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The Briiel & Kjaer Photoacoustic 
Transducer System and its 
Physical Properties 

by Jorgen Christensen, M.Sc. 

Abstract 
The Briiel and Kjaer Multi-gas Monitor Type 1302 and the Toxic-gas 
Monitor Type 1306, both used for monitoring gases, are based on photo-
acoustic spectroscopy. 

In photoacoustic spectroscopy (PAS) the gas to be measured is irradiat
ed by intermittent light of pre-selected wavelength. The gas molecules ab
sorb some of the light energy and convert it into an acoustic signal which is 
detected by a microphone. PAS is an inherently very stable method for 
detecting very small concentrations of gas. 

In this article the Briiel & Kjaer PAS transducer system is described, the 
acoustic signal generated by the gas is analyzed, and the influence of noise 
and other disturbing signals, which are likely to influence the performance 
of the system, are discussed. 

Sommaire 
Le Moniteur multigaz Type 1302 et le Moniteur de gaz toxiques Type 
1306 Briiel & Kjaer, destines k la surveillance des gaz, utilisent le principe 
de la spectroscopie photoacoustique (SPA). 

En SPA, le gaz a mesurer est irradie par une lumiere intermittente de 
longueur d'onde predefinie. Les molecules de gaz absorbent une partie de 
l'energie lumineuse qu'elles convertissent en un signal acoustique capt£ 
par un microphone. La methode de mesure par SPA est tres stable et per-
met de detecter de tres faibles concentrations en gaz. 
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Les differents points traites dans cet article sont la description du sys-
teme de transducteur photoacoustique Briiel&Kjser, l'etude du signal a-
coustique produit par le gaz et Pinfluence du bruit et des autres signaux 
parasites sur le fonctionnement du systeme. 

Zussammenfassung 
Der Multigasmonitor 1302 und der Gasmonitor 1306 von Brtiel&Kjaer 
sind Gerate zur Gasmessung, deren MeBprinzip auf der photoakustischen 
Spektroskopie (PAS) basiert. 

Bei der photoakustischen Spektroskopie wird das zu messende Gas mit 
zerhacktem Licht einer gewahlten Wellenlange bestrahlt. Die Gasmolekii-
le absorbieren einen Teil der Lichtenergie und wandeln sie in ein akusti-
sches Signal urn, das mit einem Mikrofon gemessen werden kann. Die 
photoakustische Spektroskopie ist eine sehr stabile Methode, mit der sich 
sehr kleine Gaskonzentrationen erfassen lassen. 

Der vorliegende Text beschreibt das PAS-Aufnehmersystem von 
Briiel&Kjser. Das durch das Gas erzeugte akustische Signal wird analy-
siert und der EinfluB von Hintergrundgerauschen und anderen Storsigna-
len auf das MeBsystem werden diskutiert. 

1. Introduction 
The Brtiel&Kjaer Multi-gas Monitor Type 1302 and the Toxic Gas Moni-
tor Type 1306, both used for monitoring toxic gases, are based on photo-
acoustic spectroscopy*. 

In photoacoustic spectroscopy (PAS) some substance absorbs light en
ergy and converts it to sound energy. PAS is an old science which was first 
investigated by Alexander Graham Bell in 1880. In Bell's experiment he 
placed the substance — in this case, cigar smoke — in a glass test tube. 
One end of a rubber tube was connected to the mouth of the test tube and 
the other end connected to the ear. By focusing intermittent sunlight onto 
the test tube, an audible sound was generated. 

In the early 1970s interest in PAS was renewed because it offered a very 
sensitive method for the identification and quantification of trace 
amounts of atmospheric gas pollutants. Lasers were primarily used as the 

* We have a patent for our photoacoustic gas monitors (at present only in the U.S.A. — 
Patent No. 4818882). 
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Fig. L Typical PAS system using a laser source 

light (or excitation) source. The spectral region used was the infrared re
gion as light in this region of the spectrum is capable of causing atoms in a 
molecule to vibrate. This is the physical mechanism responsible for the 
generation of the acoustic signal — translational energy transfer in the 
gas. The acoustic signal is detected, not by the ears as in the old days, but 
by a highly sensitive, low-noise microphone which converts the acoustic 
signal into an electrical signal for further processing. Fig. 1 shows the basic 
PAS set-up including a laser source; a rotating modulator or light chopper; 
a sealed gas cell with windows at both ends, to allow the laser light to pass 
through the cell; and a microphone to detect the acoustic signal. An IR 
(infrared) light detector is also shown — this measures the energy of the 
light after it has passed through the gas cell. The IR-detector is actually 
not part of a normal PAS-system, but it illustrates an alternative infrared 
spectroscopic method, namely the classical infrared transmission spec-
troscopic method used in many general purpose instruments and 
spectrophotometers. 

If IA is the amount of light energy absorbed by the gas, and IT is the 
amount of light energy transmitted through the gas, then: 

IA + IT = h (1) 

where: I0 is the amount of light energy which would be transmitted 
through the cell if the gas in the cell absorbed no light energy. 

In transmission spectroscopy, the absorbed energy IA is found by mea
suring the amount of energy not absorbed in the cell, IT, and subtracting 
this from I0. At ppm (part per million) concentrations, IA is typically 1000 
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times smaller than I0 and therefore this measurement requires an ex
tremely stable measurement of the transmitted energy. However, in PAS 
the acoustic signal measured represents the amount of energy absorbed, 
and that is why the PAS measurement method offers far superior sensitiv
ity and long term zero-point stability. 

Among many other applications, microphones were being increasingly 
used by researchers in the field of photoacoustics around the world and 
this created the background for Briiel & Kjaer's entry into the field of 
photoacoustics. Brtiel&Kjaer realized that mastering microphone tech
nology was crucial to the development of a PAS-system with high sensitiv
ity (minimum noise) and had already had many years of experience with 
the development and production of high quality microphones. 

2. The Bruel&Kjaer PAS Transducer System 
In the initial stages of development of the Bruel&Kjser PAS system the 
goal was to produce a PAS transducer system which would form the 
"heart" of a small, lightweight and fully self-contained instrument suit
able for the measurement of trace amounts of a wide variety of toxic gases, 
for example, those found in industry, hospitals and other areas. 

