discretely tun- 
able frequencies in the 4- to 15-gum re- 
gion. For example, the CO2 laser (8) op- 
erates on lines spaced by - 2 cm-' in the 
9- to 11-g/m region; the N20 laser (9) op- 
erates on lines spaced by - 1 cm-1 in the 
9.5- to 11.2-gum region; the CS2 laser (10) 
operates in the 11- to 11.5-tm region on 
lines separated by - 0.2 cm-'; the CO la- 
ser (11) operates on lines separated by 
- 4 cm-' in the 4.7- to 7.5-gm region; 
HF and DF lasers (12) operate in the 2.8- 
to 3.4-gLm region; HC1 and DCl lasers 
(13) operate in the 3.8- to 4.2-,m region; 
and HBr and DBr lasers (13) operate in 
the 4.3- to 4.6-/xm region. Line selection 
is carried out by means of intercavity 
grating (or other wavelength selection 
devices). Isotopic substitution (14) in the 
above molecules further increases the 
number of discrete lines. Most molecules 
of interest in pollution detection schemes 
have their electronic absorption in the ul- 
traviolet-at wavelengths shorter than 
- 4000 A. While secondary tunable 
sources do exist here (15) (that is, tun- 
able radiation generated by sum frequen- 
cy mixing or doubling of a tunable dye 
laser and a fixed frequency laser such as 
the argon ion laser in the visible) these 
are not developed far enough to be of sig- 
nificant use in pollution detection. Thus 
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in general it is the vibrational-rotational 
spectra of molecules that we have to uti- 
lize for the detection and identification of 
molecular species in pollution. These 
spectra are to be found between - 2 and 
15 /m and thus we see that the available 
tunable laser sources-OPO, color cen- 
ter lasers, diode lasers, and SFR lasers- 
cover the entire range of interest. 

Absorption Measurements 

The use of a measured absorption 
spectrum to identify the constituents of a 
gas sample relies very heavily on the res- 
olution of the spectrum and the smallest 
absorption that is measured with a given 
technique. The former determines the 
extent to which a constituent can be 
identified (that is, interference can be re- 
jected from other major or minor constit- 
uents in the sample), whereas the latter 
determines the smallest concentration 
that can be reliably detected and mea- 
sured. Since we are studying various 
techniques for the determination of pol- 
lution, both of the criteria are equally im- 
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portant and we will use them for evalua- 
tion of each of the specific techniques. 

Resolution and interference rejection. 
At low gas pressures the absorption line 
widths are limited by Doppler broad- 
ening, AvD, given by 

AD ( 2kTln2 ) (1) 

where vo is the absorption center fre- 
quency, c is the velocity of light, k is 
Boltzmann's constant, T is the gas tem- 
perature, and M is molecular mass. For 
convenience one can simplify the ex- 
pression to yield 

214.5 T )1/2 
AVD= M0 )- MHz (2) 

where oX is the absorption wavelength in 
micrometers and Mo is molecular mass 
(in atomic mass units). The Doppler 
widths turn out to be in the range of 30 to 
200 MHz for many of the constituents of 
interest in pollution detection [for ex- 
ample, CH4, NO, CO, CH4, NO2, NH3, 
PAN (peroxyacetylnitrate), SO2], using 
their fundamental infrared absorption 
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Fig. 1. (A) Summary of approximate average power output plotted against wavelength for a 
variety of continuously and discretely tunable lasers in the visible and the near infrared region. 
The output powers denoted on the figure are for typical laboratory-sized lasers. (B) Spectral 
regions of absorption arising from vibrational-rotational transitions of some typical molecules of 
interest in pollution detection. 
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bands in the 2 to 15 ,um region. Tunable 
infrared lasers, such as the diode lasers 
and the SFR lasers, are capable of pro- 
viding resolution far in excess of that 
needed to resolve Doppler line width- 
limited absorption spectra. Figures 2 and 
3 show a spectrum of NO near 5.3 gm 
obtained with a diode laser (16) and a 
spectrum of 20 parts per million of NO in 
nitrogen (nominally dry) obtained with 
an SFR laser (17). Sub-Doppler resolu- 
tion spectroscopy has been carried out 
with the SFR laser (18) but this is not dis- 
cussed herein. Figures 2 and 3 indicate 
that the gas pressure is low compared to 
atmospheric pressure, in order to avoid 
collision broadening. [The natural broad- 
ening contribution from lifetime consid- 
erations is a small fraction of the Doppler 
broadening and is of no consequence in 
the present discussion. It is important, 
however, in sub-Doppler spectroscopic 
studies (18).] For an example of collision 
broadening see Fig. 4, where the H2O ab- 
sorption line at 1885.24 cm-1 is measured 
with an SFR laser at two different gas 
pressures (19). The pressure broadening 
can be a boon or bane depending on the 
source of radiation that is being utilized 
for absorption measurements. With con- 
tinuously tunable laser sources, pressure 
broadening is clearly detrimental for 
pressures higher than those at which 
pressure broadening exceeds the Dop- 
pler broadening. With the discretely tun- 
able laser sources, pressure broadening 
of the absorption line is one of the sim- 
plest mechanisms for remedying the 
problems arising from the general lack of 
exact coincidences between absorption 
lines of pollutant molecules and the dis- 
crete laser emission lines from the mo- 
lecular lasers. Again, even with continu- 
ously tunable lasers, the option of work- 
ing at low pressures to obtain high inter- 
ference rejection is limited by the type of 
measurement technique that is used. In 
the case of obtaining measurements in 
situ where an absorption cell that con- 
tains the sample gas can be evacuated, 
we can easily take advantage of low 
pressures and increased interference re- 
jection. However, in the case of long- 
path pollution measurements for terres- 
trial applications, we can only work at 
atmospheric pressures. 

The advantages of continuously tun- 
able laser sources for spectroscopic de- 
termination of gaseous pollutants are 
more obvious than the advantages of dis- 
cretely tunable laser sources. However, 
CO2 and CO lasers, for example, are 
much simpler to construct, operate, and 
maintain, than the diode and SFR lasers, 
and the output power available from the 
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Fig. 2 (left). Absorption spectrum of NO near 
1884 cm-', obtained with a tunable diode laser 
source, showing the R(3/2),x2 and R(3/2)3/2 
transitions. The A-type doubling of the 
R(3/2)1/2 illustrates the resolution possible , , , , , , I , I , i , I 
with a continuously tunable laser. Note that 1892 1890 1888 1886 1884 1882 1880 

the absorption lines are Doppler broadened, SFR LASER FREQUENCY (cm1) 
cell length 5 cm. NO pressure 4 torr, T = 294 K. [After Nill et al. (16)] Fig. 3 (right). Absorption spectrum obtained with an SFR laser for a 
20 parts per million NO sample in 76 torr of dry nitrogen. The absorption lines at 1890.5, 1887.5, 1884, and 1883 belong to NO, and the others 
arise from residual water vapor in the calibration sample (17). 

discretely tunable laser sources is higher 
than that from the continuously tunable 
sources. Thus, in spite of the basic need 
for operating at high pressures, which 
makes interference rejection difficult, the 
discretely tunable lasers have found spe- 
cific applications in the field of pollution 
detection. Of course, for long-path mea- 
surements where the option of working 
at low pressures in the primarily Doppler 
broadened line width region is not avail- 
able, the discretely tunable molecular la- 
sers are viable sources. For applications, 
in situ, these lasers can be used for pollu- 
tion detection applications in specific in- 
stances. 

