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I. INTRODUCTION 

Global attention to the environment during the past two decades has 

vaulted the term "environmental pollution" from relative obscurity to 

the limelight. This is reflected in the steady growth in the quantity 

of published literature (1-12), both in the U.S. and around the 

world on the subject since 1963. The passage of the Clean Air Act of 1970 

and its subsequent «nendment by the U.S. Congress has helped accentuate 

the vigor with which the environmental movement has forged ahead. The 

general public's awareness and understanding of mankind's impact on our 

environment have led to the inevitable conclusion that in order to 

preserve the living qwlity on earth, it is important to control and 

reckjce the relentless onslaught nmde on the environment by increased 

industrial activities (5). This task is by no means a trivial one, and 

in recent years has been coo^ounc^ by the development of ne-# sources of 

energy. 

One of the suggested solutions to allay the problem was made by 

the American Chemical Society's Committee on Environmental Improvement 

in 1978, was to strive for "continued io#rovement in the analytical 

chemical nwthods needed to monitor, control and study the environment" 

(13). Such analytical chemical methods iwjst be able to meet the need 

for accuracy (14), have sufficient sensitivity to detect typical ambient 

concentrations of common pollutants (15) and be relatively simple to 

use (16). 
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It is with this philosophy as the backdrop that two analytical 

detection systems, one based on photoacoustic effects, the other on 

Fabry-Perot inter ferometry were explored and studied. The purpose of 

this research is to develop new analytical methods for monitoring 

gaseous pollutants by taking advantage of certain characteristics of 

photoacoustic spectrometry (PAS), Fabry-Perot interferometry (FPU, 

and wavelength modulation. 

A brief introduction on air pollution and its effects on the 

environment, and a survey of current methods in measuring and monitoring 

air pollutants with special emphasis on those that are based on lasers 

will be presented in this chapter. 

A. Air Pollution and its Effect on the Environment 

Since the bulk of man-made and natural pollutants are either in the 

form of gases, solid particulates, or liquid aerosols emitted to the 

atmosphere, it stands to reason that much of the effort and attention 

to curtail environmental pollution has been concentrated on air 

pollutants. Of the various forms of air pollutants, gaseous pollutants 

constitute 9m of the total mass, while particulates and aerosols make 

up the remaining 10% (8,11-13,17). Most of the substances originate 

primarily from the combustion of fuels and waste naterials. For example, 

the burning of sulfur containing fuel is responsible for sulfur dioxide 

emission, and motor vehicles account for most of the carbon monoxide 

and hydrocarbon emissions in the atmosphere. A small percentage of air 
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pollutants do come from natural sources. For example, an estimated 1% 

of the sulfur dioxide that enters the atmosphere is produced &y volcanic 

eruption (15). 

Once in the atmosphere, the subsequent pathways taken by these 

pollutants vary. Some may travel through the air and disperse. Some 

may react among themselves and with other substances both chemically 

and physically. It is the various pathways taken by these pollutants 

that ultimately determines the effects of air pollution on our environment. 

A prime example of air pollutants reacting chemically to affect our 

atmosphere is the production of smog via a photochemical cycle involving 

nitrogen dioxide, nitric oxide, and ozone. The cycle is initiated by 

the dissociation of nitrogen dioxide by sunlight into an oxygen atom 

and nitric oxicte. The oxy^n atom reacts rapidly with molecular oxygen 

(Oj) to form ozone (0^), which in turn reacts rapidly with nitric oxide 

to form nitrogen dioxide again. This reaction cycle by itself ctoes not 

chan^ the relative concentrations of the three reactants, nitric oxide, 

nitrogen dioxide, and ozone. When hydrocarbons are present (exhaust 

from automobiles), however, they enter the reaction scheme via a hydroxy1 

radical (HO) cWn to effect a net conversion of nitric oxide to nitrogen 

dioxide with a concomitant build up of ozone, a telling characteristic 

of smog. 

The presence of yet another pollutant, amonia, speeoo the 

atmospheric sulfate production (18). It also confines with nitrate to 

form ultrafine particles which not only causes an acidic precipitate (19) 

but also reduces visibility. 
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In addition to these direct adverse effects, air pollution can also 

exert its toll on our long term climatic trends. Chlorofluorocarbon, 

e.g. fréons, deplete the stratospheric ozone layer (20,21,22) which 

protects living matter from excessive exposure to ultraviolet rays (23). 

Carbon dioxide, a normally nontoxic gas, can play havoc in the giooal 

temperature balance if too much of it is released into the atmosphere 

through extensive burning of fossil fuels (24). The so-called "greenhouse 

effect" caused by an Increase in the atmospheric level of carbon dioxide 

tends to reAice the amount of energy radiated by the earth into the outer 

space. As a result, the overall global temperature rises. It has been 

pointed out that even a relatively small increase in average global 

temperature could be detrimental to the well-being of the human race. 

The disruption of the food proAiction cycle and the melting of ice in 

the arctic poles to the point that flooding can occur in a large part 

of the world are two of the most ominous consequences. 

Finally, there is the aspect of health hazards presented by some air 

pollutants, such as CO, h^S, nh^, SO2, NO, and various mercaptans 

because of their toxic nature. Other pollutants, such as polycycUc 

aromatic hydrocarbons, aromatic amines, nitrosamines and vinyl chiorlae, 

are carcinogens or potential carcinogens (5). In addition to the ad'/erse 

effects on ^^iman health, these pollutants may also cause deterioration of 

textiles, corrosion of metals and building materials and damage to 

vegetation (4,5,8,12). 
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The preceding passages give a brief glimpse into the direct effects 

of air pollutants on our environment. However, to fully appreciate the 

scope of air pollution, one must also have an understanding of the 

correlation between the sources of pollutants and their respective 

receptors (23). This involves studying such physical processes as 

transport, diffusion, and dispersion of the pollutants through the 

atmosphere, various mthematlcal models have been formulated (26,2?) 

to calculate the distribution and concentrations of ambient pollutants 

in local areas. Such models have made it possible to predict emission 

limits for various sources in consonance with changing conditions so 

as to achieve the desired air quality at mlninmm cost. 

B. Survey of Current Methodology on Air Analysis 

Current analytical techniques for gaseous air pollutant monitoring 

and analysis can be classified into two categories, chemical and physical 

methods (28). 

I. Chemical methods 

Air pollution analysis based on chemical methods utilize the 

chemical properties of the species to be analyzed. These include sucn 

varied areas as colorimetry, acidiwtry, and electrochemistry. For 

example, Brodelius and Smith (29) have developed a proceca^re *nich 

involves bubbling cmçxesseà nitrogen throu^ an aqueous sulfide solution 

to displace which is then collected in a glass bead concentration 

column and measured colorimetrically. To permit accurate determination 
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of H^S, Strict control of temperature and pH must be observed. A 

simultaneous detection scheme for SO,, NO, and NOg in air based on pulse 

polarography has been developed by Bruno et al. (30). Detection limits 

as low as 7 ul/m^ for SOj and about 50 ul/m' for NOj were reported. 

Still another example of a chemical method for the analysis of air 

pollutants is the Reference Method promulgated by the Environmental 

Protection Agency for measuring in the atmosphere (31). The method 

involves first bubbling air through a sodium hydroxide solution. 

Nitro^n dioxide in the air reacts to form a stable solution of sodium 

nitrite and this reaction product is subsequently measured by standard 

titrimetric techniques. 

Generally speaking, these chemical nwthcds suffer one distinct 

disadvantage, the need for sample collection and preconcentration steps 

(29-32). Such steps have to be well designed in order to obtain 

quantitatively representative results. Besides, a sampling step can be 

time-consuming and hence render continuous monitoring difficult. 

Another disadvantage with wet chemical methods is the difficulty in 

controlling such reaction variables as pH, temperature, reaction kinetics, 

etc. A case in point is the last example cited in the preceding 

paragraph. The reaction efficiency between NOg and the NaOH solution 

is strongly concentration dependent. It is believed that only 35% of 

the NO2 in the air reacted with the solution when the MO^ concentration 

was at the ambient trace level. As a result, this scheme was withorawn 

by the EPA as a Reference e^thod (33). 
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2. Physical methods 

The thrust in air pollution monitoring in recent years is toward 

physical techniques. These techniques involve direct measurements of 

the physical properties of either the pollutants themselves, or following 

their interactions with other compounds. En general, they have the 

advantage of avoiding the problem of sample handling. That is, sometimes 

the pollutant can be monitored io situ. A specific class of physical 

techniques - optical technic^es - looms very large in the annals of air 

pollution analysis. They offer several interesting advantages (16), one 

of vwhich is the possibility of remote or long path measurements. Since 

laser-based optical techniques for air pollution analysis constitute 

the bulk of this chapter, their discussion will be deferred till later. 

3. Nonlaser-based techniques 

A brief survey and discussion on nonlaser-based techniques for air 

pollution analysis is in order here to complete the presentation. They 

include chromatographic methods, chemiluminescence, fluorescence, 

absorption spectrometry, and mass spectrometry. 

9. Gas ehroTOtograohy Gas chromatography (GC) is by far the most 

widely used analytical technique for organic atmospheric pollutants. 

Different detection schemes based on GC have been developed with varying 

degrees of success (34-38). Unfortunately, they all suffer one 

disadvantage, sensitivity is fwt high enou^ to measure ambient level 

pollutants without sample preconcentration, which will then Introduce 

additional errors and make continuous monitoring difficult. 
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In recent years, combining GC with detectors other than the 

conventional ones, i.e. the electron capture detector and the flame 

ionization detector, has gained in popularity. This is largely due to 

technological advances made in these detectors in the past decade. 

Heading the line of GC-LNterfaced detection schemes is GC-mass spectrom

etry (GC/MS). This combination has been used for analyses of complex 

air pollutant mixtures. Pellizzari described application of GC/MS to THE 

analysis of vapor phase organics in ambient air near industrial sites (39). 

Other classes of organic pollutants measured by GC/MS include poly-

halogenated hydrocarbons (60), and airborne phthalates (Ai). Once 

again, the need for a preconcentration step has made these schemes less 

than desirable for continuous monitoring purposes. 

b. Chemiluwinescence Chemilumlnescence refers to the emission of 

light (W to a chemical reaction (62). When an exoenergetic chemical 

reaction occurs, one of the prochjct molecules may be left in an excited 

state which decays to a lower energy state by emitting a photon. The 

emitted light may have a characteristic spectrum. With proper optical 

detectors, the emitted photons can be quantitatively monitored. Several 

common air pollutants, such as organic sulfides (43) and nitrogen 

oxides (MO, NO^) (44) have been successfully detected by chemilumine-

scence analyzers. A detection limit of sub-part-per billion (ppb) has 

been obtained (28). A chemiiuminescence detector for the selective 

monitoring of H^S and CH^SH has been developed by veung ana Spurlin (45). 
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This detector, which is based upon the room temperature, reduced-pressure 

reaction with the reagent ClOg has the added attractive feature of being 

capable of on-line measurement. 

Chemiluminescence methods have several advantages. The reactions 

are usually specific and detectability is generally good enough to 

allow measurement at ambient pollutant levels. A major disadvantage is 

that a reagent is still necessary. 

c. Miscellaneous There are numerous other methods for air 

pollution analysis currently being used. For example, SOj can be 

detected by flame photometry (46), and by fluorescence photometry using 

conventional ultra-violet li^t sources {47}. it is beyond the scope of 

this chapter to delve into each of them. However, one particular class 

of  de tec tors  i s  wor th  ment ion ing  before  proceed ing  to  the  discussion o f  

laser-based technicwes. 

Detectors based on infrared absorption spectrometry using con

ventional infrared sources have been historically used to measure and to 

Identify the constituents of air pollutants (48). In fact, it was 

officially recomiwnded by the National Institute for Occupational Safety 

and Health (NIC^H) for the carbon uwnoxide measurement in air (49). 

Today, many comnwrcially available gas analyzers for in-plant measurements 

are based upon this principle and their sensitivities can reach the 

0.02 parts-per-miillon (ppm) level for somt gases with a 20 meter patn-

length (50). 
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These automated physical methods are generally precise, accurate 

and simple. They are, however, limited to single-point measurement and 

are usually reliable to about 0.01 ppm only. For the monitoring and 

study of trace gases in the atmosphere at ppb level and below, this 

sensitivity is far from satisfactory. There is clearly a need to 

develope new techniques with adequate sensitivity to monitor, control 

and study the atmosphere. 

4. properties of lasers as related to atmospheric analysis 

Optical (spectroscopic) methods as a specific class of physical 

methods for applications in air pollutant monitoring have attracted a 

lot of interest since 1970 (51). This is due mainly to the relative 

simplicity, sensitivity, selectivity, speed of irwasurement, and the 

potential of multipollutant detection (16) that are generally offered by 

these methods. With the advent of laser technology, spectroscopic 

methods with lasers replacing the conventional Incandescent light sources 

have gained in popularity in the field of pollutant monitoring, various 

areas of application, such as remote sensing, pollutant transport 

monitoring, spatial distribution monitoring, point sensing, etc., all 

based on laser spectroscopic methods, have been extensively explored 

(52-55). For routine atmospheric monitoring, it is increasingly clear 

that laser spectroscopic monitoring technique may be the only answer. 

The laser as a source offers several unique properties (52,53,56) 

that distin^sh it from the conventional optical source: (I) the 

extremely coherent and unidirectional nature of the radiation, (2) :ne 
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high power over a small spectral region, (3) the monochromaticity coupled 

with fine tuning ability, and (6) the low divergence of the beam which 

makes spatial collimation very easy to accomplish. 

Most laser monitoring techniques take full advantage of these 

properties in their measurements. Because of coherence and spatial 

collimation, long path measurement (16) and remote sensing (57,58) of 

the atmosphere are possible. The high power guarantees detectability 

(59) which is needed for the trace level analysis of common ambient 

pollutants (13). The monochromaticity coupled with a fine tuning 

ability ensures selectivity (60). 

Another feature that makes the laser as a source for air pollutant 

monitoring attractive is the range of output wavelengths provided by 

commercial IR lasers. It spans the 2-20 urn of the IR spectrum, the 

so-called "fingerprint" region where most atmospheric pollutant gases 

have strong characteristic absorption lines. It is therefore not 

surprising that IR lasers have attracted great attention for their 

uses in atmospheric monitoring techniques. 

5. Types of lasers used in atmospheric monitoring 

Before proceeding to survey the various laser-based techniques 

for atmospheric nwnitoring, a brief discussion on the types of lasers 

now commonly used will be presented here. The operating characteristics 

of each of these are presented in Table 1. 

Tunable diode lasers, arguably the n«jst widely used infrared 

lasers for line parameter studies of gaseous pollutants, are also 

called semiconductor diode lasers (SOL). They are made of semiconcuctor 
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Table 1. Operating characteristics of lasers comnonly used in air pollutant monitoring 

Source Wavelength Region 

overall («) continuous (o»'^) 

-1 Hiqfhest Resolution (cm" ) Typical Power (M) 

cm pulsed 

Diode laser l-W 2 3 * 10"^ 10-3 10 

SFR laser 3(HF-pumped) 15 1 10" 

5-6(C0^)umped) 50 1 X 10"^ 

9-14(C0-pwmped)2 100 3 X lO'S 

HPG g-llCDOg) 10 3 * 10'^ 10^ 

OPO O.SS-J.MLiNtjQj) 3000 1 * 10*^ 10-2 10^ 

1.2-8.5 

(AQjASSJ) 

8-l2(CdSe) 

OM 2-4(dye laser 1 5 X 10-^ 10-3 lo' 

and argon laser 

in LlNbOj) 

Dye laser 0.34-1.2 1 * 10^ 3 X 10"* 10-* 10® 

Color-center 0.88-3.3 500 10"^ 10-2 

laser 

1-ow pressure 5.1-6.5(00) 

gas laser 9.2-9.8, I X 10'^ 10 

10.1-10.9(00.)) 
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diodes, and include binary compounds such as InSb, InAs, GaSb, PbSe, 

PbS, PbTe, and pseudo-binary alloys such as Pb, ^Sn Te, PbS, ^Se^, 

Pb^^^Se^, Pb^_^Sn^Se, GaAs^^Sb^^^^, Hg^^^Cd^^Te, and In^_^Ga^As. Among 

them, the lead-salt diode lasers (Figure U are the most useful in 

pollution monitoring. Detailed discussions on their operational 

principles and characteristics can be found in recent review articles 

(61-63). Only the basics as related to atmospheric monitoring will 

be discussed here. 

Diode (semiconductor) lasers operate by stimulating emission 

across the gap between conduction and valence bands. Population 

inversion is achieved by electron injection across the band gap either 

with an electrical current, by optical pumping, or electron.beam 

excitation. ^%st diode lasers emit radiation in several modes whose 

infrared frec^jency increases with an increase in the driving current 

(64). The continuous tuning range of a single mode typically spans 

from 0.5 to several cm'^, and is achieved by changing the chemical 

composition, temperature, applied pressure, magnetic field, or injection 

current (65). 

The diode laser linewidth is extremely narrow. Hinkley and Freed 

(66) reported linewidths as narrow as 54 (1.8 X 10"* cm"4 by 

heterodyning a Pbg ggSn^ j^^^e laser, operating cw at 10.6 urn, with a 

stabilized single frequency COg gas laser. Because of this character

istic diode lasers have been successfully used for line parameter 

studies of gaseous pollutants (67). Other applications Include the 
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Figure 1. Diagram of a typical lead-salt semiconductor diode laser. 
The dashed line shows the position of the p-n junction (63) 
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detection of CO, CgH^, and h^Q in samples of automobile exhaust 

(68-70) both at ambient and reduced pressure. Application would have 

been wider except for the following two reasons: relatively low output 

power (typically 1 mW), and the need to operate at cryogenic temperatures 

(usually _< 77 K). The former limits the use of diode lasers in 

techniques such as photoacoustic detection and saturation spectroscopy, 

where power in the radiation source is a necessity. The latter generally 

renders the diode lasers cumbersome and impractical for ^ situ type of 

analysis. The spin-flip Raman (SFR) laser, schematically illustrated 

in Figure 2, is a device that uses a fixed-frequency laser (COg,, GO, 

or HF gas laser) to pump a semlconAjctor crystal in a magnetic field (62). 

The pump-laser photons are Inelastlcally (Raman) scattered by the 

electrons in the crystal. Because of the presence of the magnetic 

field, there is a separation in energy levels between those electrons 

whose spins are aligned along the field and those with opposite spins. 

As a result, scattered photons may be shifted to a lower frequency 

(Stokes component) or a higher one (anti-Stokes component). Both of 

these, plus sow weaker components, constitute the output frewjency 

range of SFR lasers. Continuous tuning is done by varying the magnetic 

field. Typical field strengths range from a fa» Gauss (71), to hunarecs 

of kC (72). 

Some of the properties of the SFR lasers which make it attractive 

for air pollution study are its potential for wide-range tunability, 

high output power (> SDL) and good mode quality (62). Already tney 

have been applied to balloon borne in situ measurement of NO at a 
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Figure 2. Schematic representation of a spin-flip Raman laser. B is 
the magnetic field 
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height of 28 km in the stratosphere by Patel et ai. (73). Another 

use of SFR lasers include the monitoring of NO in automobile exhaust 

and in the atmosphere (74). The one disadvantage against SFR lasers 

is that their operation is too complex (cryogenic cooling required) for 

routine use. 

Conventional fixed-frequency gas lasers such as COg, CO, and HF 

have most frequently been operated at pressures of around 10 torr. 

Consequently, the gain band widths are essentially Ooppler-limited to 

approximately SO MHZ. Continuous tuning usually does not exceed a 

small fraction of a cm'^ (e.g. - 0.0002 cm"^ for a COg laser transition). 

For this reason they are ^erally considered to be discreet-line 

sources and seldom match perfectly with the absorption lines of molecules 

to be detected which results In reduced sensitivity. Fortunately, this 

apparent shortcoming Is somevuhat compensated for by the relatively 

high power output of these lasers (- 50 w cw). In techniques whose 

sensitivity depends strongly on the photon Intensity of the radiation 

source, e.g. photoacoustlc spectrowtry (75), there Is still extensive 

use of these lasers (76-79). 

Even In cases where the difficulty In matching becomes acute, 

techniques based on Zeeman and Stark tuning of some molecular absorption 

lines Into coincidence with fixed frequency lasers can still find 

application In the field of atmospheric monitoring (80,81). Freund 

et al. (32) have successfully demonstrated the quantitative aecectlon 
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of NOg by a CO laser (6.2 urn) based on Zeeman effect. Sweger and Travis 

(83) have also reported the detection of a series of trace organic 

gases tuned in coincidence with a CO^ laser by the Stark effect. 

A number of improvements in laser technology have led to the 

development of a high pressure gas (MPG) laser (8A-87). Operating 

under pressures ranging from 1-15 atm., the range of continuous tuning 

of these lasers has increased (0.2 cm'^} Aie to pressure broadening of 

the gain bandwidth, HPG lasers generally have higher peak and average 

power than any other current tunable infrared sources, and this feature 

lends itself well for use in differential absorption systems using 

natural reflectors (67). 

Several Important sources of tunable infrared radiation are based 

on the principle of frequency mixing in a material possessing a non

linear index of refraction. These devices operate at room temperature, 

and thus have at least one operational advantage over the SOL and SFR 

laser described earlier. 

