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The application of different types of acoustic resonators such as pipes, cylinders, and spheres in
photoacoustics is considered. This includes a discussion of the fundamental properties of these
resonant cavities. Modulated and pulsed laser excitation of acoustic modes is discussed. The
theoretical and practical aspects of highand low-Q resonators and their integration into complete
photoacoustic detection systems for trace gas monitoring and metrology are covered in detail. The
characteristics of the available laser sources and the performance of the photoacoustic resonators,
such as signal amplification, are discussed. Setup properties and noise features are considered in
detail. This review is intended to give newcomers the information needed to design and construct
state-of-the-art photoacoustic detectors for specific purposes such as trace gas analysis,
spectroscopy, and metrology. @001 American Institute of Physic$DOI: 10.1063/1.1353198

I. INTRODUCTION tions, these lasers turned out to be ideal sources to push the

The photoacousti¢PA) effect in solid$ was discovered sensitivity of PA gas detection into the ppb (parts per

by Bell in 1880. It was soon realized that the same eﬁecpillion volume) concentration range or even below. Initial

exists in liquids and gases as well. Also in these first experi[€Sults using line-tunable GGnd CO gas lasers, with mod-

ments, resonant amplification of the photoacoustic signafSt Power of about 1 W, were reported as early as ;Eén?,
was discovered. The possibility of using a cavity as an current state-of-the-art experiments £&hd CO lasers with
acoustic amplifier of the signal was very important for dem-much higher power {10 W) are employed. The signal can
onstrating the effect. However, due to the lack of propee further enhanced by placing the PA cell in the optical
instrumentation(such as light sources, microphones, andcavity of the laser resonator, where a laser power of about
electronic$, the PA effect was almost completely forgotten 100 W can be reached(intracavity ~photoacoustic
for more than half a century. spectroscopy'! Although line-tunable CQand CO gas la-
Finally, in 1938, Viengerov introduced a PA system sers are relatively large, complex, expensive systems, they
based on a blackbody infrared source and a microphone fdrave already been used in mobile stationsifositu envi-
analysis of gas mixturesin the 1960s, an important break- ronmental gas detectiofl.
through was achieved by the first use of a laser light source The outstanding features of the PA cell, most impor-
in PA gas detectiof. Compared to conventional light tantly its small size, its simplicity, and robustness, can only
sources, lasers have superior beam quality and spectral pbe fully exploited when it is combined with a suitable laser
rity, and can provide high power radiation. Trace gas analysource. Therefore, recent progress made in the development
sis was targeted first by the pioneering work of Kreuzér.  of diode lasers has had an increasing influence on the appli-
PA cell, operated in a resonant mode by tuning the lasetation of compact PA gas analyzérs® The currently avail-
modulation frequency to one of the acoustic resonances afble power of near infrare@NIR) diode lasers, operating
the cylindrical gas cell, was introduced by Dewetyal® and  near room temperature, is small compared with that of CO
by Kamm! and CO lasers, and therefore the sensitivity is limited mostly
In the 1970s and 1980s photoacoustic gas detectiofy ppm, or for certain gases to the sub-ppm range. However,
boomed. High sensitivities were achieved by PA systemshey may offer an alternative solution where small size, reli-
using midinfrared gas lasers such as CO ang @€ers’™*  apjiity, low costs, and long lifetime are required. A special
Because of their high output power in the watt range anthdvantage of diode lasers is their electronic modulation fea-
their line tunability to strong fundamental vibrational transi- yre, where both intensity and wavelength modulation are
possible. Diode lasers are continuously tunable, but their tun-
3Electronic mail: peter.hess@urz.uni-heidelberg.de ability range is very limited(usually less than one wave
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numbei.l” A larger tunability rangg20—50 nm can be ob-

tained with external cavity diode laséECDL) systems®1® LASER RADIATION
Beginning with the renaissance of photoacoustics around

1970, progress in this field always has been closely con- modulated, pulsed

nected with the development of laser technology. A major

impact on the field of trace gas detection can be expected )

from new extensively tunable solid-state laser systems work- % hv absorption

ing in the fundamental IR spectral region. In this respect the
recent realization and further improvement of periogzigally
poled lithium niobatdPPLN) optical parametric oscillat
(OPO$ and quantum cascade diode ladkm®uld be an im- SR
portant breakthrough in the practical application of photoa-
coustic spectroscopyPAS) in trace gas monitoring. These
laser sources deliver continuous waew) as well as pulsed . —
broadly tunable radiation with reasonable power and band- V-R,T | deactivation
width. —

A crucial part of a PA gas detection setup is the cell in
which the PA signal is generated and detected. The first

vibration, electronic

“gas-microphone cells” were small cylindrical cavities with HEATING

a transparent window. The microphone was connected to ] ]

the cavity by a thin hole in one of the side walls of the cell. localized, transient

These PA sensors could be manufactured very easily; more- :
L ) expansion

over, they were very cheap when miniature electret micro- -

phones were used. Since the PA signal is inversely propor- “onlaeion

tional to the cell volume and the modulation frequency,

high PA signal levels can be obtained by taking a sm_all cell ACOUSTIC WAVE

volume (<10cn?) and low modulation frequencies

(<100 Hz). However, noise sourcémtrinsic noise of the standing, pulsed

microphone, amplifier noise, external acoustic nog®w a
characteristic ¥/ frequency dependence, and therefore the
signal-to-noise ratigSNR) of such a gas-microphone cell is /V\/\/\/vvw
usually quite small. Moreover, light absorbed in the windows

and in the wall material generates a coherent background

signal, which is practically impossible to separate from the MICROPHONE
PA signal generated by the gas absorption itself. Therefore,
small gas-microphone cells, which are still the most suitablesiG. 1. Schematic of the physical processes occurring after optical excita-

PA detectors for solid and liquid samples, are hardly used iion of molecules. Modulated or pulsed laser radiation leads to the popula-
gas phase photoacoustics anymore. tion of rotational, vibrational, and electronic states. Collisional deactivation

. . by R-T, V=R, T, andE-V, R, T processes leads to localized transient

) The SNR O_f a PA cell Can be increased t_)y applymghea\ting. The resulting expansion launches standing or pulsed acoustic

higher modulation frequencie§in the kHz regiol and  waves, which are detected with a microphone.

acoustic amplification of the PA signal. For this resonant PA

I:elllts operating on Ir(])ngltut()jlnal, gz'mli%h?ég rgd'f;:’ or Helm- (1) localized heat release in the sample gas due to relaxation
ollz resonances have been developed. Furthermore, of absorbed light energy through molecular collisions;

resonant cells can be designed for multipass or mtracathZ) acoustic and thermal wave generation due to localized

operationt'??728The influence of the window signal has

b inimized by introduci tic baff®sr by th transient heating and expansion;
een minimize y Intro “C'”% acoous Ic batnesr by the (3) detection of the acoustic signal in the PA cell with a
development of a “windowless” cefl® Recently, a differen-

microphone.
tial cell, specially designed to suppress flow and window P

noise, was introducet!. Molecular absorption of photons results in the excitation
In the following the requirements that need to be ful-5f molecular energy levelgrotational, vibrational, elec-
filled by resonant PA cells in gas measurements will be distronic). The excited state loses its energy by radiation pro-
cussed in detail, considering both theoretical and practicalesses, such as spontaneous or stimulated emission, and/or
issues. First, the characteristics of the PA effect in gases Wiu,y collisional relaxation, in which the energy is transformed
be briefly surveyed. into translational energy. In the case of vibrational excita-
tion, radiative emission and chemical reactions do not play
an important role, because the radiative lifetimes of vibra-
tional levels are long compared with the time needed for
The PA effect in gases can be divided into three maircollisional deactivation at pressures used in photoacoustics
stepst® (~1bar) and the photon energy is too small to induce