One of the most important decisions to make was which kind of light 
source to use. The chosen source had to be compatible with the set goal — 

Fig. 2. Schematic cross-section of the Briiel & Kjcer photoacoustic transducer system 
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it had to be an IR-source (infrared source) to fit with the absorption bands 
of most of the toxic gases; it had to be small, inexpensive and have a low 
power consumption. The choice fell on a black body source as it was a 
broad band source which largely covered the frequency range from 
500 c m 4 to 4000 cm"1, or in wavelength units, 20jzm to 2,5 /im. The selec
tivity necessary to make it possible to distinguish between gases, is ob
tained by appropriate filtering of the light. The carbon dioxide laser was a 
possible alternative light source which, in some cases, surpassed the "black 
body source" - "optical filter" combination with respect to sensitivity and 
selectivity. It had, however, one serious disadvantage, it had a limited fre
quency range. It covered, typically, 100 discrete frequencies in the range 
900 - 1100 cm"1, which limits the number of gases which could be mea
sured. In addition, the carbon dioxide laser certainly did not fulfill the 
other requirements of small size, low cost and low power consumption.* 

Fig. 2 shows the Briiel&Kjaer PAS system. The IR-source is a spherical 
black body heated to approx. 800° C. Fig. 3 shows the spectral radiance Lv 
of a black body source at different temperatures. As shown in Fig. 2 an 
ellipsoidal mirror focuses the light onto the window of the PAS cell after it 
has passed the light chopper and the optical filter. The chopper is a slotted 
disk which rotates and effectively "switches" the light on and off at a fre
quency of 20 Hz (the chopper frequency**). The optical filter is a narrow
band IR interference filter. Fig. 4 shows an example of an optical filter 
transmission curve. The Briiel&Kjser Toxic-gas Monitor Type 1306 has 
only one optical filter (as shown in Fig. 2). The Multi-gas Monitor Type 
1302, however, may be equipped with 5 -6 different optical filters mount
ed in a filter wheel. 

* A few words about units may be appropriate. Light may be characterised by either its wave
length or its frequency — the latter usually measured in units of hertz (Hz). In spectrosco-
py, however, light frequency is most frequently given in units of "wave numbers" or "cm"1", 
which represent the number of wavelengths that can be fitted into 1 centimeter. Thus, if you 
divide a wavelength measured in units of ^ m (lO^m) into ten thousand (10+4), you obtain 
the frequency in units of cm"1. Alternatively, if you wish to convert frequency in Hz to a 
frequency in units of cm"1, you just need to divide the frequency in Hz by the velocity of 
light (in units of cm/s). For example, a wavelength of 10 ̂ m corresponds to a frequency of 
1000cm"1 or 3 • 1013Hz. 

** To avoid confusion, one should be aware that in PAS we use the term frequency in two 
different ways: we use it to describe the frequency of the light being used, and we use it to 
describe the chopper frequency which generates the pulsating light source. The chopper 
frequency is the same as the frequency of the photoacoustic signal generated when light is 
absorbed by the gas in the cell. 
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Fig. 3. Black-body spectral radiance Lv 

After passing through the germanium window, (see Fig. 2) the light 
beam enters the PAS-cell, which is an approx. 3 cm3 cylindrical cavity. 
The surface of this cavity is polished and gold coated and therefore highly 
reflective. The light beam is reflected off the walls of the cell thus doubling 
its intensity. If the frequency of the light coincides with an absorption 
band of the gas in the cell, the gas molecule will absorb part of the light. 
The higher the concentration of gas in the cell, the more light will be ab
sorbed. Fig. 5 illustrates the absorption spectrum of carbon monoxide. An 
appropriate optical filter for measuring C 0 will be the one shown in Fig. 4. 
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Fig. 4. Transmission characteristic of the optical filter no. UA0984 

Just a few words about absorption of light by molecules: the frequency of 
light in an absorption band corresponds to a vibrational resonant frequen
cy of the atoms in the molecule. When this light is absorbed by the mole
cule it causes the atoms in the molecule to vibrate around their equilibri
um positions. As the simplest possible example, let us consider a molecule 
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Fig. 5. Low resolution (10cm 7) carbon monoxide (CO) absorption spectrum 

consisting of only two different atoms A and B. Fig. 6 shows a simple, clas
sical model of a diatomic molecule. The two atoms, with masses MA and 
MB respectively, are joined by a "bond", which maintains the atoms at 
some equilibrium separation, and has spring-like properties. The stiffness 
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Fig. 6. Classical model for a diatomic oscillating molecule and its interaction with light 

of the bond ("spring") can be characterized by a force constant k. Accord
ing to this model, the diatomic molecule has only one resonant frequency: 

(2) 

Most molecules possess an electrical dipole moment, e.g. CO does, while 
other molecules like 02 and N 2 do not as they are absolutely symmetrical. 
Only 11 gases, in total, do not possess an electrical dipole moment (the 
nobel gases He, Ne9 Ar, Kr, Xe and Rn and the gases H2, N2, 02, F2, and 
Cl2). If the frequency of the incident light corresponds to the resonant 
frequency v0 of the molecule, then the light, which is electromagnetic radi
ation, will interact with the electrical dipole of the molecule and cause the 
atoms in the molecule to vibrate. These vibrations are damped by colli
sions with other molecules which are present causing vibrational energy to 
be very quickly converted to molecular translational energy, in other 
words, heat. The heated gas expands and causes a pressure rise, and as the 
light is chopped, the pressure will alternately increase and decrease — an 
acoustic signal is thus generated. If the intensity of the incident light is I09 
we get a sound pressure (p) : 

(3) 
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where y = Cp/Cv,Cp and Cv is the heat capacity of the gas mixture in the 
cell at constant pressure and constant volume respectively, c is the gas con
centration, / i s the chopper frequency and K is a constant depending on the 
selected filter and gas. The acoustic signal is detected by the two micro
phones which are acoustically connected to the cell via narrow channels, 
and the electrical output signals from the two microphones are added in a 
summation amplifier, before they are electronically processed. 

The PAS system also includes an air pump for drawing an air sample 
into the PAS cell, and two magnetic valves, which are only open when a 
new sample of air is drawn into the cell. 

A light detector, mounted in the mirror assembly, monitors the light 
from the infrared source. The detector signal is used to stabilise the tem
perature of the infrared source. 

The temperature of the bulk of the PAS cell is likewise monitored. This 
enables the photoacoustic signal to be compensated for its dependence on 
temperature. 

In the following sections, we will analyze in detail how the photoacoustic 
signal is generated and study the various noise- and disturbing signals. 
However, before we do that we will take a quick look at molecular 
spectroscopy. 

3. A primer on molecular spectroscopy 
In the previous section we used a classical model of a diatomic molecule 
(AB) and found that it had only one resonance frequency. This is clearly 
not in agreement with what we see in the absorption spectrum of CO 
shown in Fig. 5 which shows two resonances close to each other. If one 
looks at the high resolution absorption spectrum of CO illustrated in 
Fig. 7 we can see that these two resonances, or absorption bands, are each 
split into a large number of very narrow lines. The classical theory is obvi
ously wrong, or at least, not complete. We have to turn to quantum theory 
to provide an adequate description of molecular spectroscopy. 

