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Conventional spectroscopic methods of detection of low concentration 
pollutants in the air generally suffer from severe optical noise as well as 
electronic noise. This optical noise usually includes characteristic overlapping 
noise, background radiation noise and d-c. beam fluctuation noise and in 
many cases is difficult to eliminate using conventional methods. However, 
because most photosensitive pollutants will decompose into other chemical 
species under UV illumination at a specific wavelength, we can vary the 
concentrations of these pollutants by controlling the intensity of the UV 
beam while keeping the optical noise unchanged. Thus, by using this intensi- 
tycontrolled UV beam, we can create a controlled difference between the 
signal and the noise. Several techniques can then be used to detect this 
modulated signal in the presence of the unmodulated noise. We shall report 
two approaches for measuring the concentrations of pollutants following 
this concept of concentration modulation. One entails shifting the monitor- 
ed line position to a high absorption, low noise region of the spectrum by 
observing the products produced by concentration modulation. The other 
uses modern communication engineering technology to extract the weak 
modulated signal from the noise. Experimental resulti of the first approach 
using NO2 as an example are reported in detail. The results verify both quali- 
tatively and quantitatively the basic concept of concentration modulation 
and show an improvement in sensitivity such that 0.5 ppm NO2 is 
measurable using this method. This sensitivity may be difficult to reach 
with conventional spectroscopic methods using the same path length. 

1. Introduction - background surrrey 

Since this paper reports a novel approach* to the sensitive spectro- 
scopic detection of air polIutants by means of applying flash modulation to 

?Patent application of the ideas and schemes reported in this paper is pending. 
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the concentration of pollutants, it is logical to survey the background 
studies in both flash spectroscopic techniques and spectroscopic detection 
of air pollutants_ Porter and West [I] published in 19’74 an excellent 
review article on the techniques of flash photolysis in which 213 references 
were cited. They reviewed various types of instrumentation for flash spectro- 
scopy, kinetic spectrometry, and nanosecond and picosecond flash techni- 
ques (or Q-switched and mode-locked lasers). As well as these topics me- 
thods for monitoring or analyzing the transient products, which are of 
most interest to the present paper as far as the background survey is con- 
cerned, were also discussed in detail. These methods include various spectro- 
metric methods such as absorption, fluorescence, IR, electron spin resonan- 
ce (ESR), nuclear magnetic resonance (NMR) and mass spectrometry. 
Electrochemical methods are occasionally used for liquid samples with 
high conductivities. The absorption spectrometric method is the most 
commonly used of all these methods and will be discussed later in some 
detail with reference to recent developments. The fluorescence method of 
monitoring has the advantage of eliminating the d.c. beam noise by monitor- 
ing the fluorescence emissions from the sides. Also if a super-narrow flashing 
pulse (e.g. the pulse produced by a mode-locked UV laser) is used to obtain 
an excited state with a long lifetime, one can resolve the fluorescent emis- 
sion from the flash in the time domain by electronic gating techniques. 
IR monitoring of flash products has become quite popular in the last ten 
years with the development of sensitive fast responding low temperature 
solid state IR detectors such as germanium:copper detectors, InSb 
detectors etc. It should be noted that the monitoring light in IR spectro- 
metry is easier to separate from the UV flash than the visible monitoring 
light. Mass spectrometry (mostly time-of-flight type) requires expensive 
and bulky equipment and has been used on NOs, tetramethyl-lead, Fe(CO)r 
NO mixtures and other hydrocarbon flash photolysis studies. ESR and 
NMR spectrometry are mostly restricted to the detection of those products 
(mostly radicals) having significantly different ESR and NMR spectra than 
those of the unflashed species. Finally, electrochemical methods utilize 
some differential electrolysis and photovoltaic effects in certain conducting 
liquids to detect the chemical changes generated by the flash in these 
liquids. Recent studies of flash photolysis effects have mostly concentrated 
on biological and organic materials such as tryptophan, tyrosine [ 21, lyao- 
zyme [3], duroquinone [4], rhodamine derivatives [5], vinyl monomers 
[6] etc. 