Differential absorption measurement. 
A simple absorption measurement 
scheme is shown in Fig. 5. The absorp- 
tion path is a laboratory-sized absorption 
cell in the case of measurements in situ 
and is the free air propagation path in the 
case of long-path measurements. The 
scheme shown requires the measure- 
ment of the reference power (D1) and 
transmitted power (D2) to obtain the ab- 
sorption coefficient defined by 

(3) e-al -D2 e_Z Di D1 

In the case of pollutant species, by ne- 
cessity its concentration as well as its ab- 
sorption coefficient, a, will be small and 
thus Eq. 3 implies a measurement of 
small change in transmitted power. Ex- 
perimentally, such a straightforward 
measurement technique can be used for 
measuring absorptions (1 - e-"t) as 
small as 10-4. Of course, this assumes 
that the tunable laser power is large 
enough so that the NEP of the detectors 
D1 and D2 is not the limiting factor. In 
other words, the tunable laser power has 
to be at least 104 times the NEP of the 
detectors. For measurements in situ, the 
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minimum detectability of al = 10-4 is 
not very useful since even for strong ab- 
sorbers in the infrared the maximum ab- 
sorption coefficients are - 10-2 to 10-1 
cm-l torr-1. Thus for reasonable path 
lengths (for detection in situ) of - 1 me- 
ter the smallest concentration of a trace 

gas that can be detected is 3 x 1011 to 
3 x 1012 cm-3. At atmospheric pressure 
this detectivity corresponds to a mixing 
ratio of - 10 to 100 parts per billion. For 

long-path measurements, however, the 
straightforward absorption measurement 
technique can provide considerably bet- 
ter sensitivity since path lengths of the 
order of 0.1 to 1 kilometer can be easily 
utilized. For a 1-km path length, the de- 

tectability can be in the vicinity of 10 to 
100 parts per trillion. 

Derivative absorption measurement. 
Instead of measuring the change in the 
transmitted power level as the frequen- 
cy, v, of the tunable laser radiation (Fig. 
5) is changed, we can employ a modula- 
tion technique. Here the tunable laser ra- 
diation frequency has a periodic varia- 
tion given by 

v(t) = v + 8v sin c)mt (4) 

The modulation frequency o)m is chosen 
to be within the frequency response of 
the detector and the modulation 6v is 
chosen to be a small fraction of the line 
width of the molecular transition that is 
being measured. Instead of measuring 
the absolute power level with the detec- 
tor D2 as was done in the previous sec- 
tion above, we measure the a-c com- 
ponent at frequency com which arises be- 
cause of the infrequency-dependent ab- 
sorption in the vicinity of the molecular 

absorption line. The absorbed power, 
Pabs at a given frequency v is given by 

Pabs = Pinc(1 - e-1) (5) 

where Pine is the incident power. For 
small absorption coefficients, a, Eq. 5 re- 
duces to 

Pabs = Pinc(a/) (6) 

Thus as we tune the laser frequency 
across the molecular absorption line (as- 
sume low pressures and only Doppler 
broadening) the absorbed power is given by 

Pabs(V) 
= 

Pin.,co exp i -- -v) 
2 12 

(7) 
Thus 

8Pabs(v) 

at 

ln2(v - vo) 1v COS tmt = PinCOI l ) V cos ot 

e (V - v0) /122 
exp L- 2VD 

l AI/D J 

= Pabs n2(v - v v COS omt 
(AVD)2 

(8) 

Thus the absorbed power as well as the 
transmitted power contain a time varying 
component both at com and 2com. The 
modulation spectroscopy involves mea- 
surement of this component which then 
gives a measure of absorbed power. The 
derivative signal thus obtained (17) gets 
around the problem arising from ampli- 
tude fluctuations which limits the sensi- 
tivity of the technique described in the 
previous section. The modulation spec- 
troscopy technique, in principle, can be 
used for measuring absorption as small 
as 10-8 if one assumes that the a-c com- 
ponent of the transmitted power induced 
by the frequency-dependent absorption 
of the gas is larger than the NEP of the 
detector D2. Output from D, can still be 
used for normalizing the measured a-c 
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component of absorbed power. Since 
this a-c component is proportional both 
to the gaseous absorption as well as the 
incident power, the sensitivity of the 
modulation technique for measuring 
small absorption coefficients improves as 
l/Pinc up to the - 10-8 limit mentioned 
above. Beyond this level the shot noise 
generated in the detector D2 by the large 

background radiation (that is, the unab- 
sorbed radiation) begins to dominate the 
operation of the detector and little fur- 
ther improvement is possible by increas- 
ing Pine. Hinkley et al. (20) have given a 
detailed discussion of the modulation 
technique and its capability under condi- 
tions of pure Doppler broadening (low 
pressures), pure collision broadening 

Fig. 4 (left). Absorption spectrum of the 113,9 
to 1%,8 (v2 band) H20 vapor line at - 1885.24 
cm-1 obtained with an SFR laser. H20 in air at 
(A) Pair 30 torr, (B) Pair 760 torr. Pressure 
broadening effects are clearly seen (19). 
Fig. 5 (right). Simple absorption measurement 
scheme. 

(high pressures), and a mixture of Dop- 
pler and collision broadening (inter- 
mediate pressures). 

Optoacoustic detection. The opto- 
acoustic (OA) technique differs in a con- 
ceptual manner from the previous two 
techniques in that in principle no infrared 
radiation detecting devices are necessary 
for measuring the absorption. Yet in part 
the OA technique bears a certain resem- 
blance to the modulation spectroscopy 
technique discussed above in that both 
the techniques measure the absorbed 
power directly. But that is where the 
similarity ends. The OA technique is pri- 
marily a calorimetric technique and is 
based on the recognition that the frac- 
tional amount of incident power lost 
must remain in the sample itself. The OA 
method measures directly this amount of 
power which, in the case of molecular 
absorption in the infrared region, is left 
in the form of vibrational excitation of 
the molecules. The excitation and deex- 
citation steps can be written as 

M + hv (resonant) -- M* (excitation) 
(9) 
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(10) 

(11) 

ronstruction where h is Planck's constant, ken is the 
earlier cy- 

)A cell (A), rate of radiative emission, kv -t is the 
cent planar rate of conversion of vibrational to trans- 
ion (B) (27). lational energy, X is a second molecule, 

atom, or wall involved in the collision 
with M*, and KE is kinetic energy. The 
step shown in Eq. 9 occurs when the fre- 
quency of the tunable laser radiation 
coincides with that of the molecular ab- 
sorbing transition and represents the loss 

a o of photons from the incident beam. 
D S @ Equations 10 and 11 describe two of the 
r) o 

t primary mechanisms for deexciting the 
vibrationally excited molecules. In gen- 
eral, in the infrared region, because of 
the v3 factor in the spontaneous emission 
probability, radiative deexcitation is less 

N ,. N important than the nonradiative or colli- 
Cr I :I sional deactivation. In Eq. 11, the ex- 