In quantum theory electromagnetic radiation can be regarded as a 
stream of particles — photons — each with the energy h v, where h is 
Planck's constant, and v is the classical frequency (that is, the frequency 
of the incident light). Quantum theory expresses the vibrational energy of 
a molecule in terms of a series of discrete energy levels E09El9E2 etc. (see 
Fig. 8). Each molecule must therefore have a vibrational energy which is 
equivalent to one of these energy levels. In a large assembly of molecules 
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Fig. 7. High resolution (0,01 cm 2) CO absorption spectrum in expanded view 
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Fig. 8. Molecular vibrational energy levels 

there will be a distribution of all the molecules between these various ener
gy levels. The relative population of molecules Nt / Nj, in any two levels 
Et and Ej7 when in thermal equilibrium, is given by the Maxwell-Boltz-
mann equation which for our purposes can be expressed as: 

— = e k T , (4) 
Nj 

where k is the Boltzmann Constant and T is the absolute temperature. 
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The necessary condition for light to cause a molecule to vibrate, or — 
using the terminology from quantum theory — to excite the molecule 
from energy state Et to energy state Ej, is that the photon energy hv be 
equal to the energy difference Ej - Et. Hence, the frequency of light re
quired to cause a transition from energy level E0, which represents the 
non-vibrating ground-state, to energy level E1 is given by: 

(5) 

For a CO molecule, the frequency corresponding to the E0 to Er transi
tion, is 2143 cm"1. When in thermal equilibrium at 20° C, we find, using (4) 
and (5) that Nt/ N0^ 3- 10"5 which implies that practically all the CO 
molecules are in their non-vibrating ground state, that is having an energy 
E0. 

Fig. 9. Energy levels and associated vibration-rotation transitions for a diatomic 
molecule 
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Molecules not only vibrate, they also rotate, and in quantum theory the 
rotational energies are likewise expressed as a series of discrete energy lev
els, but with much smaller differences between the energy levels than for 
the vibrational energy levels. Each of the vibrational energy levels are thus 
split into a series of levels. This is shown in Fig. 9 for the two lowest vibra
tional energy levels ( V = 0 and V= 1), and the five lowest rotational energy 
levels (J = 0 to J = 4). The fine structure of the CO band is due to simul
taneous changes in vibrational and rotational energy levels. Not all transi
tions are possible. For a diatomic molecule such as CO, the transitions 
corresponding to the first four bands on each side on the centre of the 
band, are shown in Fig. 9. It is noticed, that a vibrational transition with 
no change in rotational energy (the Q-branch) is not possible. This ex
plains why the CO molecule does not absorb light at the fundamental vi
bration frequency of 2143 cm"1, which is the calculated expected centre 
frequency for the absorption band using classical theories of physics. 

4. The Photoacoustic Gas Signal 
In this section we shall describe how the photoacoustic signal is generated, 
and evaluate the performance of the PAS system under the constraint of a 
black-body source. 

a. The light input into the PAS cell 
When a perfectly reflecting mirror is used to focus light from a black-body 
source, it can be shown that the spectral intensity of the light at the focus 
point is: 

(6) 

where Iv is the spectral intensity (intensity per unit frequency), Lv is the 
spectral radiance of a black body according to Planck's law of radiation 
(Fig. 3) and 6 is the half cone angle of the light cone. Using the laws of 
thermodynamics, the Iv value obtained using a perfectly reflecting ellip
soidal mirror can be shown to be equal to the theoretical upper limit using 
a black body source of spectral radiance L v. When 6 = ir/2yIv reaches its 
maximum value of w Lv. 

Another way of increasing spectral intensity (Iv) is by increasing Lv. 
This is done by increasing the temperature of the black body source. In 
practice, however, there are certain limits as to how high its temperature 
should be allowed to go. 
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In a laser PAS system (as in Fig. 1) the 9 value is very low and this allows 
the laser beam to pass through the cell without hitting the cell walls. This 
is advantageous because when light hits the walls some of it is absorbed 
and converted into heat energy which generates an unwanted signal. If the 
design of the laser PAS system was adapted for use with a black body 
source, the light intensity would be very small, due to the sin20 term, so 
this was obviously not the solution. We chose to solve the problem by: (1) 
using divergent light (with the highest possible 6 value) to obtain maxi
mum light intensity; (2) making the surface of the inner walls of the cell 
highly reflective and heat absorbing to minimise the unwanted signal; and 
finally (3) measuring the small unwanted "wall" signal so that the total 
measured signal in the cell (gas signal + "wall" signal) could be compen
sated for the "wall"-signal contribution, thus leaving the signal produced 
by the gas in the cell. 

To ensure that the highest possible light energy enters the PAS cell, the 
intensity of light over the whole surface of the PAS cell window (aperture), 
which is placed in the focus plane, should equal the intensity at the 
source's focus point. The intensity distribution in the focus plane depends 
on the source/mirror configuration. Fig. 10 illustrates three different sour
ce/mirror configurations and shows the computer-calculated correspond
ing relative light intensity along the diameter of each aperture. In all three 
cases, the same 6 value and source diameter were used. The best choice is 
the upper one. 

A 6 value equal to TT/2, for highest possible light intensity, is in practice 
not possible because the centre frequency of an optical interference filter 
depends, to some extent, on the angle of incidence of the light. This limits 
6 to about 30°. There are other factors which limit the light intensity, for 
example: the source's emissivity is limited because it is not an ideal black 
body; some of the light reflected from the surface of the mirror and the 
PAS cell is lost; and some of the light transmitted by the optical filter and 
the cell window is lost. The intensity of the light entering the PAS cell can 
be expressed as: 

(7) 

where A v is the bandwidth of the light, Tf is the optical filter transmission 
and a is a factor representing all other losses. 

This formula describes the non-intermittent light intensity, but we are 
more interested in the intensity of the intermittent light. This corre-
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Fig. 10. A :Three different mirror/source configurations characterised by the excentri-
city of their corresponding ellipsoids. The half-cone angle, 0, and the diameter of the 
spherical IR-source are the same in all three cases. 
B: The relative light intensity along the diameter of the aperture focus plane, in units of 
the IR~source diameter for each mirror/source configuration 

sponds to the sinusoidal component of the light intensity at the chopper 
frequency. Assuming square chopped light, then: 

I(t)=I0 e'"wt, (8) 

and: I0 = 2a TfLv sin2 6 Av, (9) 

where I0 is obtained by multiplying the non-intermittent light intensity 
(7)by2/7r . 
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b. Absorbed light power 
The transmission of light through an absorbing gas is described by Beer's 
law: 

(10) 

where c is the gas concentration, k is the absorption coefficient of the gas 
and / is the length of the light path. Hence, gas absorbs some of the light 
and its intensity is reduced by: 

(ID 

the latter approximation being valid for low absorption. 
The absorbed power per unit volume in the PAS cell, W( t), is found by 

dividing the absorbed intensity by the length of the cell, noting that the 
length of the light path due to the end reflection is approximately twice 
the cell length, and by replacing I(o) by the light intensity I(t) entering 
the PAS cell: 

(12) 

where, by using (8) and (9) we find: 

(13) 

c. Generation of the acoustic signal 
Next we will consider the acoustic signal generated by the absorbed light 
power. This is determined by the differential equation: 

(14) 

where: K , p0, Cp: thermal conductivity, mass density and heat capacity 
of the gas mixture in the cell 

T: the gas temperature signal 
p : the acoustical pressure signal 
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Fig. 11. A spherical cavity used as a model for calculating the acoustic signal due to the 
absorption of energy by either the gas in the cavity or by the inner wall surface. 