One example of these nonlinear optical sources is the optical 

parametric oscillator (OPO). It consists of a laser pump source In the 

visible or Infrared and a nonlinear blrefrln^t crystal (e.g. tlNbOj). 

The output frequency Is established by the unique conditions required 

to simultaneously satisfy energy and momentum conservation for the 

parametric process occurring within the punned material (88). By 

rotating the nonlinear crystal, by varying the refractive index througn 

temperature changes, or by applying pressure, or an electric field, a 
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tunable infrared output can be achieved. Although QPQ's operate both 

a* and pulsed, the latter is by far the more popular choice as an 

infrared source for air pollutant monitoring. Remote detection of 

CO using differential absorption and topographical backscattering 

targets has been demonstrated (39) using an OPO operating at 2.3 um. 

Because of their high power (tens of watts to several hundred kilowatts 

peak, and tens of watts average), the pulsed OPO showed promise for 

remote space-resolved monitoring of atmospheric pollutants (90). 

However, this type of laser is hampered by the fact that they do not 

offer a very narrow linewidth. The best obtained was only of the 

order of 10"' cm"^ (91), which is not enough for the high resolution 

study of line parameters of atmospheric pollutants. 

Another class of lasers based on the interaction between radiation 

and a nonlinear crystal is the so-called optical mixers (OM). This 

type of optical device usually involves two tunable lasers in the same 

or different regions of the spectrum mixed in a nonlinear medium to 

produce tunable output at shorter or longer wavelengths with sum-

frequency (92) and difference-frequency (93) generation. High power 

(I watt to tens of kilowatts) are generally available from these lasers. 

However, they suffer the same disadvantage as the OPO - broad linewiocn, 

typically ranging from 1-15 cm'^. One noted exception is the system 

reported by Pine (34). By mixing in LiNbO^ the output of a dye laser 

with that of an argon laser, cv» output in the 2-4 um region with power 
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of about 1 uw with linewibth of 15 kHz and continuous turning of - 1 cm"^ 

is generated. This system has been useful for laser spectroscopic 

studies of the C-M stretch region of hydrocarbons. 

There is yet another class of lasers that has found its way Into 

application for atmospheric monitoring, namely, the dye laser. These 

lasers generally offer narrow linewidth (lO'^cm'h and moderately high 

power (100 mw - 100 M). However, their output wavelengths do not quite 

cover the atmospheric window region and as such have limited use in 

the study of air pollution. Still, detection of a limited number of 

pollutants (e.g. SOg, NO^, 0^) by differential absorption or fluore

scence techniques has been reported (95-97). 

6. Laser-based techniques 

Most of the laser-based monitoring technic^s for gaseous air 

pollutants unc^r development today are based on the principles of Raman 

scattering, resonance fluorescence, and resonance absorption (54,55,98). 

In Rawan scattering, the wavelength of backscattered radiation is 

shifted by an amount which is characteristic of the vibrational 

frequencies of the pollutants. Figure 3 shows the frequency shifts of 

the rotational-vibrational Raman spectra of typical trace molecules 

present in the atmosphere, as well as the major atmospheric constituents, 

with respect to the transmitted laser freqi^ncy (99). The estimation 

of the absolute concentration of each species can then be performed by 

comparing the Ranan backscattered intensity with that of the Raman line 

from Ng molecules which occupy the same volume (59,100). Since Raman 
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Figure 3. Frequency shifts of Q-branch of vibrational-rotational Raman 
spectra of typical molecules present in ordinary and polluted 
atmosphere relative to the exciting laser frequency (99) 
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features are generally sharp and can be readily recognized, It Is 

therefore possible at monitor a variety of gases using one single, 

fixed-frequency laser. Besides being readily adaptable to point sampling, 

it also shows promise as a remote sensing method. Menzles and Shumate 

CiOi) have used a heterodyne detection scheme to detect scattered 

radiation from CO and COg lasers. Unfortunately, conventional Raman 

techniques suffer one disadvantage - the minuteness of the effect. Even 

in the most favorable cases, only the order of iO'^ of the incident 

intensity is converted into signal. Translated into atmospheric 

monitoring terms, this means a relatively hl^n power laser is required 

to achieve low detection limits of trace level pollutants. As a result, 

Ranan methods will probably be limited to major atmospheric constituents 

in point or source monitoring. 

The resonance fluorescence process has a higher quantum yield 

than Raman scattering. On this merit alone, it has attracted 

considerable attention in applications to atmospheric monitoring. 

Perhaps the best studied air pollutant based on resonance fluorescence 

is (1^-106). Most of the research done to date has been limited 

to point saflvUng of ambient NÔ  (107-109) based on visible light sources. 

This is due to the fact that fluorescence intensity suffers from 

quenching in the atmosphere because of the collisions with air molecules 

when used as a remote sensing technic^. 

Techniques based on fluorescence induced by infrared source 

excitation have also been studied. The most widely used IR source 

is the COg laser. The fluorescence wavelength is generally shorter tnan 
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that of the excitation source (10.A u to 5.3 u). Using the 10.6 u 

lasing line, feasibility studies of (110) and H^SO^ aerosol (111) 

were conducted. Robinson et al. (112) also did a reai-time monitoring 

of hydrocarbons in the atmosphere by a laser-induced IR fluorescence 

system that included a large gathering mirror, a modulated laser 

source to eliminate interference from thermal emission and phase-

shift equipment to eliminate interferences from back-scattering. 

Of the three optical monitoring techniques, resonance absorption 

Is ^neraily accepted as the most sensitive (35). This is because 

absorption cross-sections are the largest of all the optical inter

actions. Methods based on resonance absorption are the most widely 

used in atmospheric monitoring, especially in cases where pollutant 

gases exist in trace quantities. Detection of these gases usually 

means very sensitive nwasurements of small awunts (or increments) of 

transmitted or absorbed laser energy. There are generally three 

techniques commonly i«ed for such measurements; direct transmitted 

photon detection, photoacoustic detection, and heterodyne detection. 

a. Direct transmitted photon detection This technique of 

detecting infrared radiation (also known as incoherent detection) Is the 

most coriwionly used of the three to be discussed. It basically involves 

direct conversion of incident photons to charge carriers by means of 

photoconduction, photodiode operation, or thermal conversion. Based 

on the temperatures under which they operate, these detectors can be 

classified into two types: room-temperature and cooled (77 K) detectors. 
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Examples of the first type include the PbS, Golay cell, InSb, pyro-

electric, and the bolometer detectors. As a general-purpose infrared 

detector, the pyroelectric is the best choice in terms of spectral 

coverage and response speed, and its sensitivity is adequate for routine 

analysis (70). For the cooled infrared detectors, the most sensitive 

ones are usually the extrinsic or intrinsic photoconductive (PC) or 

photovoltaic (PV) detectors composed of various semiconductor materials, 

e.g. PbSnTe(PV), HgCdTe(PC), and InSb<PV). These detectors are generally 

more sensitive than a pyroelectric one, and the detection of weak 

atmospheric absorption lines or low-power laser radiation is 

correspondingly better. In addition, their response speed is typically 

three to four orders of magnitude faster than that of room-temperature 

detectors, very often these detectors are used to sense the difference 

between incident and transmitted power. If this difference is minute, 

detection can become difficult. 

Some efforts have been irade to improve the signal-to-noise ratio 

(S/N), and hence the detection limit, for nwasurements based on direct 

transmitted photon detection. Derivative techniques were the most 

studied ones. This usually involves modulation of the radiation 

freqiency so that the output wavelength of the light source is made 

to be on ami off resonance with the absorption line of the molecule 

to be stWied in a periodic fashion. The resulting signal is 

proportional to the derivative of the absorption line shape. It was 

found that for long path monitoring this technique considerably reduceo 

the noise caused by atmospheric turbulance and by scattering from 
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aerosols. KU et al. (70) have measured changes in transmission of 0.3% 

over a 0.6 km atmospheric path, using a derivative scheme with a pyro-

eiectric detector. A detection limit of CO of S ppb has been reported. 

Reid et al. (113,116) were able to detect absorptions as small as 0.001% 

in a multipass cell with an effective pathlength of 100 meters at a 

reduced pressure of around 10 torr using a second-harmonic technique. 

This technique enabled them to measure absorption coefficients as low 

as ioT* cm'^. SO^ concentration was measured in the low ppb range and 

other gases having stronger IR absorption than SO^ (e.g. 0^, COg, NO, 

CO, CH^ and NH^) were measured down to less than 1 ppb. 

b. Heterodyne detection Heterodyne techniques have been in 

general use in radio engineering for many ctocades. In a typical set-up, 

a weak signal is mixed with the strong signal of a local oscillator, and 

the resulting sigial is detected by a sensor responsive to a narrow banc 

of frequencies determined by the beat frequencies on each side of the 

local oscillator frequency. There are i%ny advantages of the technique, 

not the least being that it is convenient to control the gain and 

selectivity of the sensitive bandwidth (115). The combination of 

heterodyne detection with atmospheric monitoring is a logical step wnen 

the following factors are considered. First, the infrared laser with 

its stable and narrow output frequency is an obvious choice for a local 

oscillator. Second, high-speed infrared detectors, such as the ones 

mentioned in the previous paragraph are readily available. Third, che 

intensity of radiation emanated from atmospheric constituents, wnecner 

it be backscattered radiation or thermal emission, is usually weak. 
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For it to be detected, a sensitive technique is necessary. Last Out 

not least is the fact that high spectral resolution is generally 

available in heterodyne techniques (116). The spectral resolution 

is Important in remote observation and measurement of atmospheric 

constituents, as it makes the technique selective, thus minimizing 

interference problems due to overlapping lines or bands. 

There are numerous applications of heterodyne detection in the 

field of atmospheric monitoring. By the mixing of radiation from a 

characteristic emission line with that from a tunable laser, and a 

wideband infrared detector, passive remote sensing of several gases 

Mas possible (68,69,117). A balloon-borne laser heterodyne radiometer 

using a laser as the local oscillator was built by Menzies et ai. 

(118) for the stratospheric measurement of CIO. In systems which 

detect radiation scattered from such reflectors as atmospheric aerosols 

or natural terrain at long distances, the return signal is usually 

very sirail. Consequently, heterodyne detection has been used (101) to 

detect scattered radiation from CO and CG^ lasers whose lines 'were 

selected to match pollutant gas absorption lines. In yet another 

system, a pair of CW CO^ lasers were used in conjunction with long 

range scattering tar^ts for the topographic study of atmospheric 

pollutants by heterodyne detection (53). One laser served as the 

local oscillator and was operated at a power level that placeo the 

photodetector in a favorable regime. The second laser is used as tne 

source of radiation transmitted into the atmosphere, a portion of 
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which Mas backscattered and was incident on the detector. A signal at 

the difference frequency was processed using narrow band radiofrequency 

detection electronics. Since the detected bandwidth was 3-6 orders of 

magnitude smaller than that possible with direct detection, this system 

had good discrimination against the background blackbody radiation 

prevalent in the atmosphere, so a very weak signal could be detected. 

A related system which was developed by Davis (119) and Oavis and 

Petuchowski (120), shows promise in trace detection of gases. The 

technique, christened phase fluctuation optical heterodyne (PFLQH) 

spectroscopy, employs a Mach-Zender interferometer as the detection 

chamber, with its two arms illuminated by the splitted beams of a 

single-frequency He^to laser. One arm of the interferometer provides 

the local oscillator beam, the other contains the gaseous sample under 

study. A second laser with frequencies matching the absorption lines 

of the molecules of interest, is used as an excitation source for the 

sangle. Subsequent de-excitation of the gaseous molecules by 

coilisional quenching leads to local heating and expansion of the 

background gas. The resultant change in refractive index causes a shift 

in the phase of the HeNe beam in the sanple arm, which is detected by 

heterodyne detection. Although limited mostly to point monitoring, 

the system has good detectability. By incorporating Stark modulation 

to discriminate against background signals caused by interfering 

absorbing species, a detection limit of 5 ppb nh^ in air was reported 

(121). 
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c. Photoacoustic detection Detection based on photoacoustic 

spectroscopy (PAS) directly measures the absorption of laser power. 

The technique uses acoustic (over-pressure) signals to detect the heating 

of a gaseous sample by absorbed radiation. Although it has a long 

history, the use of photoacoustic spectroscopy for air pollutant 

detection was first proposed only in the early seventies by Kreuzer (122). 

With the availability of powerful infrared lasers, this technique has 

gained in popularity because of the low detectability generally possible 

(75). 

A PAS detection instrurant consisting of a radiation source of 

excitation, a modulator, and an acoustic detector (microphone) is 

often called a spectrophone. The detected phdtoacoustlc signal is 

proportional to both the power of the incident radiation and the 

concentration of the absorbing species. There are numerous applications 

of photoacoustic detection to air pollutant monitoring, using either 

fixed-frequency or tunable lasers. Kreuzer and Patel (74) used the 

technique in conjunction with a tunable spin-flip Ramwi laser to 

detect W in vehicle exhaust and antoient air sauries at a detection 

limit of 10 ppb. Patel et ai. (123) and Burkhardt et al. (124) 

constructed and launched a balloon-borne SFR laser-spectrophone 

detection system to monitor NO and H^O in the stratosphere. The power 

of the SFR lasers used in these systems was in the order of 50 mw. 

Kreuzer et al. (79) studied the application of photoacoustic detection 

employing CO and COg discreetly tunable lasers to detect a variety of 
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pollutant gases. Photoacoustlc detection of NOj by both cw (123) and 

pulsed (123) dye layers have also been reported. Because of the low 

power of the diode lasers, there has been only one study done on the 

PAS technique with this type of laser (126). A detection limit of 50 

ppm was achieved for carbon monoxide in nitrogen using a doublepass 

cell with a 96 uW diode laser source. 

The ultimate detectable PAS signal is limited by noise in the 

transducer preamplifier and noise caused by Brownian motion of the 

molecules (122.127). In practice, this ultimate limit is not reached 

because of absorption in the cell windows and cell walls, which also 

generates an acoustic slgial. This background signal limits the PAS 

technique when it detects very weak absorptions. Some attempts have 

been made to retkice it. They include a) the use of an acoustically 

resonant spectrophone (128-130); b) the use of a differential system 

consisting of two cells in series, with a common window (131); c) the 

modulation of either the laser wavelength or the absorption wavelength 

by Stark or Zeeman effect (132-134); d) the positioning of the 

spectrophone inside a laser cavity (135,136). Detailed discussion of 

these methods will be deferred until the next chapter. 

^teny atmospheric pollutants have been successfully studied by 

the PAS technic^. By using an acoustically resonant detector, GerXach 

and Amer (137) were able to measure CO concentration at the 150 ppb 

level. By combining acoustically resonant operation and a multipass 

arrangement, detection of SOg concentrations as low as 0.12 ppb was 

reported by Koch and Lahman (138), who used a frequency-doubled dye 
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laser of 1 mw ultraviolet output power. Other examples include the 

trace detection of by laser intracavity operation (136), the 

detection of explosive vapors in the atmosphere (139), the monitoring 

of absorption and scattering of visible light by aerosols in the 

atmosphere (140), and the study of methane at normal atmospheric 

concentration by a pulsed OF laser (161). 

In addition to point sampling (both ambient and reduced pressure) 

or ^ situ monitoring, the PAS technique can also be adapted for remote 

sensing. Perlmutter et al. (142) devised a PAS radiometer for remote 

trace gas analysis. The results indicated that while the photoacoustic 

effect in ç^es can be used for radiometric analysis, there are 

practical limitations due to the sky background and interference by 

ambient remote pollutants. 

C. Conclusion 

In this chapter, a review of current nwthodology for air pollutant 

monitoring, both nonlaser-based and laser-based, was presented. It is 

evident from the volumes of literature on the latter that laser-based 

detection techniques are gaining in popularity because of certain 

advantages they offer. In the subsequent chapters, two laser-based 

detection schemes: one based on photoacoustic effect, the other on 

Fabry-Perot interferometry, will be presented in conjunction with a 

novel method of modulating the laser source. 
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II. PHOTOACOUSTIC DETECTION OF GASEOUS AIR POLLUTANTS 

A. Historical Background 

The photoacQustic effect was first discovered by Alexander Graham 

Bell (143) in the late nineteenth century. He reported the generation 

of an audible sound upon focusing intensity modulated light on a solid 

substance in a sample cell. Tyndall (164) followed up on the reported 

observation and observed similar results with gas samples. Bell laler 

noticed the same effect in liquids. He also investigated the effect 

at different light wavelengths. Rontgen (145) performed early work 

in this field too. The effect, while a novelty then, was deemed to 

lack practical value and was soon forgotten, it lay completely dormant 

for nearly SO years until the advent of microphones. Viengerov (146), 

using a periodically intensity modulated thermal radiation source, and 

an acoustically resonant sample space in which a pressure transducer 

was mounted, then constructed the first gas concentration measurement 

instrument based v^on this effect. He later recorded the first 

absorption spectra using the radiation from a carbon arc filtered by 

a prism irmnochronmtor to excite the gas In his photoacoustlc detector 

(147). other applications around that time focused primarily on studies 

of vibrational lifetimes and other aspects of radiationiess deexcitatlon 

In gases, such as the determination of energy transfer rates between 

vibrational and translatlonal degrees of freectom of gas molecules (148), 

deactivation rate measurements (149), and colllslonal relaxation rates 

(150). 
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Since its revival in the late 1940s, the photoacoustic effect 

has been used mainly in ncndespersive-type IR gas analyzers (151). 

However, between 1950 and 1970, this type of gas analyzer, which 

employed a conventional IR source gradually gave way to the more 

sensitive gas chromatography. And the photoacoustic spectrometer was 

overtaken by the more versatile infrared spectrometer. 

With the advent of coherent monochromatic optical radiation 

sources such as lasers, interest in the photoacoustic effect has been 

renewed and the application area widened. The three laser attributes 

of particular advantage to the photoacoustic effect are monochromaticity, 

high power, and collimation. The fact that lasers are highly mono

chromatic means that the potential exists for matching strong gas 

absorption lines with suitiU>le laser sources to achieve specificity. 

The high power available from laser sources makes possible increases 

in the sensitivity of detection. The hi^ ctegree of collimation of 

lasers allows the exciting energy to be focused on a small volume. 

The earliest experiments with a laser illuminated photoacoustic 

detector were conAjcted by Kerr and Atwood (75). They measured a weak 

absorption spectrum of a water vapor line with a peak absorptivity of 

3 X and absorptivities down to 1.2 % of CO^ - Ng 

mixtures. Kreuzer (122) performed the first gas concentration 

measurement using a photoacoustic detector and a laser. Later 

experiments by Kreuzer and collaborators have effectively demonstrated 

the extremely high sensitivity attainable with this method. 
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B. Theory 

A simple physical description of the photoacoustic effect can be 

given by considering the following experiment. A cylindrical tube is 

filled with a gas mixture to be analyzed. Optical radiation containing 

wavelengths absorbed by the gas is directed along the axis of the tube. 

Infrared absorption produces excited vibrational-rotational states in 

the absorbing molecule, and ultraviolet radiation produces excited 

electronic levels. Subsequent deexcitation can take two routes (Figure 

A). One is through the collisional process between the excited molecules 

and the molecules of the background gas (nonradiative process). The 

other is by means of the radiative process whereby a photon with wave

length corresponding to that of the transition from the upper to the 

lower state will be emitted. It is interesting to note, that in the 

infrared region, at atmospheric pressure, typical values of the 

collisional life-time, and the radiative lifetime, T^ are approxi

mately iO"^ sec and 10'^ sec, respectively (122). ^tost absorbed energy 

is therefore preferably transferred to air through the collision 

process. 

The result of collisions between the excited inolecules and tne 

background gas is an increase in the translational energy (and hence 

the pressure) of the sample. The inccsning radiation is modulated so 

that an acoustic signal is generated. A sensitive microphone connecteo 

to the wall of the chaatoer can be used to ctetect the periodic variation 

of the pressure (at the modulation frequency of the incoming radiation) 

which is then converted into an electrical signal. The electrical 



www.manaraa.com

3û 

AL 

hv 

t = 10"  ̂s 

Tr = 10'̂  s 

Figure 4. Schematic representation of the photoacoustic effect. 
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signal is usually fed Into the input of an amplifier. A typical 

instrumental set up is presented in Figure 5. Such a set up is often 

called a spectrophone. 

Roessier and Faxvog (152) have derived a very simple theory for 

the photoacoustic signal, which assumes a uniform pressure rise and 

neglects thermal and viscous losses at the cell walls. The photo-

acoustic signal, p, derived by this theory is expressed as 

p « pCi-exp<-aCL)] (2.1) 

where U is the incident optical power, L is the cell length, C is the 

sample concentration, a is the absorption coefficient, and R is the cell 

responsitity and is given by 

Where S is the microphone sensitivity (mV/Pa), w/2% is the modulation 

frequency, V is the cell volume, and y is the ratio of the specific 

heats of the sa#le. 