/ cited molecule M* loses its vibrational 
deexcitation by collision with another 
body which denotes either another mo- 
lecular or atomic species or the walls of 
the absorption cell. During this mode of 

lI-1 h deactivation the vibrational energy is 
4000 converted into translational energy of 

the molecules and corresponds to an in- 
crease in the gas temperature. 

ypical mole- When the vibrational to translational 
conversion rate kv - t is substantially fas- 
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ter than the spontaneous emission deac- 
tivation probability kem,,, a condition that 
is readily met for molecular vibrational 
level relaxation at a pressure of a few 
torr or higher, we see that most of the 
energy absorbed in the molecular species 
goes into an effective heating of the gas. 
Even at lower gas pressures or for spe- 
cific molecules where kem > kv t, we 
can show that the calorimetric technique 
we envision here still is useful. This can 
be seen from a hypothetical unfavorable 
situation where we find kem > kv-. t. The 
first thought that all the energy absorbed 
by the molecular species will be lost by 
reradiation is incorrect because the 
spontaneous emission occurs in 47T stera- 
dians, whereas a reasonable absorption 
cell is in the form of a long narrow cylin- 
der with a small diameter/length ratio. 
Thus only a small fraction of the rera- 
diated photons are lost through the ends 
of the cell. Those remaining are inter- 
cepted by the cell walls. If the cell walls 
are not made to be highly reflective, 
much of the photon flux intercepted by 

the walls is converted to heat and ap- 
pears as an increase in the gas temper- 
ature. Such a conversion from the inter- 
nal energy of the molecule to their kinet- 
ic energy is not as efficient as, say, the 
direct collisional deactivation, but is suf- 
ficiently efficient that calorimetric detec- 
tion can be carried at pressures low 
enough where kem > kv t. At inter- 
mediate pressures, the situation is clear- 
ly more favorable than the extreme case 
just described. Thus in a typical situation 
in the infrared region it is reasonable to 
find that most, if not all, of the vibra- 
tional excitation energy of the molecules 
is converted to thermal energy in the gas. 
There is one exception to this general- 
ization, however, and this is the phe- 
nomenon of self-induced transparency in 
which there is forward reemission of the 
radiation along the well-defined direction 
of propagation of the incident laser 
beam. 

Calorimetric detection of absorption in 
solids or liquids is a straightforward mat- 
ter. One simply measures the rise in the 

temperature of the medium by using suit- 
able thermometers. In a gaseous medium 
the change in the gas temperature is best 
accomplished by measuring the change 
in pressure that accompanies the rise in 
the temperature of a gas in a relatively 
closed absorption cell. Changes in pres- 
sure, especially the time-varying ones at 
some audio frequencies, are easily mea- 
sured with sensitive acoustic micro- 
phones (21, 22). This scheme, the OA de- 
tection, was first described (23) in 1880 
to 1881 in connection with conversion of 
acoustically modulated light into sound 
for communication purposes. Sub- 
sequently, the OA technique has been 
used, only sporadically, for spectroscop- 
ic determination of specific gases. 

Since the OA technique directly mea- 
sures the absorbed power given by Eqs. 
5 and 6, the OA signal is proportional to 
both the absorption coefficient and the 
incident power. Thus the ability of the 
OA technique to measure small absorp- 
tion coefficients improves as (Pinc)-' with 
available amount of tunable laser power 
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Fig. 8 (left). Schematic diagram of a Raman Lidar system for range- 
resolved remote pollution monitoring. The spectrum analyzer refers 
to an optical spectrometer with multiplexed outputs. [After Inaba 
(30)] Fig. 9 (right). Schematic representation of the differential ab- 
sorption Lidar (DIAL system). [After Collis and Russell (33)] 
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for spectroscopy. There is no fundamen- 
tal limit to how small an absorption can 
be measured. With limited amount of in- 
cident power, the limitation on the mini- 
mum detectable absorption with the OA 
technique is set by the equivalent NEP 
and Pmin (transducer) of the OA trans- 
ducer (in the present case an acoustic mi- 
crophone), and is given by 

Pmin(transducer) < Pi,(1 - e-al) (12) 

The Pmin (transducer) is the effective 
NEP of the entire OA system if one takes 
into account the conversion of absorbed 
power into minimum detectable pressure 
change. This change depends on a varie- 
ty of factors (24) including the micro- 
phone response and geometric configu- 
ration of the OA cell, for example. Since 
Pmin (transducer) is predetermined once 
an OA cell is designed, we clearly see 
that smaller absorption coefficients can 
be measured by increasing the incident 
power and that the minimum detectable 
absorption, amin, varies as l/Pinc. In prac- 
tice, there are other limitations on amin 

which arise not from fundamental con- 
siderations but from the specific design 
of the OA cell. For example, the absorp- 
tion of the incident radiation by the en- 
trance and the exit windows of the ab- 
sorption cell represents a source of OA 
signal. However, this signal is in large 
part independent of the frequency of the 
incident radiation and hence is not ex- 
pected to contribute any structure as the 
laser is tuned across a molecular absorp- 
tion transition. But this signal, in some 
sense, is a background signal similar to 
that in the case of the modulated absorp- 
tion technique described above. By 
proper choice of window materials the 
window absorption can be made as small 
as 10-6 to 10-7. Further rejection against 
such strong signals can be obtained by (i) 
using a resonant OA cell (25) which dis- 
criminates against axial pressure fluctua- 
tions by resonating only the radial pres- 
sure waves originating in the OA absorp- 
tion cell, (ii) using appropriate acoustic 
baffles (26) between the windows and the 
bulk of the absorption cell, and (iii) using 
windowless OA cells where ambient 
pressure operation is acceptable. In any 
case it is important to make sure that 
none of the incident tunable laser radia- 
tion directly impinges on the walls of the 
OA cell either because of misalignment 
or improper focusing of the incident radi- 
ation. Such an occurrence will result in a 
large background signal (largely frequen- 
cy independent). Other considerations 
that need to be mentioned are that varia- 
tion of pressure in the OA cell should be 
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kept at a minimum because the trans- 
ducer response as well as the effect of 
pressure-induced collision broadening 
will change the operating characteristics. 
With proper care in maintaining a con- 
stant pressure in the OA cell, we can 
show that sensitivity of the OA absorp- 
tion measurement technique (normalized 
to incident power) remains constant. 

The construction of the OA absorption 
measuring cell is straightforward. Figure 
6 shows two arrangements that have 
been successfully used. In Fig. 6A we 
show an older version (21) of the OA cell 
in which the microphone is cylindrical in 
shape and is constructed out of a thin- 
walled metallic cylinder with a per- 
forated wall and a thin Mylar film, alumi- 
nized on the outside, which is wrapped 
around the metallic cylinder. The metal 
cylinder and aluminized outer layer of 
Mylar film form a capacitor microphone. 
(Frequently, precharged electret foil is 
used instead of the Mylar film.) This cell 
construction provided enough sensitivity 
to detect - 2 x 108 NO molecules per 
cubic centimeter when the tunable laser 
power was provided by an SFR laser. 
Figure 6B shows an improved version 
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Fig. 12. Raman Lidar measurements of (A) or- 
dinary atmosphere, (B) oil smoke, and (C) au- 
tomobile exhaust gas. [After Inaba (43)] 

(27) which uses special electret micro- 
phones with built-in preamplifiers. The 
new geometry and microphones have led 
to an improvement of a factor of - 10 in 
the above sensitivity. Now we are able 
to measure absorption coefficients as 
small as 10-10 cm-~ in a cell length of 
- 10 cm. This corresponds to a mini- 
mum detectable NO concentration of 

1 to 2 x 107 cm-3. The sensitivity was 
also checked by careful measurements 
(28) of controlled direct heat input into 
the cell by using a heater wire along the 
axis of the cell and passing an a-c electri- 
cal current through the wire. 