Of all these monitoring systems, absorption spectrometry is still the 
most common method for monitoring the photochemical changes of 
inorganic gases under flash photolysis. This was also the classical method 
developed by Porter [ 71 in 1950. Recent studies of this method include 
such modifications as modulated double-beam null detection [S] , signal- 
averaging detection [ 93 and spectrophone detection [lo] . The modulated 
double-beam detection method utilizes two monitoring beams split from an 
amplitude-modulated source, one going through a blank cell and the other 
through a sampling cell. The outputs of these two beams detected by two 
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photomultipliers are fed into two phase-locked amplifiers which eliminate 
most of the electronic noise and then into a difference amplifier. The output 
of the difference amplifier then gives a net change due to the flash photo- 
lysis in the sampling cell. The signal-averaging scheme uses repetitive flashes 
and it converts the analogue signal generated by each flash into a digitaI 
signal such that it can be cumulatively stored in a digital memory. The 
random noise associated with the signals is therefore averaged out while 
the signals themselves are added cumulatively. This process is different from 
the one discussed here in that it does not use the correlation property of the 
output beam immediately before and immediately after each flash. This will 
be discussed in detail in Section 5. The spectrophone monitoring method 
employs the effect that when most gases are photolyzed the volume expands 
because of the increase in the number of molecules, or the release of heat 
due to photochemical reactions or both. Therefore, a microphone-type 
detector can be used to detect this acoustic expansion strength very sensi- 
tively, and from the electrical response of the microphone quantitative 
measurement of the degree of photolysis may be recorded. This method has 
the advantage that the microphone will only respond to a net sudden change 
and not to the dc. drift or slow fluctuation of the gas volume. Thus it does 
not suffer from d.c. beam noise as is the c8se in conventional absorption 
spectrometry. The disadvantage is, however, that it is difficult to identify 
or to differentiate the photulyzed species and photochemical reactions by 
this method alone. Finally, Johnson et aZ. [ 111 at Berkeley in 1967 attempt- 
ed a scheme using a conventional (or radio engineering) frequency shift and 
filtering technique for detecting the absorption line of a pollutant which 
is continuously flash modulated. Some qualitative phase measurements were 
reported using this method in spite of the existence of several very doubtful 
design approaches. 

As to the spectrometric detection of air pollutants, a review of the cur- 
rent methods shows that it can be approximately divided into two major 
groups: in situ measurements and remote-sensing schemes. Stern has edited 
an excellent series of books on various subjects of air pollutants. The most 
recent edition of this series [ 121 contains five volumes with Volume III 
specially devoted to measuring, monitoring and surveillance of air pollu- 
tants. This volume reviews most of the schemes contained in both of the 
two groups just mentioned. The first group includes mainly the spectro- 
metric methods using long-path absorptions, fluorescence, flame photometry, 
chemiluminescence and mass analysis. The 430 m long-path IR gas cell at 
the Franklin Institute has been used to analyze the polluted atmosphere 
down to 100 ppb levels [13 J . A 250 ft long-path UV spectrometer has 
also been used to measure the local ozone concentration in air [ 14]. Hanst 
has surveyed a number of IR lasers which are of potential use in the 
absorption spectroscopic detection of pollutants 115 1, and many tunable 
dye lasers have been used in pollutant absorption spectrometry (16 1. 
The fluorescence spectrometric method has the advantage of avoiding d-c. 
optical noise and has heen used in the detection of H,S [17,18], NOz 119, 
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201, chlorophyll, phenol, sulfonates and rhodamine W.T. [21]. Flame 
photometry is mainly used to detect phosphorus and sulfur compounds [ 22, 
231. When these substances are burned in a hydrogen flame, characteristic 
emission lines of sulphur and phosphorus can be detected spectroscopically. 
The chemiluminescent technique employs the characteristic emission of 
light generated from chemical reactions such as NOs + ozone or ozone + 
rhodamine B 124, 251. Therefore if these characteristic emissions are 
measured in a dark chamber with saturated ozone or NOz, a quantitative 
measurement is obtained of the other species involved. Mass spectrometry 
utilizes high energy electron impact on the polluted air sample such that the 
pollutant molecules are ionized and differentiated by different flight paths 
under a magnetic field. Alternatively, these ions can also be differentiated by 
d.c. electric field acceleration such that ions with different masses attain dif- 
ferent velocities. Therefore they will take different times of flight to reach 
the collecting electrode. Consequently resolving the current pulses in time at 
the collecting electrode will not only give us the identities of these 
ions but also the proportional amounts of the ions. Hence the original pollu- 
tant species can be identified and quantitatively measured. A complete 
review of the application of mass spectrometry to environmental measure- 
ments is given by Alford’s article published in 1977 which includes 272 
references [ 261. 

The major remote-sensing techniques include the laser heterodyne 
receiver, Raman and fluorescent scattering, lidar and elastic scattering, inter- 
ferometry and correlation spectrometry . The laser heterodyne method 127, 
281 employs the well-known radio engineering technology of beating the 
weak incoming laser-backscattered signal with a local oscillator (laser) signal 
such that the signal-to-noise ratio of detection can be much enhanced. The 
Rarnan 129, 301 and fluorescent scattering 1311 of pollutant molecules 
excited by a UV high power laser with arbitrary wavelength (for Raman 
scattering) and with resonant wavelength (for fluorescent scattering) will 
carry characteristic spectra of the pollutants. Therefore by detecting these 
backscattered emissions with a high resolution spectrometer one can obtain 
a quantitative measurement on the concentration of remotely located pollu- 
tants. Also by measuring the round-trip traveling time of the light pulse by an 
electronic gating technique (used in radar) one can calculate the range of the 
polluted area. Parallel to these Raman and fluorescent methods, a variety of 
lidar systems [32] have been developed using high power pulsed lasers to 
detect the elastic scattering? from particulate matter or aerosols located 
remotely. 