Il. THE PHOTOACOUSTIC EFFECT IN GASES
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Ol WM Lacer pulse®® while a modulated laser beam generates periodic
Microphone D peam™" =2 sound due to the periodic localized heating of the Has.
Micoghons The sound signal is generated in those locations, where
L - Microphone light is absorped, for example, by the species to be moni-
Y Cy“mi : ) tored. Interestln.gly,. even th.e PA signal gener7ated by a laser
Sibrchions axis beam propagating in free air has been obsedtbwever,
4 nearly all PA trace gas measurements are carried out in an
o Leer TV oo f§  Mierophone 11 enclosure., calleq a “PA cell” or PA detector..” Bpth terms
‘ oyinger > are used in the literature to describe the device in which the
(ross saction ais A PA signal is generated and monitored. In the following the
Fipe Al term PA resonator will be used for the cavity in which the
V2§ Microphone izser b resonant amplification of the PA signal takes place. The

name PA cell is reserved for the entire acoustic unit, includ-
FIG. 2. Resonant acoustic cell desig®.Simple pipe(tube for excitation  ing the resonator, buffer volumes, acoustic filters, windows,
of longitudinal modes,(b) pipe with two buffer volumes(c) Helmholz as inlets and outlets. and microph(Is)eFinaIIy PA sensor
resonator with separate sample and detection chambers for solid sample%r PA d d, f | . ' includi
(d) coaxial excitation(e.g., of radial modesin a cylinder,(e) asymmetric 0 ete_Ctor stands for a com.p ete instrument, inclu |.ng
multipass arrangement for excitation of azimuthal modes in a cylinder, and®A cell(s), light source, gas handling system, and electronics
(f) cylindrical cell suitable for excitation of the first radial mode with sup- ysed for gas detection.

pression of the window noise. From an acoustic point of view the PA cell is a linear

acoustic system, which responds as a whole to the distur-

chemical reactiond~*° Thus, in practice the absorbed en- bance generated by light absorption. Since one of the most
ergy is completely released as heat, appearing as transioportant parts of the PA cell is the acoustic resonator itself,
tional (kinetic) energy of the gas molecules. The depositedts Properties will be discussed first. The influences of the
heat power density is proportional to the absorption coeffiother parts of the PA cell are taken into account only as
cient and the incident light intensity. A detailed schematicPoundary conditions.
illustrating the series processes occurring during PA signal
generation is presented in Fig. 1.

The laws of fluid mechanics and thermodynamics can béll- ACOUSTIC RESONATORS

used to model the acoustic and thermal wave generation in 11 cylindrical acoustic waves generated by the absorp-

Qase§-4 The governing physical equations are the conservags, of 4 periodically modulated laser beam traveling through
tion laws for the energy, the momentum, the mass, and thgye air have a relatively small amplitude. However, when a
thermodynamic equation of state. The physical quantitiegas sample is confined within a closed cell the amplitude
characterizing the acoustic and thermal processes are thig, increase considerably because of the constructive inter-
temperaturel, pressurep, densityp, and the three COMPO-  forance caused by the boundaries. A simple acoustic resona-
nents of the particle velocity vector. By eliminating the 4 consists of a well defined regular caviideally closed,
variablesT, p, andv a linear wave equation can be derived p + iy reality equipped with one or more openings for the
for the sound pressure: microphone and gas transpofthree types of acoustic reso-
07t2p(r,t)—CZVZp(r,t)z(o—l)atH(r,t), 1) nators have found widespread use in PA detection: Helm-
] ) ] holtz resonators, one-dimensional cylindrical resonators, and
wherec, o, andH are the sound velocity, the adiabatic co- ¢4ty resonators. Figure 2 displays a series of fundamental
eﬁlglent of the gas, and the_heat density deposited in the g3gsonator types including a simple pipe or tube, a pipe with
by light absorption, respectively. buffers, a Helmholtz resonator, and three different configu-

This vave equation always has two independentiions used for laser excitation of specific modes in cylin-
solutions™ a weakly damped propagating acoustic wavegyical resonatord?

with wavelengths in the centimeter range, and a heavily
damped thermal wave. Since the latter wave has a very smaf- Helmholtz resonator

wavelength(in the submillimeter regionand does not propa- The Helmholtz resonator consists of a cavity and an ad-
gate beyond the distance of a few wavelengths, it can bgjining neck, which opens to open air. It is the acoustic
observed only in the vicinity of the exciting light beam. gquivalent of a simple mechanical oscillator composed of a
Therefore, thermal and acoustic waves are separated in Spagfss and a spring. The air in the cavity plays the role of the
and can be investigated independently. spring, while the air mass in the neck corresponds to the

Photoacoustic gas analysis is based on the detection ﬂgoving mass of the mechanical oscillator. When the air plug
the acoustic signal. The source term of the acoustic wavg, the neck moves outward the pressure inside the cavity
equation is proportional to the deposited heat power densityjecreases, resulting in an inward-directed force, which tries

The spatial size and shape of the source volume depend @§ restore the original state. An oscillation will develop with

the light-beam geometry and on the absorption length in thene following resonance frequendy:
gas, while the time dependence of heat deposition is con-

trolled by the time dependence of laser excitation. Thus, a f :i\/E

laser pulse generates a heat pulse, which excites an acoustic ° 27 V VI’

@
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wherec, S, V, and| are the sound velocity, the cross- for each open entf. The end correction for a closed end is
sectional area of the neck, the volume of the cavity, and th@aturally zero. Physically the end correction can be under-
length of the neck, respectively. The amplification at thestood as an effect of the mismatch between the one-
resonance frequency depends on the loégssous and ther- dimensional acoustic field inside the pipe and the three-
mal losses at the wall of the neck and radiation losseslimensional field outside that is radiated by the open end.

through the openingof the Helmholtz resonatdr. The The end correction can be approximated by the follow-
achievable amplification usually does not exceed a value ahg expressionAl=0.6r, wherer is the radius of the pipe.
10. More precisely, the end correction decreases slightly with

A Helmholtz resonator can be represented by an equivarequency® therefore the resonance frequencies of an open
lent electric circuit using an analogy between acoustic angipe are not harmonically related but slightly stretched. On
electric networks? In this analogy the voltage and current the other hand, the resonance frequencies of a closed—closed
correspond to sound pressure and volume flfbow velocity  pipe are exact multiples of the fundamental frequency. The
times the cross-sectional ajeaespectively. The equivalent standing wave patterns are different in open—open and
circuit of a Helmholtz resonator is a serially connectedclosed—closed pipes: the former has pressure nodes, the latter
acoustic capacitance and inductance with=V/pc? and  pressure antinodes at the ends.