In order to solve this equation, we will use the simplest possible geome
try, that is a spherical cavity with inner radius R (see Fig. 11). Further
more, we will consider the steady state solution only, corresponding to the 

■ 

sinusoidal varying absorbed power W(t) = W0 eJ(J)t. 
Hence T(t) = r0(r) e3^ and p(t) = p0 eJ0:t are substituted into the 

differential equation assuming spherical coordinates described by r : 

(15)  

(16) 

We are assuming W0 to be independent of r, which is approximately the 
case in the PAS cell. Likewise we assume p0 to be independent of r. This is 
also a very good approximation because at 20 Hz, the wavelength of sound 
(17 m) is much larger than the diameter of the cavity (2 cm). 

The boundary condition is that r 0 (R) be equal to zero, which supposes 
that the wall material has a much higher heat capacity than that of the 
gas. When we solve the equation, we first find r0(r); then, by integration 
over the volume of the cavity, we find its average value; and finally, by 
using the gas equation of state to eliminate r 0 , w e find the amplitude of 
the acoustic signal: 

(17) 
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The factor e 2 represents a phase lag of ir/2. 
The RMS value of the pressure signal becomes: 

(19) 

The parameter S describes the low frequency behaviour. If a thermal 
diffusion length in the gas mixture is much smaller than R, then S will be 
close to one. A thermal diffusion length ft is equal to: 

(20) 

At 20 Hz, fi = 0,56 mm in atmospheric air. With R = 0,9 cm, correspond
ing to a volume of the cavity of 3 cm3, then \i < < R. By calculating | S \ 
from the formula, we find | S | « 0,9. 

The transfer function of tne cell, p01 W0 is a complex quantity repre
senting both magnitude and phase, the input signal being the absorbed 
power per unit volume. Fig. 12 shows the magnitude, that is, of | p0 \ / W0, 
on a logarithmic scale as function of the chopper frequency / = oo/2ir 
(Curve a). At higher frequencies, \ p0\ / W0 is inversely proportional to 
the chopper frequency as indicated by the high frequency asymptote 
(Curve d) . At low frequencies \ p0\ / W0 tends towards a constant value as 
indicated by the low frequency asymptote (e) . At a frequency / = 0,48 Hz, 
I Po I / W0 is equal to V2/2 times its low frequency value. If an analogy is 
made with electrical network theory, the thermal time constant of the PAS 
cell is found to be r = V<o = 0,33 s. 

The curves a and b show the influence of cell size, Curve b shows the 
magnitude of \ p0\ / W0 for a cell with R = 3 cm. In the high frequency 
range, | p0 \ / W0 is independent of cell size, but in the low frequency 
range \ p0\ I W0 becomes greater by the ratio of the radii squared, and the 
thermal time constant is increased by the same amount. 
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Fig. 12. The transfer function \p0\ I W0 of a spherical cavity (see Fig. 11) 
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I Po I / W0 is related to the physical parameters y, K , p0 and C p of the 
gas and this is significant if the gas mixture in the cell is not atmospheric 
air. This is illustrated in Fig. 12 by curve c and curve a. Curve c assumes 
helium to be the basic gas in the cell, curve a assumes atmospheric air to be 
the basic gas in the cell. The cell size for both curves is the same. Because 
helium has a higher (y - 1 ) value = 0,63, the signal at higher frequencies is 
greater than that with atmospheric air. However, due to the high thermal 
conductivity of helium, the low frequency cut off occurs at a much higher 
frequency, thus resulting in a lower level in the low frequency range. 

The corresponding phase curves are not shown. The phase lag is 90° in 
the high frequency range and 0° in the low frequency range. The phase lag 
on curve a at 20 Hz is equal to 83°. 

d. The Detection Limit 
The value of the acoustic signal generated (p0) is independent of the 
shape of the cell in the high frequency range because it corresponds to the 
purely adiabatic condition. (We are only considering non-resonant condi
tions). At lower frequencies the shape of the cell does, however, play a role. 
The Brtiel & Kjaer PAS cell has cylindrical geometry while the solution 
(17) is valid for a cell with spherical geometry. If, however, the volumes of 
the cylindrical and the spherical cells are equal, and the cylindrical cell's 
diameter to length ratio is close to 1, the spherical solution gives a suffi
ciently good overall approximation. 

We will have to add one more correction. In the actual PAS-system, there 
is certain "dead" space, due to air channels, microphone volumes, etc. 
which shunt the acoustic signal. This dead space is corrected for by multi
plying by a factor of 0,85. By using 1 5 1 = 0,9, we find for our cylindrical 
PAS cell: 

(21) 

and, by inserting W0 (13), 

(22) 
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With the Briiel&Kjaer PAS system 6 = 33°, to = 2TT (20 Hz) and 7 - I = 
0,4 as for atmospheric air. Further, a has been found to be equal to 0,55. 
Hence, 

p R M S = 1,13 • 10 3 Tf Lp c k Av, or: 

1,13 • 10"3 Tf \ F(v-v0) Lv k{v)dv (23) 

where the final expression is a more stringent formulation which takes 
into account the transmission function of the optical filter, F{ v-v0). 

The detection limit of a gas is defined as the gas concentration causing a 
signal equal to twice the RMS noise level of the transducer. As we shall see 
later, the RMS noise level in the Briiel&Kjser PAS system is equal to 
2,5 • 10"6 Pa. Hence, the detection limit can be written as: 

4,4 • 10"3 [ Wm^sr" 1 1 
Detection limit = 

TfJF(v-p0) Lvk{v)dv 

4,4 • 10"3 [ W m ^ s r 1 ] 
~ TfLv kAv ( 2 4 ) 

As an example, let us consider the measurement of C 0 using the optical 
filter UA 0984 (Fig, 4). By computer calculation, using the CO absorption 
spectrum as shown in Fig. 7, 

j F{v-v0)Lvk{v)dv = 8,25 • 104 [Wm"2 s r^m" 1 Atm 1 ] (25) 

With Tf = 0,37, the CO detection limit is calculated to be 1,5 • 10"7 Atm 
or 0,15 Vol. ppm. The calculated CO signal, using 54 ppm CO, becomes 
1,86 • 10"3Pa. To compare the theoretical and practical detection limits, a 
measurement of the signal produced by a C O concentration of 54 ppm was 
performed — it was found to be 1,97 • 10"3Pa, which is in quite close 
agreement with the calculated signal. This, however, is no coincidence, as 
the loss factor a, was found by comparing the calculated and measured gas 
signals using CO as well as many other different gases and optical filters. 
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Finally, a few figures may be worth mentioning. The RMS value of the 
gas temperature signal at the detection limit is equal to 2 • 10~8oC. The 
RMS deflection of the microphone membrane at the detection limit is 
equal to 3 • 10"14 m, which is approximately ten times the radius of the 
electron or the approximate size of a proton. 

e. The effect of molecular relaxation 
In section 4 c, it was implicitly assumed that all of the absorbed light ener
gy was immediately converted to heat. This is usually the case if the con
version is fast enough so that it does not interfere with the generation of 
the acoustic signal at a chopper frequency of 20 Hz. There are, however, 
some exceptions. 