Interference spectrometry [ 33 - 353 is a technique using Michelson’s 
interferometer with one reflecting mirror moving at a constant speed. The 
combined output beam will thus have an intensity which has a time variation 
proportional to the Fourier transform of the frequency spectrum of the 

tMany investigators prefer to use the term “lidar” to include both elastic and inelast- 
ic (Raman, fluorescent etc.) scattering. 
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original light beam [33] . If an on-line computer is used which applies an 
inverse Fourier transform to the combined beam, the original frequency 
spectrum can be constructed on-be and hence the remote souse emitting 
light into this device can be analyzed. This method has the advantage over 
the conventional spectrometry methods in that the whole incident beam, 
rather than a dispersed portion of it, is used to construct the frequency 
spectrum. Therefore a higher signal-to-noise ratio has been obtained using 
this method. This method has been used successfully in the NASA Viking 
project for remote detection of CO2 concentration in the Martian atmo- 
sphere. Finally, correlation spectrometry [36 - 381 has been used in many 
remote detection processes. It uses a vibrating mask at the output of a prism- 
dispersed or grating-dispersed beam. The opening lines of the mask match 
the absorption spectrum of a particular pollutant. Therefore there is one 
position duling the vibration at which the mask is perfectly correlated with 
the dispersed beam for that pollutant while no such correlation exists for 
any other pollutant species. Consequently, selective detection of a particular 
pollutant from noise is possible. 

Apart horn all the schemes discussed above, this article reports a novel 
approach which is directed towards the increase of the signal-to-noise ratio 
over optical noise. Section 2 is devoted to a general discussion of optical 
noise and its effect on the spectrometric detection of trace chemicals. 

2. Optical noise in the spectroscopic detection of low concentrations of gases 

When a trace substance in air (e.g. the air pollutants NOz, SOS, NHs 
etc.) is to be determined quantitatively using spectroscopic methods the 
signal is usually very weak and masked by noise. In general, there are two 
major types of noise: electronic noise and optical noise. The electronic noise 
is generated in the photodetector and amplifier circuits. It can generally be 
filtered out using a low-pass filter or it can be relatively reduced if the 
optical signal is increased. (The optical signal can be increased by, for 
example, increasing the absorption path in the absorption cell or broadening 
the absorption linewidth using pressure-broadening techniques etc.) The 
optical noise, however, is very difficult to remove. This noise usually consists 
of three major sources: (1) overlapping of the absorption or emission lines 
of major atmospheric molecules (O,, Na, HzO, CC2 etc.) with those of the 
gaseous molecules under investigation ; (2) background radiation; (3) fluctua-- 
tion of the d.c. level of the absorbed light in absorption spectrometry. 

The overlapping noise is proportionalIy increased when one tries to 
increase the optical signal by, for example, increasing the absorption path, 
and it cannot be eliminated by chopping the beam. The common air pollu- 
tants NO2 and SO2 are taken as examples. The strongest absorption lines 
of NOz and SO2 are at 6.3 pm and 7.35 pm respectively in the IR. These 
lines are partly or completely masked by the absorption lines of water vapor 
in the atmosphere. Any attempt to enhance the optical signal by increasing 
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the absorption path or the absorption linewidth is useless because the 
absorption of Hz0 along the optical path is proportionally increased and still 
masks the signal. The same applies if one wishes to detect the thermal emis- 
sion lines of these species in a remote-detection scheme, because by 
Kirchhoff’s radiation law a strong absorption line is usually associated with 
a strong emission line at the same wavelength. Therefore the strongest 
thermal emission lines of NO2 and SO2 are still at 6.3 pm and 7.35 pm 
respectively and consequently are still seriously masked by the absorption of 
water vapor in the air. 

The second type of optical noise, the background radiation, is more 
important in remote-detection schemes than in in situ absorption spectro- 
metry. This noise includes sunlight, thermal emission from the sky and 
clouds (or other background objects), scattering by particulate matter in the 
air, thermal emission from the walls of the sampling cell for an in situ 
absorption scheme etc. The average of this optical noise has a more or 
less continuous black body emission spectrum. It will also mask the signal 
and cannot be eliminated by chopping the incident beam for the case of 
remote detection. 

The third noise so&e, d.c. fluctuation, exists only in absorption 
schemes. Because the absorption is weak, any fluctuation of the transmitted 
optical beam (due to an unstable light souse, warm-up effect in the light 
source, thermal turbulence, mechanicaI vibration in the absorption chamber 
etc.) will ol~cure the signal to be detected. This d.c. optical fluctuation 
noise can be reduced to some extent by using a folded absorption path. 
When the number of folds increases, however, the stability of the optical 
alignment, the light beam inhomogeneity etc. will impose another set of d-c. 
fluctuation problems which may eventually negate the gain due to path 
folding. 

All these types of optical noise can, however, be efficiently eliminated 
or diverted if one can apply concentration modulation to the species under 
detection. This is the main subject to be discussed in Section 3. 