La=pl/S. Since a PA cell has to be isolated against outside  Incompletely closed pipes or pipes with rounded horn-
noise, such a simple cavity with a neck cannot be used asl&ke openings naturally also have acoustic resonances, but the
PA cell. Therefore, the simplest, most practical applicableesonance conditions cannot be expressed in such simple
PA Helmholtz resonator consists of two cavities connectedorms as Eqs(3) The end of a pipe that opens to a larger
by a tubg[see Fig. Zc)]. In this case the volum¥ in Eq. (2) diameter volumésee Fig. 2b)] behaves similarly to an ideal
should be replaced by the effective volume defined/gs  open end, while the properties of a closed pipe end with an
=1/(IN+1N5). opening having a much smaller diameter than the pipe itself

Such coupled cavities have been used as PA tells;  are close to that of an ideal closed end. Pipe resonators have
pecially for the measurement of solid-phase samples. Howfound widespread application in gas phase photoacoustics.
ever, since the optical window is situated directly on theTherefore, their properties will be discussed in more detail
walls of the resonator, the window signal and the PA signalater.
due to gas absorption are generated in the same cavity, and
cannot in practice be separated. The PA sensitivity achiev-
able with Helmholtz resonators is relatively smdlland
therefore they have not had widespread use in trace gas
analysis. C. Cavity resonators

B. One-dimensional acoustic resonator If the dimensions of a cavity are comparable with the
. . . ﬁcoustic wavelength then several distinct resonances can be
If the cross-sectional dimensions of a resonator are muc

: . . generated. The standing wave patterns and resonance fre-
smaller than the acoustic wavelength, the excited sound fiel . . )
quencies depend on the shape and size of the cavity. Ana-

develops a spatial variation only along the length of the reso; . . X ;
; . . P tical expressions can be given only for certain regular
nator, i.e., a one-dimensional acoustic field is generated. &l

; : . Is.hapes, such as spheres, cylinders, cubes, and rectangular
narrow pipe(or tubg can be regarded as aone_-dln_]ensmng risms. Although spherical resonators have been used in
acoustic resonator. A pressure wave propagating in the pi Shotoacoustic&’ the most frequently applied cavity resona-
will be reflected by an open/closed end with the oppositeP '

same phas# Through multiple reflections a standing wave i%rir:iifjhees (a//gﬂdv?/irt[ﬁet?];%?aml; _si(:)t])’e\;v:ltqh sr)(/)mgit% th;tm
will be formed. Therefore, open—opdsee Fig. 2a)] and propagating 9

) the cylinder axis>* The resonance frequencies of a lossless
closed-closed pipes should have resonances when the PIRSindri )
ylindrical resonator are as follows:

length is equal to an integer multiple of the half wavelength,
while an open—closed pipe should resonate when its length is

equal to an odd integer multiple of the quarter wavelength. In _C (ajm) 2+ ( Q) 2|2 4
reality the wavelengths at the resonances are somewhat M4 2|| R L ’ “@
larger®>28 The corresponding resonance frequencies can be
obtained from the following expressions: whereR andL are the radius and length of the cylinder, the
nc jmq indices(non-negative integersefer to the eigenvalues
f“:m n=1,2,3,...., of the radial, azimuthal, and longitudinal modes, respec-
3 tively, and ajy, is the jth zero of the derivative of thenth
(2m-1)c ( Bessel function divided byr. The characteristic features of
fszlzm m=1,2,3,..., these different eigenmodes of a cylindrical resonator are il-
lustrated in Fig. 3.
wherel is the length of the pipe. Herkg, corresponds to the The properties of cavity resonators will be discussed in

open—open or closed—closed ends, whilg_; corresponds Sec. IV using a theoretical treatment discussed elsevifere.
to the open—closed end. The quantltyis the so-called end This treatment can be applied also to one-dimensional pipe
correction, which should be added to the length of the pipeesonators.
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nator, and taking into account the fact that the value of the
volume integral of allp,, eigenmodes is zero:

(- 1)JH(ndV

1 0Ves

(€)

0

The A, amplitude can be determined by multiplying Eqg.
(8) by pm(r) and integrating over the volume. Since the

Longitudinal Azimuthal Radial i

q°=”s1",2u,3'_r_’_a mzlmﬁzgm 131'1273_" and p,, eigenmodes are orthogond|, can be expressed as
FIG. 3. Schematic of the acoustic longitudinal, azimuthal, and radial modes — to(o—1)JH(r)pa(r)dV (10
in a cylindrical resonator. Only oscillations at the resonant frequencies of n 5 LWy )
these eigenmodes are amplified and they will significantly gain energy. W, w’+i Q_ f |pn(r)|2dV

n

IV. PHOTOACOUSTIC SIGNAL IN A CAVITY In order to take into account in a formal way the effect
RESONATOR of losses(see Sec. VI Can additional term containin@,,

the quality factor(Q facton of the resonance, has been in-
troduced in the denominator of E(LO). If the modulation
All cavities used as photoacoustic cells have acoustiérequency is equal to one of the acoustical eigenfrequencies
resonances. The acoustic eigenmodes of a closed cavity aoé the cavity, the energy from many modulation cycles is
the solutions of the homogeneous wave equaton: accumulated in a standing wave and the system works as an
5 P acoustic amplifier. The final signal amplification is deter-
dp(r,t)=c=Vop(r,1)=0. ) mined by the total losses of the resonator. After an initial
It can be shown that in the lossless case the solutions of tHEansient state, during which energy is accumulated in a
above equation are orthogorialln the case of an acoustic standing acoustic wave, a steady state is reached in which the
resonator with small openings the solutions can be written a8nergy lost per cycle by various dissipation processes is
a series expansion in the eigenfunctions of the closed lossle§§ual to the energy gained per cycle by the absorption of
resonator. Indeed, small holes disturb the acoustic field dig2hotons. At resonance the amplitudeds times larger than
tribution only slightly and can be considered as sources of'€ amplitude far from the resonance frequency, i.e., the am-
loss of acoustic energy radiated out from the resonator. Thuglification is equal to the value of th@ factor. The physical
the solution of the inhomogeneous wave equattagiven in ~ definition of theQ factor is
Eq. (1), can be written a8

A. General theory

27 accumulated energy

Q= energy lost over one period (1)
P(r,D=Ao(t)+ 2 Ay(D)pn(r), (6)
For highQ values another definition is used:
where A, and p,, are the amplitude of thath eigenmode
component and the dimensionless eigenmode distribution, fo
respectively*> Notice that the dimensions @, andA, are TAf (12)

the same as those of the sound presgurds an example,

the dimensionless eigenmode distribution function of a cywherefy, andAf are the resonance frequency and the half-

lindrical resonator is given as width value of the resonance profile. The half width is mea-
sured between the points where the amplitude is/a alue

Pn(N)=Pima(@,2) = I T m)cogm )cos(qwz) ) of the peak amplitudéhalf-maximum values of the inten-

) Pimat Ty @ £17 Il T m ¢ L) sity). Therefore A f is also called the full width at half maxi-

mum (FWHM).