When a gas molecule absorbs a photon and goes from its ground energy 
state E0 to an excited state Ex no heat is generated. The molecule can then 
lose its absorbed energy by returning to its ground energy state in one of 
the following ways: 

1. It can re-radiate (emit) a photon. 
2. It can collide with another molecule of the same species which is in its 

ground energy state E0, and excite it to the excited state Elt 
3. It can collide with a molecule of a different species and excite it from its 

ground state to some excited state. 
4. It can collide with and transfer its energy to another molecule in the gas 

and thereby increase the translational energy of the molecule it collides 
with. 

It is the fourth process which produces the photo-acoustic signal, as in
creased translational energy is simply increased heat energy. If the rate of 
this process is much faster than the rate at which the light is chopped, 
then the assumption of immediate conversion of absorbed energy to heat 
is a valid approximation. All four processes compete with each other but, 
in general, the fourth process is by far the fastest, hence all of the absorbed 
energy is converted into heat energy. 

If, however, the fourth process is not the dominating process, or if the 
rate of the fourth process is too slow, then it will affect both the magnitude 
and phase of the generated acoustic signal. In order to correctly calculate 
the signal, the differential equation would have to be modified and it 
would be much more difficult to solve. Let us consider a particular mea
surement to illustrate the point: 

Suppose we want to perform a span calibration for measuring CO, using 
a calibration gas mixture of say 50 ppm C 0 in dry nitrogen. Because of its 
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lack of an electric dipole moment, a N2 molecule cannot be brought to a 
vibrationaly excited state by interaction with light. However, if an excited 
CO molecule collides with a N2 molecule, which is the collision process 
most likely to occur, then the N2 molecule can be excited while at the same 
time the CO molecule is "de-excited" (it goes back to its ground energy 
state). The vibration frequency of a N2 molecule is approximately 
2330 cm"1, and is close enough to that of a CO molecule (2143 cm"1) to 
make this vibrational energy exchange a very likely process at normal tem
peratures. The rate of the process, which corresponds to the third process 
in the list, is fast, and this makes it the dominating one. Once the N2 mole
cule has captured the CO molecule's vibration energy, it is very reluctant 
to give it up as translational energy as the nitrogen molecule is known to 
take an extremely long time to "relax". This results in the generation of 
only a very small photo-acoustic signal. Because the vibrational frequency 
of N2 is greater than that of CO, the gas mixture actually cools down when 
it absorbs energy because the vibrational energy exchange requires a small 
contribution of translational energy. This phenomenon is sometimes re
ferred to as kinetic cooling. 

This problem is solved by adding some water vapour to the calibration 
gas. Water molecules prove to be very efficient catalyzers in the relaxation 
process. In practice water vapour is easily added to the gas mixture by 
passing the dry calibration gas mixture through a "vapour tube", which is 
strongly permeable to water vapour but not permeable to CO. The gas 
passing through the "vapour tube" is thus humidified to the same humid
ity level as that of the ambient air. 

Carbon dioxide (C02) and nitrous oxide gas (N20) behave in much the 
same way as carbon monoxide (CO), if they are measured by a filter which 
transmits light whose wavelength coincides with their strongest absorp
tion band, as they can so easily transfer their energy to nitrogen molecules. 
In general, however, this problem is rare. 

5. The noise signals 
As we discussed in Section 4 a, the use of a black body source imposes 
certain limitations on the level of the photoacoustic signal. However, as 
sensitivity is ultimately determined by the signal to noise ratio, an alter
native method of increasing sensitivity is to reduce the noise and other 
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disturbing signals as much as possible. There are several contributors to 
the total noise signal. Contributions can be roughly categorised as: 

O The wall signal 
O The window signal 
O Acoustic noise 
O Vibration noise 
O The dust signal 
O Microphone/preamplifier noise 

a. The Wall Signal 
The wall signal is due to the absorption of light by the surface of the cell 
walls, this causes a periodic increase in the temperature of the cell wall at 
the chopper frequency. The increase in the temperature of the wall sur
face causes heat to flow by conduction to the air layer in contact with the 
walls, causing it to expand. As the light is periodic the air in contact with 
the wall will expand and contract at the frequency of the chopper and thus 
generate an acoustic signal. The wall signal has been calculated for the 
case with the spherical cavity (Fig. 11) by solving a proper differential 
equation, in much the same way as the gas signal was calculated. We will 
not treat the solution in detail as the complete expression of the wall sig
nal is considerably more complicated than the gas signal expression. How
ever, it is worth noting that the high frequency approximation of the 
acoustic signal amplitude is a good approximation at 20 Hz: 

3yP0ww _ji 
Pw = ■ -z-n ' e 2 26 

n p T n r ^ Po^p 1/2 
CCK10 pwCwKw  

1 K J 

where Ww : absorbed power per unit wall surface area 
PW>CW,KW : mass density, heat capacity and thermal conductivity 

of the wall material 
p0,Cp9K : mass density, heat capacity and thermal conductivity 

of the gas mixture in the cell 
P0,T0 : ambient pressure and temperature respectively 
R : cell radius 
co : chopper frequency 
y : Cp/Cv of the gas mixture in the cell 
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The conditions necessary for this approximation to be correct are: that a 
thermal diffusion length in the gas as well as in the wall is small compared 
to R; and further, that the wall is sufficiently thicker than the thermal 
diffusion length in the wall. At low frequencies, these conditions are not 
fulfilled and therefore a simple formula cannot be used. However, the low 
frequency behaviour of the wall signal with regard to its amplitude and 
phase, is largely similar to that of the gas signal. Hence, the gas signal to 
wall signal ratio is largely independent of frequency. 

Ww is proportional to the light intensity hitting the cell walls and to the 
absorptivity of the wall surface. Thus, in order to minimize the wall signal: 

O The absorptivity of the wall surface must be low or its reflectivity be 
high 

O The cell radius should be large 
O The product pw Cw KW should be high 

The wall signal also depends on the gas mixture in the cell as the param
eters y, p0,Cp and K are gas dependent. For example, if helium is the only 
gas in the cell, the wall signal is found to be approximately 3 times greater 
than when atmospheric air is in the cell. 