3. Concentration modulation 

If a gas, e.g. NOB, which exists in low concentrations in air is photo- 
sensitive+ , i.e. if it can be dissociated into other chemical species under the 
illumination of a specific UV beam with Xuv < Xdbacbent+, then we can 
modulate the concentration of this gas by varying the intensity of the UV 
beam while leaving all the optical noise unchanged. Two different ap- 

‘The pollutants NO 2, 802, 03, NHa, etc. are all pbotoaensitive. Consequently, the 
name “photochemical” pollutanti is frequently used for these species. 

+t Sometimes when A uv is grater than b,,,the pdlutant molecules may be excited 
to higher energy states and react with other molecules in air to form stable producta. 
This will also serve the Bame purpose of concentration modulation. 
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3.1. Shifting the detection to u stronger absorption region after concentm- 
tion modulation 

In many cases the photolyzed product-s produced by this UV illumina- 
tion may have much stronger absorption lines than those of the original 
species. For example, ozone obtained by photolyzing NOa in air has 40s) = 
3250 1 mol-l cm- ’ at 2550 A which is 15 - 20 times higher than any cr(NOs) 
in the whole spectrum from IR to UV. Therefore, if we use a mono- 
chromator to monitor one of the strong lines produced by the products, we 
can measure much more sensitively the concentration change due to this 
concentration modulation. From this we can calculate the concentration of 
the original species accurately, Using this method the optical noise discussed 
in Section 1 in general can be either avoided or significantly reduced. For 
example, the 2550 A ozone line discussed previously is not in the character- 
istic absorption regions of any major atmospheric constituents, and hence 
the overlappingnoise is much less serious here than it is at the strongest NOs 
line which is at 6.3 pm in the IR. The background radiation noise should also 
he much smaller at 2550 A than it is in the IR and visible regions because, to 
a rough approximation, the average background radiation as calculated by 
the black body radiation formula at 300 K will decrease steadily from IR 
to UV+ . Furthermore, the d.c. fluctuation noise can be significantly reduced 
as can be seen from the following example. When the absorption is weak, 
the low frequency fluctuation and the d.c. drift of the intensity of the light 
source used in the absorption spectrometry will become important. They 
may mask completely the change of light intensity due to sample absorption 
as shown in Fig. l(a). However, with concentration modulation the mono- 
chromator output intensity is subject to a step change A at the time when 
the UV photolyzing pulse is applied as shown in Fig. l(b). Although compa- 
rable with the fluctuation noise, A can easily be differentiated from the 
noise and is readily measurable (see Section 4). Using this step change the 
concentration of the original species can be accurately calculated as is shown 
in Section 4. 

Consequently, it is seen that by using this wavelength-shifting method 
we can not only increase the optical signal but also reduce the optical noise 
significantly. 

3.2. Applying signal processing to detect the concentration-modulated signal 
If we apply 8 continuously pulsed UV beam to the polluted air sample, 

the concentration of a specific photosensitive pollutant, e.g. NOa, will 
undergo a step decrease A at each pulse as shown in Fig. 2. Now, because of 
this concentration change the intensity of the characteristic emission (or 

iBy Wien’s displacement law, the maximum radiation wavelength for a black body at 
300 K is 2897/300 or 9.37 pm 
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Fig. 1. (a) Monochromator output without concentration modulation; the absorption is 
masked by the fluctuation and drift of the light source. (b) Monochromator output with 
concentration modulation; the modulated step change A is detectable from the noise. 

pnoL (OR EMISSION LINE STRENGTH1 

uv PULSES 

Fig. 2. Concentration modulation using continuous UV puLa~. 

absorption) line at the monochromator output will also follow the same (or 
inverse) variation in time, and the As in this output will carry the informa- 
tion of the original concentration of the pollutant (Section 4). Although 
it is non-periodic and still masked by noise, this A is a controlled change at 
a set of pre-ordained times. Consequently, signal processing or communica- 
tion engineering techniques can be applied to detect sensitively this modulat- 
ed signal from the unmodulated noise (optical noise). This is the main 
subject discussed in Section 4. 

The types of optical noise discussed in Section 1 are partially shown 
by the fluctuation of the curve in Fig. 2. These types of noise are not affect- 
ed by UV modulation and hence they can largely be eliminated after signal 
processing a~, explained in detail in Section 5. 

The two schemes discussed above can of course be combined to make use 
of the advantages of both, i e. if we apply signal processing to the monitored 
output at a strong emission or absorption line of a product coming out of 
the concentration modulation we may push the signal-to-noise ratio beyond 
the values obtained from individual schemes. It is now seen that the main 
aim of concentration modulation is to create some controllable differences 
between the signal and the optical noise such that either the signal can be 
shifted out of the noise region, or some communication engineering techni- 
ques can be applied fo detect this modulated signal from the unmodulatid 
noise or both methods can be used. 