Equations(9) and(10) can be written in a more familiar
form which takes into consideration that the deposited heat
density is equal to the product of the absorption coefficient
nd light intensity. The intensity can be writférs follows:

The meanings of the indicgs m, andq are explained above
[see Eq(4)]. The eigenmode index used in Eq(6) and in

the following considerations represents a givémg) trial

index group. The series expansion of Eg).can be used for
both pulsed and modulated excitation of acoustic resonance®
In the modulated case the time dependenceieXptan be 1(r)=W,_g(r)
assumed. Taking into account tha{(r) is a solution of the - '

homogeneous wave equation, the following expression cafherew, denotes the light power amg{r) is the normalized
be derived: intensity distribution. Its integral over the entire cross section
of the beam is normalized to unity. Now, the sound pressure
—w?Agt+ D, (02— w?) AP =iw(c—1)H(r). (8)  amplitudes can be written as follows:
n

The sound pressure amplitudg can be determined by :(‘T_ 1alW,

: : . . (13
integrating the above equation over the volume of the reso- 0 [ 0Ves
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FIG. 5. Scheme of an electric network of serially connected parallel reso-
nance circuits, where each acoustic eigenmode is modeled by a parallel

resonance circuit and one capacitance which represents the nonresonant con-
tribution to the acoustic signal.

Cylinder
Radial mode axis
pattern

p(ry,t)= glot, (15)

Ao+§ Anpn(Ty)

Laser Substituting Eq.(14) into Eqg. (15) enables the sound pres-
beam . . .
sure as a function of the modulation frequency to be written

FIG. 4. Schematic of the spatial overlap of the cylindrical intensity distri- as
bution of the laser radiation propagating along the cylinder axis with the

pressure distribution of the first radial mode. This configuration yields a _ ;
large value of the corresponding overlap integral, and therefore efficienb(rM w)= ﬂ i_}_E M aW, .
excitation. ' Vies o 7, , oo,
W, 0w+
o 16
L (16
i w (c—1)aLW, L 9(r)pa(r)dV It can be seen from Eq16) that the suppression of un-
An= wo, Vies 1 : wanted resonance is possible also by placing the microphone
(a)ﬁ—w2+i 0 ) v J’ Ipn(r)]2dV in a node of this particular eigenmode. In this case the value
n res (14) of the corresponding eigenmode distribution functpgr )
is zero.
The amplitude of the oscillatiofthe PA signal will be pro- Notice that the right-hand side of E{.6) can be written

portional to the absorption coefficient, the absorption lengthas the product of an acoustic impedacand a volume flow
and the light power, but inversely proportional to the modu-u:

lation frequency and the cell volume. More precisely, the PA

signal is inversely proportional to an effective cross section  P(fw,®)=Z(ry,w)u, 17)
defined byV /L.

The last factor of Eq(14), with the two integralgin the ~ Where
following denoted byF ), describes the effect of the spatial
overlap between the propagating laser beam and the pressure =
distribution of thenth acoustic eigenmode of the resonator. pc
The numerator, the so-called overlap integral, describes how
effectively thisnth eigenmode is excited by the spatial laser@"
light distribution, while the denominator is a normalization

(a'—l)c;LWL 8

i ; ; . pC2ann(rM)
factor of thenth eigenmode. Therefore, the dimensionless 5 i —— V2
numberF,, is called the “normalized overlap integral.” By Z(ry,0)= pc + S Vies (19
proper choice of the light path the predominant excitation of ' ioVies “H 2 o, 0O, ’
a single resonance may be obtained, while the detection of @p~ 0 Q,

unwanted resonances can be suppressed by making their
overlap integrals zero. Figure 4 shows, as an example, thehich corresponds to an electric network of serially con-
efficient excitation of a radial mode in a cylinder by the nected parallel resonance circuits and one capacitance as
overlap of the cylindrical spatial intensity distribution of the shown in Fig. 5. This means that each acoustic eigenmode
laser beam propagating along the cylinder axis with thecan be modeled by a parallel resonance circuit, while the
mode pattern of the first radial mode. nonresonant part is represented by a capacitance. The PA
The measured PA signal depends also on the exact pgource is described by a current soutgewhich does not
sition of the microphone in the resonator. The signal detectedepend on the frequency or the eigenmode distribution. It
by the microphone is proportional to the integral average oflepends only on the quantitgL W, , which is the light
the pressure over the microphone membrane. Since mostfyower absorbed within the acoustic resonator.
miniature microphones are applied in photoacoustics, the in- The electric network described above can completely
tegral can be approximated by the value of the pressure amepresent the properties of an acoustic cavity resonator. Such
plitude at the microphone location. If threh eigenmode is an electric network model has been used successfully for
excited, and the microphone is located at the positign ~ computer simulation of PA signal generation in cavity
then the sound pressurergj can be written as resonatoré?
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B. Nonresonant cell and resonant cell, high- Q and (c—1)L/ 1 F,pu(ru)Qn
+ S

low- Q resonators P(rm,@n)=—v—|
Vies lwy Wn

In the photoacoustic literature the PA cells are often
characterized as “nonresonant” or “resonant.” This termi-

nology is misleading, because all PA cells can be operated at N tonFipj(ry) W (21)
an acoustic resonance or far from their resonances. Thus, it is 7n , L, . wjo, o
preferable to label the system according to the nonresonant wj—op Tl Q;

or resonant mode of operation.

If the modulation frequency is much smaller than the
lowest resonance frequency, the cell is operated in a nonresf- wjlw,>1.2 or v; X 0,<0.8 andQ;>20, the imaginary
nant mode. In this case the sound wavelength is much larggyarts in the denominators of the expression after the summa-
than the cell dimensions, thus sound cannot propagate anibn symbol can be neglected. In practical applications low-
standing waves cannot form. The average pressure in therder eigenmodes are employed. Thus the rafiok w, will
cavity will oscillate with the modulation frequency. The pho- be larger than about 1.5, and therefore the ratio of the largest
toacoustically generated pressure is given by the first term akrm behind the sum symbol to the second term, describing
the series presented in E(f), thus the sound pressure is the selected resonance, will be smaller tha@;1/Since the
simply equal toA, in Eq. (6). Note that this term applies other terms are much more separated, their contributions will
only for closed resonators, because in an open resonator tiy@ even smaller. For these reasdRs< 50 may be regarded
pressure change simply drives gas in or out until the equilibas a limit for the lowQ case.
rium pressure is restored. If an open resonator is builtinto a  Since the quantities in the prefactorddV, on the right-
closed PA cell, then the pressure generated by the PA effegfand side of Eqs(20) and(21) are independent of the light
will be distributed over the entire closed volume. Therefore power and the absorption coefficient, these factors can be
the total volume of the PA cell must be taken into account inregarded as characteristic setup quantities for ghnd
Eq. (13), instead of the volume of the resonator. low-Q PA resonators, respectively. Denoting this quantity by

For a small closed cell and low modulation frequenciesC, (w,) the PA signal amplitude can be written as
the signal can be relatively large, as mentioned before. Un-
fortunately, the noise also increases with decreasing fre-
guency and volume, which means that the SNR will usually  A,=C,(w,)aW, . (22
decrease substantially. It should be noted that the PA signal
has a 90° phase lag with respect to the light power.