The typical size of a measured wall signal is 1,5 • 10^ Pa, which corre
sponds to a total power of 1 mW RMS of light power being absorbed by the 
cell walls. 

The wall signal is typically 20 times the detection limit signal. It is, how
ever, a well defined and stable signal whose temperature dependence has 
been mapped with each of the optical filters which are available for instal
lation in the 1302 or 1306. When a zero-point calibration is performed us
ing a certain optical filter, a zero gas, e.g. clean, dry synthetic air, is drawn 
into the cell and the signal in the cell is measured — this is the wall signal. 
After a zero-point calibration the instrument will be able to automatically 
compensate for the wall signal and therefore the gas signal can be calculat
ed. Because the temperature of the PAS cell is monitored the wall signal 
can be compensated for its temperature dependence and therefore the 
compensation for the wall-signal contribution can be performed at various 
ambient temperatures. 

b. The Window Signal 
A small fraction of the light incident on the window will be absorbed by the 
window material and this will cause a temperature fluctuation on the win
dow surface. Just as the absorption of light by the cell walls generates an 
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acoustic signal the absorption of light by the window material also gener
ates an acoustic signal — a "window signal". 

If the low frequency behaviour of the window signal and its phase are 
not taken into account, the window signal amplitude can be expressed by 
the following equation: 

2 ^ 2 yP0(3 I0 
P - = r D C 11 /9

 ( 2 7 ) 

lcT0a**[-?^]m Cwl pwi 
1 K J 

Where: /? : absorption coefficient of window material 
Cwi : heat capacity of window material 
p wl : mass density of window material 
lc : internal length of cylindrical PAS cell 

The window signal differs from the wall signal in the following respects: 
(1) the frequency dependence of the window signal is inversely propor
tional to co3/2 instead of co; and (2) the window signal is independent of the 
thermal conductivity of the window material. Both these differences are 
due to the fact that light is absorbed by the whole bulk of the window 
material whereas it is only absorbed by the surface of the cell wall. 

Using germanium as the window material, /? is highly dependent on the 
purity of the material, the worst case value is stated as 2 nr1 . To illustrate, 
take the example of the optical filter UA 0984 (Fig. 4), I0 = 47 W/m2 (see 
equation (9)). Using the /? value given above, the RMS value of the win
dow signal is found to be 9,5 * 10"6 Pa. This signal is typically found to be 
15 times smaller than the wall signal. However, as the signal measured 
during a zero-point calibration (using a non-absorbing gas) includes both 
the wall signal and the window signal, a zero-point calibration automati
cally takes into account both signal contributions. 

c. Acoustic Noise 
If acoustic noise from the environment is transmitted to the microphones 
in the PAS cell, it has the potential to disturb the measurement. The PAS 
cell, being a closed volume, will attenuate the noise, the amount of atten
uation depending on the mechanical stiffness and the air-tightness of the 
cell. 
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As a model for estimating the attenuation, let us consider a cylindrical 
volume, with a and b being the inner and outer radius respectively, and 
with inner length lc. 

At first, let us suppose that the cylindrical ends are closed by plates with 
infinite stiffness. The attenuation factor can be expressed as: 

: , (28) 
( 5 - 2 ( 7 ) 7 P0 

Where: E : Young's modulus or longitudinal elasticity 
a : Poisson's ratio 
y : Cp/Cv for the gas mixture in the cell 
P0 : Ambient pressure 

Now, let us suppose that a window with finite stiffness is placed on the 
one end only, as the endplate on the other end in the PAS cell is much 
more stiff than the window, due to its thickness. We assume that the win
dow is mounted with a fixed edge, which is approximately the case. The 
attenuation factor is now expressed by: 

, (29) 

Where: E0 : Young's modulus for the window material 
a 0 : Poisson's ratio for the window material 
t : thickness of the window 

Take a numerical example: a = 7,6 mm, b = 12 mm, E = 1,3 • 1011 Pa 
and a = 0,34 (copper). In the first case with 2 stiff end-plates the attenua
tion is found to be equal to 1,3 • 105. Even if b was infinitely large, the 
attenuation would be equal to 2 • 105, which is only a slight improvement. 

In the second case, with a window at one end, the window material being 
germanium with E0 = 9,4 • 1010 Pa and a0 = 0,3, the window thickness t 
= 1,5 mm and the cell length lc = 17,5 mm, the attenuation is found to be 
8 * 104, i.e. the attentuation is only slightly reduced. 
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One could fear, that the magnetic valves, although closed, could poten
tially be a path for transmitting sound, but measurements of the attenua
tion at 20 Hz shows typical values of 1 • 105, which is in close agreement 
with the calculated values in spite of the simplicity of the model. 

It is necessary to discuss one more point. The microphone, being a con
denser microphone, includes a back volume with a small vent to ensure 
static pressure equalisation. If this vent is led out to the ambient air, it will 
create a path for transmitting external sound backwards to the micro
phone membrane. To avoid this problem a dedicated PAS microphone was 
developed, for use in the Briiel & Kjser PAS system. In the PAS microphone 
the vent is connected to the PAS cell volume instead of the ambient air, as 
is the case with standard Briiel & Kjser microphones. 

Fig. 13 shows a typical low-frequency acoustic noise spectrum as mea
sured in an office environment using a Briiel & Kjser FFT analyzer. The 

Fig. 13. Low frequency acoustic RMS noise spectrum in an office environment. Upper 
curve: maximum, lower curve: average 
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bandwidth is Vs Hz, which is largely equal to the bandwidth used in 
1302/1306. The upper curve shows the maximum level, and the lower 
curve the average level. Reading from the upper curve, at 20 Hz the max. 
level is equal to 50 dB SPL, or 6,3 • 10~3 Pa, causing a sound pressure of 
6,3 • 10"8 Pa inside the cell. This is a factor of 80 below the detection limit. 
In this particular case acoustic noise from the environment will therefore 
not be a problem. In general, acoustic noise from the environment is not a 
problem. 

d. Vibration noise 
Vibration of the PAS cell, caused by vibrations always present in the envi
ronment, can be a potential source of noise and give rise to a microphone 
signal. 

A noise signal is created by the vibration of the mass of the microphone 
membrane and the mass of air in the cell as well as by deformation of the 
PAS cell. 

At low frequencies, the microphone membrane can be likened to a pis
ton. When it is exposed to a vibration, only the vibration component per
pendicular to the membrane will affect it. An acceleration a0 sin co t will be 
equivalent to a pressure pm = pmd a0 sin co t where pm is the mass density 
of the membrane material and d is the thickness of the membrane. With 
pm = 8,9 • 103 kg /m 3 and d = 2/zm,p m = l , 8 - 10~2 Pa at an acceleration 
of 1 ms"2 RMS. 