Combining equations (2.1) and (2.2), and assuming an optically 

thin cell, i.e. very small concentrations, we have 

P . 2/?(H)USaa (2.,, 

Equation (2.3), although derived frcsn a sin^llfied irodel of 

photoacoustic signal generation does offer certain insights into the 

analytical basis of the photoacoustic effect. First, there is the 
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PA CELL 

Figure 5. Typical instrumental set-up of a spectrophone. C- chopper; 
L- focusing lens 
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direct proportionality between the signal, p and the concentration of 

gas sample, C. Then, there is the linear relationship between p and the 

optical power u. The combined effects of these two factors are 

potentially greater sensitivity and dynamic range, as compared to 

conventional absorption, correlation (153), and derivative (68,136) 

spectroscopy. By simply employing a more powerful laser, the 

detectable concentration of a certain species can be lowered, thus 

extending the linear dynamic range. According to Oewey (153), the 

range is at least three orders of magnitude and limited primarily by 

the linearity of response of the microphone being used. 

There are other factors and processes that govern the pressure 

rise in a photoacoustic cell which are omitted by the derivation of 

Roessler and Faxvog. They Include molecular relaxations, energy 

transfer, thermodynamic properties of the gas, acoustic quality of the 

cell, and losses of energy due to thermal conductivity. Rosengren (127) 

has derived an expression that includes all of these factors. Assuming 

an optically thin cell, i.e. NoL«l, where N is the density of molecules 

of interest, a the absorption cross section per molecule and L the cell 

length, the rms value of the first harmonic of the pressure signal 

generated by an approximately sware-wave modulated light beam (Figure 

6) is given by 

2^^^3UNaLQ(ca)T^ 

P(Y) . 3,V(L+TGTP"L)[L+(WTT)2]*(L+[W(TG-L*TP"L)"L]2}* (2.4) 
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(B) 

TIME 

Figure 6 .  Generation of pressure signal. (A) Time fluctuating mean 
radiation power in the cell. (B) Time fluctuating pressure 
in the cell produced by absorption of the radiation snown in 
(A). I-pcwer; P = pressure signal; t^-rise time; T-pericc 

time (127) 
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where w ® Zirf, the modulation frequency, 

3 m (3/2)(Cp/Cy- 1), the fraction of laser energy absorbed by 

the gas and converted into translationai energy (C^ and 

are the specific heats at constant pressure and volume, 

respectively), 

U m laser power within the cell 

Q(w) # acoustical quality factor of the cell, 

V a cell volume, 

m collisional relaxation time, 

m radiative relaxation time, 

s thental relaxation time of the cell, a factor used to 

describe the dissipation of acoustic energy through losses 

by thermal conAjction, diffusivity, and viscosity. 

Equation (2.4> is simplified by making the following assumptions. 

Two relaxation processes from the excited state are considered, namely, 

collisional relaxation with relaxation tin» T^, and radiative relaxation 

with relaxation time T^, and (see above). The value of 0(w), 

the acoustic quality factor, for a cell with fixed volume and with no 

acoustical resonance at the modulation frequency is equal to I. 

Equation (2.4) becomes 
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From equation (2.5), several general observations can &e made 

regarding the photoacoustic signal in an acoustically nonresonant cell 

(an acoustically nonresonant cell is understood to be one with a sample 

space so designed that no natural acoustical resonances influence the 

operation of the device in a noticeable manner): 

(1) The signal dependence on optical power is still intact, as long as 

saturation of the absorption lines does not occur. 

(2) The photoacoustic signal is proportional to the concentration of 

the absorbing species. The linearity holds up to a concentration 

level of about i%. 

(3) The photoacoustic signal is proportional to l/a^, where a is the 

cell diameter. It is therefore advantageous to reduce the cell 

diameter. There is, of course, a practical limit to this reduction. 

Care must be taken not to heat the cell walls, which creates an 

extraneous background signal. Optical diffraction theoretically 

sets the lower limit for the cell diarwter. 

(4) The photoacoustic signal appears to be independent of the cell 

length. Simple application of the Beer - Lambert law would dictate 

that the longer the pathlength of a homogeneously distributed 

region is traversed by the inctming radiation, the more optical 

energy will be absorbed by the gas sample, and more will be 

converted into molecular-translational energy through subsequent 

collisional deactivation. While this reasoning is correct in 

essence, it neglects a subtle point - longer pathlength (cell 

length) means a larger volume of gas sample to be heated up for 
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the eventual pressure fluctuations. In addition, the transducers 

(microphones) used in most nonresonant photoacoustic cells are 

located in one particular spot along the cell length, and with 

their limited sensing areas, can only efficiently detect pressure 

fluctuations in their immediate vicinity. There is, however, one 

advantage in increasing the cell length. The relative phases cf 

the acoustic sigial of the gas and that of the background can be 

changed by increasing the cell length to the extent that discrimi-

nation against the background signal is enhanced (156). More 

detailed discussion on photoacoustic signal vs. cell design can 

be found in (127). 

(5) The photoacoustic signal bears an inversely proportional relation

ship with the modulation frequency. It is therefore advantageous 

to operate the system at a low frequency, as close as possible to 

1/T^, being the thertral relaxation time of the cell. 

The last point is not Immediately obvious from equation (2.5). 

However, using Kreuzer's definition of noise-equivalent-power of a 

photoacoustic ctetector (NEP)p^ (157) which states that (NEP)p^ is the 

amount of power that would have to be absorbed by the gas to produce a 

signal amplitude equal to the noise an^îlitucte, an expression can be 

derived to evaluate the sensitivity of a photoacoustic detector: 

(NEP)p^ = (3n/2^^2)(v/gT^)(Hg2^Nr2)*[l+(wTt)2]* (2.6) 

«nere = noise in the microphone preamplifier circuit, and 

NQ = noise caused by the Brownian motion of the molecules. 
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Ideally (NEP)p^ should be kept as small as possible for best 

sensitivity. According to equation (2.6), photoacoustic sensitivity 

appears to be highest at a low modulation frequency. However, amplifier 

and electronic circuits are usually noisiest at low frequencies, so a 

trade-off has to be made in order to achieve optimum sensitivity - i.e. 

the amplifier noise contribution to the overall photoacoustic signal 

cannot usually be neglected. More will be discussed on the noise 

considerations affecting the photoacoustic effect in a later section. 

There is another operating parameter that exerts a great deal of 

influence on the strength of photoacoustic signal as sensed by a 

microphone - pressure within the photoacoustic cell. Wake and Amer 

(198) have derived an ec^tion to describe the pressure dependence of 

the nooresonant PAS slgml of a mixture of absorbing and nonabsorbing 

gases, based on the equation derived by Kerr and Atwood (75) for the 

total pressure rise in PAS detection. Several assumptions were made in 

this derivation. First, the cell was assumed long and thin, so that 

heat loss through the end windows was small compared with heat loss to 

the walls. Secondly, the laser beam was assumed to have a Gaussian 

intensity profile and cylindrical symmetry. Thirdly, an assumption of 

8(Pg)<<l was r%de, where S(P^) was the gas absorptivity at pressure 

When the exciting light is approximately square-wave modulated, the 

first harmonic lock-in amplifier output is expressed as 

y P_ 0 exp (i0 ) 
V . S(P„,y,T)8(P„t — h 
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where 0(PQ)^ is the power absorbed per unit length, and T are the 

equilibrium pressure and temperature within the cell, respectively, a 

is the radius of the cell, K is the effective thermal conductivity 

and 5 is the effective thermal diffuslvity of the gas mixture, 

is the mth root of the zeroth order Bessel function J^(ç) # OfO^Cb) 

are numerically calculated coefficients which depend on b, the ratio 

of the Gaussian beam waist to the cell radius, 0^ « arctanC(wa^/ôiç^^)"h. 

and S(Pg, Y» T) is the sensitivity of the microphone. 

Figure 7 is the graphic representation of the behavior of the PAS 

signal for CH^ at a partial pressure of 10 torr in various buffer 

gases as a function of the total pressure inside the cell. It also 

includes the theoretical curves predicted by equation (2.7). All these 

curves (experimental and theoretical) exhibit a similar pattern for 

the PAS signal: first increasing until a maximum is reached, and then 

decreasing as the total pressure (P^) goes up (beyond «200 torr). The 

dependence of the PAS signal on pressure is therefore not a straight

forward one. Fortunately, this can be explained by equation (2,7) 

which can be simplified by considering only the first memusr of the 

series. 

V . S(P„.V.T)B(P„)H ̂  (2.3) 

The Initial rise is due to increasing P^. This continues until 

the PAS slgml reaches a maximum. At this point, the term 

becomes mch greater than I, allowing the l/P^ dependence of the 
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Figure 7. Photoacoustic siyial as a function of tjhe pressure inside the cell for 10 torr of CH^ in 

various nonabsorbing gases. Solid lines are the theoretical predictions of equation 
(2,7). Modulation freqi^sncy is 50 Hz (158) 
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effective thermal conductivity of the gas mixture to cancel the leading 

PQ factor and limit any further increase in signal. The fall-off in 

signal at high can be explained by two factors. First, the 3.39 urn 

output of the HeNe laser used in this experiment lies in near coincidence 

with the Vj absorption band of CH^ (159), the absorbing species. 

Consequently, the power absoroed first rises, then falls with increasing 

pressure, P^, as the CH^ line is broadened into the laser line (Figure 

8). Since the PAS signal is directly proportional to the power absorbed, 

it then follows that the signal falls off as the power absorption, 

8(pg), decreases. The second factor is the microphone sensitivity, 

S(pQ,f,T), which is also a ration of P^ (160). 

(2.9) 
• Seated i,8(P^;Tg,p/P, 

atm ^air^^ 

where B = I, y » (Cy*R)/Cy, and R is the gas constant. is the 

effective specific heat at constant volume of the gas mixture and can 

be calculated by: 

^v 'XiCp^>Cl-x^)Cp^-R (2.10) 

where = specific heat at constant pressure, 

= mole fraction of i, and 

j denotes the buffer gas. 

Ec^jation (2.9) Indicates that the microphone sensitivity decreases 

as the total pressure, P^, increases. 
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The combined effect of pressure and modulation frequency is 

depicted in Figure 8. It agrees, in general, with the previous 

discussion of the PAS signal dependence on modulation frequency. 

w/2Tr. It also indicates that an optimum pressure exists for each 

modulation frequency. Analytical detection based on the photoacoustic 

effect should therefore be performed at that pressure to achieve better 

results. 

C. Noise Considerations 

As with any detection system, noise is an Inherent part of the 

photoacoustic signal. There are various sources of noise. The process 

of photoacoustic si^ial generation can be thought of as sequential 

stages of events. At each stage of the process, there will be mechanisms 

which aA) noise and (tegrade the ability to detect a small signal. 

In this section, the various noise sources will be discussed. 

The ultimate noise limit for a pressure transducer stems from 

the Srownian motion of the sample gas molecules which gives the 

microphone diaphragm a random (WJtion, The rms equivalent Srownian 

noise pressure in a frec^iency interval WZ? » 4f around the modulation 

frequency w/Ziw s f for a microphone with diaphragm area m and diaphragm 

damping force 0, becomes (161) 

(2.11) 

assuming that = microphone resonance frequency and where k = 

Boltzmann's constant and T = the gas temperature. Introducing the 
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damping time of the diaphragm, = 2 m M/0, where m a mass per unit 

area of the diaphragm, makes it possible to write equation (2.11) as 

Ng2 a âp2â£ (2.12) 

Equation (2.12) is the expression normally used in evaluating 

the Brownlan noise. Judging from this expression, it can be concluded 

that a large diaphragm area decreases the Brownlan noise. However, 

because of the fact that the microphone resonant frequency 

the area is limited from above by the maximal modulation frequency 

considered. 

In addition to the Srownian noise, the electronic amplifier 

transferring the capacitance variation (as sensed by the microphone) 

to a voltage variation introduces noise. The rms value of this noise 

In an interval Af around the frequency f expressed in an equivalent 

noise pressure is here denoted and is given by (161) 

Ng = e(Af)*/Rtf (2.13) 

where s resistance of the amplifier circuit and e is a constant 

calculated from the capacitance, and other characteristic of the 

microphone. From equation (2.13), it is clear that this noise is 

inversely proportional to the modulation frequency w/2^ = f. In fact, 

this is true for almost all the electronic noise associated with the 

various stages of PAS signal processing, (amplification, etc.). Because 

of this, PAS operation at low frequencies is precluded. 
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The Srownian noise and the amplifier noise discussed so far 

determine the ultimate detector sensitivity. In practice, other noise 

contributions can dominate. Acoustical noise from the detector 

surroundings may be coupled into the detector sample space, when sample 

gas is flown continuously through a detector and if the gas flow is 

turbulent, if acoustical noise from the surroundings are coupled 

directly into the detector sample space or into the tubes connected 

to the detector and then propagated into the detector, or if acoustical 

disturbances from the pump running the sample gas through the detector 

are propagated through the tubes, acoustical noise can be produced. 

Proper Insulation, thick detector and tube walls, small flow rates, 

etc., must be used to suppress these noise contributions. Finally, 

fluctuations in the radiation source output may produce a noise signal 

in the detector output. There is no general characterization of the 

behavior of these noise contributions to the signal. Each set of 

experiflwntal conditions warrants a unique approach to solve the proolem. 

0. Background Signal Consideration 

The most persistent difficulty encountered in achieving high 

sensitivity in PAS measurements has been the background signal that 

arises from absorption of the excitation beam by the sample cell windows 

and the radiation scattered to the cell walls. This background signal 

is proportional to excitation intensity, so with high-power laser 



www.manaraa.com

51 

sources this effect can easily dominate the ultimate sensitivity limit 

imposed by Brownian noise and electronic noise discussed in the previous 

section. 

The underlying physical processes involved in the production of 

the background signal have been investigated by Parker (162). From 

his calculation it is clear that the dominant source of acoustic 

disturbance is a thin film of absorbing material near the surface, 

rather than the bulk absorption. In the case of highly transparent 

windows with light incident from the solid side, the absorption 

region is sufficiently thin to allow the assumption that the heating 

takes place in a very small région at the gas-solid interface. This 

situation is depicted in Figure 9, The heat produced in this layer 

diffuses into the gas. This gives rise to a pressure increase in the 

cell. The rms value of the pressure amplitucte for a chopped 

radiation beam with a uniform intensity distribution in a plane 

perpendicular to the propagation direction, which passes two windows 

becomes 

23/38*,!rkC 1» 

2 2 
assuming w«2v/L, v = sound velocity in the gas; , Og <<1, 

where = ratio of the absorbed radiation intensity by the surface 

layer to the incident intensity, = heat capacity of the absorbing 

surface layer, = thermal conductivity of the window, = heat 



www.manaraa.com

52 

INCIDENT 
RADIATION 

> 

SOLID 

X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 

•THIN FILM 

GAS 

Figure 9. Absorption model for window heating background 
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capacity of the window, k = thermal conductivity of gas, = heat 

capacity of gas at constant pressure. 8, M, and L have the same 

denotations as in equation 

The window produced background can, in principle, be subtracted 

from the total pressure transducer output when its magnitude for a 

certain radiation power and sample gas has been measured. In fact, 

this has been ctone electronically with satisfactory results (122). 

However, due to the limited dynamic range of electronic amplifiers, 

the background signal should be minimized whenever possible. In 

addition, significant noise can be intro(kjced in the subtraction 

process. 

It is evictent from equation (2.14) that the ampiitu<te of the 

background signal can alvrays be reduced by the judicious choice of 

window materials. The window material with the lowest 

ratio should be chosen if several materials with similar low refractive 

index and hl^i transmittance are available. However, in the infrared 

region, the choice of window materials is somewhat limited. Most of 

the IR-transparent windows are made of halicte salts of various alkaline 

or alkaline earth metals. Very often these materials are hygroscopic, 

i.e. they absorb water from the atmosphere. Since water has a continuum 

absorption in the 8-12 urn region (163), this presents a problem. 

The background signal produced by window absorption can also be 

reduced by increasing the cell length, t. In fact, the relative 

phases of the acoustic signal of the gas and that of the background «as 

changed by increasing the cell length to the extent that aiscrimination 
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against the background signal was enhanced by a phase-sensitive amplifier 

(156). The extent of improvenwnt is limited, especially since the 

volume must be increased substantially, which reduces the effective 

respcnsivity of the detector. 

E. Background Signal Reduction 

It is imperative from the previous discussion that many problems 

must be dealth with to minimize background contributions to the PAS 

signal. These background contributions present the major limitations 

upon the ability of the PAS technique to detect very weak absorptions. 

Several attempts have been iMde to solve this problem. Their approaches 

can generally be classified into two groups: 1) solution through cell 

desigi, and 2) solution through means of modulation other than the 

conventional chopper. 

l. Cell design aooroach 

Rosengren (127) has proposed two photoacoustic detector designs 

to coiTtoat the problem of window absorption. These designs are presented 

in Figure 10. In one of them he suggested the use of a two-cell 

detector as shown in Fi^e 10(A). It consists of a sample cell 

joined to the same sensor with an Identical reference cell. The 

reference cell contains a gas that has similar thermodynamic properties 

as the gas mixture to be analyzed, but without the constituents that 

will be measured. The success of this design is predicated on the fact 

that the two background signals are identical both in magnitude and 

in phase, a nontrivial assunption. 
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cell ctetector; (B) Two-path detector 
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The second design proposed by Rosengren is a two-path detector 

depicted in Figure 10(B). The cell has two propagation paths of 

different lengths L and where L > The radiation beam from tne 

source is alternately propagated through these paths. The windows 

have ratios as equal as possible and are assumed to produce 

pressure rises of the same magnitude. Because a beam of radiation is 

always propagating through two detector windows, a constant background 

pressure signal is obtained. A varying pressure signal is, however, 

produced due to the periodic propagation pathlength chan^. The 

amplitude of the latter signal is given by equation (2.9) multiplied by 

the factor (l-t^/t). If, for sow reason the background signals 

produced by the two pair of windows for equal radiation power differ, 

radiation attenuators can be used to balance out the background signal. 

One of the important advantages of this design is that if the radiation 

power varies, the adjustment of the power in the two radiation beams 

need not be chan^d. Another advanta^ with this reduction method Is 

that no special reference gas mixture has to be prepared. However, 

the assuflvtion that the pressure signals produced by the two sets of 

windows are identical may prove to be difficult to achieve In practice. 

An approach sowwhat similar to the two-cell deslgi was the 

differential cell used by Deaton et al. (131). It consists of two 

chambers placed end to end with a bore In between and a wlnctow on the 

bore. The balanced wlnctow heating In the two cells reduces the oack-

ground signal. Absorption ireasurements are made by filling one chamber 
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with a test gas mixture made up of the absorbing species and a non-

absorbing gas, and the second chamber is filled with the same non-

absorbing gas only, both to the same total pressure. The pressure 

difference between the two cells is then measured. This differential 

signal represents the absorption coefficient of the test gas. using 

this design operating at a l-Hz chopping frequency with an integration 

time of 2 minutes, the background signal was reportedly reduced to a 

value which corresponded to 3.3 % lO'^cm'^ per watt of laser power. 

One drawback of this scheme is the difficulty in matching the reference 

and sample chanbers, both in magnitude and in the phase of the back

ground signal. 

Sy far the most popular approach to minimize background signal 

throu^i cell design is the use of acoustically resonant detectors. 

In the nonresonant photoacoustic method originally proposed by Kreuzer 

(122), the optical excitation beam makes a single pass along the axis 

of the cylindrical sample cell. The modulation fret^jency, W/2TT » f, 

is chosen to be sufficiently low that the rragnitude of the pressure 

pulse within the tube at any instant is et^l at all points. The 

microphone pressure is equal to the pressure increment induced by a 

single cycle of heating. In the acoustically resonant operation (128), 

the detector is designed as an acoustic resonance chanter so that tne 

pressure fluctuations prockiced by spatially and temporally nonuniform 

excitation contribute to standing acoustic waves within the chamoer. 

The excitation radiation, meanwhile, is modulated at a frequency which 
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is coincident with one of the natural resonant acoustic frequencies 

of the detector. Operating in this mode, the PAS signal is enhanced 

because each successive pulse contributes to a standing acoustic wave 

within the chamber, the magnitude of which is considerably greater 

than the pressure induced by a single cycle. The resonant enhancement 

can be measured by a factor called "acoustic Q", which is given by 

Q » ^ (2.15) 

where Wn is the resonant acoustic frequency, ùw is the width of the 

standing wave at half maxiimjm. 

To determine the natural acoustic resonances of a cylindrical 

detector cell, a solution of the sound wave equation in cylindrical 

coordinates is required. There are oscillations in all three coordinate 

directions: longitudinal, azimuthal, and radial. These resonant 

frequencies are given by the equation (128) 

w  =  i i C Q [ ( k / L ) ^ * ( a ^ ( 2 . 1 6 )  

where the integer eigenvalues, k, m, and n define the longitudinal, 

aziflwthal, and radial modes, respectively, as depicted in Figure II ana 

â  n solution of the equation dJm/dr = o at r = R, the radius of 

the cylinder. Jm(z) is the mth order Bessel function of the argument 

at z, is the speed of sound in the sample of gas in the chamoer, ana 

L is the length of the chanter. PAS operations based on longitudinal 

(156,164), radial (137,164), and azimuthal (138) modes of resonance 

have been reported. 
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I nNGnUDTNAL AZIMUTHAL RADIAI 

Figure 11. Longitudinal, azlmuthal, and radial modes of a cylindrical 
sample chamber 
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In addition to the enhancement of the signal, resonant operation 

also reduces the window absorption background signal by locating the 

acoustic nodes of the standing wave on the windows, making the couoling 

between the pressure signal of the windows and the standing wave very 

inefficient. Moreover, it provides a means for the continuous monitoring 

of air samples. By placing the gas inlet and outlet where the standing 

wave has a node (window), air samples can be introduced into the cell 

in a flow-through fashion with minimal perturbation to the acoustic 

quality of the cell. Such a detector was in fact constructed and 

successfully demonstrated by Max and Rosengren (130). Shtrikman and 

Slatkine (136) also devised a resonant detector for continuous monitoring 

purposes. Their system operated in a windowless mode. By creating 

longitudinal standing waves with well defined nodes at points where 

the windows would normally be, they not only eliminated background 

signals caused by window absorption, but also solved the problem of 

power loss due to reflection. One drawback with continuous monitoring 

operation in this manner is the degradation of the acoustic quality of 

the cell because the inlet and outlet will constitute "pressure leaks". 