For resonant operation the modulation frequency isThe quantityC,(w,) describes the sensitivity of the PA reso-
tuned to one of the eigenresonances of the PA cell, @e., nator at a given resonance frequency. It is usually called the
=wp,. As can be seen from EL6) not only themth but all ~ “cell constant” in the photoacoustic literature. The cell con-
eigenmodes of the acoustic resonator will be excited. Thétant depends on the size of the resonator, the frequency, and
resonance amplitude is proportional to t@e factor Q,,, the Q factor of the resonance selected for PA detection, how-
while the amplitudes of the other resonances are inverselgver, it depends also on the spatial overlap of the laser beam
proportional to the quantity?— w2, Therefore, distant reso- and the standing acoustic wave pattern. Therefore, the name
nances will not be excited as effectively. As was discusse@€ll constant is misleading, because it characterizes the com-
previously, certain resonances can be suppressed since tpkgte measurement arrangeméntluding the acoustic reso-
overlap integral will be zero for special symmetry condi- hator with a selected resonance, microphone position, and
tions, e.g., azimuthal modes cannot be excited if the cylinlaser beam profile with spatial locatjprather than only the
drical laser beam propagates exactly along the cylinder axi&?A cell. Moreover, it depends on the frequency, and its value

If the eigenresonances are well separated an®@tifiec-  is different for the different eigenmodes. Therefore, it would
tor of the particular resonance to be used is large enough, tHee better to use the term “PA setup constant” instead of cell
selected resonance can be excited much more effectivegonstant, despite the fact that the latter is already established
than the others. Therefore, the series expansion of the souri@ the literature. The setup constant of a highacoustic
pressure in Eq(6) can be approximated by one single term. resonator is a well-defined quantfisee Eq(20)] that can be
In this “high-Q” case the sound pressure amplitude determined quite accurately by taking into account the geo-

A(ry,o,) of Eq. (16) is given by the resonance amplitude metrical dimensions, acoustic constants, beam parameters,
A, (ry,o,) of the nth resonance by setting=w, in Eq.  and eigenmode distributions. On the other hand, the setup

(14): constant of a low® resonator is a complicated function of
several eigenmoddsee Eq(21)], and therefore it cannot be
(c—1)LF,Q, determined with sufficient accuracy by calculation. It has to
An(y 'wn):W“ L- (20 be determined by photoacoustic calibration measurements

using certified gas mixtures.

If the Q factor of the selected resonance is not high ~ While in the overwhelming majority of photoacoustic
enough, the contributions of the other resonances to the Ppapers excitation by modulategeriodig radiation is ap-
signal cannot be neglected, and the full expression of Egplied it is interesting to consider also the response of an
(16) has to be usedow-Q case: acoustic resonator to pulsed laser excitation.
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o' E For Q>5 the term under the square root can be regarded as
g unity. The spectrum of the sum of the decaying sine func-
10 2 tions is a sum of Lorentzian profiles:
= o
E (100) 2112
10" Time A (054Q7)
B (102) = . 24
2 . oo (008 )= 2 e (wlaQ)) 9
c—; The amplitudeA,, is given by
2
@ o—1)LF M)
An:( npn( M aEL, (25)
Vres
whereE, denotes the laser pulse energy. This indicates that

3000 40?:263 5000 3000 7000 8000 the amplitudes of the decaying sine functions do not depend
quency (+z) on theQ factors of the resonancé$*! The dependence on
FIG. 6. Time dependent PA signal monitored with the microph@nseb the location of the laser beam and the microphone position is
and t_he corresponding_frequ_ency spectrum of the cylindrical resonatofhe same as for the modulated case. When the frequency
showing the modes excited with a laser pulse. response of a resonator is measured by tuning the modulation
frequency over a certain frequency range, a response given
by Eq. (16) will be obtained. On the other hand, when the
effect of a short pulse is analyzed by Fourier transformation
A resonator responds differently to pulsed and modu-of the time response a spectrum corresponding ta(Z4.is
lated disturbances. In pulsed excitation the absorption ofound. Note that the frequency dependence of the resonance
photons ceases after the laser pulse terminates, but the relasurve is different in these two cases. The properties of cylin-
ation processes will continue until full thermalization of the drical resonators have been discussed in detail in previous
deposited energy is reached. Therefore, the heat pulse lagiaperd®**and their application in pulsed photoacoustics was
somewhat longer than the light pulse. Nevertheless, the hedemonstrated in Ref. 44.
pulse may be regarded as a source of instantaneous acoustic
excitation if the characteristic time of the acoustic processe¥. THEORETICAL DESCRIPTION OF ONE-
under consideration is much longer. Since the acoustic réPIMENSIONAL RESONATORS
sponse time is normally in the miIIisecongI rar@jea_e onvest A. General considerations
acoustic resonance of the PA cells used in practice is usually
in the kilohertz range while the pulse duration of most One-dimensional acoustic resonators can be described
pulsed lasers employed is in the nanosecond range, the aboby two different methods. The first method is very similar to
condition is generally fulfilled. The short heat pulse acts as dh€ treatment applied to cavity resonators earlier in Sec.
broadband acoustic source, exciting all eigenmodes of th&/ A. In this case the eigensolutions of the lossless wave
resonator simultaneously, similarly to a nonselective acousti€duationsee Eq(5)] for the particular resonator have to be
excitation process. The acoustic resonator responds to this€d in the series expansion of the sound pressure. That is,
sudden disturbance similarly to a ballistic pendulum or galthe Pa(r) eigensolutions will be different for open—open,
vanometer reacting to a force or charge pulse: a sudden ons@€n—closed, and closed—closed pipes. The PA signal can be
of acoustic oscillations is followed by a slow characteristicdetermined similarly, thus Eqé13) and(14) can be applied
decay of their amplitudes. The amplitude of the very first!0 c_a_lculate the sound pressure amplitude at the microphone
oscillation period will be proportional to the released heatP0Sition.
energy. Figure 6 shows an example of the excitation of cy-  Although this method seems to be appropriate, it turns
lindrical modes with a single laser pulse. The inset exhibit2ut that the basic assumptions of the method are not always
the decay of the photoacoustic signal measured in the timistified for one-dimensional pipe resonators. For optimized
domain with the microphone. The corresponding frequency?aVity resonators the real solutions do not differ considerably
spectrum is obtained by Fourier transformation of the microfrom the eigensolutions of the lossless closed resonator. In
phone signal and indicates the excitation of the IongitudinthiS case the theoretical treatment of Sec. IV can be used. On
modeg (002 and(004)], the radial modeB(100 and(200)], the other hand, the frequend,factor, and mode shape of a
and a combination modé&l02) in the frequency range de- pipe resonator depend strongly on the terminating imped-
tected. ances, which are functions of the sizes and shapes of the
A short pulse excites a PA signal described by a serie@djoining parts of the PA cell. Therefore, proper theoretical
expansion of decaying sine functions having the fouowingtreatment should take into account the acoustic properties of

C. Excitation of acoustic resonances with pulsed
lasers

form:3341 the whole PA cell, not only those of the isolated resonator.
The second method is based on the formal analogy of the
p(t)=2 Ane Prt sin( JwZ— BZ) one—d_imensional acousti.c equations to the e]ectromagnetic
n equations of a waveguide, such as a coaxial cable. The

propagation of an acoustic wave in a pipe can then be de-

_ — (0nt/2Qy) _ 1 scribed by a complex wave number, while the properties of
> Al sin \/1 wpt]. (23 : .

n 2Q, the pipe are represented by a complex wave impedance. A
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piece of pipe corresponds to an electric four-pole network,

Acoustic resonators 1945

The expressions show that under these conditions a PA

and arbitrary arrangements of pipes can be investigated bsignal cannot be excited in a closed—closed pipe, and only
the well-known methods of electric network analysis andodd eigenmodes can be generated in a simple open pipe

synthesis.