Another characteristic of the OA ab- 
sorption measurement technique is the 
very wide dynamic range that is avail- 
able. The OA absorption measurement 
limitation at the low end is set by the 
equivalent NEP of the OA cell and the 
available tunable laser power. At present 
this low-end limit is an al - 10-9. This 
limit improves with increasing the input 
power. At the high end two limits are 
seen. The first one is the saturation of 
OA signal from the microphones, be- 
cause the "sound level" generated in the 
OA cell increases when an increasing 
amount of incident power is absorbed 
owing to increasing a. This limitation, 
however, is not a fundamental one in 
that for a given absorption coefficient a, 
the absorbed power in the OA cell can be 
reduced by reducing the incident power 
(see Eq. 5) by use of appropriate cali- 
brated optical attenuators. The second 
limitation, on the other hand, is a funda- 
mental one and it arises from the fact 
that with increasing absorption coeffi- 
cient, at some point the intensity of the 
incident radiation can no longer be con- 
sidered constant through the OA cell be- 
cause a substantial fraction of the in- 
cident laser radiation is being absorbed. 
The acoustic power generated cannot 
possibly exceed the optical input power. 
In practice, the OA cell response begins 
to saturate when the absorbed power ap- 
proaches - 10 percent of the incident 
power. Thus the upper limit for a linear 
response of the OA cell is set at al - 0. 1, 
implying a dynamic range for the OA ab- 
sorption measurement technique of 
about eight orders of magnitude. Experi- 
mentally we have verified the linearity of 
the response of an SFR laser-OA spec- 
trometer over seven to eight orders of 
magnitude for detection of NO. This dy- 
namic range allows the same instrumen- 
tation to be used for ambient (very low 
levels) trace constituent detection as 
well as for source (very high levels) 
emission detection for pollution mon- 
itoring applications in situ. 
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Light Scattering Measurements 

Raman scattering. Raman scattering 
of a monochromatic or nearly mono- 
chromatic radiation by solids, liquids, 
and gas has long been used as a tool for 
obtaining spectroscopic information 
about the structure of the medium (29) 
and for obtaining information about qual- 
itative and quantitative presence of spe- 
cific constituents. I will discuss here only 
gaseous media but the data are general 
enough to be applicable to solids as well 
as to liquids. When an input radiation at 
frequency v0 is incident on relatively par- 
ticulate-free gaseous sample, two mech- 
anisms give rise to scattering of v0. The 
first is Rayleigh scattering (or inelastic 
scattering) which occurs at the same fre- 
quency as the input radiation and in gen- 
eral carries no information about the 
structure of the gaseous medium. The 
second mechanism which gives rise to 
the scattering of the input radiation is 
Raman scattering, that is, inelastic scat- 
tering from characteristic excitations 
such as electronic, vibrational, and rota- 
tional excitations of the gaseous medi- 
um. Thus the scattered radiation, vs, 
contains components at a frequency 
lower (Stokes) and at a frequency higher 
(anti-Stokes) than the incident frequen- 
cy, given by 

Vs = VO ? rV 
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Fig. 13. Correlation between SO2 emission 
from a power generating plant effluent, mea- 
sured using a Raman Lidar system, and the 
plant's power output. [After Melfi et al. (44)] 

the direction of the atmospheric constit- 
uents. The Raman scattered light which 
contains the information about the con- 
stituents and their concentration is radi- 
ated in 47r steradian, and thus a large 
telescope near the transmitter will col- 
lect a fraction of the Raman scattered ra- 
diation. The amount of radiation collect- 
ed depends on the distance at which the 
scattering centers are located and the 
size of the receiving telescope. There is 
an important distinction between the ab- 
sorption measurement schemes de- 

scribed in the preceding section and the 
Raman scattering scheme. Unlike the ab- 
sorption measurement scheme which 
yields information about a single fre- 
quency at a time, the return Raman scat- 
tered light contains information about all 
the constituents in the scattering volume 
simultaneously. The desired fingerprint 
in the absorption scheme is obtained by 
tuning the laser source frequency, 
whereas the same information in the Ra- 
man scattering scheme is obtained by a 
frequency analysis of the return signal 
with a spectrometer which preferably 
has multiplexed output so that more than 
one return frequency can be monitored 
at one time. It is important to point out, 
however, that multiplexing reduces data 
collection time only if we are reasonably 
sure of the qualitative composition of the 
scatterers and wish to obtain quan- 
titative information about them. If an in- 
terference from an unknown scatterer is 
a possibility, then the spectrometer may 
have to be continuously tuned to obtain 
shape information about the fingerprint 
to eliminate or account for the inter- 
ference. 

The laser Raman scattering scheme 
called Lidar is primarily a long-path mea- 
surement scheme. But here, in contrast 

(13) 

where v, is the frequency of the charac- 
teristic excitation of the gaseous species. 
Just as a complete absorption measure- 
ment of a gaseous sample can be used as 
a fingerprint for identifying its constitu- 
ents, a complete Raman scattering spec- 
trum can be used as a fingerprint for sim- 
ilar determination. Figure 7 shows a par- 
tial summary of vibrational Raman shifts 
for a few molecular species of interest in 
pollution measurements (30). In general, 
the Raman scattering cross sections are 
eight to ten orders of magnitude smaller 
than the absorption cross sections and 
the Raman scattering cross sections vary 
as v4. Thus the use of a high incident ra- 
diation frequency is desirable for ef- 
fective use of Raman scattering as means 
of pollution detection. 

Figure 8 shows a schematic diagram of 
the laser Raman system for pollution de- 
tection (30, 31). The laser transmitter, 
typically, consists of a high-power 
pulsed laser in the visible or the near ul- 
traviolet region, such as doubled or trip- 
led yttrium aluminum garnet laser, 
pulsed nitrogen laser, or pulsed dye la- 
ser. The pulsed laser output, at a fre- 
quency v0 is collimated with a telescope 
of reasonable size and is transmitted in 
<- Circle No. 144 on Readers' Service Card 

Fig. 14. The distribu- 
tion of NO2 in parts 
per million over a 
chemical factory ob- 
tained through DIAL 
measurements carried 
out with a tunable dye 
laser source at loca- 
tion marked with X. 
Measurements were 
carried out at an alti- 
tude of -45 meters 
along the directions 
shown. [After Rothe 
et al. (49)] 
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Fig. 15. Diagram of an 
SFR laser-OA spec- 
trometer configured 
for in situ pollution 
detection. 
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to the long-path absorption measurement 
schemes described earlier, we have the 
additional possibility of obtaining range 
information. Such information is not 
possible with absorption schemes which 
give us primarily the average information 
about the entire path length. The range 
information with Lidar is obtained by a 
temporal analysis of the return Raman 
signal. Since, in general, pulsed lasers 
are used for the primary transmission, 
the range information is simply obtained 
by measuring arrival times of various sig- 
nals. The range resolution possible with 
Lidar is limited by the width of the trans- 
mitted laser pulse. For a pulse length of, 
say, 100 nanoseconds, range resolution 
of- 30 meters is possible. 