Since the PAS signal is proportional to the power of the exciting 

beam, it is a natural extension to confine a resonant detection system 

with either intracavity or multipass operation. Leslie and Trusty 

(165) reported the operation of a resonant detector inside the cavity 

of a OF laser and demonstrated a detection limit of 7 x lO'^m'^ for a 

S/N of I. The multipass resonant detector is judged as one of the most 
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promising designs for practical applications (129,164) and is expected 

to have a detection limit of sub-parts-per-billion per uvatt of laser 

power. 

Despite their potential in S/N Improvement, acoustically resonant 

detectors do have a few drawbacks. First of all, the natural resonance 

frequency is a function of the temperature and the gas composition of 

the sample. This makes it difficult to control the modulation frequency 

from one sample to the next. Secondly, the phase of the pressure signal 

around the resonance frequency is rapidly changing (127), thus putting 

a severe demand on the locking ability of the electronic device generally 

employed in PAS detection. Thirdly, the PAS sigiai strength is 

proportional to l/f where f is the modulation frequency of the exciting 

beam, with the typical size of a resonant cell, the lowest natural 

frewency is usually above IKHz while a nonresonant cell can use a 

modulation frequency as low as a few Hz to attain maximal signal 

strength, predminance of electronic noise at low frequencies notwith-

standing. As a matter of fact, the most sensitive measurement reported 

to date was done with a carefully designed nonresonant cell employing 

six miniature microphones (166). Its minimum detectable absorption 

was per watt of laser power. 

2. Different techniques for modulation 

In a conventional PAS detection setup, the modulation of the 

exciting radiation is performed by a mechanical chopper. This type of 

periodic interruption of the beam from irradiating the sample is callea 
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intensity modulation. An alternative to intensity modulation is to 

frequency-modulate the radiation source. Background signals due to 

radiation absorption in the detector windows and walls is proportional 

to the light intensity which is essentially constant with the small 

change of wavelength. This background signal is kept as a dc signal 

while the true photoacoustic signal produced by the absorbing gas is 

modulated at the frequency of modulation. By using a phase-sensitive 

detection device, the dc background can be rejected and only the true 

PAS signal is detected. 

There are several ways to frequency-moc^late the radiation source. 

The simplest way is called frequency switching, i.e. the source operates 

with constant output power on two discrete frequencies, one of them Is 

coincident (or in near conincidence) with the absorption line of the 

monitored gas while the other is "off resonance". This is very similar 

to differential absorption techniques employed in long-path sensing 

of atmospheric pollutants (70). Frequency modulation can also be 

achieved by periodically shifting the laser frequency around the center 

of an absorption line of a monitored gas. This type of modulation has 

the best success with such tunable laser sources as semiconductor 

diode (69), and spin-flip Raman lasers (123). Modulation occurs in a 

sinusoidal fashion according to v(t) = (Uisinuf), where -Xt) = 

the laser line frequency, a/2n = f, modulation frequency, v = the laser 

line frequency around which the modulation occurs, and u«l, normally. 

More ccwnmonly, the modulation is in the form of a small stpjare wave 

superimposed on a current ramp which controls the laser output frequency. 
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as in Réf. 167. Photoacoustic detection schemes based on this type of 

frequency modulation are very similar to derivative spectroscopy 

used for high resolution studies. Oewey (168) has developed a 

simple theoretical model for frequency modulation in PAS techniques 

Including derivative spectroscopy and wide modulation spectroscopy. 

Modulation in PAS techniques is not necessarily confined to the 

radiation source. For molecules possessing a permanent electric or 

magnetic dipole moment the Stark or Zeeman effect may be used to 

perturb the molecular energy levels, and to tune some absorption lines 

into coincidence with fixed frequency lasers. The same perturbation 

can also be used to modulate the absorption in the PAS techniques. In 

these modulation modes, the spectral line of the absorbing species is 

shifted in and out of the laser frewehcy by applying a time-varying 

electric or magnetic field on the species. Photoacoustic signals due 

to the absorption of the monitored species will appear as an ac signal 

which can be detected by standard ac detection techoie^s. Since the 

laser radiation is incident on the cell consistently and unmodulated, 

the background siytal due to windovnabsorption should be constant with 

the laser intensity and therefore, will not contribute to the detected 

signal. Both acoustical noise and li^it scattering (We to mechanical 

chopping will also be eliminated. In addition, stark and Zeeman 

modulations also provide a new degree of discrimination between molecules 

whose absorption spectra overlap, but exhibit different Stark or Zeeman 

effects. Discrimination will also be enhanced between signals due to 
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near-resonant weak absorption and signals due to the wings of a strong 

absorption line. These features become important in in situ type of 

monitoring of air samples as background interferences such as water 

vapor, aerosols, etc. will impose severe restrictions on the ability 

of the PAS system to detect trace amount of the gas molecules of 

interest. 

Successful demonstrations of PAS detection systems based on Zeeman 

or Stark modulation have been reported. Soncyck and Ultee (132) and 

Kaidor et al. (133) used a magietlc field to Zeeman-modulate the 

frequency of a NO transition and a detection limit of a few ppm was 

obtained. Kavaya et al. (134) Investl^ted the use of Stark modulation 

for PAS detection. Their results indicated that the background signal 

obtained by operating in this mode is 500 times less than that obtained 

by operating the same PAS detector in the conventional chopped radiation 

mode. The S/N was found to be greater in the Stark mode than in the 

chopped mode for pressures below 500 torr. The minimum detectable 

7 I 
absorption strength was 1 x 10" cm"* per watt of laser power. There 

are other air pollutants which are suitable for quantitative Stark or 

Zeeman spectroscopy and are listed In Tables 2A and 28. 

The sensitivity of PAS detection based on stark or Zeeman modulation 

depends on tne extent of the modulation of individual molecules. Typical 

values of the extent of modulation are fairly limited because of tne 

magnitudes of such molecular constants as electric dipole moment, 

magnetic iwment, rotational constants, etc. (95,133). As a result. 
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Table 2A. Representative gases suitable for quantitative Stark 
spectroscopy 

Molecule^ Laser 

Acetonitrile 
S

 

s
 

flcryionitrile COJ 

Allyl Chloride 

Formaldehyde 

8
 

S
 

Mwthacrylonitrile CO. CO, 

Methyl Chloride 

Methanol COJ 

Tetrahydrofuran COJ 

Tolulene CO 

Trichlorocthylene COJ 

Vinyl Chloride 

8
 

8
 

Vinylidene Chloride C03 

Nitrobenzene CO 

Nitric Oxide CO 

Ozone COG 

Carbonyl Sulfide P2 

Methyl Fluoride (170) COJ 

Ammonia (169) 
"2 

Carbon Monoxide (171) PUSSe 

Ûnless otnerwise stated, all molecules are cited from reference 
95. 
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Table 28. Representative gases suitable for quantitative Zeeman 
spectroscopy 

Molecule Laser 

Nitric Oxide (132,133) CO 

Nitrogen Dioxide (172) COg, CO 

Ammonia (173) SbSnSe, PbSnTe 

Sulfur Dioxide (174) flash lamp source 

Carbon Dioxide (175) 

Nitrous Oxide (175) 

frequency shifts by electric or magnetic fields are fairly small. 

For example. Stark shift in the irost favorable case in is i.O % 

I0"^cm for an electric field of iKV/cm (169). Typical values for the 

Zeeman shift in NO is 2,1 x lO'^cm"^ per KGauss (133). Large electric 

or magnetic fields are therefore required to ensure sufficient 

modulation depth. This can lead to two potential disadvantages: the 

difficulty in operating high fields at a frequency compatible with 

PAS techniques, and the introduction of additional noise in the micro-

pnone due to interactions between the electric or magnetic field and 

the microphone capacitance (134). There is yet another drawback 

common to the PAS technique based on frequency modulation as well as 

Zeeman or Stark modulation. This is the fact that to achieve nign 
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resolution necessary for sufficient modulation depth, gas samples 

must be at low pressures to reduce the effect of pressure broadening 

(65). The PAS signal, however, in certain cases is dependent on the 

total pressure (156), and detectability may thus be compromised. 

F. Conclusion 

In this chapter, the theory of photoacoustic signal generation was 

presented along with the signal's dependence on such variables as 

pressure, modulation frequency, cell dimension, light intensity, and 

concentration of absorbing species. A brief discussion of the various 

noise and background contributions to the PAS signal ms also included 

and the methods suggested for discriminating against background signal 

due to absorption by cell windows and walls were surveyed. While there 

are certain advantages to each of these methods, there are concomitant 

drawbacks which limit their uses in PAS detection. 

In the next chapter, a promising scheme for reducing background 

contribution, wavelength modulation, will be presented along with 

experimental results to illustrate its operation in PAS detection. 
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III. PHOTOflCQUSTIC SPECTROSCOPY IN GASES 

BASED ON WAVELENGTH MODULATION 

A. Introduction 

Wavelength or frequency modulation has long been a useful technique 

for improving the selectivity of a number of analytical methods based 

on optical spectrometry (176). It basically involves the following 

operation: the wavelength to which the mcnochromator (or filter, 

laser, or interferometer) is tuned is repetitively and rapidly scanned 

back and forth over a small spectral interval called the modulation 

interval, AX. In the photodetector signal, this results in a ripple or 

alternating current (ac) component that can be Isolated and measured 

electronically. The success of this technique is predicated on the 

fact that there is a change in intensity or absorbance with wavelength. 

One of the most popular applications of wavelength modulation 

is in the measurement of the intensity of a weak line superimposed on 

an intense and unstable spectral background in vapor phase atomic 

spectroscopy. The background arises as a result of the turbulent 

nature of the atomization device, or the complexity of the sample 

matrix and is usually broad and unstructured. The comparatively 

narrow atomic lines can be extracted and measured if the wavelengtn 

is fwjdulated, say, sinusoidally, over an interval 6\ centered on the 

desired line. The background by Itself will generate an ac component 

in the signal at the same frequency as that of the applied wavelengtn 

modulation. The spectral line of interest, on the other hand, will 
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appear as a second harmonic component at twice the modulation frequency. 

The amplitude of this second harmonic component will remain unchanged 

even if the background fluctuates or drifts in intensity. This 

technique has been applied to the measurement of atomic emission in 

flames (177), graphite furnace atomizers (178), and plasmas (179), 

atomic absorption in flames (180) and in graphite furnace atomizers 

(181), and for atomic fluorescence in flames (182). 

Wavelength modulation can also be applied in a square-wave 

fashion. Goff and veung (183) have reported a wavelength - modulated 

detection scheme for atomic fluorescence. By using a commercial 

electro-optical tuning element to provide two output wavelengths 

separated by 10 A with a CW dye laser as the source for excitation of 

atoms in a premixed flame, they were able to eliminate most of the 

background emission in the flame as well as the background due to 

light scattering. 

In addition to its capability of compensating for broad-band 

background spectral interference, wavelength modulation has the unique 

ability to correct for direct spectral line overlaps as well. Such 

overlaps occur occasionally in the analysis of alloys and other 

materials containing large concentrations of transition irotais whose 

spectra are very complex. For example, the determination of traces of 

zinc in high-purity copper metal cannot be done directly by atomic 

absorption because copper has a weak absorption line only 0.003 nm away 

from the zinc 213-nm line, the only useful zinc absorption line. Since 
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the widths of the lines are about the same as the separation between 

them, increased spectrometer resolution alone cannot eliminate the 

interference, with conventional methods, a prior separation is 

necessary. Wavelength modulation, however, can be used to correct 

this interference, allowing a direct analysis without separation. 

The width and position of the modulation interval can be carefully 

adjusted so that the analyte peak generates a predominantly first 

harmonic signal, whereas the interfering peak generates a purely 

second hamwnic signal with no first harmonic component. Subsequent 

selective detection of the first harmonic component would result in a 

signal due only to the analyte peak. This approach has actually been 

used to measure the zinc contamination in N8S Benchmark Copper without 

prior separation (184). 

In the infrared region, wavelength modulation has also found 

extensive use (69,70,113,114). This is especially true in the long 

path monitoring of atmospheric pollutants. The benefits that can be 

derived from wavelength modulation include the potential reduction in 

background noises caused by atmospheric turbulence, and by scattering 

from aerosols. 

Hinkley (69) used wavelength modulation in conjunction with a 

tunable Pbg Sn^ g^Te diode laser operating around 8.8 um to scan 

several lines in the band of SO^, a common pollutant usually 

present in smoke stack effluents. Ku et al. (70) have measured 

changes in transmission of 0.3% for pathiengths up to a few hundreo 
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meters at atmospheric pressure using a derivative/ratio technique. A 

detection limit of 5 ppb of CO over a 0.61 km path has been obtained. 

Reid et al. (113,116) reported the detection of a number of pollutants 

in the ppb and sub-ppb range by a multipass cell with an effective 

pathlength of 100 meters at a reduced pressure of around 10 torr 

using a second-harmonic technique. 

The benefits derived from wavelength modulation, namely, better 

specificity and background reduction, can in principle be translated 

into photoacoustic techniques. Indeed, this combination has been 

explored (167,185). Chang (167) used a diode laser operating in a 

square-wavelength-modulated mode to measure photoacoustically. A 

signal-to-noise ratio improvement of J over the conventional PAS 

detection technique was obtained. Castleden et al. (185) modified a 

conventional photoacoustic spectrometer to perform wavelength modulation 

on the continuum radiation from a 300-W xenon arc. First and second 

derivative spectra of solid sangles were obtained with apparent 

enhancement in the resolution of the system as well as increased 

precision in locating the position of absorption band edges and maxima 

and minima. 

While it is possible to take advantage of the unique combination 

of photoacoustic measurements with wavelength modulation, the means to 

produce the latter are quite different in the visible and the infrared 

regions. In the visible region, anwng the experimental techniques usee 

to produce wavelength modulation are: 
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(1) Vibration or oscillation of the slits, mirror, grating or prism of 

the monochromator. 

(2) Oscillation of an interference filter. 

(3) Oscillation of a Fabry-Perot interferometer or an étalon. 

(4) Insertion of an oscillating or rotating refractor plate in the 

light beam inside the monochromator. 

The relative advantages of these different approaches are compared in 

literature (186). 

In the infrared region, the types of lasers available and the 

spectral line widths involved do not allow simple adaptation of 

techniques that work in the visible region. Diode lasers (113,U4,167) 

can be wavelength modulated by in^osing current pulses (either sinusoidal 

or square wave) on the current ramp which controls the output wavelength 

of the lasers, but their low powers have thus far limited their use in 

photoacoustic pollution applications. The spin-flip Raman laser has 

the potential for wavelength modulation. By imposing a time-varying 

magnetic field which governs the separation in the energy levels of 

the semiconckjctor crystal, the output wavelength of a SFR laser can be 

made to oscillate over a small spectral interval. The instrumentation 

involved however, is too complex for routine use. Color-center lasers 

(187) are similar to other visible lasers, but the output wavelengths 

are broad (ca. O.l cm'^) and have yet to span the "atmospheric window" 

region, it is therefore of interest to develop wavelength modulation 

schemes based on discrete-line, moderate-power continuous wave gas lasers 
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such as the one reported in the next section, the COg laser. The 

inherent widths of these lines are of the order of a few megahertz, so 

that modulation must involve consecutive vibration-rotation lines 

rather than be within the normal gain curve of a laser line. 

M 

the output waveform can be described as: 

When the laser is modulated by a square wave of frequency w, 

X(w*o to n) • 

to 2%) • 

If such a laser is used as the excitation source for photoacoustic 

spectrometry and is tuned such that is in resonance with the 

molecular transition of the species of interest, and off 

resonance, then the resulting signal falling on the microphone can be 

given as: 

where; » photoacoustic sigial amplitude at 

Ip^Cox^) = photoacoustic signal amplitude at 

o\if a\2 ~ absorption coefficients at and respectively 

Ig = acoustic signal due to background, including 

windows and ceil wall heating. 
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Since the P.A. signal is proportional to the absorption coefficient, and 

and are selected such that o\^»aX2* these two signals can be 

subtracted electronically with a lock-in amplifier to give a net signal 

^net " 

which is independent of the background signal. The above expression is 

true only if the laser power is equal at the two X's, and Ig is independent 

of the wavelength. 

The evaluation of such a scheme based on wavelength modulation nas 

been performed using a continuous wave CO2 laser for the photoacoustic 

determination of ethylene, and is described here. 

8. Experimental 

A schematic of the experimental arrangement for this work is shown in 

Figure 12. The individual components are summarized in Table 3. The 

details of some in^ortant components are given as follows. 

I. Laser and wavelength modulation 

The laser used is a continuous wave (CW> CO^ laser of conventional 

design (Molectron, Sunnyvale, CA, Model C-250Î with a flowing gas mixture 

of about 15 torr He and 2 torr CO^. The output wavelengths range from 9,17 

to 9.80, and 10.13 to 10.91 urn. Figure 13 depicts the three vibrational 

levels that participate directly in most of the laser emissions; the 

Initial (or upper) level (00®l) and one of the two final (or lower) levels, 

(10*0) giving the 10.6 urn band, or (02®0) giving the 9.6 um band (see 
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Figure 12. Schematic representation of the set-m for the PAS experiment. HV-high voltage 
operational anplifier; WG-wave generator; LlA-lock-in amplifier; LI, L2- focusing 
lenses; S- swple cell; R- reference cell; BS- beam splitter; SA- spectrum 
analy/er; T- thermopile; c- Owpper, optional 
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Table 3. Experimental components for photoacoustic detection based on 
wavelength modulation 

Component Model No. Manufacturer 

CO2 laser C-230 

PIT pusher P2-6A 

Wave generator 162 

High voltage operational 
amplifier PZ-70 

Mechanical chopper 7500 

Microphone BT-1759 

Thermopile 210 

Microvoltmeter 155 

COj Spectrum analyzer 

HeNe laser 134 

Lock-amplifier HR-8 

Capacitance nanometers 221A 

Thermocouple couple gauge 0531 

Chart recorder 85117-51 

Molaction, Sunnyvale, CA 

Burleigh, Fishers, NY 

Wavetek, San Oiego, CA 

Burleigh, Fishers, NY 

Rofin, Newton upper Falls, MA 

Knowles Electronics, Franklin 
Park, IL 

Coherent Radiation, Palo Alto, CA 

Keithley Instruments, Cleveland, 
OH 

Optical Engineering, Santa Rosa, 
CA 

Spectra Physics, Mountain view, 
CA 

Princeton Applied Research, 
Princeton, NJ 

MKS Instruments, Burlington, MA 

Varian, Lexington, MA 

Houston Instrument, Austin, TX 
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Figure 13. COg laser energy levels 
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Figure 13). Because the rotational sublevels in the vibrational 

levels are closely coupled together through collisions, only one line 

oscillates at one time, however, a grating can be used to select a 

particular line. In the absence of a tuning device, a line in the 

higher gain 10.6 urn band oscillates preferentially to the 9.6 urn 

band. With a grating inaide the laser cavity, any of the R and P 

branch lines with sufficient gain in each vibrational band can be 

selected. The CO^ laser gain curve is shown in Figure 14. 

Even though the laser is capable of 90 w output at the main laser 

lines (10.6 urn band), only 2-3 W was used in this study. The laser is 

eWpped with 80 lines/im (»l/d) grating and a piezoelectric transducer 

to fine-tune the cavity length. Since It Is necessary to tune from one 

rotational line to the next (see Figure 14), modulation of the grating 

angle at a fixed cavity length seems best. To go from, for example, 

X » 10.513 urn to & s 10.532 urn, corresponding to the P(12) and P(14) 

lines, respectively, the grating equation for the Littrow arrangement, 

\ 3 2d sin 0, 

shows that the angle nwst chan^ approximately 8.4 x 10"* rad. For 

the grating mount in this laser, this translates to a 113 wm movement 

(horizontal) on a 13.5 cm center. This is schematically represented 

in Figure 15. 
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Figure 14. CO^ laser gain curve 
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X - 2d sin e 

for Xj = 10.513 I# (P(i2)) 

Xg = 10,532 m (P(14)) 

Xg to Aj -> AG = 8.4 X 0"^ rad 

o 

X = y(A0)2i 

= 113 yn for y = 13.5 cm 

Figure 15. Schematic r^resentatiwi of the vibrating grating mount. 
Y-vertical length from center; AB-angular movement 

X-hori^ontal movement; 
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To achieve this range of length of travel, a piezoelectric (PZT) 

pusher (Burleigh, Fishers, NY, Model PZ-44) is used in place of one of 

the original mirror-alignment adjustment screws. The actual mechanical 

modifications are shown in Figure 16. 