(Al,=Al,). Moreover, the efficiency of excitation is in-

In the following, both methods will be described in more versely proportional to the eigenmode ind&xr (2m—1).
detail, and their advantages and disadvantages will be disFherefore, in most cases the fundamental resonance of a pipe

cussed.

B. Serial expansion of the PA signal for one-
dimensional resonators

is used for photoacoustic detection.

Closed—closed pipes can also be employed, if the light
path in the resonator is shorter than the length of the pipe.
Let us assume that the light enters into the resonator at
=X, and leaves ak=X,. In this case the overlap integral
will be proportional to the following integral:

As mentioned already, the treatment described above can

be applied to one-dimensional pipe resonators. The form off *2
the eigensolutions in the ideal lossless case for a cylindrical x,

pipe of lengthl can be given as follows:
open—open resonator:

e X+Alp | o6
Pn(X)=sin nﬂ'm ; (26)
closed—closed resonator:
pn(X)=COS(mT|— ; (27)
closed—open resonator:
—cod (2m—1)— : 28
P2m-1(X)=cos (2m— )Em, (28)

wherex=0 andx=I are the left and right ends of the pipe,
respectively. The end corrections are denotedAlhy and

sin

nwé) —(—1)”sin( nqr%”. (32

I

In the case of the “banana cell” described by Sigestal*®
n=2, x;=1/4, andx,=3l/4, thus the absolute value of the
integral is 14, which is about half of the corresponding in-
tegral of an open—open pipe operating in the fundamental
mode.

In practice, the resonant PA signal can be generated also
in a closed pipe by a laser beam propagating along the axis
of the pipe. However, this signal will no longer be propor-
tional to the absorption coefficient. It may be excited either
by background effectdfor example, a window signal or PA
signal caused by scattered light absorbed by the yyadls
due to asymmetries of the acoustic properties of the resona-
tor, or caused by attenuation of the radiation inside the reso-
nator. In this last case the PA signal shows a quadratic de-
pendence on the absorption coefficient.

Al, for the left and right open ends, respectively. The indices

n andm are positive integers.

The PA signal generated by a laser beam propagatin
parallel to the axis of a pipe can be calculated by substitutin

the above eigensolutions into E@.4). If the light power is

. Equivalent four-pole network of pipe resonators

The acoustic equations of a one-dimensional lossless

constant along the beam, i.e., the attenuation due to absorpystem can be written as

tion is negligible(which is the usual case in trace gas detec-

tion), the overlap integral in the numerator Bf, will be
proportional to the integral of the mode distributipp(x)

over the length of the pipe. The value of this integral can be

given as follows for the three different cases:
open—open resonator:

JI q AL +ALL Al
o P dx=—— COR T IAT, + Al
1)" e T | R
—(FVeos TR A @9
closed—closed resonator:
[
fpn(x)dXZO; (30)
0
closed—open resonator:
JI dxe 2(1+Aly) 1ym
Opmel(X) = om=Dn' )
om-1) T 22 31
xcos (2m=1) 5 3R, (3Y)

ap  pc®au

ERECE (33
pJdu dp B

S 5—0, (34)

whereS is the cross-sectional area of the pipe. These equa-
tions are very similar to the corresponding transmission line
equations:

JU 1 &I_O 35
T (35
L*&I+(9U_0 36

at o oox (36

whereL* andC* are the inductance and capacitance of unit
length of the cable, respectively. Based on the similarity of
the above pairs of equations sound propagation in pipes can
be treated similarly to the propagation of electromagnetic
waves in cables. The sound pressprand volume velocity

u correspond to the voltagg and currentl, respectively.
The acoustic inductance and capacitance of a pipe with unit
length can be expressed as
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o Z,sinhyl zganhd  Zzjanhl
chzg, C;CZW. (37) | — | — 1
. . i zZ
The wave impedance of the pipe can be defined the samz,cotn, Zyeoth ! Sihl
as for electromagnetic waveguides:
L3 pc
Zo=\] —=—. 38

. . FIG. 7. Two equivalent electric circuits that can be used for a complete
The solutions of the above equations are composed of a fogescription of a pipe as an acoustic waveguide. Fhaetwork is better

ward and a backward propagating wave: when the inputs of two or more pipes are connected in parallel, while the
T-network representation is preferred for serially connected waveguides.

p:(Aefikx_,’_ BeiKX)eiwt, (39)
1 . Lo Zo
u=—-(Ae *-Bek e, (40) Zocothyl  —
Z (pl) _ sinhyl ( u; ) 45
where the the wave numbgris given as P2 Zo Z, cothyl ~l
sinhvyl
k=wL:CE. (41) cothy L
The losses of the pipe can be taken into account by introduc- Uy Zo Zysinhyl P,
ing loss terms into the above equations. In the case of elec- —u2> = 1 cothal L (46)
tromagnetic waves the terni®' | andG* U are added to the . Y
first and second equations, respectively. These terms repre- Zosinhyl Zo
sent the oh_mic resistance of unit length of the cable_and the coshyl  Z,sinhyl
loss per unit length due to the conductance of the dielectric P1 _ (o
insulator of the cable. The wave number and the wave im- |y, )= | SNV coshyl | lup)” (47)

pedance will be complex, becauseL* andi»C* should 0

be replaced byiwL*+R* and iwC* +G*, respectively. \\here the indices 1 and 2 denote the input and output of the
Using a similar substitution in the acoustic equations thepipe, respectively. The direction of the volume flow was cho-

complex wave number and wave impedance can be &Xgp in accordance with the convention of network theory,
pressed as i.e., the impedance and admittance matrices are defined with

flow directions into the pipe, while in the chain matrix the
flow is directed inward at the input and outward at the out-
T o put, allowing the connection of several four polg#pes in
lwL .+ R . . . s .
Zo=\/—r— (43 achain. In this particular case, which is very important for
loCact Gy practical applications, the chain matrix of the entire chain is
The dimensionless viscous and thermal loss factors Cagven by the produgt of the chalq matrices O.f the elements.
n the other hand, impedantemittance matrices are pre-

be written as follows: . . .
ferred, if the inputs of two or more elements are connected in

R, 1 J2v Gic 1 2w series(paralle).
\/ e

y=r+ik=(iowL:+R%)(ioCi+GE), (42)

o Vo oo =(o— 1)7 (44) The equivalent electric circuitgr and T networksof a

ac ac pipe with lengthl and cross sectio8 can be seen in Fig. 7,
wherev, u, andr are the kinematic viscosity and thermal Where Zo=pc/S is the wave impedance of the pipe. Both
diffusivity of the gas and the radius of the pipe, respectively Circuits can completely describe the pipe as an acoustic

Since other loss components may also be importanﬂ{\/aveguide. Them network is preferred when the inpUtS
such as the volume losses in the pipe and the energy trangf two or more pipes are connected in parallel, while a T
ferred to wall vibrations, the above expressions cannot deteR€twork representation is better for serially connected
mine the loss of the pipe accurately. waveguides.

In the case of small losses their effect on the acoustic If the acoustic four-pole network is terminated at the
wave impedance can be neglected and the acoustic waltput by a load impedancgy, the remaining two pole can
impedance can be approximated by the real quantity given iR€ represented by a single impedance, called input imped-
Eq. (38). In order to describe the attenuation of the acousticdnce. The input impedance of a pipe of lenytterminated
wave during propagation the acoustic wave number, howbY Zr can be determined from E@7) as
ever, must bg complex. . Z; coshyl + Z, sinhyl

The relation between the input and output sound pres- Z;,=2, - .