The Lidar scheme is a single-ended 
scheme compared to the absorption mea- 
surement schemes in the previous sec- 
tions. These absorption schemes cannot 
be considered single-ended even though 
one may argue that detection of the 
transmitted radiation will be carried out 
near the transmitter by having a remote 
mirror. The absorption measurement 
schemes become truly single-ended 
when reflection from topographical ob- 
jects or Mie scattering from particulates 
is used as a remote "mirror." The 
former can be used in continuous long- 
term monitoring of pollution from a sat- 
ellite-based tunable laser system which 
looks down toward the earth and uses 
natural objects for reflected radiation. 
The latter scheme, which has much 
promise, is a combination of the scatter- 
ing and absorption scheme. Mie scatter- 
ing of particulates is well understood in 
terms of its frequency dependence, and 
thus differential absorption of the inter- 
vening atmosphere (by using a tunable 
laser source) is possible in a time-re- 
solved single-ended absorption measure- 
ment scheme which has, in part, advan- 
tages of both the Lidar and absorption 
measurement schemes. 

For all its multiplexing and range ad- 
vantages, the Lidar suffers seriously 
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from the smallness of the Raman scatter- 
ing cross section. For example, typical 
absorption cross sections for molecular 
pollutants of interest are - 10-18 cm2 per 
molecule (20), whereas the Raman scat- 
tering cross sections are typically 10-28 
to 10-31 cm2 per molecule (30). Thus the 
Lidar scheme finds practical applications 
for probing pollutant levels in the source 
environments, for example, single-ended 
examination of stack effluents. Typical 
sensitivities are - 10 to 100 parts per 
million at a distance of - 100 meters for 
SO2 and NO2 detection (30). Some en- 
hancement of the Raman scattering cross 
section is possible when the transmitted 
frequency lies close to an electronic tran- 
sition of a particular species to be detect- 
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Fig. 16. (a) Optoacoustic signal plotted 
against magnetic field (B) for NO calibration 
sample (20 parts per million). (b) Optoacous- 
tic signal plotted against B for ambient air in 
an active parking lot. (c) Optoacoustic signal 
plotted against B for automobile exhaust 
gases. 

ed. This then requires the use of a tun- 
able laser source, removing some of the 
advantages of simpler instrumentation 
associated with Lidar. By means of tun- 
able dye lasers, it is also possible to mon- 
itor given molecular or atomic species by 
observing the return signal correspond- 
ing to resonance fluorescence. Such res- 
onance fluorescence schemes, in prin- 
ciple, hold promise for airborne or 
balloon-borne Lidar for probing strato- 
spheric and topospheric constituents. 
Ground-based resonance fluorescence 
measurements include detection of Na 
and K atoms in the stratosphere. 

Scattering and differential absorption. 
The differential absorption Lidar (DIAL) 
technique is a combination of the Lidar 
and long-path absorption measurements 
(32). Using a pulsed tunable laser source 
such as a parametric oscillator one can 
obtain detectable scattered signal back 
from a continuously distributed Mie 
scattering medium (33) (see Fig. 9). By 
making measurements of the return sig- 
nal at the transmission v0, which includes 
the information about the scattering me- 
dium as well as the absorption in the in- 
tervening path, we can obtain long-path 
absorption data. Here we assume that 
the general nature of the backscatterer is 
known and thus the backscattering de- 
pendence on transmitted frequency can 
be predetermined. We also assume that 
the tuning of the laser source is suffi- 
ciently rapid so that no change in the 
backscattering centers take place. It is 
evident that this scheme is ideally suited 
to monitoring pollution over industrial- 
ized urban centers where particulates 
form an important part of pollution. 
Again, the temporal data of the return 

signal contains range information (33). 
Since the estimated sensitivities for vari- 
ous pollutants are intermediate between 
those for long-path transmission mea- 
surements and the Raman Lidar, the dif- 
ferential absorption Lidar promises to be 
useful for single-ended measurements 
over polluted urban areas. 

Measurements of Molecular Pollutants 

Having discussed some of the typical 
techniques for measurements of molecu- 
lar pollutants I now turn to application of 
these techniques to specific problems in 

pollution monitoring. The samples I have 
chosen include monitoring of specific 
ambient constituents averaged over long 
paths by means of either a double-ended 
or a single-ended system which uses a 
remote retroreflector; short-path length, 
source-level pollutant monitoring; single- 
ended remote Raman scattering measure- 
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ments of source emission; remote single- 
ended pollution monitoring of ambient 
and source levels by means of elastic 
backscattering and differential absorp- 
tion; measurements of both source and 
ambient pollution concentration in situ; 
and in situ measurements of pollutants in 
the stratosphere. I have attempted to give 
an overall picture of the applications of 
lasers in pollution detection. Further de- 
tails can be found in reviews of the specific 
techniques. 

Long-path monitoring of pollution. 
Monitoring of pollution over long-path 
lengths is a useful means of obtaining the 
average concentration of a given constit- 
uent between the two points. When the 
distances are commensurate with the 
typical "cell-size" in modeling of dis- 
persion of pollutants for various sources, 
long-path measurements can yield data 
crucial for establishing the reliability and 
the validity of the models. I am arbi- 
trarily making the distinction between 
long-path monitoring and measurements 
in situ that is not based on the length of 
the sample but on the basis of the re- 
quirement or lack thereof of containing 
the sample in a closed absorption cell. 
Long-path measurements can be carried 
out with either a double-ended system 
consisting of a tunable (either continu- 
ously or step tunable) laser source at one 
end and a detector at the far end of the 
long path, or a pseudo single-ended sys- 
tem where the source laser and the de- 
tector are at the same end of the long 
path and the light is reflected back at the 
distant end by using a retroreflector. In 
essence, this method pollution mon- 
itoring is utilized in free atmosphere at 
ambient pressures where the pressure 
13 OCTOBER 1978 

broadening of the absorption lines is 
likely to lead to overlap of absorption 
lines (and resultant interference) from 
different constituents of the air com- 
prising the transmission medium. The 
techniques used here are either the 
straightforward differential absorption 
scheme or the derivative absorption 
measurement scheme. A further mea- 
surement scheme that could have impor- 
tant long-term implications is the hetero- 
dyne detection scheme in which a tun- 
able local oscillator is used for measuring 
signals reflected from distant topo- 
graphic objects; by this method one mea- 
sures either absorption or emission of 
infrared radiation from hot gases (for ex- 
ample, stack gas). Both of these schemes 
have been proposed for measurements of 
stratospheric components with the sun 
being used as the background blackbody 
source either with a ground-based sys- 
tem or a balloon or a satellite-based sys- 
tem (34). Using a tunable diode laser as a 
local oscillator and sun as the blackbody 
source, Frerking and Muehlner (35) have 
measured 03 concentration in the strato- 
sphere. That the sensitivity of such a 
technique is excellent can be ascertained 
from the detection of CO2 in the martian 
and venusian atmospheres (36) and NH3 
in Jovian atmosphere (37) by means of a 
ground-based heterodyne radiometer in 
which a CO2 laser was used as a local os- 
cillator. 