To operate, a souare wave of the chosen frequency (100 Hz in this 

case) is derived from a wave generator (wavetek, San Diego, CA, Model 

162) and amplified by a high-voltage operational amplifier (Burleigh, 

Fishers, NY, Model PZ-70). At the same tin*, the square wave is used 

to provide synchronization to the lock-in amplifier. The laser power 

is monitored by a thermopile detector (Coherent Radiation, Palo Alto, 

OA, Model 210) inserted into the li^t oeam. Only the average power 

is iwasured. The wavelength output of the laser is monitored after 

the sample cell by a spectrum analyzer (Optical Engineering, Santa 

Rosa, CA) which was previously calibrated with a HeNe laser (Spectra 

Physics, Mountain View, CA, Model 13A). Measurements are also made 

in the amplitude modulation mode for control study purposes. This is 

accomplished by placing a iwchanical chopper (Rofin, Newton upper Falls, 

MA, p^del 7500) in front of the laser beam. The slots of the chopper 

are larger than the CG^ laser beam size to ensure a square wave 

modulation. 

2. PAS cell 

The desigi of the PAS cell is conventional (nonresonant) ana is 

shmn in Figure 17. The cell is made of pyrex glass with KCl windows 

glued to the ends. The transmittance of these windows are tested and 
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Figure 16. Mechanical arrangement for wavelength modulation. Pi-piezoelectric pusher; P2-coarse 
adjusUnent screw; C-grating; L-laser cavity; B-bail bearing 
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Figure 17. Photoacoustic cell. A throu#i 0-vacuum stopcocks; J-o-ring 
glass joint; F-flexible stainless steel coupling; w-micro-
pnone 
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found to be > 90%. The cavity of the cell Is 25 mm long and 10 mm in 

diameter. The microphone used in this study is a Xnowles Electronics 

8T-1759 miniature eiectret microphone with a built-in FET preamolifier. 

It is biased as suggested by the manufacturer. The dimensions, 

wiring and sensitivity curve of this microphone are shown in Figure 

18. It has an overall response of 10 mV/Pa, and a broad band cms 

noise level of about 6.9 uV. The frequency response is flat between 

100 Hz and 3 KHz. By using a lock-in amplifier tuned to the modulation 

frequency, the microphone noise level is reduced dramatically. The 

output independence of this microphone is from 2000 to 6000 ohms (3500 

ohms nominally). 

The microphone is mounted to the bottom face of a standard taper 

Joint (16/35) with the wires feeding through a small opening to 

provide a vacuum seal. When the joint is inserted into the receptacle, 

the microphone is flush with the inner wall of the PAS cell and its 

position is midway between the cell windows. The output of the micro

phone (plus preamplifier) is connected directly to a lock-in amplifier 

(Princeton Applied Research, Princeton, NJ, Model HR-8), without any 

special device to match the Impec^ces. A l-s time constant was used 

throughout. 

The cell is isolated from mechanical vibrations in the vacuum 

system by a piece of flexible tubing and from acoustical noise from 

the pump by turning off the stopcocks during nwasurements. To isolate 

the cell mechanically frcw the work bench, all support is through 

layers of different foam packing materials. 
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Figure 18. The dinensions, wiring and sensitivity curve of the Xnowles 
8T-1759 eiectret microphone 
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3. Gas handling 

The absorbing species chosen for this work Is ethylene, CgH^. 

Samples of different concentrations were prepared from reagent grade 

gas (Matheson, E. Rutherford, NJ) without further purification. The 

buffer gas used was Mixtures down to 10 ppm were prepared by 

direct reading on a thermocouple gauge (varlan, Lexington, MA, Model 

0531 with 801 electronics). The total pressure throughout the study 

Is 760 torr. Below the 10 ppm level, mixtures were prepared by 

expansion of a 10 ppm mixture into calibrated volumes. For example, 

to go to 1 ppm from 10 ppm, the 10 ppm mixture (presumed to be homo

geneous) at a total pressure of 760 torr, is evacuated from the cell 

until the total pressure is 76 torr. The cell is then refilled with 

pure Ng to a pressure level of 760 torr again. To ensure there is no 

memory effects in the vacuum line, sufficient time was allowed for 

equilibration of the partial pressures before each experiment. The 

time required ran^s from 10 to 24 hours. The more diluted the sample, 

the longer the time needed to minimize the memory effects from the 

previous mixture. All pressures are measured with a capacitance 

mamometer with O-IO torr and 0-10(X) torr full scales (MKS Instruments, 

Turlington, MA, Model 221A). Photoacoustic measurements were made In a 

static mode, i.e. all inlets leading to the cell were closed. 
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C. Results and Discussion 

Photoacoustic signals of were measured for both the wavelength 

and amplitude modulation trades. The laser lines chosen for wavelength 

modulation were the P(i2) and P(14) lines in the 00*1 - 10*0 band. 

For control studies, the P(2Q) and P(22) lines were also used. A 

comprehensive list of absorption coefficients at various COg laser 

wavelengths, measured by PAS, is available in the literature (188). 

Table 4 lists the four that were used in this study. The magnitude of 

the PAS signals, normalized by laser power, is presented in Table 5. 

The lock-in amplifier output siyials for the à.3 to 0.040 ppm mixtures 

are presented in Figure 19. 

I. Extent of modulation 

The first item of concern is the actual extent of mocktlation 

provided by this design. As discussed in the introduction section of 

this chapter, the success in reducing the background signal depends 

on the ability of the design to furnish two laser lines, P(12) and 

P(14), with ecçual power. That is, the mechanical movement provideo 

by the PZT pusher mst be large enough to force lasing in each of 

the two lines and must be centered so that equal.powers are obtained 

in each half cycle of the modulation. This is convlicated by the fact 

that adjacent CO^ laser lines need not possess the same gain (see 

Figure 14). A ^od approximation is to recfcjce the wavelength modulation 

frequency to the order of I Hz so that a direct judgment can tie mace. 
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Table 4. List of absorption coefficients of ethylene at CO. laser 
wavelengths used in this study 

Wavelength Cam) Absorption in coefficient (atm.cm)"^ 

P(12) 10.513 4.70 

P(U) 10.332 32.17 

P(20) 10.591 1.50 

P(22) 10.611 1.42 

Table 5. PAS signal normalized for laser power 

concentration (ppm) wavelength modulation amplitude modulation 
signal i w / m )  signal at P(l4)(uv/w5 

100 4660 11800 

40 2120 5420 

10 974 1841 

6 494 1020 

4.3 383 308 

0.90 110 735 

0.53 68.4 612 

0.17 45.9 474 

0.076 29.0 579 

0.040 14.1 467 
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In looking through the spectrum analyzer, one can in fact see the two 

laser lines switching alternately with the applied square wave. The 

initial centering of the modulating position is achieved through adjusting 

the mirror-alignment screws of the grating mount. Finer adjustment is 

accomplished by the OC bias level on the PZT pusher available through 

the high-voltage operational amplifier (op amp). The entire waveform 

and the resultant wavelength output are schematically represented in 

Figure 20. The approximate center is located by observing the reading 

on a power meter (connected to the thermopile detector) with @ sub-

s e c o n d  r e s p o n s e ,  s u c h  t h a t  t h e  o u t p u t  l e v e l  i s  e s s e n t i a l l y  c o n s t a n t .  I n  

addition to these initial adjustments, it is necessary to check the 

transverse mode structure of the laser beam during modulation. Since 

the goal is to equalize the unwanted background in the PAS cell, the 

spatial characteristics of the laser beam must remain unchanged in each 

of the two half-cycles. This is accomplished by observing the far-

field pattern of the beam (burn-pattern on a wood tongue depressor). 

When the modulation frequency was increased to the order of 100 Hz, 

a couple of problems appeared. First, the high-voltage op amp used 

to provide the sware waveform voltage to the PZT pusher is designed 

to drive a high capacitance load at high rates of speed. It does, 

however, have an automatic overload protection feature which will clip 

the output to limit the current to 20 mA RMS in case of a short or 

accioental overload. When the modulation frequency *as brougnt up to 

100 Hz,  the  overload protect ion was act ivated and the output  vol tage of  
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Figure 20. Schematic representation of «avelengtn moûuiatioft. (a; 
Modulation waveform; 8IAS-0C bias voltage level; V-AC 
modulation voltage, C8) Resultant COg laser output, 

assuming 100% modulation 
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the op amp dropped to zero, thus terminating the modulation. The cause 

of this phenomenon was initially thouç^t to be due to the fact that the 

required current magnitude to drive the capacitive load of the PZT 

pusher exceeded the capability offered by the high-voltage op amp. To 

verify if this is indeed the case, the following calculations was 

performed. 

Suppose vm is the peak voltage (modulation voltage), f is the 

modulation frequency, then for a sinusoidal waveform, the voltage v at 

any Instant t is given as (189) 

If C is the capacitance of the PZT pusher, then the charge Q on 

the capacitor is 

The current flowing at any instant, I, is equal to the rate at which 

the capacitor is being charged or discharged. Thus, 

V » Vm sin 2%ft (3.1a) 

Q 3 CV (3.1b) 

Q 3 CVm sin 2% ft (3.1c) 

= ^CVm sin 2nft) 

= 2iff CViB cos 2%ft 

(3.2) 

For maximum current requirement, ecp^tion (3.2) becomes 

2%fCVm (3.3) 
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Using typical values of Vm * 200 V, f # 100 Hz, C of PZT pusher = 95 

nf, I Is calculated to be about 11 mA. This value is less than the 
max 

20 mA RMS specified and, therefore, well within the capability of the 

high-voltage op amp. However, the preceding calculations were based on 

a sinusoidal waveform. In our study a square waveform was used to 

provide modulation. A square waveform may be considered the sum of one 

or more sinusoidal waves superimposed on each other. Specifically, 

it may be represented by the following equation (190), which contains 

only odd harmonics of sine waves: 

F(2nft) = ŝin(2nft) * 4aln(6mft) # -kindOwft) • 
" ( (3.6) 

•  ^ ln (2 f fn f t ) ]  

This is illustrated graphically in Figure 21. It is evident that the 

addition of higher harmonics causes sharpening of the edges and flattening 

of the tops of the ss^jare wave. An ideal square wave can therefore De 

approximated to any desired degree of accuracy by the inclusion of a 

suitable number of high-frequency components of a sine wave. Consequently, 

when calculating the maximum driving current required for a square 'wave 

modulation from equation (3.2), the high-frequency components have to 

be included, making I^ considerably larger than the 20 mA RMS alloweo 

by the high-voltage op anç. 

To circumvent this problem, a trapezoidal waveform was used Insteaa 

of a square one (see Figure 22). The current required to drive the PZT 

pusher, and hence the ability of the high voltage op atiiQ to provide sucn 

a current, depends on the combined magnitude of the moculaclon freauency 



www.manaraa.com

96 

B 

Figure 21. Approximation of a square wave by summation of a sinu
soidal components. A-sln(wt); B-sinCwt) + l/3sin(3tat); 
C-sin(wt) + l/3sin(3u)t) • l/5sin(5wt); 0-sin(wt} , l/3sin(3'^t) 
V l/5sin(5wt) • l/7sin(7ut) 
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f, the modulation voltage Vm, and the sharpness of the edge of the 

trapezoidal waveform. Higher vm and a sharper edge generally produce 

greater degrees of modulation. This effectively puts an upper limit an 

the modulation frequency f that can be used. Couple this with the need 

to minimize the l/f noise contributions to the PAS signal, a compromised 

value of 100 Hz was subsequently adopted for this study. 

A second problem that merits consideration when the modulation 

frequency is increased from the initial 1 Hz operation to 100 Hz is 

the fact that no matter how well modulated the laser is at the lower 

frequency, there is no guarantee that the same condition automatically 

holds at the higher speed. This is because the mechanical movement of 

the grating mount, which consists of a pushing action of the PZt device 

on one-half cycle and a pulling action of a spring on the other, cannot 

be expected to be ictentical at both frequencies. The time response of 

the 100 Hz operation does not allow a similar evaluation used at the I »z 

case. To make sure there was proper modulation at 100 Hz, a second, 

identical cell filled with pure nitrogen  ̂was used as a reference. 

This second cell is located symmetrically with respect to the focal 

point of the laser beam on the opposite side of, and behind the first 

(saille) cell (see Figure 23). The only PAS sigial from the second ceil 

originates from the absorption of the windows or the cell body. It 

is then sufficient to minimize this PAS sigial by adjusting tne bias 

and the gain on the hî voltage op amp that controls the PZT pusner. 
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SAMPLE REF 

Figure 23. Two-cell configuration; L-focusing lens; F-focal point. 
The sample and reference cells are synroetrical with 
respect to F 
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The magnitude of this residual signal is not expected to be the same 

as the corresponding one in the sample cell, since the windows are, in 

all likelihood, not matched. However, the fact that the background in 

the second cell is minimized is an indication that the power levels in 

the two half-cycles are matched and that the background in the sample 

cell is also minimized. 

It is entirely possible that the grating is in some average 

position which allows both laser lines to be active at all times, 

without alternately switching from one line to the other. The back

ground, as determined by the second cell, will also be minimized, but 

the system will then be useless for measurements. The only way to 

test this is to compare the signal obtained in this manner (with absorbing 

species in the sample cell) with that obtained by using amplitude 

modulation (chopper) at the same modulation frequency and modulation 

function. As stated before, ethylene in nitrogen at atmospheric pressure 

was used as a test case. From Table 4, the absorption coefficients 

(in atm'̂ cm'̂ ) for the CO  ̂ P(12), P(i4), P(20), and P(22) lines in the 

00*1 - to®) band are respectively, 4.70, 32.2, 1.50, and 1.42. Wave

length modulation between the first pair of lines should provide a PAS 

sigial 85% 0^ that using amplitude modulation 

with a square wave function on the P(14) line and the same modulation 

between the last pair of lines should yield a negligible signal on the 

same scale. Measurements were made on samples between 6.00 ppm and 100 

ppm ethylene in nitrogen. The PAS response (mV/W) was found to be 
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roughly a factor of two higher for amplitude modulation. Since choosing 

the center and the amplitude for wavelength modulation only affects the 

power and not the actual lasing wavelengths (to within a few megahertz), 

this can be taken to imply a 59% modulation extent (50%/85%), The fact 

that the modulation is not 100% can be attributed to the less than 

ideal range of movement provided by the particular PZT pusher used in 

this study. The maximum range for this PZT pusher is 40 urn, while lU 

um is needed to go from line center to line center (see preceding 

section). The laser is essentially sli^tly misaligned all the time to 

allow switching from one line to the next and contains some of each 

wavelength all the time. Actually, the sli^t misalignment is necessary 

to cowensate for the differences in the gain curve of the laser lines 

(see Figure 14). It is also possible to have intervals during each 

cycle when no lasing occurs. This is confirmed by the observation that 

the average power is somewhat lower for optimm wavelength modulation. 

Finally, as a control study to show that the PAS signal observed «as 

not an artifact, wavelength modulation involving the last pair of 

lines (P(20) and P(22)) on the same samples was performed. As 

predicted, the signals measured were negligible. This is illustrated 

in Figure 24 whicn shows a comparison of signals obtained on the 10 ppm 

ethylene/N^ sample with the wavelength modulation of P(12)/P(14), ano 

P(20)/P(22). The incon^lete nature of the modulation brings a 

corresponding decrease in sensitivity, which, as will be seen later, is 

a reasonable compromise in order to achieve lower detectaPilities. 
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Figure 24. Comparison of wavelength modulation signal a) P(14)/P(12) 
b) P(22)/P{20). Sample; 10 ppm C2H4/N2 
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2. Improvement in the detection limit 

To see that there is a real advantage using this scheme for PAS 

measurements, the signal obtained as a function of concentration of 

ethylene in nitrogen for the cases of amplitude modulation using the 

P(U> line (Figure 25) and wavelength modulation using the P(l2)/P(l&) 

lines (Figure 26) were plotted. In each of the figures, a line with 

unit slope is drawn to aid in the interpretation. In Figure 25, the 

contribution of window absorption to the PAS signal was about 470 uv/w, 

so that measurements below 5 ppm were not possible. In Figure 26, the 

detection limit is extended by about two orders of myiitude. The 

resicWl background siyial was due to a small anwunt of mechanical 

coupling between the vibrating grating nraunt and the cell and was of 

the orcter of only 1,4 uV. This vibrational coupling is dependent upon 

the amplitude of the vibration of the grating mount, which in turn 

depends on the modulation voltage, Vm. Better aligmnent of the CO^ 

laser optics and initial centering can result in the same mocblation 

extent with lower vu» applied to the PZT pusher, hence re<fejcing the 

resicWal si^l. It can also be eliminated if the PAS cell were set up 

on a different bench than that of the CO^ laser. It is important to 

note that this last value is independent of the intensity of the laser 

light. 

For operation at 1 W of output, the wavelength modulation scheme 

gives a detectability of 13 ppb (S/N = 3). Naturally, hi^er laser 

powers can be used to improve the detectability, since the background 
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seems to be intensity Independent. There Is, of course, a practical 

limit to this approach. Care must be taken to avoid saturation of the 

absorption line. The useful range for PAS measurements Is thus extended 

by wavelength modulation. The detectablllty Is comparable to that 

possible In acoustically resonant cells (191), but without any of the 

critical requirements In the operation of those cells. 

3. Deviations from unit slope 

It may be noted that there are deviations In the experimental 

points from the line of unit slope In each of the last two figures. 

This can be attributed n»lnly to the fact that preparing exact mixtures 

of gases at these low concentrations Is extr«nely difficult, even under 

carefully controlled conditions. Perhaps the best approach to solve 

this problem is to employ the use of permeation tubes iwde of Teflon, 

or similar chemically inert resins, as gas stanctords (192). The 

deviations are nwre pronounced in Figure 27, the analytical working 

curve for wavelength modulation. The (Aviations for the two high-

concentration c^ta points (100 ppm and 40 ppm) are negative, while 

those at the lower concentrations are positive. This is because after 

the initial measurements for the high-concentration sangles, the CO2 

laser wms "walked", a procedure which involved a series of adjusting 

and readjusting the laser optics to yield the rated power and good 

mo<te structure which results in more evenly distributed power and better 

retention of spatial characteristics In each of the two half-cycles of 
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modulation. Subsequent measurements for the low-concentration samples 

yielded stronger signals because of the better modulation. This is 

further confirmed by the fact that the background signals obtained 

in the second reference cell for these samples were consistently lower 

than their counterparts in the high-concentration trials. 

0. Conclusion 

By using a piezoelectric pusher, a commercial CO^ laser was 

adapted to operate in the wavelength-modulated mocto for photoacoustic 

measurements with ^od discrimination against background due to window 

absorption. The detection limit was extended by approximately 2 orders 

of magnitude. The minimw detectable concentration for ethylene in 

nitrogen was calculated to be 13 ppb. This last value can be further 

reduced if i) better acojstical and vibrational isolation for the PAS 

cell from the surroundings is provided, il) higher laser power is used, 

and 111) a larger modulation depth can be established. The last 

condition can be easily satisfied by modifying the mechanical design 

of the grating irwunt. Recalling from figure 16, the horizontal movement 

(X) for the angular displacement (60) of 8.4 x 10"* rad. for line-center-

to-line-center switching is 113 um on a 13.5 cm center (Y). NOW X 

can be made closer to the maximum range of the PIT pusher (40 um) Oy 

reducing the length of Y for the same 40. To reduce Y by a factor of, 

for example, 3, would bring x to about 38 um, well within the striking 

distance of the ability of the PZT pusher. 



www.manaraa.com

108 

The concept of wavelength modulation is not necessarily limited to 

point sampling operations. Long-path absorption measurements can also 

benefit from this design to help discriminate against interferences 

such as scattering of aerosol particles and atmospheric turbulence. 
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IV. TRACE DETECTION IN GASES BY FA8RY-PER0T INTERFERQMETRY 

A. Introduction 

The sensitivity of absorption measurements made on a gaseous 

sample whose excited-state decay is predominantly nonradiative, can 

often be improved over a conventional transmission method by monitoring 

some effects associated with the thermal relaxation following the 

absorption of radiation. The most convenient of these effects is the 

generation of heat, creating temperature changes in the sample. This 

calorimetric approach to determining small absorbances forms a class 

of techniques, which are particularly well-suited to the infrared 

spectral region due to the predominance of nonradiative relaxation of 

vibrationally excited molecules. Nireover, since the magnitudes of all 

these associated effects irwrease with the power of the excitation 

light source, one can, therefore, in principle achieve lower detect-

abilities conpared to conventional measuretrants. 

Depending on the method of detecting the temperature change in 

the sangle, these techniques can be classified into the following 

categories: i) photoacoustic detection, il) thermal lens calorimetry, 

ill) photothemral deflection detection, and iv) interferometry. Much 

has been discussed on the photoacoustic effect in the preceding chapters. 

Detailed discussion will be bypassed here. 

The thermal lens effect, first reported by Gordon et al. (193), 

is caused by the nonuniform heating of the sample by a laser beam. 