" . . ) Zy coshyl +Z¢ sinhyl
sures and volume velocities for a pipe with uniform cross
section can be represented by the impedance, admittand@ote that the input impedance of a pipe of arbitrary length
and transfexchain matrice4® as follows: terminated byZ, always equal¥,.) This expression is also

(48)
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suitable for calculating the input impedance of a chain com- pC
posed of pipes having different lengths and diameters. The AZ= S
input impedance of the last pipe should be calculated first, °
taking into account the terminating impedance at the end othere Sypeningdenotes the area of the actual opening at the
this pipe. Then this value should be used as the terminatingipe end(it may differ from the inner cross sectidof the
impedance to calculate the input impedance of the next t®ipe), r is the equivalent radius of the pipér=2

last pipe and so on. Thus, the input impedance of a chair< volume/area of the pipe wall for noncylindrical pipeand
containing an arbitrary number of pipe elements can be cale~0.25 andg~0.6 are numerical parameters. Their values
culated by using a simple loop in a computer program. Simidepend on the geometry of the pipe opening, but the values
larly, the sound signal appearing at the output of the chaifdiven above ensure sufficient accuracy in practical applica-
can be transformed into the input or vice versa. tions.

The input impedances of an opef=0) and a closed In this case the wave impedanpe/S, should be re-
(Zy=») pipe are given byZ,=Z,tanhyd and Z, placed bypc/S,+AZ, or, more generallyAZ should be
=Z,cothyl, respectively. Resonances occur when the valu@dded to the terminating impedange. If S; increases, the
of the imaginary part oZ,, equals zero, i.e., at the roots of impedance at the end of the pipe will approdch instead of
the functions takl and cokl, respectively. Sinck=w/c, Z€ero.
the resonance frequencies for open and closed ends can be Note that the one-dimensional model can be used only
expressed as for frequencies below the cutoff frequency of the pipe, which

is defined as the lowest transversal resonance frequency of

[a(kr)2+iB(kr)], (52

pening

. c —123 the pipe. Its value for a pipe of radiusis defined by the
n=Nop NELaSm expressiorr

c (49 W cuytoff —1.84
fom-1=(2m=1)77, m=123,.. ¢ T

For a complex photoacoustic cell the equivalent radius of the
. buffer element with the largest cross section should be used
tion terms appear here. . . . . to determine the cutoff frequency. One-dimensional model-
: According to Eq.(39) the sound field n the pipes is ing of the whole PA cell is possible only if the resonance
given as the sum of two counterpropagating plane Wave%requency of the resonator is smaller than the cutoff fre-

These waves can be regarded as an incident wave and
; . ) guency.
reflected one. The reflection coefficient can be defined as The main advantage of the application of the equivalent
Z1—Z, electric network is that PA signal generation can be quite
=c 7 (50 easily included in the model. In this case a term describing
rreo the PA signal should be added to E§3),

These expressions are similar to E8), but no end correc-

For an open end<Z,, thus the reflection coefficient
is R=—1, while for a closed endZ;<Zg) the reflection
coefficient isR~ + 1. This means that the sound pressure is
reflected with the opposite phase from an open end and with The PA signal in a pipe can be determined by solving
the same phase from a closed end. The reflection coefficieliigs.(34) and(53) simultaneously. This solution can then be
at the boundary of two adjoining semi-infinite pipes can beused to determine the PA signal in a complex PA cell. The

dp  pc?au

ot e o =(e—DH. (53)

written as main steps of such a calculation can be explained with a
model containing two pipe elemer(igipe 1 and pipe Pwith
pc _pc different diameters. The goal is to determine the sound signal

R S S S 51 at the output of pipe 2. It is assumed that some kind of
- pc pc S+S,’ acoustic signale.g., external noise, window signal, etis
g*‘ 3_1 present in the input of pipe 1. This mput S|gr_1all() WI|| be
transformed to the output by the chain matrix of pipe 1. The
which indicates that the sound is reflected by every suddenext step is the calculation of the sound pressprg)(at the
cross section change. If the acoustic resonator tube is placeditput of pipe 1 as the sum of two components, namely, the
between two wide cylinderduffers, the sound field will be  value of the solution of Eq53) at the output of pipe 1 and
reflected back to the resonator very effectively. the transformed value of the input signal. Nga, will be
Unfortunately, the one-dimensional model cannot de-used as the input signal of pipe 2 and will be transformed to
scribe three-dimensional effects, such as sound radiation ke output by the chain matrix of pipe 2. The resulting output
the pipe end into the buffer volume. Therefore, an end corpressure,, will be obtained by adding the local value of the
rection is not included in the distributed acoustic networksolution of Eq.(53) for pipe 2.
model and resonance frequencies and reflection coefficients The above method can also be applied to determine the
of the pipe cannot be determined accurately by this modelmicrophone signal in PA cells with complicated geometries.
Better results can be obtained using the following correctionThe calculation procedure should be started at the {gpot
impedance? the PA cell (window or gas inlet, or bothand should be
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repeated until the microphone has arrived. The same proceesonator with 1 cfheffective cross section and20—50 Hz

dure must be carried out for the other half of the PA cell, ande\WHM is expected to be in the {@acm/wW range, while a

both contributions should be added to obtain the PA signal atesonator optimized for higfp performanceeffective cross

the microphone position. section~80 cn?, Q~1000 has a setup constant of about
It is beyond the scope of this review to give all details of 200 Pa cm/W.

such a calculation. In fact, it is more complicated than out-  The setup constant of the same eigenmode for pulsed

lined above, because several sourGegdow absorption, excitation can be defined as

external noisg and different losses have to be taken into

consideration. However, the calculation can be easily per- P _ (oc—=1)LFnpn(rm) (56

formed on a PC. A PA signal calculation based on the elec- " aE, Vel '

tric circuit analogy was reported as early as 149@om- . ) .
puter simulations of PA cells composed of pipe elements N€ units ofK, are given in Pacm/J. The setup constant of
with different cross sections were introduced in 1992. the same setup but for modulated excitation can be written as

Although one-dimensional modeling of PA cells is very Q K
efficient and can be used for the analysis of complicated cell C (w,)=K,—= —-.
geometries, it is difficult to extract information on the sensi- wn Aoy
tivity of different PA resonators, because the sensitivity can-  The possibilities for improving the setup constant of
not be expressed in closed analytical form. Therefore, th@coystic resonators are limited. Let us consider Bg) in
sensitivity of pipe resonators will be discussed and compareghgre detail. The termr—1 depends only on the gas in-
with other resonators by using the serial expansion modejolved, which is normally air in trace gas measurements.