As far as the instrumentation is concerned, the technique to be used in 
concentration modulation is very similar to that used in flash spectroscopy 
except that it is used in a quite different way. Flash spectroscopy generally 
uses a strong UV flashing pulse to photolyze photosensitive chemicals in an 
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absorption cell and to monitor the characteristic lines of any intermediate 
species immediately after the flash. This technique is mainly used to identify 
the short-life intermediates appearing after the flash. The lifetimes of these 
intermediates may be milliseconds or less, but their concentrations are 
generally very high. Therefore its main requirement is usually an accurate 
electronic timing circuit to measure the characteristic absorption line intensi- 
ty at a very short but accurate time after the flash. From these data the iden- 
tities, the quantum yields and the lifetimes of the intermediates may be 
determined accurately. In our experiments, however, we are using similar 
techniques to measure the concentrations of trace gases in polluted air. The 
lifetimes of the products after photolysis, e.g. NO and ozone produced by 
flashing NO2 in air, may be very long if the concentrations of the original 
gases (pollutants) are very low, e.g. 1 - 10 ppmt. Therefore in our experi- 
ments we are primarily concerned with detection of a weak signal masked by 
noise so that accurate measurements on the concentrations of the pollutants 
are possible. We are not particularly interested in the lifetimes or quantum 
yields of the intermediates immediately after the flash. Therefore the 
electronic detection system used here will be quite different from those used 
in flash spectrometry . 

4. Wavelength&ifting method in concentration modulation 

To verify the advantages of the first method discussed in the former 
section, we have built a single-flash high intensity modulating system for 
detecting the low concentration NOa in air. The high intensity UV pulse 
we used allows us to have a deep or saturated modulation on the NO2 
concentration. Consequently, we can already measure the NO2 concentra- 
tion in air sensitively without signal processing. This method is based on the 
following. 

When a strong UV flashing pulse is apphed to a polluted air sample in 
the absorption chamber, NO2 undergoes the following well-known photo- 
chemical reactions 139 - 411: 

NOz t&ash) + No + O (almost instantaneous) 

0+02+M- Oa +M (about 40 ,S)*? (2) 

*The lifetime of a product produced by photolysis depends on the speed of the 
recovery reaction (which returns the product to the original species). This rate of recov- 
ery is proportional to the concentration of the product which is, in turn, proportional to 
the concentration of the original species undergoing flash photolyaia. Therefore the lower 
the original poflutant concentration the longer are the lives of the photolyzed products 
(see for example the analysis of the lifetimes of NO and ozone in Appendix 2). 

ttFrom ref. 42 (Table 35, p. 119), 

1 1 

’ = #3W31 CM1 hs”c = 2.4X lo4 
= 40 f&- 
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Fig. 3. NO2 concentration modulation. 

Fig. 4. Ozone concentration modulation. 

IOUTPUT AT AN NO2 LINE ICIUTPUT AT AN 03 LINE 

-t I -1 
FLASH FLASH 

Fig. 5. Monochromator output at an NO, line. 

Fig. 6. Monochromator output at an ozone line. 

O3 +NO----+ NO2 +02 (about 0 .l - 4 s)+ (3) 

The first two reactions are the modulation reactions (NO% decreases and 
ozone increases). The third reaction is the recovery reaction (NO2 increases 
to the original level while ozone decreases). The first two reactions are very 
fast and the third one is very slow. Therefore, after the flash the concentra- 
tions of NOz and O8 will be varied as shown in Figs. 3 and 4 where (l), (2) 
and (3) refer to the reactions given above. Consequently, if we monitor at 
an NO2 absorption line or at an ozone absorption line, we shall obtain a 
change (a time modulation) of line strength for a considerable length of time 
after the flash as shown in Figs. 5 and 6 respectively. 

Now, if the total flashing energy E and the gain of the monitoring chan- 
nel are fixed, then the modulated concentration change (Ap(N0,) or Ap(0,) i 
Figs. 3 and 4 respectively) or the monitored line strength change (AI(N0.J 
or AI in Figs. 5 and 6 respectively) will be proportional to the initial 
concentration of NOz in the pollutant sample for the following reason. 
From the kinetic analysis of reactions (1) and (Z), we have 

m 

TFrom ref. 42 (Table 44, p. 164) 

1 1 
’ = km= = 0.1 - 4 b 

kl(N02] 

for kI = 1.17 x 10’ 1 mol-’ IX-~= 0.5 ppm-’ s-l and [NO21 = 0.5 - 20 ppm- 
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FLASH LAMPS 

MONOCHROMATOR 

. 

Fig. 7. Schematic diagram of the experimental set-up. 

dp(N’W 
dt 

= -?+(NOz) 

and 

dp(N%) = _ dp(O3) 

dt dt 
The second result is due to the fact that oxygen is abundant in air and every 
oxygen atom produced by reaction (1) will almost certainly produce an 
ozone molecule via reaction (2). Integrating these two equations, we have 

-Ap(NO& 3 Ap(Os) = {~(NOa)lc (1 - emH) = K{p(NOz))e (4) 

where K is a constant independent of the initial concentration b(NOz))e, 
and E = I, Idt is the total flashing energy. All ps here are expressed in moles 
per litre and k is the photodissociation reaction constant of reaction (1). 
Thus by measuring M(NOs) or AQO,) one obtains a value proportional to the 
initial concentration of NOS. The proportionality constant can be determin- 
ed by calibration. We chose the monitoring wavelength to be at 2550 A, 
the strongest ozone line in the whole spectrum, because {ar(Os))2650~ = 
3250 1 mol-’ cm-’ [ 431, which is 15 - 20 times higher than the two 
strongest NOz lines in the whoIe spectrum: {a(NOz)lsa elm = 220 1 mol-’ 
cm-’ [443, {a(N02))a100~ = 170 1 mol-l cm-l [45,46]. 