An absorbance measurement using this effect is obtained by placing 
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the sample in a TE^s laser beam at one confocai distance past the beam 

waist for maximum sensitivity (196). As the laser beam is unblocked, 

the intensity at the beam center in the far field decreases to a steady-

state value resulting from the additional divergence of the beam by a 

thermally induced lens-like element in the sample. The thermal lens 

is a gradient in the refractive index which follows the temperature 

distribution formed by the conversion into heat of energy absorbed 

from the Gaussian intensity profile of the beam. The absorbance of 

the sample can then be determined from the relative change in the 

intensity at the center of the beam, ^tost of the measurements based 

on the thermal lens effect have been accomplished with condensed phase 

samples (liquid) (194-198). There are, however, several applications 

to gas-phase infrared absorption measurements in the study of vibrational 

energy transfer (199-201). 

The photo-thermal deflection technique is based on the so-called 

"mirage effect**, i.e., when an absorbing medium is irradiated with 

intensity-modulated radiation, its surface will exhibit periodic 

temperature fluctuations which will in turn induce a modulated refractive 

index gradient in a layer of gas (of thickness on the order of the 

thermal diffusion length) adjacent to the sample surface. This 

time-dependent gradient is then employed to periodically deflect a 

probe beam propogating parallel to and near the sample surface. The 

deflection amplitude can be related to the strength of the absorption 

in a strai^tforward manner. Originally developed as a technique for 
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condensed phase samples (202,203), photo-thermal deflection has also 

found application in the monitoring of gaseous molecules. Fournier 

et al.,(204) reported a photothermal deflection scheme for the 

detection of trace gases and for measuring weak absorption in gas-phase 

samples. Using a COg laser as the pump beam and a HeNe laser as the 

probe beam, a detection limit of 5 ppb of ethylene in nitrogen 

has been reported. Typical experimental set-ups for thermal lens 

calorimetry and photothermal deflection spectroscopy are shown in 

Figure 27. 

Perhaps the most sensitive way to monitor changes in the refractive 

index caused by temperature variations is throi^ interferometry. 

Optical interference is the basis of inter ferometry and can be defined 

as the modification of the intensity of radiation waves by combining, 

or superimposing two or more waves. The resultant intensity is 

sometimes (kcreased, resulting in destructive interference, and some

times increased, resulting in constructive interference. If mono

chromatic radiation is used, then for nwimum constructive interference 

the total path difference between the superimposing waves should be 

an exact multiple of the wavelength. The phenomena of constructive 

and (testructive interferences are manifested as alternating bright and 

dark fringes. If the optical path travelled by the waves is altered, 

either physically or by a change of the refractive index as a result 

of a temperature rise in the nwdium, the fringes will shift from their 
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Figure 27. Schematic representations of some thermcoptic•based 
methods, a) Experimental set-up for photothermal deflection 
detection. SM-spherical mirror; Wg - steering mirrors; 

po-position detector; LIA - lock-in amplifier (204). 
b) Optical system for detecting the thermal lens effect 
A sample cell is placed a distance fromi the beam waist 

0. Zg indicates the distance between the cell and a pinhole, 

which samples the intensity at the beam center The 

spot size of the beam at the waist, sample cell, the pinhole 
are Wq, w^, respectively (194) 
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original positions. And, as In the other thermo-optlcal techniques 

discussed so far, the shift amplitude can be related to the strength 

of absorption of whatever species present in the medium. 

Interferometers have long been powerful tools for spectroscopic 

techniques that require high spectral resolution. For example, the 

study of hyperflne splittings has been achieved by using interferometers 

(203-207). Another frec^jent application Is in the area of establishing 

high-frequency stability in lasers (208,209) for high resolution 

spectroscopic nwasurements. Finally, determination of laser wavelengths 

to great precision and accuracy has also been accomplished with the 

aid of interfermetry (210,211). The same technology that makes these 

applications possible can easily be transferred to measure small changes 

in refractive index. In subseqwnt sections of this chapter, one 

particular interferoiwter, the Fabry-Perot, will be discussed in detail 

in terms of its unique features. A study of its application to detecting 

trace gases in conjunction with wavelength modulation previously 

described will also be presented. 

8. Interferowtry 

AltlMu^r* interferooœters have been used for over 100 years to 

compare the refractive indices of ^ses, the use of an interferometer 

to ctetect weak absorptions was only recently ctemonstrated by Stone 

(212). In his experiment, he used a dual-beam Interferometer to monitor 

the change in optical path length due to heating of the sanple solution. 

Sirce then, the use of an interfertwieter as an integral part of an 
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absorption measurement detector has been expanded, and is not limited 

to condensed phase samples alone. Instruments based on optical 

interference can take many forms and designs. Among the more common 

ones are: 1} the wichelson interferometer, ii) the wach-Zender inter

ferometer, ill) the Jamln interferometer, and iv> the Fabry-Perot 

interferometer. The designs of the first three types of interferometers 

are schematically represented in Figure 28. 

The Michelson interferometer is perhaps the oldest design. 

Originally designed by Michelson (213,214), its working principle is 

still being used as the basis for other types of Interferometers. The 

general theory of interferometry, therefore, is most readily comprehended 

by first acquiring an understanding of the way in which a basic 

Michelson interferonwter works. 

The Michelson interferometer is a device that can split a beam of 

radiation into two paths and then recombine them so that the intensity 

variations of the exit beam can be measured by a detector as a function 

of path difference. The simplest form of the interferonwter is shown 

in Fi^jre 26a, It consists of two mutually prependicular plane mirrors, 

one of which can move along the axis shown. The movable mirror is 

either moved at a constant velocity, or is held at equidistant points 

for fixed time periods between these points, ^tween the fixed mirror 

and the movable mirror is a beamsplitter, where a beam of radiation 

from an external sojrce can be partially reflected to the fixed mirror 

and partially transmitted to the movable mirror. After each beam has 
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Figure 28. Schematic r^reseitatlons of several types of interferometers. A) Hichelson inter
ferometer B) Nbch-Zender interferometer, 8S-heam splitter; M-plane mirror C) 
Jamin interferometer. Ci, G2 - gas chambers; Ci, C2 - co^pemators; Mi, M2 -
equally thic^ plane parallel glass plates of the same refractive index, opaquely 
silvered on one surface 
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been reflected back to the beamsplitter, they are again partially 

reflected and partially transmitted. Thus, a portion of the beams 

which have travelled in the path to both the fixed and movable mirrors 

reach the detector. Now consider the case of a source of monochromatic 

radiation producing an infinitely narrow, perfectly collimated beam. 

Let the wavelength of the radiation be \ cm. When the fixed and 

movable mirrors are equidistant fron the beam splitter, the two beams 

have travelled equal pathlengths and are perfectly in phase upon 

recmbination. At this point, the signal at the detector is a maximum 

because the beams are interfering constructively (Figure 29a). However, 

if the movable mirror is displaced a distance of x/k cm, the optical 

path difference between the two beams is x/2, the components are 

completely out of phase and destructive interference occurs. Now the 

signal at the detector is a minimim. As the movable mirror moves 

another increment V4, the beams are orae again in phase (Figure 29c) 

and the siyial at the detector again reaches a maximum. Therefore, 

as the movable mirror is uniformly moved, the signal at the detector 

goes through a series of maxim and minima in a cosine fashion directly 

proportional to the velocity of the moving mirror. 

The basic Michelson interferometer has been successfully applied 

to infrared scannii^ spectrometry - Fourier transform infrared spectrom

etry (FTIR) (215) - where, instead of a monochromatic beam, a poly

chromatic source in the infrared region is used. It can also be 
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Figure 29. Superposition of waves in a Hichelson interferometer. A) Constructive interference 
when path difference is zero. B) Destructive interference ahen path difference is 
X/2. C) Constructive interference When path difference is X 
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readily modified to operate in a dual-beam fashion as in the Fourier 

transform spectroscopic study of very far-infrared atmospheric 

absorptions (216), and in the determination of laser wavelengths with 

an accuracy of several parts in 10^ (210). 

Optical pathlength differences can also be created by changing 

the refractive index (RI) of the medium in which the beams travel. The 

resultant shift in interference fringes constitutes the basis for 

monitoring the refractive index change. Such a concept has been 

successfully adopted in a commercial detector for high performance 

liquid chroratography (MPLC), which typically uses a wichelson inter

ferometer, or some variation thereof to monitor RI changes due to 

change in the composition of the liquid element passing through the 

detector. 

The refractive index change, as si^gested earlier, can also be 

thermally inched, in which case the interferometer will function as 

an absorption detector. An example to illustrate this thermooptic-

based method is the work by Cremers and Keller (217). By using a Jamin 

interfermeter and a sir^e frequency laser, small changes in the 

optical pathlength (^V200) due to heating of weakly absorbing liquids 

was measured and solute absorptions (CCl^) of ~ 5 x lO'^cm"^ was 

reported. 

Another interferometer that has been used as an absorption detector 

is the Mach-Zehder ctesign. Using this Interferometer, the small phase 

change of a single frequency laser (probe beam) due to absorption and 
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the subsequent heating was monitored for trace gas detection (119). 

This type of phase-fluctuation optical heterodyne technique has also 

been combined with Stark-effect modulation to measure NH^ in air with 

a reported detection limit of 9 ppb (121). It has also been adapted 

into a GC detector with reasonable sensitivity (-lO'^cm'^) (218). 

It is important to note that the optical interference fringe 

pattern of the aforementioned interferometres takes the form of a 

cosine wave. Since interferometric detection of thermally induced 

refractive index or phase changes can best be described as fringe 

shift experiments, it is evident that detectability depends on the 

quality of the interference fringe that can be achieved. The key 

measure of this quality is the finesse of the individual interferometric 

systems. As will be seen later, the Fabry-Perot interferometer is 

far superior to the others in this particular aspect which in turn 

lends itself well to being a sensitive absorption detector for trace 

gases. 

C. Fabry-Perot Interferometer 

A Fabry-Perot (FP) interferawter is constructed with two partially 

transmitting mirrors that are parallel to each other. This is said 

to be the FP cavity. In an air spaced FP cavity, the two mirrors are 

coated on their inside surfaces with partially transmitting coatings 

of high reflectivity and antireflection coatings on the outside surfaces. 

Normally, the outside surface is slightly wedged (10 to 30 min.) with 

respect to the inside surface to avoid forming additional cavities (see 
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Figure 30a). If the transmitted beams are superposed, then maximum 

constructive interference occurs whenever 

\/n • 2d/m (4.1) 

where \ is the wavelength of light, n is the refractive index of the 

medium, m is any integer, and d is the spacing of the mirrors. Equation 

(4.1) assumes normal incidence of the beam with respect to the mirrors. 

If one of the mirrors is macte to travel a short distance repetitively 

while maintaining its parallelism, the interferometer is said to be 

operating in a scanning mode. Scanning is usually achieved by means 

of supplying a linear voltage ramp to a piezoelectrical element mounted 

to the movable mirror. The resultant interference fringe pattern as 

observed by a photodetector is schematically represented in Figure 

30b. Typically, the Fp interferometer is used in air for accurate 

wavelength determinations. If, however, a single-frequency laser is 

used, the RI of whatever medium inside the cavity can be monitored. 

From equation (4.1), it can be seen that AA/% » &n/n. Since FP 

interferonetry has been used to determine laser frequencies to 3 parts 

in 10^1 (211), one can expect a similar detectability in the change in 

RI in the ideal case. 

1. Finesse 

The sensitivity of any interferometer to detect snail shifts in 

fringes (hence change in RI) is directly related to the sharpness of 

the fringes. This quality is conveniently measured by the half-width 
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Figure 30. The Fabry-Perot interferometer. A) Multiple reflections within the Fabry-Perot 
cavity. The actual reflections are not separated in space, as shown, but move back 
and forUi upon themselves, in a mwmer Which cannot be drawn clearly. B) upper: 
linear voltage ramp supplied to the scanning mirror. Lower: resultant inter
ference frin^ pattern. Finesse = M/w 
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of the fringes and is best expressed by the ratio of the separation 

of adjacent fringes and the half-width. Such a ratio is called the 

finesse (F) of the fringes. In the previously described interferometers 

(Michelson, Mach-Zender, etc), the inherent limit on finesse is 2 

because of the cosine waveform of the interference fringe pattern. 

The finesse of a FP interferometer, on the other hand, can be as high 

as the individual optical components allow. In the nrast ideal case, 

the finesse of a FP system is governed by the reflectivity of the 

mirrors that form the FP cavity and is given by (219) 

F . if/ff/(l-R) (4.2) 

where R Is the reflectivity of each of the mirrors. Since this 

determines the resolution of the instrument, one wants as high a 

value as possible. To appreciate the relationship between the sharpness 

of the fringe and the reflectivity of the mirrors, a plot of the 

intensity contours of fringes as a function of reflectivity is presented 

in Figure 31. 

From the foregoir^, it is evident that as the reflectivity of 

the mirrors, and hence F (see Figure 32), is increased, the intensity 

distributions become (wre favorable for the measurement of fringe 

positions. In practice, however, the finesse is often less than the 

value given by equation (4.2). This is because equation (4.2) is 

derived under the assumption that the reflecting surfaces are perfectly 

plane and parallel. This is not the case as surfaces can never be 
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Figure 31. Intensity contours of fringes cfeje to multiple reflections as 
a function of reflectivity, a) reflectivity s 4% b) 
reflectivity s 50% c) reflectivity 80*. - percent 

intensity transmitted; I^ - percent intensity reflectec 

(220) 
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Figure 32. Reflectivity finesse vs. reflectivity (220) 
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worked perfectly plane, and In consequence, the mirror separation d 

always varies over the beam diameter. Therefore, as R approaches 

unity, the finesse approaches a limit which depends on the defects In 

the mirror surfaces, i.e. with given mirror surfaces there Is an upper 

limit to the fringe sharpness which cannot be exceeded whatever the 

reflectivity of the coatings. The value of finesse due to the flatness, 

can be calculated by 

F y # M/2 for a VM surface (4.3) 

wTwre M is the fractional wavelength deviation from planeness across 

the mirror aperture, and \ is normally specified at )30 nm. 

There is yet another factor that can reduce the finesse of a f P  

system; the diffraction losses arising frm the finite aperture of the 

Interferometer. The net finesse of the entire system is found by 

treating the component finesses as if they were parallel impedances: 

''net"' ' f 

2. Throughout or transmission 

The throu^put (t) of a FP interferometer is defined as the 

transmission of a FP at resonance, (kie advantage of a FP is that it 

is an extremely efficient instrument. For infinitely flat reflecting 

surfaces, t depends primarily on the losses in the mirror and the 

coatings and is given as (219) 
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t a (1-^^)^ (4.5) 

where A Is the losses due to scatter and absorption and is typically 

.2%/surface for modern coatings. At high values of R, which are of 

practical interest, an increase of R is accompanied by an increase of 

A/d-R), and from equations (4.5) and (4.2), t decreases with increasing 

F. Thus, high values of both peak transmission (throughput) and 

finesse are incompatible requirements, and in practice some compromise 

rmist be made between them. Fortunately, with modern multilayer 

dielectric coatings, t can be substantial even with reflectivities of 

98 to 99% (see Figure 33). It is important to note that the above 

definition of transmission assumes perfectly flat plates. If the 

plates have a surface error (of the type according to equation (4.3)), 

as they always do to sone extent, the peak transmission will normally 

be refhjced. 

3. Detectabilltv of FP interferometrv 

We can estimate the detectablllty allowed by a combination of 

commercially available components. Single-frequency Hewe lasers 

(x s 633 nm) have a stability of about 1 MHz (is), or about 2 parts in 

10^ (633 % l0'^°/30). Interferometers readily provide d = 15 cm. The 

free spectral range (FSR) which, in the case of a FP illuminated by 

monochromatic light, can be defined as the separation between adjacent 

fringes, and is given by 

FSR = c/2nd (4.6) 
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Figure 33, Throt^ut vs. reflectivity as a function of absorption 
(A) 0.1% absorption (8) 0.2% absorption (C) 0.5% 
absorption (0) l.W absorption (220) 
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where c is the speed of light (3 x 10^^ cm sec'^), and n is the 

refractive index of air (^). This gives a FSR value of about 1 GHz. 

The half-width of the interference fringe is thus 10 MHz for a system 

finesse of 100. The peak of the interference fringe, however, can be 

located to better than one-tenth the width, so that the ultimate 

resolution is also 1 MHz. One can therefore expect excellent detect-

ability (laser stability limited) from a FP interferometer in monitoring 

small changes in RI. Indeed, this concept is borne out by the improved 

detectability of a RI detector for HFLC based on FP interferometry 

developed by woodruff and Yeung (221). 

A. FP as an absorption detector 

To fwction as an Indirect absorption detector, a collimated, 

secondary light source matching the absorption band of the species of 

interest can be introduced along the optical path of the interferometer 

to thermally inckice a RI chan^. One can explicitly relate the RI 

change, An, and the absorbance of the sample, A. For small absorptions, 

which is typically true in trace gas detection, the amount of light 

energy absorbed is 2.303 fl£, where E is the source energy in joules. 

If the light pulse and the relaxation tim are nuch shorter than the 

thermal conduction time, Tc across the interaction region of cross-

2 
sectional area a cm , the temperature increase AT per unit length of 

path is 

AT , ̂ •^oa^CX) (4.7) 
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where S is the specific heat in and 0 is the density of the 

medium in g cm'^. We then have 

an . ûT(dn/dT) (4.8) 

where dn/dT is the temperature dependence of the RI. In air, the 

actual RI change which results when molecules in a sample absorb 

energy and suffer v—>R, T relaxation follows from the Clausius-Mossotti 

equation, and is given by (121) 

An • -(n-1)*^^ (4,9) 
'abft 

where is the absolute temperature of the gas, n is the equilibrium 

value of the RI. For very dilute gas samples in air (n-l) equals 

2.92 X lOT*. For » 293 k, -(n-D/T^^g is approximately -l.O x 

10-^ k"l. 

Using typical values; E » I J, Cp » 1.006 Jg"^k'^, 0 » 1.165 x 

lO'^g cm"', a » 0.01 cm^ and dn/dt * -1.0 x 10"*, one finds the minimum 

detectable absorbance is 1.0 x 10"® for a RI (tetectability of 2 x 10"*. 

For a gas sample of ethylene in 1 atm of nitrogen, excited by the P(14) 

COg laser line (a » 32.2 cm'^atm"^) (108). This translates to a 

detectable concentration of about 0.3 ppb. A subtle point here is that 

traditional absorption measuranents gain linearly with increasing 

interaction length. In interferometry, Increased length increases the 

absorbed energy, but at the same time more volume must be heated up. 
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Therefore, there is no net gain. However, the resolution of the 

interferometer generally increases with the distance d, so that longer 

light paths are still desirable. 

5. Noise considerations 

The above calculation is based upon the ultimate resolution of the 

fP interferometer (2 x lOT* or 1 MHz) which is also the stability of 

the single frec^ency helium neon laser. Implicit in this calculation 

is the notion that the sensitivity of this scheme is ultimately limited 

by the stability of the probe beam, in practice, this limit is not 

achieved because at low concentration levels, many sources of noise 

become important, (^hanical vibration of the laboratory can be 

directly coupled to the interferometer, causing jitter in the fringe 

peak position. Acoustic noise in the roan affects primarily the part 

of the interferometer cavity not covered by the interaction region. 

Ambient pressure changes in the laboratory can also lead to drifting 

of the friras. Thermal expansion of the interferometer mounts and 

other optical components can also contribute to background noise. 

Most commercially available FP interferometers are constructed of 

materials with low coefficients of thermal expansion, such as super-

invar U 0.36 X 10*^ k"l). So, the problem of thermal drift can be 

somewhat alleviated. But the most serious disturbance caused by 

temperature changes is the open FP cavity. The best solution is to use 

a thermostat-controlled enclosure. Some improvement can also be expected 

throu0 proper vibrational and acoustical isolation. 
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f^st of the above-mentioned contributions from noise can be 

compensated for in a dual-beam arraniment. Two parallel optical 

paths can be introduced into the interferometer by splitting the output 

of the single-frequency laser, one for the sample interaction chamber 

which contains the species of interest, the other for a reference 

chamber containing the buffer gas only. The difference in the positions 

of the fringes in the two paths, as opposed to the absolute positions 

in the single-beam arrangement, can then be registered using separate 

photoelectric detectors. If the two chambers are made to match as much 

as possible, thermal effects are minimized. In fact, drifts in the 

interferometer and in the laser, vibrations, and acoustic noise are 

automatically compensated for. There is also an atkled advantage in 

that resiAal background absorption by water vapor, ^eous interferents, 

etc., which ultimately limit the detection of trace ^ses when the 

system is operated in situ, can be accounted for, assuming, of course, 

both the reference and sample chambers are irradiated with the 

excitation beam. 