Hinkley and his colleagues (20) have 
carried out a series of impressive studies 
to evaluate a bistatic (pseudo single- 
ended in the nomenclature of this article) 
long-path pollution monitoring system 
shown schematically in Fig. 10. The 
measurements (38) have involved deter- 

mination of CO and NH3 in field mea- 
surements in Granite City, Illinois, and 
NO measurements in Kendall Square, 
Cambridge, Massachusetts. The tunable 
laser in these experiments consisted of a 
PbSxSe _x semiconductor diode laser 
which was cooled down to the necessary 
operational cryogenic temperatures with 
a closed cycle cooler. The optical system 
included an off-axis parabolic mirror and 
a retroreflector as shown. A liquid N2- 
cooled InSb detector was used, and a 
short-path cell provided the necessary 
calibration. To minimize problems aris- 
ing from interference, a number of CO 
absorption lines (for CO detection stud- 
ies) were scanned and carefully eval- 
uated. Problems that might be caused by 
thermal fluctuations in the atmosphere 
were partially circumvented by deriva- 
tive spectroscopy. Figure 11 shows a 
typical round-the-clock monitoring of 
CO concentration over a 0.68-km path 
length. For comparison, point-sampling 
measurements obtained with a gas chro- 
matograph and a gas filter correlation 
system are shown. The good agreement 
between the laser long-path data and the 
point sampling results was consistent 
with the existing meteorological condi- 
tions. Further experiments on the mon- 
itoring of NO during rush hour in Cam- 
bridge show clearly the correlation with 
increased internal combustion engine ve- 
hicular traffic which is an important 
source of NO emission. 

Although the pressure broadening at 
atmospheric pressure gives rise to prob- 
lems associated with interference when 
we use continuously tunable lasers it al- 
so allows us to use discretely tunable la- 
sers such as CO2 and CO for monitoring 
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Table 1. Laser lines and sensitivities. 

Calibration sample 
Detection NH3 NO2 H20 HCN 

(1000 ppm) (100 ppm) (10000 ppm) (1000 ppm) 

CO laser line P16-15(7) P20-19(14) P24-23(15) P27-26(12) 
v(cm-1) 1729.76 1605.32 1504.24 1442.15 
AX(,m) 5.7812 6.2293 6.6479 6.9341 
OA signal 124 150 4.6 115 

specific constituents. To a lesser extent, 
He/Ne laser line at 3.39 tm and visible 
ion lasers can also be used for mon- 
itoring certain pollutants. Measurements 
have been made of NO2 over a 3.4-km 
path by means of an argon ion laser (39), 
03 measurements with a CO2 laser (40), 
and NO measurements with a CO laser 
(34). A discretely tunable laser is also 
susceptible to interference problems es- 
pecially if the qualitative composition of 
the air path is unknown. However, the 
ease of operation of molecular lasers 
such as CO2 and CO make them attrac- 
tive for certain applications. 

Source level pollution monitoring by 
means of differential absorption. Source 
level monitoring of gaseous pollutants by 
differential absorption techniques is a 
logical adjunct to the ambient level mea- 
surements. The major difference lies pri- 
marily in the total path length. The real 
time analysis is especially suited for ap- 
plications such as monitoring of automo- 
bile (or other vehicle) exhausts (41) under 
a variety of operating conditions and 
stack gas monitoring. Both discretely 
tunable as well as continuously tunable 
lasers can be used, although most of the 
current systems utilize continuously tun- 
able diode lasers. Because of the high 
concentrations of the pollutants emitted, 
typically in the 100 to 1000 parts per mil- 
lion range, path lengths of the order of a 
meter are sufficient for obtaining reliable 
measurements with time resolution of 
fractions of a second. 

Stack effluents have also been mea- 
sured by the long-path scheme by Hink- 
ley (41) using a PbxSn - x Te diode laser 
and by Kuhl and Spitschan (42) using a 
tunable ultraviolet dye laser. The detec- 
tion is made easier here by the high con- 
centration of pollutants, but it is also 
made difficult by the high density of par- 
ticulate emission from the stack. A 
somewhat different scheme was used by 
Kuhl and Spitschan (42) who determined 
SO2 concentration in the plume emanat- 
ing from a smokestack by measuring ul- 
traviolet absorption arising from elec- 
tronic transitions of SO2. These authors 
estimate a detection limit of < 1 part per 
million of SO2 for a path length of 1 km. 

Raman Lidar measurements. Because 
the Raman scattering cross sections in 
general are smaller than the absorption 
cross sections by eight to ten orders of 

magnitude, the Raman Lidar scheme is 
in general applicable only to source level 
rather than ambient level detection of 
pollutant molecules. With the initial ob- 
servation (31) of Raman scattering signal 
from atmospheric N2 and O2 in 1967, the 
technique has now been extended to mo- 
lecular pollutant gases of interest such as 
SO2, CO2, H2S, and kerosene vapor. In- 
aba and Kobayasi (43) used a Q-switched 
ruby laser as a source of high-power ra- 
diation in their Raman Lidar measure- 
ments of SO2 and CO2 in the effluent of 
smokestack, oil smoke plume, and auto- 
mobile exhaust-at a distance of 30 me- 
ters. Figure 12 shows the observed Ra- 

man spectrum from the analysis of the 
return scattered light from ordinary at- 
mosphere, oil smoke plume, and auto- 
mobile exhaust, where a pulsed N2 laser 
at - 3370 A is used as the source. The 
peaks due to C2H4, NO, CO, and H,O 
are unequivocally identified; however, 
interference problems prevent such defi- 
nite identification of H2CO, H2S, and 
CH4. The ease of making single-ended 
measurements without the use of tunable 
lasers for determination of pollutants is 
the very strength of the Raman Lidar 
technique. The measurement apparatus 
has been subsequently installed in a van 
making the Raman Lidar scheme a prac- 
tical mobile system for remote stack ef- 
fluent determinations. 

Melfi et al. (44) have used a pulsed 
ruby laser system for the measurement 
of SO2 in the smokestack plume of an 
electricity generating plant. Their mea- 
surements of SO2 emission in the effluent 
show a good correlation with the power 
output of the generating plant. The re- 
sults in Fig. 13 represent a data collec- 
tion time of - 100 seconds for each of 
the points except the one at 23:35 to 
23:45 where the averaging time was 500 
seconds corresponding to 500 laser puls- 
es. 