The system we built is schematically shown in Fig. 7. In this figure 
the light source is a deuterium lamp borrowed from a Beckmann spectro- 
meter. The sampling chamber is a White conjugate-foci folded-path absorp- 
tion chamber [47, 481. The flashing system is a series connection of four 
xenon flash lamps. The capacitor bank and the charging units were built in 



Fig. 8. Output with empty chamber: vertical, 0.06 V per division; horizontal, 1s per divi- 
sion. 

this laboratory and can provide a maximum of 6000 J of discharging energy 
per single flash. The ignition unit provides a medium energy pulse to fire 
these flash lamps. The single-pulse generator (Data-Pulse 101 Pulse Generator) 
provides a low energy high peak pulse which is used as the command signal 
for firing. The UV monochromator is a grating-type Bausch and Lomb 1350 
grooves mm-l monochromator. The photomultiplier is an RCA IP28 tube 
which is quite sensitive in the UV. The low-pass filter is used to filter out the 
shot noise generated in the photomultiplier, and the d.c. offset circuit is used 
to offset the large d-c. component in the output such that small a-c. varia- 
tions can be displayed on the oscilloscope. The operation of this system is 
as follows. 

The sampling chamber is first filled with a known small amount of NOa 
(e.g. p( NOz) = 0.5 - 45 ppm). The method of preparing these controlled con- 
centrations is given in Appendix 1. The number of light paths in the sampl- 
ing chamber is adjusted to eight so that the total absorption length is about 
8 X 35 = 280 cm. The monochromator is tuned at the maximum ozone 
absorption line 2550 A. The flash lamp charging bank is charged to 6000 V 
and the Tektronix 564 oscilloscope is switched to the manual-triggered slow- 
sweep storage mode of operation. When the flash lamp is fired, the storage 
oscilloscope will record permanently the change of intensity of the absorp- 
tion line. The experimental results are summarized as follows. 

When the absorption chamber is empty (i.e. filled with normal clean air 
only), the output monitored at 2550 A does not show any change in the base 
line after the flash pulse (Fig. 8), but when the chamber is filled with air 
containing 0.5 ppm NOa the baseline shifts downwards as shown in Fig. 
9(a). The baseline shifts downwards more and more after each flash with a 
faster and faster exponential return when the NOz concentration is increased 
to 1, 2, 5,10 and 20 ppm as shown in Fig. 9(b) - (f). A plot of the maximum 
offset amplitudes (hl(Oa) in Fig. 6) of all the above recorded curves U~FSUS 

P(NO& shows an approximately straight line variation as shown in Fig. 10. 
This verifies the calculation given by eqn. (4). It is exactly this linear proper- 
ty that makes proportional measurements on low concentrations of NOa 



(d) 
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FXg_ 9. Output with (a) 0.5 ppm NO2, (b) 1 ppm NO2, (c) 2 ppm NO2, (d) 6 ppm NO2, 
(e) 10 ppm N02, (f) 20 ppm NO2 :(a), (b), (c) vertical 0.02 V per division, horizontal 
6 s per division; (d), (e) vertical 0.05 V per division, horizontal 6 s per division; (f) vertical 
0.1 V per division, horizontal 1 8 per division. 

possible. A plot of the rise time? 7 of the offset curves versus p(N0,) can be 
approximated by a hyperbolic curve 7p(N02) = const. as shown in Fig. 11. 
This relation can also be predicted theoretically from a kinetic analysis of 

tThe rise time is defined as the time between the maximum offset point and one- 
third of the maximum offset point in all the recorded curves. 
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T (IN SEC.) .. 

At #GXATIVE VALUES) 

PNOe (IN PPM) pN02 (IN PPM) 

Fig. 10. Linearity of concentration modulation: 4 data measured from photographa 
(‘Figs. 8 and 9). 

Fig. 11, lifetime v8. concentration relation in concentration moduktion: m, experimenti 
data measured from Figs. 8 and 9; the solid curve representa the theoretical relation, 7 = 

SOlP(~O2~. 

reactions (1) - (3) (Appendix 2). The reproducibility of the above results is 
about 90% if the position of the light souse, the position of the mono- 
chromator and the voltage supply of the photomultiplier are fixed. Actually 
we can produce exactly the same curve with a consecutive flash. 