A dual-bean arrangement for Fabry-Perot interferowtry adapted into 

a refractive index detector for HRX was developed in our laboratory 

(222). The actual flow cells were machined out of the sane aluminum 

cylin<ter. A single-frequency >teNe laser was split into parallel beams 

and directed through the flow cells located inside the fP cavity. After 

the exit from the cavity, the two light beams were directed to two 

separate photomulitplier tubes for indivickjal monitoring of fringe 

shifts. With the reference cell operating in a static mode, ano the 
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sangle cell in a flowing mode» the net difference between the fringe 

shifts of the two beams was monitored by a minicomputer which also 

generated a linear ramp to scan the interferometer through the piezo

electric element attached to the movable mirror, using known 

concentrations of benzene in acetonitrile, a detectability of 6 * 10"* 

RI units (S/N m 3) was reported. The ultimate detectability of this 

optical scheme is limited by the residual differences in the two 

optical paths, resulting from limitations in machining the flow cells 

to identical physical lengths, d. ^ever, it is evident that the 

quantity of interest here is not the absolute value of the refractive 

indices, but An, the change in RI m^ien the chrommtographic effluent 

passes throu^ the detector and that Wn » -Ad/d, where Ad is the shift 

in the position for constructive interference. Any fractional mismatch 

in the physical lengths of the tm optical paths will translate only 

into a fractional error in the amount of correction applied to An as 

dictated by the reference beam. For exao^le, a mismatch of the order 

of 0.2 mm over a 10 cm path will result in the reduction of certain 

types of noise (discussed above) to the order of 0.002 compared to the 

single-beam case. Therefore, there is still overall improvement in 

noise compensation in this optical scheme. 

In the next two sections, an experiment based on dual-beam Fabry-

Perot interferometry for trace gas detection will be described. Along 

with this discussion, the failure of this scheme to reach its potential 

as an absorption detector because of instrumental limitations will also 

be presented. 
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0. Experiment Based on Oual-Geam Fabry-Perot 

Interferometry for Gas Detection 

I. Experimental section 

The experimental arrangement is shown in Figure 34. The individual 

components are summarized in Table 6. A single frequency HeNe laser 

(Tropel, Fairport, NY, Model 100) is split into two parallel beams by 

a 2,5 cm dianwter, 0.6 cm thick uncoated optical flat with the surfaces 

polished to A/10 and parallel to 2 sec (Oriel, Stamford, CT, A-â3-U3-éG). 

When used in the s-polarization mocte and at 45", this provides laser 

intensities of 11% and 9% for the reference and sample chambers. 

With this arrangement t*w return beans to the laser are of the order 

of 1% and are insufficient to affect the mode stability of the laser. 

The reference and sample chambers are T-shaped stainless steel tubings 

10 cm long, & in i.d., with the stem of the sample chamber connected 

to a needle value which controls the flow of gas sample into the 

interaction region. The flow is carefully regulated so that it is 

barely perceptible to feel. The chambers are windowless i.e., no 

windows are glued to the ends of the stainless steel tubing. The 

reason for a windowless cell is because the introduction of windows 

with surface errors (deviation form planeness) into the FP cavity will 

re&jce the finesse of the system. Moreover, if windows were mounted, 

there would be reflection loss of the HeNe beam. The interferometer 

used is of standard desigi (Burleigh, Fishers, NY, ModeX-llO with 

RC-670-C2.3 mirrors). The two U^t beams are steered througn tne 
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Figure 34. Schematic of the set-MP for the dual-bea# Fabry-Perot experiment. S-#echanical 
shutter; Fl, F2 - optical flats; PMTI, PMT2 - photomultipUer tubes, FP-Fabry-
Perot interferometer 
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Table 6. Components for dual-beam Fabry-Perot experiment 

Component Model No. Manufacturer 

COg laser C-230 

HeNe laser 100 

Fabry-Perot 
Interferometer RC-lOO 

Fabry-Perot 
mirrors 

High voltage 
operational an^llfler P2-70 

Minicomputer with 
LPS-ii interface POP 11/10 

Photomultiplire tube 1 6342A 

Photomultiplier tube 2 1P28 

Mechanical shutter 

Thermopile 210 

Microvoltmeter 155 

COg Spectrum analyzer 

Capacitance manometers 221A 

Oscilloscope 7904 

Molectron, Sunnyvale, CA 

Tropel, Fairport, m 

Burleigh, Fishers, NY 

RC-670-C2.3 Burleigh, Fishers, NY 

Burleiç^, Fishers, NY 

Digital Equipment, Maynard, MA 

RCA, Lancaster, PA 

RCA, Lancaster, PA 

Tektronix Inc., Beaverton, OR 

Coherent Radiation, Palo Alto, CA 

Keithley Instruments, Cleveland, 
OH 

Optical Engineering, Santa Rosa, 
CA 

MKS Instruments, Burlington, MA 

Tetronix, Beaverton, OR 
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reference and sample chambers and upon exit from the cavity, are 

separately directed to two photomultiplier tubes (RCA, Lancaster, PA, 

63A2A and 1P28) operated at 800V and 400V, respectively. Each PMT 

is fitted with an interference filter (Rolyn, Arcadia, CA, 66.A540) 

to reject room light. A CW CO^ laser of conventional design (Molectron, 

Sunnyvale, CA, Model C-230) was used as the excitation beam. To 

introduce this beam, an optical flat made of BaFg with an effective 

flatness of A/10 is iraunted inside the FP cavity at Brewster's angle 

with respect to the HeNe bean (see Figure 35). The intensity of the 

reflected CO^ laser beam is 14%. The Brewster's angle arrangement 

ensures minimal reflection loss of the KeNe beam as well as preserves 

the beam's polarization. The COg laser beam is aliyied collinearly 

with one of the HefMi beams through the sample chamber for maximum 

overlap between the beams. No effort urns matte to collimate the CO^ 

laser to match the size of the HeNe laser (0.03 on^ cross-sectional 

area). The reason for this rather cumbersone and inefficient arrangement 

for introfkjcing the CO^ laser is because the FP mirrors do not transmit 

infrared radiation. All the optical coovonents were mounted on a base 

plate and the entire system is set directly on a bench without further 

vibrational isolation. 

To operate, a linear ramp is generated by a minicomputer (Digital 

Equipment, Maynard, MA, Model POP 11/10 with LPS-ll laboratory inter

face), and is amplified by a high-voltage operational amplifier 

(Burlei^i, Fisher, ny. Model PZ-70) to scan the interferometer. For 
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Figure 35. Brewster's angle arrangement. M-fabry-Perot interferometer mirrors; OF - optical 
flat made of BaF^. G-Brewster's angle 
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each step in the ramp, the output of each photomultlplier tube is 

digitized and stored in the computer. After each scan, the computer 

locates the constructive interference peak for each photo-tube. The 

free spectral range of the interferometer is adjusted so that there is 

always one peak, but never more than two peaks per scan for each beam. 

It is then easy to use an algorithm to monitor the difference in the 

two beams, regardless of whether one of the peaks in either beam has 

drifted off the scan range on consecutive scans. 

For absorption measurements, gas mixtures of ethylene in pure 

nitrogen (Matheson, E. Rutherford, NO) are introduced into the sample 

chamber by opening the needle valve. When the interfence fringes are 

finally stabilized, (after a period of equilibration necessary to adjust 

to the steady flow of gas sangle) the COg laser is introduced into the 

optical path of the sample beam by means of a manually operated 

mechanical shutter for 0.2 or 0.3 s. The instant the shutter is opened, 

the computer is triggered to go to a time delay before it takes the 

first scan and stores the information as described above. Then, it 

goes to a second time delay before it takes the second scan. The 

reason for the provision of the two time delays in the computer algorithm 

is as follows. Assufl» the induced température rise, AT, surges to a 

maximum and undergoes a ttecay similar to that depicted in Figure 36. 

Ideally the length of the first time delay should be such that the 

first scan records the maximum peak shift in the sample beam relative 

to that of the reference beam, i.e., at the instant when the induced 
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Figure 36. Transient temperature rise and decay model. T^ - time 

wNn the shutter is opened; Tj^ - first time delay; 

Tg - second time delay. Tj^ and T^ are varied empirically 

to yield maximum change in terms of temperature, AY 
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temperature rise, AT, is highest. This last value depends on the 

excitation and energy relaxation time of the species. The second time 

delay, on the other hand, should be so chosen that the second scan 

"catches" the peak in the sample beam when it shifts back to its 

pre-lrradiated position. This corresponds to a steady state value 

of the temperature after its initial surge. The time it takes to achieve 

this value depends on the thermal conduction time of the system and 

the rate of replenishment of gas sample by the flow, with proper time 

delays, the computer will be able to measure the maximum net difference 

in the shift due to absorption, Ad, m^en the digitized value of the 

peak position In the second scan is subtracted from that in the first 

one. The computer program for this study is so written that the values 

of the two time delays can be adjusted. This way, the maximum signal 

can be determined w^irlcally. 

2. Results and discussion 

To test the detectabillty of this scheme, a gas mixture of 

in pure nitrogen with a concentration of 495 ppm was used as the 

sample. The CO^ laser line used was the P(14) in the 00*1-10*0 band 

(o 3 32.2 cm"^ atm'b. The interference fringe pattern was checked 

for finesse and free spectral range by displaying the output of each 

of the photomultlplier tubes on an oscilloscope (Tetronix, Beaverton, 

OR, Type 205-2, Moctel A). A typical display of the Interference fringe 

patterns of the two beams Is presented In Figure 37. 
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Figure 37. Oscilloscope display of the dual-beam Fabry-Perot inter
ference fringe pattern. Horizontal scale = 10 ms/cm. 
Vertical scale = 0.2 v/cm 
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The first item of concern is to establish the values of the two 

time delays. To do this, the following approach is taken. First, 

the first time delay is assigned an arbitrary value (typically of the 

order of tens of ms) and kept constant while the second value is 

varied in magnitude in a descending order. Meanwhile, the digitized 

values of the net difference between the two scans, ùd, corresponding 

to the different values of the second time delay are compared until 

the maximum is acertained. With this last value, the optimum length 

of the second time delay is also determined. Next, with the second 

time delay fixed, the value of the first time delay is varied to see if 

the magnitude of the previous mexiiwm can be in^roved upon. By trial 

and error, the first tiiw delay is determined in this nmnner. Once these 

two values are established, subsequent measurements on wre diluted 

samples will be made baaed upon this set of values. From the initial 

display on the oscilloscope, it was determined that the range of values 

assigned to the second time delay should be of the order 10-500 ms. 

T^t is we expect that at some point during this time span the system 

will have cw^letely relaxied ami the original peak position 

re-established. However, when actual measurements were made, it was 

observed that the magnitude of Ad remained relatively constant over a 

range of values of the second time delay. This can wly be explained 

by the fact that the decay of AT occurs at a much faster rate than 

anticipated (sub-ms). Upon reviewing the computer algorithm used for 

this study, it was discovered that each scan which involves the 

generation of a linear ramp, the digitization of the output of the 
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photofflultlplier tube, the location of Interference peak, etc. takes 

approximately 0.3 s. By the tifw the first scan is completed, the 

system will have completely relaxed and the original peak position 

reestablished, thus defeating the purpose of the second time delay. 

While the second time delay was rendered useless by the "untimely" 

discovery of the scan rate, the first time delay could still be used 

to yield information regarding the optical excitation and energy 

relaxation of gaseous species. Subsequent measurements using different 

values of the first time delay indicate that the energy relaxation 

process occurs immediately after optical excitation and produces 

heat in a very short period (sub-iw). This observation agrees with 

the experinwntal results of the thermal lens spectroscopic study of 

nonradiative processes in ^2 by Imasaka et al. (223) which indicate 

a rise time of the ten^erature on the order of 1 ws or less. 

3. Conclusion 

Although the advantage of the dual-beam arrangeant was never 

quite fully exploited in this study, the basic concept was still 

sound as evidenced by the success of its adaptation into a Rl detector 

for HPLC (222). To make the present scheme work as an absorption 

(tetector for trace several changes have to be i%de for improvement. 

First, instead of a manually operated mechanical shutter, an electronic 

shutter whose "on-off" operation is controlled by a ccwçuter should 

be used. This can be readily accomplished by writing into the 

algorithm a canraand that would ask the laboratory interface system 

(LPS-U) to send a trigger pulse to the shutter to activate It. A 
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scan can be made right before irradiation (opening of the shutter), 

with the necessary Information stored. Immediately after the shutter 

is opened, or concurrent with it, a second scan is performed. 

The information gathered during the two scans can then be compared, 

and the net difference in shift c&je to absorption can be calculated. 

Better synchronization is derived as a result of this alteration. 

There is still one problem, the scan rate. If, as determined before, 

the complete scan with its accompanying digitization and computation 

takes approximately 0.3 s, then by the end of the first scan, various 

events (noise) mi^t lead to the shifting of the peak to positions 

different than that at the beginning of the scan. Subsequent comparison 

between the two scans will not yield the true, net difference in 

shift dw only to absorption. A faster scan rate will definitely 

correct this problem. Presently, work is being done in our laboratory 

to build a faster scanning unit for this purpose (224). 

Another advantage of a faster scanning rate is the potential for 

iwlti-scans. This will allow more frequent data collection which in 

turn makes siyml averaging possible resulting in improved S/N. The 

present system, with one scan before and after irradiation, and 

slow scan rate, does not allow extensive averaging to neutralize noise 

signals caused by fluctuations in the 0.1 - l.O s time scale. Although 

somewhat reduced by the dual-beam arrangement, these fluctuations can 

best be minimized by slgml averaging. 
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In addition to a faster scan rate, a pulsed laser can be used as 

the excitation source. The same arraunt of energy can be deposited 

in a shorter time, allowing the instantaneous shift to be registered 

with minimal effect from other fluctuations. 

E. Single-beam Fabry-Perot Interferometry 

for Gas Detection 

An alternative to the dual-beam arrangement described above for 

trace detection of gas is the single-beem geometry using modulated 

CM excitation aiKt narrow-band detection. By using a 1-Hz bancWidth 

tuned at the modulation frequency, therrral and shot noise that are 

broad band in nature can be reduced substantially. The excitation 

source can be modulated either mechanically by means of a chopper, or 

plezoelectrically by means of a PIT pusher as in the PAS study. 

Using Davis' estimation (119,121), the Fourier component of an induced 

refractive Index change at the cNipping frequency, in the beam-

chopped mode is given by 

(n-l)I Asin(w^) 

mrpabs 

where n is the refractive index, is the intensity of the excitation 

source in Watt cm"^, A is the absorbance, 0 is the density of the 

gas sample in g cm'^, Cp is the specific heat in J and T^^ is 

the absolute tefl^jerature in K. Equation (4.10) is derived by assuming 
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that Ig is nonsaturating and that the thermal conduction time of the 

system is greater than From equation (4.10), the minimum 

detectable absorbance with a 1-Hz detection bandwidth is 

One finds sensitivity generally increases with lower modulation frequency, 

higher laser power being focused into smaller areas, and smaller 

^min* Fabry-Perot interferometry, ùn^^ can be as low as 2 * 10"'. 

Better collimetion of the excitation source will result in a smaller 

area and hence hiç^r photon flux. But there is a practical limit 

to the extent of collimation - t^w cross-sectional area of the probe 

beam. Reducing the excitation beam to a size smaller than that of the 

probe beam will result in the Inefficient lae of the latter beam. 

Worse yet, it may even create a temperature gradient within the profile 

of the probe beam. The 1/f bel%vior of electronic drift and flicker 

noise effectively puts a limit as to how low the modulation frewency 

can be reduced. A trade-off has to be made in order to choose an 

optiflwm value for 

The significance of an appropriate modulation frequency actually 

goes beyond the rwrmal compromise of signal magnitude versus noise. 

For a system based on a single-beam arrangement with modulated 

excitation source to work, the interference fringe pattern wst be 

stabilized. In the case of a Fabry-Perot interferometer, it Is preferaoie 

to maintain the interferometer at its optimum operating point which 

is the half maximum along either the rising or falling edge of an 
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interference peak. At this point, Ad, the shift in the position 

for constructive interference, is most sensitive to the change of the 

refractive index inside the cavity, ûn. The intensity, as observed 

by a photodetector monitoring the probe beam (HeNe laser) will be a 

OC signal corresponding to the intensity at half maximum of the peak. 

The modulated signal, a result of the instantaneous shift caused by 

absorption of the excitation source, will appear as an AC component 

superimposed on the OC siyial. Coherent detection of this AC signal 

is achieved by a phase sensitive device, e.g. a lock-in an^lifier, 

synchronized to the modulation frequency. This arrangement is 

schematically depicted in Figure 38. 

Recalling from the discussion on the types of noise that limit 

the detectability of a Fabry-Perot interferometer, any device to 

stabilize the interferometer must also consider the drifting of the 

interference peak caused by the saiiw types of noise. Examples are 

laser frequeray instability, room pressure changes, thermal expansion 

of the interferoflwter mounts, ambient acoustic noise, and mechanical 

vibrations. From the previous study (222), it was ctetertnined that 

fluctuation caused by these sources of noise were typically in the 

0.1-1.0 s time scale. A device desigied to maintain the interferometer 

at its OQtimm point of operation must therefore be able to respond 

in the same time scale. The best approach is to use a low-frequency 

response feettoack device which nwnitors the intensity of the probe 

beam before and after the beam passes through the FP cavity, compares 
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Tigure ia. a diagram depicting the generation of a modulated signal in the single-beam Fabry-Perot 
experiment. FP represents the optimum point of operation at half maximum of a pe^ 
slope, PMT represents the corresponding signal Observed by the photomultiplier tube. 
I- li^it intensity at half maximum; 61- instantaneous change in light intensity due to 
peak sJUft; V- initial OC output of the photomultiplier tube; AV- AC component 
corresponding to AI 
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these two values, and corrects any drifting by driving accordingly 

the piezoelectric transdwer mounted on the scanning mirror of the 

interferometer. 

There is yet another factor that merits consideration in a single-

beam experiment by modulation excitation; the background signal due 

to residual absorption of the excitation radiation by water molecules, 

gaseous interferents, and by the heating of chamber walls. In addition, 

there is heating of the back mirror of the FP interferometer, since 

the beam never quite exits the FP cavity. All these constitute a 

modulated background contribution to the observed signal. Several 

approaches can be used to discriminate against this background contri

bution, and, one of them is wavelength modulation. The principle behind 

the operation here is similar to that in the PAS experiment. In 

subsequent sections, we report the absorption measurements based on 

Fabry-Perot interferonetry utilizing a laboratory build feedback system 

for stabilization. The performance of this system, together with 

wavelength modulation will also be presented. 

I. Experimental section 

The experimental arran^ment for the single-beam absorption 

measurement is similar to that of the dual-beam experiment and is shown 

in Figure 39. A list of the instruments used is presented in Table 7. 

The single frequency laser is split into two beams in the same 

manner as the dual-beam arrangement. Only one beam is used to traverse 

throu^ the windowless sample chamber. Samples are flowed into the 
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Figure 39. Schematic of tJhe set-up for the siogie-bea* Fabry-Perot experiment with position 
stabilization feedback system. C - chopper, optional; BS - splitter; FP -
Fabry-Perot interferometer; PO - photo-diode; PMT - photomultiplier tube 
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Table 7. Components for single-beam Fabry-Perot experiment 

Component Model Manufacturer 

COG laser C-250 Molectron, Sunnyvale, CA 

Hef^ laser 100 Tropel, Fairport, m 

Fabry-Perot 
interferometer RC-IQO Burleigh, Fishers, NV 

Fabry-Perot mirrors RC-670-C2.3 Burleigh, Fishers, NV 

Hi0 voltage 
operational amplifier (2) PZ-70 Burlei^, Fishers, NY 

Wave generator 162 bAvetek, San Diego, CA 

Chopper 7300 Rofin, Newton upper Falls, MA 

PZT pusher PZ-4A Burleigh, Fishers, wv 

Photodiode 4220 Hewlett Packett, Palo Alto, CA 

Lock-in amplifier HR.8 Princeton Applied Research, 
Princeton, NJ 

Position stabilization 
circuit Laboratory built 

Photomultiplier tube IP28 RCA, Lancaster, PA 

Thermopile 210 Coherent Radiation, Palo Alto, 
CA 

Microvoltmeter 155 Keithley Instruments, Cleveland, 
Oi 

Digital voltmeter 1608 Keithley Instruments, Cleveland, 
w 

Microphone BT-1759 Knowles Electronics, Franklin 
Park, IL 

Chart recorder 85117-51 Houston Instrument, Austin, TX 

Oscilloscope 7904 Tetronix, Beaverton, OR 

Capacitance manometer 221A MKS Instruments, Burlington, MA 

COG spectrum analyzer Optical Engineering, Santa Rosa, 

CA 
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Chamber through the same adjustable valve. The COg laser beam is 

introduced into the FP cavity collinearly with the HeNe laser in the 

same «my as before. All the optical components and the interferometer 

are mounted on a base plate and, initially, the entire system is sec 

upon a bench directly coupled to the floor without further isolation. 

Subsequent measurements revealed the need for isolation from floor 

vibration and other mechanical vibrations encountered in the wavelength 

modulation mode, discussion of which will be deferred until the next 

section. Wavelength modulation of the COg laser is provided in similar 

fashion as in the PAS measurement. 

The laboratory-built position stabilization circuit (PSC) is made 

from 761 operational amplifiers and other stock electrical components. 