The next point to consider is the confined air mass in a closed cell. When 
this mass is exposed to vibration, the pressure in a plane through the cen
tre of gravity of the air mass, and perpendicular to the direction of vibra
tion, will remain unchanged. At a distance x from the plane, the pressure 
signal will be equal to p air = p 0 x a0 sin co t, where p 0 is the mass density of 
the gas mixture in the cell. With p0 = 1,2 kg /m 3 (atm. air) and x = 15 mm, 
p a i r = 1,8 • 10"2 Pa at an acceleration of 1 ms"2 RMS, i.e. the same pressure 
as that due to the microphone membrane. 

In the Briiel&Kjaer PAS system, vibration sensitivity has been signifi
cantly reduced by using a differential set up with two microphones. The 
two identical microphones are symmetrically placed around the centre of 
symmetry of the PAS cell, and in addition they are mounted face to face. 
The signal output from each microphone is added together and thus the 
gas signal is doubled. Any linear acceleration produced by vibration of the 
membrane mass as well as the air mass, cancel each other out when the two 
microphone signals are added. 
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Care has been taken to make the amplitude and phase of the micro
phones identical. The vibration amplitude sensitivity of a microphone de
pends upon parameters such as membrane stiffness and membrane mass. 
The phase of a microphone depends on its low frequency cut off, which is 
determined by the equalization vent. The low frequency vibration re
sponse of a condenser microphone is equal to the acoustic frequency re
sponse obtained when the vent is outside the sound field. This is advanta
geous because the phase deviation at 20 Hz is then less sensitive to 
variations in the low-frequency cut-off when compared to the usual acous
tic frequency response where the vent is in connection with the sound 
field. Any small differences in amplitude and phase which still remain are 
compensated for electronically. 

The need for low vibration sensitivity also made it necessary to thor
oughly consider the preamplifier design and its connection to the micro
phone so that the balancing-out of the vibration signals was not compro-

Fig. 14. Low frequency RMS vibration spectrum measured on an office desk 

30 



mised. This was another good reason for designing a dedicated PAS 
microphone/preamplifier unit. 

The physical deformation of the cell due to vibration causes a modula
tion of the cell volume which gives rise to a vibration signal with the same 
phase for both microphones. This contribution can, therefore, not be can
celled. Fortunately, it is much smaller than p m and p air. 

Finally, if vibration of the cell is rotational, not linear, it will create small 
signals with equal phase and therefore the vibration signals will not be 
balanced-out, but added. However, this signal is also much smaller than 
Pm and p a i r . 

Fig. 14 shows a typical low frequency vibration spectrum as measured 
on a table in an office environment, using a bandwith of Vs Hz, and aver
aged over a period of time. At 20 Hz, as read from the curve, the vibration 
level is 1,7 • 1CT4 ms~2, causing a vibration signal = pm + p air = 
6,3 • lO^Pa. When adding the microphone signals, a residual vibration 
signal is left, which is due to (1) imperfect balancing-out of pm andp a i r , (2) 
rotational vibration, and (3) deformation of the cell. In practice an im
provement factor of 50 is typically obtained which makes the residual vi
bration signal equal to 1,3 • 10~7Pa. This is 40 times lower than the detec
tion limit and therefore, in such an environment, vibration will not 
compromise the detection limit. In a vibrationally harsh environment, 
however, some care should be taken in the mounting of the 1302/1306. 

e. The dust signal 
Small particles of any kind, when present in the PAS cell, will absorb part 
of the light energy, and thus cause a disturbing signal, a dust signal. Dust 
particles are almost always present in the environment and they are drawn 
into the PAS cell with the air. A 10/j,m dust filter prevents the bigger 
particles from passing into the cell. 

In order to estimate the size of the dust signal, we suppose that all the 
dust particles are identical, spherical in shape, have a diameter d and that 
the basic dust material has a mass density p dust. We will also assume that 
the dust is optically black. Using this simple model, the dust can be char
acterized by an absorption coefficient: 

(31)  
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As long as dust concentrations are not extremely high, we can neglect 
the heat capacity of the dust particles when calculating the acoustic signal 
produced by the absorbed light energy This implies that we can use the 
detection-limit equation (24) to calculate the dust detection limit by in
serting kdust from equation (31): 

(32) 

Using optical filter UA 0984, and assuming p d u s t = 2 • 103 kg /m 3 , the de
tection limit is found to be 0,04 • d, which with a 10 //m particle diameter 
gives a detection limit of 400 j ig/m3 . According to the formula, the detec
tion limit is proportional to the particle diameter d, which implies that 
smaller particles cause a higher dust signal. In normal living areas, the 
typical concentration of dust particles with a diameter less than lOjum is 
of the order of 50/ig/m3, which gives a resultant dust signal 8 times less 
than the dectection limit. This is a worst case calculation as we are assum
ing that we have optically black dust. This assumption is conservative es
pecially when the dust particles have a diameter which is close to, or small
er than, the wavelength of the light. Therefore, in this kind of dust 
environment the dust signal does not create any problem. 

/. Microphone/preamplifier noise 
The PAS system microphones are lfe inch low noise electret microphones 
with built in preamplifiers, which have been optimized in several ways for 
use with a PAS system. 

The signals from the two microphones are added, which doubles the gas 
signal while only increasing the random noise by 3 dB. This results in a 
3 dB improvement in the signal to noise ratio. Fig. 15 shows the low fre
quency equivalent noise spectrum, due to electronic noise in the preampli
fier, as measured on the summed output using a bandwidth of Ys Hz. No
tice that the noise level is more or less constant at higher frequencies, but 
increases at lower frequencies. Thus, by going from 20 Hz to 10 Hz, the 
noise increases 4 dB, compared to an increase of the photoacoustic gas 
signal of 5,4 dB (see Fig. 13) i.e. the improvement in signal to noise ratio 
thus obtained is insignificant. 

At 20 Hz, the RMS noise level corresponding to the actual bandwidth 
and averaging time used in the 1302 and 1306 is in accordance with a mea-
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Fig. 15. Low frequency RMS preamplifier noise spectrum 

surement equal to 2,5 • 10~^ Pa. The detection limit signal, defined as the 
signal equal to twice the RMS noise level, thus corresponds to a sound 
pressure of 5 • 10"6 Pa. 

6. Absorption in non-polluted atmospheric air 
The composition of dry, non-polluted atmospheric air is approximately: 
78% nitrogen, 21% oxygen, 0,9% argon, 340 ppm carbon dioxide, 1,5 ppm 
methane, 0,3 ppm nitrous oxide, plus trace concentrations of the noble 
gases. Normal atmospheric air also contains a varying amount of water 
vapour, typically in the range of 10000 - 20000 ppm. 