However, when we shift the monitoring wavelength to 4100 A, the 
strongest NOz line in the visible, the result is much less sensitive than that 
described above. When the chamber is empty and the low-pass circuit is 
off, the noise is very high as shown in Fig. 12(a). This makes it very difficult 
to detect the spectroscopic line variation of NO2 without concentration mo- 
dulation. Even when the filtering circuit is connected, the low frequency 
noise (Fig. 12(b)) still makes detection impossible. Also, the average base- 
line drifts with respect to time. When the chamber is filled with air contain- 
ing 5 ppm N02, the baseline does not show any significant change after the 
flash pulse (Fig. 12(c)). A measurable shift upwards (Fig. 12(d)) is observ- 
ed only when the chamber is filled with air containing 10 ppm (or more) 
N02. The modulated change of line intensity is seen to be very noisy and 
the reproducibility is only about 60%. 

It is seen from these experimental results that the detection of NOe 
by monitoring at the 2550 A ozone line is linear, sensitive and reproducible. 
The minimum detectable concentration of NO2 from this method is 0.5 
ppm which is difficult to reach using conventional spectroscopic techniques 
with the same path length. The reason for this increase of sensitivity is two- 
fold: (1) the absorption at the 2550 A ozone line is much stronger than that 
at any NOz line; (2) the optical noise (in this case, the optical noise is mostly 



(cl (d) 
Fig. 12. Output at (a) 4100 a, empty chamber, without low-paas filter, (b) 4100 a, 
empty chamber, with low-pass filter, (c) 4100 A, 5 ppm NO2, (d) 4100 & 10 ppm N02; 
(a), (b) vertical 0.01 V per division, horizontal 20 ms per division; (c), (d) vertical 0.03 V 
per division, horizontal 0.3 s per division. 

d.c. drift and ax. low frequency noise as shown in Fig. 12(b)) will not affect 
the measurements as explained in Section 3.1. 

Consequently, it is seen that the advantage of shifting the detection to 
a high absorption low noise region by concentration modulation is verified 
experimentally for the case of detecting NO2 in air. 

5. Signal processing applied to concentration modulation+ 

If a continuously pulsed UV beam is applied to a polluted air sample 
with the apparatus shown in Fig. 13, then the concentration of, say, NOz in 
the sampled air will look like that shown in Fig. 14(a) and the monitored 
output V,, (if the monochromator is tuned at a characteristic absorption 
line of N02) will look like that shown in Fig. 14(b). Now if we use an 

*A good background review for the signal processing technique discussed here can 
be found in ref. 50. 
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Fig. 13. A signal-processing system for detecting continuously concentration 
signals. 

c 

modulated 

tl i2 
(SAMPLING TIME) 

Fig. 14. (a) Continuous step modulation of NO2 concentration; (b) monitored output of 
the continuous step modulation. 

electronic gating technique to sample the output voltage just before and just 
after each UV pulse as shown in Fig. 14(b) and feed the sampled results into 
a difference amplifier (Fig. 13), then the accumulated output after the 
integrator will be proportional to EAi z AZ + AZ + . . . + A,,. This output is, 
in turn, proportional to the original concentration of NOz in the air sample 
averaged over space and time because each Ai is proportional to the concen- 
tration of NOz at the pulsing time (see eqn. (4) of Section 4). Optical noise 
will be effectively suppressed in this scheme as can be seen from the follow- 
ing explanation. 

(1) Line-overlapping noise : since the UV pulses do not dissociate any 
major atmospheric molecules because they are not photosensitive at the 
dissociation wavelengths of the pollutants, the line-overlapping effect will be 
cancelled out after the difference amplifier (Fig. 13). 

(2) Background radiation noise: this will also be cancelled out after the 
difference amplifier because it is not affected by the UV modulation. 



357 

(3) D.c. fluctuation noise: again, for the same reason, this noise will 
be cancelled out at the output if the sampling times h and tz (Fig. 14(b)) are 
closely located around each UV pulse. 

This system of using a sample-difference-integration method is dif- 
ferent from the conventional signal-arveraging system. The latter changes the 
analogue signal in each cycle into digital form (by means of sampling and 
analogue-to-digital conversion) and stores it cumulatively in a digital memory 
such that the signal is cumulatively summed while the random noises are 
averaged out. Strictly speaking, these noises will not be completely averaged 
out. Instead, in the summed output the noise amplitude (or standard devia- 
tion of the noise) will be proportional to rz112 where n is the number of 
cycles summed. (Here, we assume that the noise at each corresponding point 
in each cycle has a normal probability distribution and that these noises are 
statistically independent from cycle to cycle.) The signal amplitude at the 
output is, however, proportional to n because of the repetitive nature of the 
signal in each cycle. Therefore the signal-to-noise ratio for the conventional 
signal-averaging scheme should be proportionaI to n/n1/2 or n1j2. In contrast, 
in the scheme shown in Fig. 14(b), the low frequency optical noises 
immediately before and immediately after each flashing pulse are not 
completely independent of each other. They have significant correlative 
variations if the sampling times G and t2 are close to each other and if the 
high frequency electronic noise is already filtered out by a low-pass filter as 
was the case in our experiments (Fig. 7). Therefore, when one of these cor- 
related noises is subtracted from another by the difference amplifier shown 
in Fig. 13, the output noise for each single cycle alone should already be 
able to cancel out. Thus the n-cycle summed noise after the difference ampli- 
fier-integrator stage should be much lower than that in the conventional 
signal-averaging scheme. Consequently the signal-to-noise ratio in the scheme 
discussed here should be much higher than that in the conventional signal- 
averaging scheme if the same number of cycles is summed. 