Its schematic is shown in Figure 40. It cwsists of t^w following 

units: two voltage followers with variable gains, a difference 

amplifier which compares the output voltages of the two previous 

(^rational amplifiers, and another difference amplifier which compares 

the output of the first one to a reference voltage. To function, a 

portion of the HeNe beam is intercepted by a beam splitter (glass 

flat) before it enters the FP cavity wd directed to a photodiode 

(PO) which monitors the fluctimtions of the beam intensity. The output 

of the PO is subsequently fed into the positive input terminal of one 

of the voltage followers of the PSC which amplifies this signal 

according to the setting of the variable gain. The HeNe beam, upon 

exit frm the FP cavity, is monitored by a second photoelectric 
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Figure 40. Schematic of the position stabilisation circuit 
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detector, which, in this case, is a photomuitipiier tube (PMT) (RCA, 

Lancaster, PA, 1P28). The output of the PMT is fed to a T-connector, 

one branch goes to the lock-in amplifier for the eventual absorption 

signal detection, while the other is forwarded to the positive input 

terminal of the remaining voltage follower of the PSC. If the inter

ferometer is maintained at any point along the slope of an inter

ference peak, a X signal will be observed by the PMT. At any other 

positions along the destructive interference regime, no signal will 

be registered by the PMT. The outputs of the voltage followers are 

then compared by the first difference amplifier inNch amplifies the 

difference between the voltage levels (x20). This last value is then 

ccsnpared to a reference voltage by the second difference amplifier 

with an adjustable gain. The final output of the PSC is forwarded 

to a high-voltage operational amplifier (op an^) (8urlei0, Fishers, w, 

Model PZ-44), which amplifies the input signal, and completes the position 

stabilization feedback loop by sending w output voltage to the piezo

electric trans(kjcer mounted on the scanning mirror of the FP inter

ferometer. 

To set the seaming mirror at a position where the interferometer 

is maintained at the half maximum point of an interference peak, the 

following steps are taken. First, with the circuit on the feedback 

loop open, positioning of the scanning mirror is achieved by a bias 

voltage on the piezoelectric transducer available through the high-

voltage op amp. When the maximum signal is registered by the PMT, 

Indicating the peak maximum of a fringe, the gains on the two voltage 
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follOMeia of the PSC are adjusted so that the output of the voltage 

follower which monitors the PO input (before FP), equals exactly one 

half of that of the other which monitors the input of the PMT (after 

FP). This way, the gains are in the ratio of 1:2 (before:after). 

Subsequent positioning of the scanning mirror at the half maximum will 

allow the PWT-amplifier to register an output voltage equal to that of 

the PO-amplifier. This mkes the two inputs going into the first 

difference amplifier of the PSC equal, and hence the output of this 

amplifier zero. Under such conditions, no correction will be made. 

If, however, drifts due to noise enumerated before cause the inter-

feroRWter to "stray" to positions other than the half maximum point, 

the input signals to the difference amplifier will no longer be equal. 

As a result, the subsequent output sl^tal will be nonzero. A certain 

voltage level will be fonorded from the PSC to the high-voltage op 

amp which, with proper amplification, sends a signal to the piezo

electric transducer to move the scanning mirror to correct for the 

drifts. The last amplifier of the PSC is to ensure that the polarity 

wd magdtuck of the final output slgml are compatible with the 

high-voltage op amp. 

2. Results and discussion 

The first item of concern is the actual ability of the PSC to 

maintain the interferometer at the optimum point of operation. The 

device must respond fast enough to correct for fluctuations that are 

on the 0,1 - 1.0 s time scale, and yet not too fast so as to cut in the 
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modulation frequency regime, thus compronising the detection of the AC 

signal. This is further complicated by the fact that the modulated 

signal is generally stronger at lower modulation frequency, to the 

limit that 1/f types of noise do not begin to dominate. A good 

estimation of the optimum response speed of the PSC to be used is to 

display the DC output of the R4T on an oscilloscope while the feed

back system is operational. With the interferoneter approximately 

maintained at the half maximum point of a slope, the output of the PMT, 

w initial display, resembled a triangular waveform of hi^ frequency. 

At the same time, a buzzing sowid wes generated frcsn the fP cavity. 

The logical explanation for this phenomenon is that the feedback 

system is correcting the drifts at too fast a rate. To remedy the 

situation, two approaches were attempted. First, it was surmised that 

the of the fee#ack system mi^t exceed the opting value, causing 

the circuit to overcompensate. However, when the gain was subsequently 

turned down, no improvement was observed. The second ^proach was 

then adopted which involved puttir^ a time constant on the PSC to 

deliberately slw down its response speed. The time constant used was 

basically a RC device and was imzorporated into the first difference 

amplifier stage of the PSC (see Figure 40). With this modification, 

buzzing was eliminated anti the circuit mas able to lock in a particular 

position for an extended period of time. Depending on the relative 

^ins of the two voltage followers as well as the DC bias and ^n of 

the hi0-voltage op amp, the interferometer can be maintained at any 
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point along the slope of an interference peak. The general trend 

seems to be that the overall gain of the feedback system has to be 

increased as the half maximum point is approached. This is not 

«^reasonable as, nearing the half maximum point, Ad is more susceptible 

to changes in the refractive indices, An. 

The OC output of the PMT, however, still has the remnant of a 

sinusoidal wave of 120 Hz, the second harmonic of the power line 

frewency, 60 Hz. Since the eventual modulation frequency used is 

IGO Hz, the presence of 120 Hz noise will affect siyial detection to 

gome extent. To suppress this k»ckground raise, a single low pass 

filter is inserted at the fifwl output of the PSC (see Figure 40). 

Various combination of resistance and capacitance were tried befoire 

the firal iOO KR-l uf vms adopted, which Nw an added advantage of 

matching the input inpedance of the high-voltage op amp (121 KH). 

The 120 Hz was reduced by a factor of 5 as illustrated in Figure 41. 

It is entirely possible that the feedback system, in the process 

of correcting drifts, also compensates for the moAdated signal which 

would make the detection system useless. The only way to test this is 

to run a gas sa#le through the sa^le chaNoer and observe the signal 

generated by a modulated excitation source. Figure 42 shows the 

signal chje to absorption of the P(14) CO^ laser lirw by a sample of 

ethylene in nitrogen (495 ppm) which appears as an AC component super

imposed on the quasi-w: output of the PMT. 
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Figure 41. Oscilloscope display of the rechjction of the 120 Hz inter
ference by the feedback system, a) No feedback, b) Feed
back on, ^k)rlzontal scale; 5 ras/cm. Vertical scale: 0.2 
V/cm 
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Figure 62. Oecllloecope display of the modulation slyiel. a) 

flown Into the chamber, b) (-300 ppm) flown into 

the chWier. MoxWlatlon frectuency: lOO Hz. Power * 2.5 w. 
^rlzontal scale: 10 ms/cin. Vertical scale: 0.2 v/cm. 
%)te; upper trace corresponds to zero output of PWT 
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Because of the optical airangement to intcodjce the COg laser 

beam, the windowless sample chamber does not cover the entire fP 

cavity. The optical flat used to reflect the COg beam has to be 

mounted at Brewster's angle with respect to the Heme beam. The air 

space not covered by the cell amounted to about 5 cm, approximately 

one third of the entire FP cavity length. As a result, the main 

contributor of noise is ambient acoustic interference (221) when the 

interferometer is maintained at its optiwm point of operation. 

The system is not unlike the sensing diaphragm of a sensitive microphone, 

picking up and amplifying acoustic noise in the surrounding. In 

addition to acoustic interference, it can also pick up sudden and 

sporadic vibrations in the room. Examples of these are footsteps, 

vibrations of floor pumps, etc. This inadvertent pick-up of ambient 

noise is manifested as tiny riffles superin^osed on the DC output of 

the PMT as shown in Figure 41. The presewe of these AC components 

may or may not affect the ultimate signal detection, depending on 

the proximity of t^ir equivalent frequencies to the mocWation 

frequency. The problem is somewhat alleviated by narrow-band 

(^taction. But, in gefwral, the best approach is throu# vibration 

and acwstic isolation. 

The problem of acoustic and vibrational interferences became 

more acute when the system was operating in the wavelength mo<Watlon 

mode. Recalling from the PAS experiment in Chapter 3, the modulation 

is accanplished through the vibration of the grating mount of the CO2 
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laser under the push and pull action of a PZT device. The vibrating 

mount creates two types of interference: 1) acoustic noise through 

the laser cavity w^ich acts as an acoustic resonator, and 2) mechanical 

vibration which is propagated through the bench on which both the COg 

laser and the FP system rest. 

To solve the problem, a series of isolation steps were taken. 

These included vibration isolation of the COg laser from the bench 

throu^ layers of foam packing material, vibration isolation of the FP 

system from the bench first throu^ an air mattress, then by removing 

the system to a different bench, and acoustic isolation of the FP 

inter fer (sneter by a home-built sourvt-proof box. with each isolation 

step, the output of the PMT was observed thrRigh the lock-in amplifier 

(1-s time constant). The trace of noise profiles are presented in 

Figure 43 for modulation frequency « lOO Hz to illustrate the successive 

reductions of the interference effect. In sum, a total reduction 

factor of J orders of magnitude was obtained. 

To ascertain the detection limit of this system, a gas mixture 

of ethylene in nitrogen (Hatheson, E. Rutherford, MJ) with a concentration 

of 52.5 pfm was used for measurement. The reference cell used in the 

PAS experiment was inserted into the CO^ laser beam to ensure proper 

adjustments for optimum wavelength modulation. The absolute magnitude 

of the slgial (wavelength modulation) was 114 nw (1-s time constant). 

TÏW fraction of the COg laser power actually used for excitation was 

calculated as follows. The two windows of the PAS transmitted about 



www.manaraa.com

Figure 43. Noise profile reduction, e) Backgrmmd siyial plus noise 
profile with no vibration and acoustic isolation. 
Sensitivity: 300 full scale (F.S.). b) Background 
sigial plus noise with CO^ laser isolated from the bench. 

Sensitivity: S(K) mv F.5. c) Background plus noise with 
the experimental set-up isolated by air mattress from the 
COg laser. Sensitivity: SO iW F.S. d) Background plus 

noise with the set-up on a different bench. Sensitivity: 
20 mv F.S. e) Noise profile with sourvt proof box. 
Sensitivity: 20 mv F.S. f) Best noise profile 
obtaifwd at 3:00 a.m. Fric^y morning. Sensitivity: 20 
(TN F.S. 
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e) f) 
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81% of the power ((90%) transmission each). The window on the sound

proof box which acted as an inlet for the CO^ laser beam also 

transmitted 90% of the remaining portion.• Part of the beam was reflected 

off to a spectrum analyzer for monitoring the wavelength output. This 

accounted for a 15% attenuation in the beam power. Finally, the 

fraction of the beam reflected off the BaFg flat for collinear 

propagation with the HeNe laser amounted to 13%. The cumulative 

attenwtion was therefore about 90.7% or - 9.3% of the CO^ laser power 

was actually used for excitation. The sigial magnitude for the 52.S 

ppm sample was normalized against the actual fraction of power used. 

This C80W out to be 1226 mv/u. Since the sample mixti^e has undergone 

deterioration over the period of this study, a correction factor was 

applied to recalculate this last value. By estimation, the deterioration 

factor was determined to be 30%. But a second inctependent study (225) 

indicated a mre severe sample deterioration factor of 42%. Taking 

the average of these tw values, a final correction factor corresponding 

to 36% sample deterioration was laed. The final corrected signal 

magnitucte was 1915 nN/W. For a residual background noise of 0.24 mv, 

this anxMjnted to a S/N of 7979. Note that this last value (0.24 mV) 

is independent of the intensity of the laser light. For operation at 

1 w of output, the projected detectabillty is 20 ppb (S/N s 3). 

f^turally, higher laser power can be used to invrove the detectabillty, 

since the background seems to be intensity independent. That the laser 

power was not increased to achieve better detectabillty in this study 



www.manaraa.com

170 

«ifls due to the fact that the highly reflective coating of the FP 

mirrors might be stripped had hi^er power been used. If, however, 

the mirrors are of substance (coating included) that is transparent 

to IR radiation, such precautions can be lifted. This will also 

permit direct introduction of the COg laser beam into the FP cavity 

which in turn allows a more efficient use of the laser power, and more 

spatial overlap between the probe bean and the COg laser because of 

easier optical alignment. All this will improve the signal strength 

of this scheme. An added advantage is the more compact FP cavity as 

a result of renwving the Brewster's angle arrangement of the BaF^ 

flat. Better finesse and noise rejection will result. Present state 

of the art technology can manufacture mirrors from substrates such as 

zinc selenide (ZnSe) which are transparent to both visible and IR 

radiation with high reflectivity 90%), The only drawback seems to 

be the degree of flatness that can be achieved, while the present 

set of mirrors have a surface finish of x/200, the best flatr«ss that 

can be expected from Zr^e substrate is of the order of V50. However, 

it is gef^rally believed that such a specification value is an average 

over the entire surface. In truth, there may be local spots on these 

mirrors that have a surface finish of better than \/50, In any event, 

the slight decrease in finesse as a result of surface imperfections 

will be more than compensated for by the other advantages. 

The detectabillty of this study, when compared to those obtained 

by the phase fluctuation optical heterodyne interferanetry coupled 

with Stark modulation (121), is about a factor of 4 larger (20 ppD vs. 
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5 ppb). This disparity can readily be lessened by colllmating the 

excitation laser beam to match the size of the probe beam, as in the 

case of the other study. In our system, the CGg laser beam has a 

diameter of 5 mm whereas the size of the HeNe laser is - 2 mm. 

Reducing the former to the size of the latter will result In an 

improvement of the present detectability by a factor of ~ 6, thus 

making it comparable to that of the other study (121). In fact, 

we believe a significant Improvement in performance of the present 

system can be achieved by further engineering. For example, the 

position stabilization system described before operated well but was 

rwt optimized in that the troublewwe 120 Hz line interference, 

althou^ reduced by a factor of 5, could still pose as a limiting factor 

for signal detection for ultra trace level of pollutants. A notable 

reduction of this disturbance may be obtained by singly using a battery 

to power the position stabilization circuit. Also, there Is certainly 

room for Improvement in the vibration ami acoustic isolation aspect 

of this study. These, plus sow of the other suggested changes 

described before can conceivably improve the detectability of the 

present scheme to approach the minim# detectable change in refractive 

index, An^^, which is 2 x 10~* RX units in a FP interferoneter based 

on the combined performance of commercially available components (221). 

In addition, Fabry-Perot geonwtry has a clear advantage over the 

other Interferometers in that a syst»» flrwsse of 10 or better is 

readily achieved coBvared to the inherent limit of 2 for the Mlcheison, 

Mach-Zen<ter (121), or Jamin (217) arrangements. 
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F. Conclusion 

In this chapter, trace detection in (^ses using Fabry-Perot 

interferometry was presented. Tm experiments were conducted: one 

based on the direct measi^ement of signal in a dual-beam arrangement, 

the other on the coherent detection of signal in a single-beam 

arrangement utilizing a laboratory-built feedback loop to maintain the 

interferometer at its optimum point of operation. While the first 

experiment failed to realize its potential as a sensitive detection 

schema because of certain instrumental limitations, the single-beam 

experiment yielded a projected detection limit of 20 pplo 

comparable to other techniques. This last value can be improved upon 

by some su%ested changes as enumerated before. 
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V. CONCLUSION 

In this dissertation, two thermooptic-based detection systems for 

gases were developed and studied for their performance In monitoring 

air pollutants. First, a scheme based on the photoacoustic effect is 

permitted to operate in the wavelength-modulated mode by a simple 

adaptation of a commercial COg laser, with good discrimination against 

background AA to window absorption. The same concept can be readily 

extended to applications in long-path monitoring of atmospheric 

pollutants, where problem» caused by scattering and turbulence severely 

limit the detectability of most existing systems, wavelength modulation 

can also be employed in situations which require the detection of trace 

levels of certain pollutants in the presence of other interfering 

species. The ability of a wavelength-mo&flated scheme in this case 

to extract a trace signal from a substantial background ctepends iMinly 

on the ability of the excitation source to provide adjacent lines for 

which the difference in absorption coefficients of the respective 

absorbing species is large. In the present study, the inco^lete 

nature of the modulation brings a corresponding decrease in sensitivity. 

But this can be readily corrected by single mechanical édifications 

to allow a deeper modulation extent for the same degree of vibration. 

Second, the feasibility of using Fabry-Perot interfercwietry for 

Is situ trace detection of gases was studied. Two experiments were 

performed. The first we was kmsed on a dual-beam arrangement, with 

direct measurement of the shift of an interference fringe as a resuic 
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of a change in refractive index caused by the absorption of excitation 

radiation by the species of interest. Because of certain instrumental 

limitations, the full benefits of a dual-beam arrangement were never 

quite exploited to make this a sensitive system for trace gas 

detection. However, faster scanning rates and better synchronization 

will definitely improve the present scheme. A faster scanning rate 

will allow multiscan operation, which in turn permits more frequent 

data collection. This makes sigial averaging possible, resulting in 

improved S/N. 

The second Fabry-Perot inter ferometric experiment was based on a 

single-beam geometry using modulated excitation and coherent detection 

of the sigwl. The success of this system lies mainly in the ability of 

a laboratory built position stabilization circuit to maintain the 

interferometer at its optimum point of operation. By combining this 

with the wavelength modulation scheme previously used in the photo-

acoustic experiment, the detectability of the resulting system is 

comparable to other work, t^jwever, ultimately the wavelength modulation 

fashioned in this work Is not the best means possible to eliminate 

background absorption due to interfering species, heating of chamber 

•«11, etc. This is because of the inherent acoustical and vibrational 

(Wise generated by the vibrating grating mount when operating in the 

wavelength-modulated mode. Elaborate acoustic and vibration isolation 

is needed to eliminate these types of modulation noise. A possible 

approach in place of wavelength modulation is to convert the present 

scheme into a dual-beam detector. The exciting laser can be directea 
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to both a sample and reference chamber, and the difference in the two 

paths is recorded by a lock-in amplifier synchronized with the modulated 

exciting Isaer. In addition to a feedback system to maintain the 

interferometer at its optimum point of operation, a compensator plate 

has to be used (inserted into one of the optical paths, preferably 

the reference) to initially bring the respective interference peaks of 

the two beams together. This way, when the feedback loop is on and 

the interferometer is at its optimum point of operation, the photo-

detectors monitoring the two beams will be able to register a nonzero 

signal. Subsequent irradiation of both the reference and sample 

chambers by a modulated source will generate two modulated signals 

of the same frequency, the difference between which will yield the net 

absorption sigial, assuming nearly ecjual background in both chambers. 
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VIII. APPENDIX: COMPUTER PROGRAMS USED 

This appendix contains listings of the computer programs used 

for the dual-beam Fabry-Perot experiment in Chapter 4. The overall 

function of the master program (002) plus the subroutines, (LQC, 

FirD, SU is to generate a linear ramp which, upon amplification by a 

high voltage operational amplifier, will scan the interferometer. 

For each step in the ramv, the output of each photomultiplier tube 

is digitized and stored in the computer. After each scan, the computer 

locates the constructive interference peaks at each phototube. The 

free spectral range of the interferometer is adjusted so that there is 

always one peak but never more than tw peaks per scan for each beam. 

An algorithm is used to monitor the difference in the two beams. 

Two time delays (01, 02) are incorporated into the master program 

for reasons stated in the text. The difference in the two beams 

for the first scan is compared to that of the second scan. The net 

result (lOlF) is displayed as digitized values. 
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. < Y i f  i , O C . r o i '  
:UWROU«(HC LOCAfC 
COMMON Nt 2,2100 >,UOC< 2.:^.HUM.RANGE 
INiECtl  RANGL 
NUM«O 
00 40 I«i,2 
Nï«-21 
N2»2027 
CALL RINU IN1.N2.(,NN) 
J T  t < N N  R A N G E ) , I X . 0 )  G O  T O  2 0  
Nl^NN RANGE 
N2»NI>200 
LOC< ï , 2 l«NN 
LOCi ï» ï > HN 
CALL riNW <N1 .N2.F.NN, 
ï r  (NN.LT.20)  qq to  40 
i r  tI .C0.1)NWM«i 
LOCt î . ï 3^NN 
GO TO 40 

:0  IF < i  NN<RANGE KCT.2047 . '  GO TO 40 
NZ^NNiRANGL 
N1*N2 200 
LOC< 1 . ï .'»NH 
C A L L  r i N M  < N l , N 2 ,  I , N N >  
J |  tHN.Cl .^OZ^) GO TO 40 
IF 1 I.EO.t ,*N«Jrt-i 
i, oc« I. : 
ÙQ TO 40 
1 OC « 3, 1 

tO CONlINWC 
<>t IULM 
i |IM 

VO 
Val 
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ISl.MAC 
.GLOBL SCAN 
.MCALL .,V2..,.REGDEF 
,,V2., 
.REGDEF 
.«CALL .EXIT 
STATUS = 170400 
BUFFER « 170402 

SCAN: TST <R5) + 
MOV (R5)+,R0 
MOV #4000,XWA 
MOV «0001,STATUS 

LOOP: TSTB STATUS 
BPL LOOP 
MOV BUFFER,(R0)+ 
MOV #0401,STATUS 

LP: TSTB STATUS 
BPL LP 
MOV BUFFER,(R0)+ 
MOV «0001,STATUS 
INC XBA 
MOV X0A,R1 
SUB «7777,Rl 
BNE LOOP 

LM : SUB «10,XBA 
MOV XBA,R1 
SUB #3777,Rl 
BNE LP I 
RTS PC 
.END 
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