The discussion of Raman Lidar mea- 
surements of atmospheric pollutants 
cannot be complete without the mention 
of resonance fluorescence measurements 
of stratospheric atomic sodium and po- 
tassium. Bowman and co-workers (45) 
detected a column density of Na of 6 x 
10'3 m-2 at a height of 80 to 100 km. These 
measurements have been extended by a 
number of groups for observing seasonal 
variation of Na concentration and evi- 
dence of its stratification. Measurements 
have also been extended to atomic potas- 
sium (46) whose column density measured 

9 x 1011 m-2. 
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for 1000 parts per million of NH3 in N2. 
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or Mie scattering (or diffuse reflections 
from any other target) as a retroreflector 
makes this scheme considerably more 
versatile than the quasi single-ended 
scheme involving a "cooperative" re- 
flector. In other aspects this scheme dif- 
fers very little from the long-path absorp- 
tion technique described above. Unlike 
the Raman Lidar scheme where a single 
nontunable laser source is capable of 
providing both qualitative and quan- 
titative information on the constituents 
of the target medium, the present 
scheme requires at least one wavelength 
per constituent. Under the most ideal 
circumstances, fixed-frequency lasers 
chosen to match the absorption frequen- 
cies of appropriate pollutants can be 
used as sources of radiation for this tech- 
nique (Fig. 9). Murray et al. (47) have 
used discrete lines of a DF laser to detect 
HC1, CH4, and NO2 in a remote sample 
chamber. Using a DF laser energy of 
-100 to 150 millijoules per pulse for 
P2(3) line to detect HCI, P,(9) line to de- 
tect CH4, and P3(7) line to detect N20, 
they are able to estimate sensitivity, in 
parts per million per kilometer, of 0.05, 
6.0, and 0.24 for HC1, CH4, and N20, re- 
spectively, for a topographic target (in 
this case ajuniper shrub) located at -300 
meters from the laser transmitter. For 
N20, Murray et al. (47) have been able to 
detect a man-made plume replacing the 
remote sample chamber. The DIAL 
scheme possesses range resolution capa- 
bilities when use is made of backscatter- 
ing from aerosols and particulates in- 
stead of the reflection from topographic 
objects. Murray et al. (47) further antici- 
pate that with this system both total-bur- 
den (distance integrated) as well as 
range-resolved pollution measurements 
should be possible for ranges up to 10 
km. 

To avoid problems of interference that 
plague any discretely tuned laser system 
for absorption measurements, one can 
estimate the amount of interference and 
then compensate for it. However, this 
requires that the exact concentration of 
the interfering species also be known-a 
problem that cannot be resolved if the 
sample contains an unknown or new 
constituent. A continuously tunable la- 
ser, of course, avoids the problem or at 
least minimizes it. Byer and his col- 
leagues (48) have constructed a tunable 
parametric oscillator as the source laser 
for DIAL. They have detected CO and 
SO2 in a remotely located absorption cell 
using diffusely reflected radiation for fo- 
liage. The CO and SO2 measurements 
were carried out for a target distance of 
107 and 195 meters, respectively. For 
SO2, they report a detection capability of 
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Table 2. Interference-limited sensitivity. 

Com- Sensitivity Interference 
ponent limit (component) 

HCN 0.5 ppm 5 percent H20 
NH3 0.5 ppm 10,000 ppm NO2 
NO2 0.2 ppb 

< 1 part per million per kilometer and ex- 
pect a sensitivity of - 50 parts per billion 
per kilometer with improved parametric 
oscillators. In spite of the obvious prom- 
ise of the infrared DIAL no actual field 
measurements of pollutants have yet 
been reported. 

An outstanding example of visible re- 
gion DIAL measurements is the determi- 
nation of NO2 over the city of Cologne. 
Rothe and his colleagues (49) used a dye 
laser tunable between 4550 and 4700 A- 
a region within which the NO2 electronic 
absorption spectrum exhibits a structure 
that can be used as a fingerprint. Using a 
pulse energy -1 millijoule in a 300-na- 
nosecond pulse, and Mie scattering for 
getting the return reflection, Rothe et al. 
have measured NO2 concentrations as 
low as 0.2 part per million up to a dis- 
tance of 4 km. Figure 14 shows a range- 
resolved two-dimensional plot of NO2 
concentration. The contours indicate the 
source of the NO2, in this case a chem- 
ical factory. The laser pulse width, r, of 

Fig. 21. The HCN 
yield as a function of 
catalyst temperature 
for Ru, Pd, and Pt II 
catalysts. The Pd(W) 
shows HCN yield for 
standard inlet gas 
mixture (5 percent CO, 
0.5 percent H2, 0.3 
percent NO, balance 
He) with 3.5 percent 
added H20. 
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300 nanoseconds gives a minimum range 
resolution of cr/2 - 50 meters. Rothe et 
al. have also made direct DIAL mea- 
surements of a smokestack plume which 
showed a lateral extent of 200 to 300 me- 
ters at a distance of 300 meters from the 
exit of the stack. 

When use is made of a pulsed tunable 
infrared laser, a region where most of the 
common pollutants have their fundamen- 
tal vibrational-rotational absorption fre- 
quencies, the DIAL technique holds 
promise of being a practical technique 
for single-ended remote pollution mon- 
itoring. 

Pollution Detection with OA 

Spectroscopy 

Under ideal circumstances, the tun- 
able SFR laser is best suited for pollution 
measurements because the continuous 
tunability allows one to obtain a com- 
plete fingerprint absorption of the species 
of interest and to identify as well as 
quantitatively measure its concentration 
in the presence of other gaseous constit- 
uents at much higher concentrations. 
The step tunable CO or CO2 lasers, on 
the other hand, offer the simplicity of 
their being primary laser sources, and 
they are simple to operate, and they have 
very high power outputs. 

600 700 

CATALYST TEMPERATURE (?C) 
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Spin flip Raman laser-OA absorption 
pollution detection. Figure 15 shows an 

experimental setup for measuring gase- 
ous pollutant concentration by means of 
an SFR laser-OA absorption measure- 
ment system. The primary data output 
from the system is the OA absorption 
signal as a function of the magnetic field 
used for tuning the SFR laser. The mag- 
netic field values are eventually convert- 
ed to SFR laser frequency, CSFR, if one 
uses the tuning relation 

(CSFR = ()pump 
- 

g8PBB (14) 

where O)pump is the pump laser frequency, 
g is the g value of the electrons in the 
SFR laser crystal, /B is Bohr magneton, 
and B is the magnetic field. Unfortu- 
nately, g is a slowly decreasing function 
of B and thus tuning of the frequency is 
less than linear in B. However, detailed 
measurements exist which allow accu- 
rate conversion of known B to the SFR 
laser frequency (7). 

Ambient and source level pollution de- 
tection. One of the first uses of a tunable 
laser-based OA technique for pollution 
detection (50) was reported in 1971. This 
consisted of ambient (under a variety of 
situations) as well as source level (auto- 
mobile exhaust, in the present situation) 
measurements of nitric oxide. In Fig. 16a 
the lines marked with arrows arise from 
absorption due to NO, whereas the re- 

maining ones are H20 absorption lines 
arising from the residual H20 in the nom- 

inally dry calibration sample. Figure 16b 
shows ambient air analyzed in a fairly ac- 
tive parking lot. From the strength of the 
NO absorption line No. 8, which shows 
the least interference from H20, the NO 
concentration in the parking lot is esti- 
mated to be -2 parts per million. Figure 
16c shows an analysis of automobile ex- 
haust gases. (Note that the sensitivity 
scale has been changed.) The particular 
automobile exhaust is seen to contain 
-80 to 100 parts per million of NO. Be- 
cause of the enormous signal/noise ratio 
for NO detection available in the SFR la- 
ser-OA detection technique, the mea- 
surements shown in Fig. 16, b and c, are 
carried out in real time with a typical 
time for each measurement of less than 
1/10 second. 