The above scheme (Figs. 13 and 14) is one possible scheme for detect- 
ing the step-modulated signals from noise. With proper modifications, mcent 
developments on matched filters and linear predictive filtering etc. may also 
be applicable to the sensitive detection of these step signals. Currently we 
are working on experiments using this second scheme. We expect the experi- 
mental results to be published as a subsequent paper in the near future. 

6. Conclusion 

It is seen that the main idea of concentration modulation is to create 
some controlled difference between the signal (or the characteristic Iine 
intensity of the pollutant) and the optical noise such that we can either shift 
the detection to a high absorption low noise region or use some signal- 
processing technique to detect this weak but modulated signal from the un- 
modulated noise. Our experiments on the first approach show that the 
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concept is a practical one and that it increases significantly the sensitivity of 
detection. Other characteristics of this system are that it can be used to 
measure various photochemical pollutants when the monitored wavelength 
is changed accordingly. It is a fast detection process and does not require a 
high resolution monochromator or an elaborate chemical process for purify- 
ing the air samples. 
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Appendix 1. Method of preparing a polluted air sample with a known NO2 
concentration. 

The NO2 gas is produced by adding HNOB to copper powder and 
sealing it in the vessel shown in Fig. Al. The pressure inside the cell is much 
higher than the atmospheric pressure outside. Now if the switch is opened 
for about a second a mixture of NO2 and NzO, gases will flow into and fill 
up the polyethylene tube. A syringe with a needle can then be used to 
extract any desired volume of the mixed gas from this polyethylene 
chamber. This mixtum should be at a pressure very close to atmospheric 
pressure, because otherwise the gas will escape from the needle in order to 
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Fig. AL Sample preparation device. 

balance the pressure. This known volume of gas at atmospheric pressure is 
actually a mixture of Nz04 and NOS. If one injects this mixture into the 
long-path absorption chamber which contains nothing but normal air, all the 
Nz04 will decompose into NOa owing to the dilution effect. The amount of 
NOe in the absorption chamber can be calculated from the volume of the 
mixture in the syringe before injection in the following manner. 

N204 and NCls are in chemical equilibrium in the syringe 

Cl 

kl 
N204 A, 2NQ 

k2 

where Cl and C2 (expressed in atmospheres) are the concentrations of N20, 
and NOs respectively before the injection and 12, and k2 are the reaction 
constants. At equilibrium we have 

klc1 = k,C; 

Also, because the total pressure in the syringe is 1 atm, we have 

(Al) 

c, + c, = 1 (A2) 

For n cm3 of mixture at 1 atm pressure in the syringe, the total number of 
moles of NOa, if the Nz04 is fully decomposed, is (2C,k + C,k)n mol where 
k 2 (2.24 X 10*)-l mol cmV3 atm-’ is the factor use to convert moles per 
cubic centimetre into atmospheres. Therefore, the volume of NOz in cubic 
centimetres after injection into the absorption chamber is (2&k + Csk)n/k s 
n(2C, + C,) cm3. Consequently, the concentration of NO2 (in parts per mil- 
lion by volume) in the large absorption chamber is 

@JO2)= 
(2c, +%jn x 106 ppm 

V 
(A31 

where V is the total volume of the absorption chamber in cubic centimetres. 
Eliminating C, and C, from eqns. (Al), (A2) and (A3) with h/ka = 0.1426 
atm at 25 “C [Al] and V= 2.35 X 10” cm3 we have 
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~(N0s) = 0.5n ppm 

ie. drawing n cm3 of mixture gas from the polyethylene tube and injecting 
it into the sealed absorption chamber results in a polluted air sample in the 
chamber with a known NOa concentration of 0.5n ppm. 

Reference to Appendix I 
Al F. Verhook and F. Daniela, J. Am. Chem. Sot., 53 (1937) 1250. 

Appendix 2. Relation between the NOz concentration and the signal decay 
time 

Theoretically, the recovery time after flash modulation can be deter- 
mined from reaction (3) of Section 4: 

OS +NO- 
k3 

NOz +02 

In this reaction the annihilation rate of ozone is 

dd%) 
dt 

= --b (OMNO) 

Here, ~(0~) and p(N0) after the flash should be equal in our simulated air 
sample because they are negligible before the flash and they are produced in 
equal amounts after the flash by reactions (1) and (2). Therefore, integrating 
the above equation with ~(0s) = &NO) we have 

1 
-= k,E + 

1 

do,) &W,) 

where Ap(Os) is the maximum offset concentration of ozone immediately 
after the flash. Let the decay time T be defined as the time for ~(0~) to reach 
one-third of its maximum offset value; then the last equation becomes 

3 = k37Ap(0s) + 1 

or 

rAp(03) = 2/k, 

Therefore, through eqn. (4) of Section 4, we have 

~{P(NO~))~ = constant 

This relation is experimentally checked as shown in Fig. 11. 