When measuring trace amounts of toxic gases present in atmospheric 
air, gases normally present in atmospheric air have the potential of inter
fering with the measurement. Two gases which are present in the highest 
concentrations, that is, nitrogen and oxygen, are homopolar molecules, 
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Fig. 16. The infra-red absorption spectrum of atmospheric air with 20000ppm water 
vapour and 340ppm carbon dioxide (resolution: 10cm'1) 

which fortunately do not absorb infrared light. Neither does argon, nor the 
other noble gases, as they exist as single atoms. In atmospheric air, water 
vapour and carbon dioxide are the strongest absorbers and methane and 
nitrous oxide are the weaker absorbers. 

Fig. 16 shows the absorption spectrum of atmospheric air containing 
20000 ppm water plus 340 ppm carbon dioxide. It shows two major fre
quency ranges with low absorption: 2400 - 2800 cm"1 and 800 - 1200 cm"1, 
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Fig. 17. Illustration showing (a) the infra-red absorption spectrum of atmospheric air in 
the low-absorption ranges (resolution: 20 cm'1); and (b) the water continuum absorp
tion; and (c) the detection limit absorption 

plus a narrow range around 2200 cm 4 . The two major low absorption 
ranges are often referred to as "the atmospheric windows". 

Fig. 17 shows the same absorption spectrum as Fig. 16, but on a loga
rithmic scale in order to enhance the absorption in the frequency ranges 
where the absorption is low. The spectrum is averaged over a bandwidth of 
20 cm 1 . 
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Fig. 17 further shows the so-called water continuum absorption at a 
concentration of 20000 ppm. As the name indicates, the water continuum 
absorption is due to water vapour absorption, as is the water spectral ab
sorption. What is the difference then? 

The origin of the water continuum absorption is, at least for the major 
part, due to the extreme wings of the strong water spectral lines at long 
wavelengths. It exhibits no spectral structure as does the spectral absorp
tion, and while the spectral water absorption is proportional to the con
centration of the water vapour, the continuum absorption is approximate
ly proportional to the square of the concentration at concentration levels 
which are typical in atmospheric air. In the major part of the 800 cm"1 to 
1200 cm"1 atmospheric window, from Fig. 17, the contribution due to the 
continuum water absorption dominates over the spectral contribution. At 
higher frequencies, the continuum absorption becomes small. 

Fig. 17 finally shows the average absorption coefficient at the detection 
limit, using a hypothetical optical filter with a bandwidth of 60 c m 4 and a 
peak transmission of 50%: these values are quite typical for a majority of 
the available optical filters. The frequency dependence of this curve is due 
to the frequency dependence of the Lv curve, as the detection limit is in
versely proportional to Lv. As is evident from Fig. 17, the detection limit, 
even in the major part of the atmospheric windows, is smaller than the 
water absorption. Therefore, if water interference was not compensated 
for, it would limit the performance of the PAS system when gases are mea
sured in atmospheric air. In 1302 and 1306, however, the water concentra
tion is monitored with the purpose of compensating the photoacoustic sig
nal for the water vapour contribution. As with the zero-air signal, the 
water signal's dependence on the water concentration and temperature 
has been carefully mapped for each of the available optical filters. Thus, 
after a humidity-interference calibration, in which humidified zero-air is 
measured, the instrument can automatically compensate for water vapour 
interference in the air mixture being measured, at various temperatures 
and water-vapour concentrations. 

7. Introduction to interference and linearity 

Interference 
The 1306 contains only one (interchangeable) optical filter, and is intend
ed for outdoor monitoring of a single gas or a group of gases, for the pur-
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pose, for instance, of detecting accidental gas releases. The 1302, however, 
can be equipped with up to five different filters thus making it possible to 
monitor 5 different gases at a time. Assume, for example, that we wish to 
monitor halothan and enflurane (which are both anesthetic gases) at the 
same time. By studying their absorption spectra (see Fig. 18) one can see 
that it is difficult to select an appropriate absorption band where it is pos
sible to measure one of the gases without being disturbed by interference 
from the other, and vice versa. However, it is still possible to measure each 
of the gases correctly because the signals measured with each of the two 
optical filters contains information about both gases present. This feature 
is called cross compensation, and it works with up to five different gases, 
even if they have overlapping spectra. Cross compensation reduces the 
effect of interference to such an extent, that in many cases it can be com-

Fig. 18. Absorption spectra of enflurane and halothane (resolution: 5cm 1) 
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pletely neglected. It is the cross compensation feature of the 1302, — not 
the selectivity of the individual optical filters — that is the fundamental 
basis for the selectivity of the 1302 for a limited number of known gases. 

Linearity 
The linearity range of 1302/1306 depends to some extent on the detailed 
structure of the absorption band being utilized, and to some extent on 
which optical filter is used. Generally speaking, the linear range will typi
cally extend to a factor of 10000 above the detection limit. 

The linearity range can be even further extended by compensating for 
non-linearity. In 1302, this compensation is a built-in feature which uses a 
unique compensation algorithm. It simply requires a two-point span cali
bration to be performed, i.e. measuring, in turn, two different concentra
tions of a gas — where the low concentration preferably lies within the 
linear range, and the high concentration lies close to the upper limit of the 
non-linear range. In this way, the dynamic range can be extended to some 
5-6 decades (a factor of 100000-1000000 above the detection limit). 

8. Discussion 
We have discussed the advantages and limitations of the PAS technique 
in a fairly simple fashion, which in no way gives full credit to the time and 
resources used in developing the technique during the past 5-10 years. 
Dozens of man-years have been used in "fine-tuning" our PAS instru
ments to give the absolute maximum performance. 

As we have discussed, if we assume that the wall- and water signals have 
been compensated for, the sensitivity of the Briiel & Kjser PAS system is 
only limited by the microphone/preamplifier noise with most of the opti
cal filters. 

Suppose that, in one way or another, it was possible to reduce the micro
phone/preamplifier noise, or, alternatively, increase the gas signal by in
creasing the amount of light energy entering the PAS cell, would the PAS 
system then be better suited to its purpose? 

The wall- and water signal compensation would then be more critical, 
and this would make it difficult to obtain a stable zero signal when the 
ambient humidity and temperature varied. This problem could, however, 
be solved if it was possible to dry the air sample without affecting the 
concentration of the gas to be measured. The wall signal could be de
creased by increasing the size of the PAS cell, as it is inversely related to 
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the cell's linear dimensions. This would require a correspondingly bigger 
and more power-consuming black body infrared source — its power con
sumption being largely proportional to the square of its linear dimensions. 

Increasing the size of the PAS cell would result in an increased vibration 
signal. Environmental vibration would then become a limiting factor in 
many measuring situations. This could, however, be overcome by suitably 
isolating the PAS system from vibrations in its environment, but in prac
tice isolating the system from vibrations as low as 20 Hz is not very 
straightforward. 

As it can be seen, it is theoretically possible to improve the Brtiel&Kjser 
PAS system, but at the cost of significantly increasing the complexity of 
the system, its bulk, its power consumption and its price. We believe tha t 
the performance of the small, light-weight, fully self-contained PAS in
struments developed by Brtiel & Kjaer is close to opt imal 
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