Detection of minor constituents in the 

stratosphere. The ultralow level detec- 
tion capability described above has 
found an important application to the 
real time measurement of minor constit- 
uents in the stratosphere, whose chemis- 
try as well as composition, especially re- 

garding the trace gases, has recently 
been the subject of theoretical studies 
and model-making. The catalytic de- 
struction of stratospheric ozone by NO 
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has become a controversial issue since 
the expansion of commercial SST flights 
in the stratosphere. The concentrations 
of NO and NO2 are thought to play a cru- 
cial role in the ozone balance (51). Ex- 

pected NO and NO2 concentrations are 
-109 mole/cm3 and the known ozone 
concentration (at -28 km) is -1012 mole/ 
cm3. The following reactions summarize 
the primary NO/NO2-03 interactions 

(only primary ones): 

NO2 hp NO + O (15) 

N02 + O NO+ 02 (16) 

03 + NO- NO2 + 02 (17) 

These reactions emphasize the impor- 
tance of solar radiation in NO/NO2 cata- 

lytic destruction cycle of ozone. To pro- 
vide any reliable observational basis for 
the importance of NO and NO2 in ozone 
balance, we must know not only the con- 
centrations of these compounds but also 
their diurnal variation which provides 
proper check on the time constants for 
the reactions described in Eqs. 15 to 17. 

To obtain the necessary data on NO, 
the entire SFR laser-OA absorption sys- 
tem (similar to that in Fig. 15) was en- 
closed in a capsule and flown to an alti- 
tude of 28 km for real time measure- 
ments in situ (52). Figure 17, A and B, 
shows the OA spectrum of ambient air 

(at 28 km) analyzed before sunrise and at 
local noon. There is a lack of NO before 
sunrise and a large concentration of NO 
at noon. Figure 18 summarizes all the 
data compiled on two such balloon 

flights. The measurements provide (i) the 
absolute concentration of NO and (ii) its 
diurnal variation. Many details of the 
model proposed above are confirmed (52). 

Recent discussions of stratospheric 
chemistry have dealt with the effect of 
freons (53) on ozone balance through a 
C1/C10 catalytic destruction of ozone. 
The fundamental absorption band of CO1 
is measured (54) to be at -11 txm. Use 
of the OA absorption measurement tech- 

nique with isotopically substituted CO2 
laser should allow us to carry out funda- 
mental measurements on CO1 and its 
diurnal variation in the stratosphere. 

Step-tunable laser-OA absorption pol- 
lution detection. It is easy to see how 
a spectroscopic technique that uses a 
continuously tunable source (laser) can 
provide accurate determination of a giv- 
en molecular species. Both CO2 and CO 
lasers provide a multitude of step-tun- 
able (by incorporating a grating with the 
laser cavity) laser lines in the 10- and 5- 
jum regions, respectively. At low gas 
pressures, where the molecular absorp- 
tion lines are essentially Doppler broad- 

ened, an exact coincidence between any 
of the step-tunable laser lines and an ab- 
sorption line of a given molecular species 
will only be accidental and thus, in gen- 
eral, the step-tunable laser-OA absorp- 
tion technique may be of no practical sig- 
nificance. However, pressure broad- 

ening of absorption lines of molecules 
can be advantageously used for obtain- 

ing absorption of laser lines which are 
close to a given absorption time but 
which are not exactly coincident. The 
difficulty is that in general we may not be 
able to obtain an entire fingerprint pat- 
tern of absorption of the molecule and 
that absorption from another molecule 
may also give rise to an interference sig- 
nal when pressure broadening is a neces- 
sary requirement for the success of the 

technique. (The overriding reason for the 
use of step-tunable fixed lasers, as op- 
posed to the SFR lasers described in the 

previous section, is that the experimen- 
tal apparatus can be simplified.) The in- 
terference problem is largely solved by 
making measurements, successively, 
with several different step-tuned laser 
lines, and creating a matrix of absorption 
signals obtained from the OA cell. Then, 
with the use of an on-line computer (see 
Fig. 19) one can derive the concentration 
of each one of the gaseous constituents, 
making use of a calibration matrix ob- 
tained by using known calibration gas 
samples. Figure 20, top and bottom, points 
out the importance of the proper choice 
of CO laser lines for detection of NO2 and 
NH3 with minimum interference from 
each other. It has been shown earlier (55) 
that with this technique one can detect 

many of the common industrial pollu- 
tants at parts per billion levels of their 
concentrations. 

We have studied (56) the effluent from 
a catalyst, nominally designed for oxida- 
tion of CO to CO2. The catalyst was test- 
ed under reducing conditions with inlet 

gases reflecting typical concentrations of 

CO, NO, and H20 from untreated auto- 
mobile exhaust. Analysis showed that 
sizable conversion of NO to HCN and to 

NH3 takes place under the reducing con- 
ditions and pointed to some possible 
problems associated with the catalytic 
treatment of automotive exhaust. The 
HCN measurements carried out with the 

step-tunable CO laser-OA spectrometer 
showed that we are able to determine 
HCN at concentrations lower than parts 
per million in the presence of very large 
concentrations of interfering gases such 
as NO2 and H20. Tables 1 and 2 give the 
laser lines used and the sensitivities for 
the detection of HCN. These data are 
obtained by rapid scan of the CO laser 

frequencies under computer control (57) 
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(Data General Eclipse) which allows 
continuous optimization of operating 
conditions and data collection as well as 
data manipulation for direct quantitative 
determination of various pollutant gases. 
As opposed to gas chromatography tech- 
niques, we are able to provide transient 
measurements which are important in 
the analysis of the reactions as well as in 
the study of time-dependent poisoning of 
the catalysts (58). Figure 21 shows HCN 
concentrations in the effluent as a func- 
tion of the catalyst temperature for three 
different catalysts. Transient studies of 
HCN and NH3 emission have also been 
carried out to determine effects of the ad- 
dition of oxygen to the inlet gases. Re- 
cent studies (59) of actual automobile 
catalysts under operating conditions sub- 
stantiate our original findings where the 
step-tunable CO laser-OA spectrometer 
played a crucial role. 

Other examples of the discretely or 
continuously tunable laser OA detection 
scheme include the measurement of am- 
bient concentrations of CO with a CO la- 
ser operating on the 1 to 0 vibrational- 
rotational band (60) and the measure- 
ment of SO2 at the parts per billion con- 
centration (61) with an optical multipass 
OA absorption cell and a dye laser as the 
source. 

Conclusions 

With the tremendous advances in the 
capabilities of continuously and discrete- 
ly tunable lasers in the visible and the in- 
frared region of the spectrum in the last 
decade, we have seen an intense activity 
in the use of the lasers for pollution de- 
tection applications. From the examples 
of techniques and applications that I 
have summarized it is evident that virtu- 
ally every aspect of pollution monitoring 
with lasers is under active study, and 
many of the methods are being used in 
practical pollution monitoring tasks. The 
new technology of lasers has made it 
possible to measure and monitor trace 
gaseous constituents that could not be 
measured previously. Although the level 
of automation in laser based systems 
does not yet equal that of the more con- 
ventional systems, the new systems are 
nonetheless being used for routine as 
well as novel applications. 
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