(57)

applied before to cavity resonators. Therefore, we findr—1=0.4. The factoir,, should be cal-
culated for the specific arrangement, taking into account the

VI. SENSITIVITY OF RESONANT PHOTOACOUSTIC location and intensity distribution of the laser beam and the

DETECTION mode pattern of the particular eigenmode selected for PA

detection. This factor must be optimized, but the optimum
_ ) ) values will be close to unity. The value pf(ry) is unity, if

The PA amplitude generated in an acoustic resonator ighe microphone is placed at the antinode of an eigenmode.
given by Eqs(13), (20), and(25) (the last applies to pulsed Thjs of course, is not always possible, but a value in the
excitation). Although these expressions are valid in principlerange between 0.5 and 1 can usually be obtained. Thus, the
only for high-Q resonators, they may also be used to estixn|y parameter that really can be changed in a larger range is
mate the sensitivity of PA resonators with medium qualitythe effective cross section of the cell. A reduction of the cell
factors (16<Q<50). It turns out that the sound pressure is giameter will increase the setup constant. A lower limit is set
always proportional to the absorption coefficienand the  y the diameter and divergence of the laser beam employed.
laser poweW, (or pulse energ)E, in pulsed photoacous- The setup constant for modulated measurements is inversely
tics),_ and iF is inversely proportional to an effective cross proportional to the FWHM value of the resonance profile.
section defined by the ratid. /L. In the case of modulated ynfortunately, the half width cannot be reduced indefinitely,
PAS the signal is in addition inversely proportional to thepecause it scales approximately with the surface-to-volume
modulation frequency and proportional to Qefactor of the  ratio of the resonator. As the cross section of the cell is
resonance. reduced, the surface-to-volume ratio increases. Therefore, it

The sensitivity of a PA resonator to the pressure at thgs jmpossible to realize small cross sections and a small
resonance frequenay, of the nth eigenmode can be repre- pangwidth (high Q) simultaneously. The smallest diameter

A. Setup constant

sented by the setup constédy (w,) defined above: used in practical PA systems is several millimeters, the larg-
p(w,)  (o—=1)LF,pu(rm) Qn est about 10 cm.
Ch(wn)= aW, Vo P~ (54 If the eigenfrequencies and the acoustic eigenmode pat-
ce n

terns can be calculated analytically, and the laser beam ge-
The units ofC,, are given in Pacm/W based on the usualometry is also knowni,, can be calculated fairly accurately.
dimensions ofp, a, andW,_ . When the spatial dimensions The determination of,(w,) requires the measurement of
are specified in centimeters and the frequency in hertz, ththe FWHM of the acoustic resonance. This can be done by
setup constantin units of Pacm/Wy can be calculated from acoustic excitation. Thus, the setup constants of the fre-

the data of the resonator as follows: quently used acoustic resonator types can be determined
Pac (o= 1)LFp,(ry) without using calibrated gas mixtures and/or_cal_ibratgd m|
Ch(wy) W 10° VoA (55) crophones for both pulsed and modulated excitation with this
cell= @n procedure.
Here Aw,= w,/Q, is 2« times the half width(FWHM) of Setup constants expressed in V.cm/W units can be also

the resonance profile. Equati@B5) clearly shows that the found in the PA literature. In this case the setup constant
setup constant of an acoustic resonator depends critically as multiplied by the responsivity of the microphone given in
the effective resonator cross section and on the half width of//Pa units. However, this kind of setup constant, as a char-
the resonance. The valueskf andp,(ry) are usually close acteristic of the PA cell, can be used only if a calibrated
to unity, and therefore the setup constant of a medi@m- microphone is available.
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It can be stated that the PA resonators presently used tand compared with model calculations. Good agreement was
several research groups are close to optimal. Differences cabtained for high quality spherical and cylindrical
be found; nevertheless, in the designs of the PA detectongsonators®*

and in the methods used for measuring the PA signal. The losses can be divided into surface effects and volu-
metric effects. The surface losses are due to the interaction of
B. Noise the standing wave with the internal resonator surface and

. . . . m ivi into the following dissipation pr :
Noise plays an important role in all photoacoustic mea- ay be subdivided into the following dissipation processes

surements and is of particular importance in the detection ofl) viscous and thermal dissipation inside the boundary lay-
ultralow gas concentrations, because the noise level limits ers at the smooth internal surfaces;
the ultimate sensitivity. In the photoacoustic literature the(2) losses due to wave scattering at surface obstructions such
detection level is usually defined by the SNR, where the as the gas inlet, microphone, and windows;
noise is given by the microphone signal measured with th€3) compliance of the chamber walls;
laser light blocked. However, when light hits the PA cell an(4) dissipation at the microphone diaphragm.
additional background signal is generated which exists even
when the absorbing species are not present in the detector. In a carefully designed high quality resonator, the con-
This background signal is often larger than the noise signalyibution of the last three processes can be kept small. The
and therefore the detection limit or sensitivity has to be demain contribution is caused by the viscous and thermal
fined by the signal-to-background rati8BR) in most ex- boundary layer losses. Throughout the major portion of the
periments. Only the fluctuating part of the backgroundresonator volume the expansion and contraction of the gas
should be considered in the SBR, because the constant paxtcur adiabatically. Near the walls, however, the process be-
can be subtracted. Unfortunately, it is common practice t@womes isothermal. This leads to heat conduction within a
consider only the SNR. This procedure yields an extrapotransition region‘thermal boundary laygrwhich is respon-
lated detection limit that may be considerably too small.  sible for the thermal dissipation process. The viscous dissi-
The noise level is determined by the microphone and theation can be explained by the boundary conditions imposed
detection electronics employed. In addition external environby the walls. At the surface, the tangential component of the
mental noise sources may play an important role, for exacoustic velocity is zero, whereas in the interior of the cavity,
ample, the laser used for excitation can disturb the photoat is proportional to the gradient of the acoustic pressure.
coustic measurement substantially. Thus, viscoelastic dissipation occurs in the transition region,
The background signal is usually determined with a nonwhich is called the viscous boundary layer.
absorbing gas, such as nitrogen, in the PA detector. It is In a spherical resonator no viscous surface losses appear
influenced by many system properties, such as the pointinpr radial modes. This advantage and the favorable surface-
stability, the divergence, and the diameter of the laser beamo-volume ratio make the sphere a superior resonator com-
Besides the quality of the laser source the construction of thpared to a cylinder. Very higlp factors(2000—10 00D can
PA cell is another important factor. For example, the cleanbe achieved for carefully constructed sphéfS Very good
liness and optical absorption of the entrance and exit winagreement with measured half widths of radial modes has
dows can dramatically influence the background signal. Théeen obtained by taking into account the thermal boundary
diameter of a pipe resonator cannot be reduced too muclgsses and a small loss coming from free-space viscous and
since it has to be selected according to the divergence of thgermal dissipation. On the other hand, the description of

laser beam to avoid scattering of laser light at the cell wallgaser excitation in a spherical resonator is more complicated
or even at the microphone. Impurities in the gas, which abthan for one with cylindrical symmetr‘ip.

sorb the laser radiation, also make a contribution to the back-  The volumetric or bulk losses are caused by processes
ground signal. The background signal is expected to be mucihat tend to establish equilibrium in the propagating wave.
larger for pulsed laser excitation than for modulated operaThese damping processes are
tion.
Because of these dominating noise and background sigd) frée space viscous and thermal losses,
nals the ultimate theoretical noise limit, which is due to the!2) relaxation effects,
pressure transducer and stems from the Brownian motion ¢f) diffusion effects,
the sample gas molecules, cannot be reached. (4) radiation effects.

Friction due to compressional motion and transformation
of organized energy into heat due to temperature gradients

The energy accumulation attainable in the standing wavere responsible for the free-space viscous and thermal losses.
of a resonant cavity is many times larger than the energy los§hese two processes are often called Stokes—Kirchhoff
occurring during a single period of an acoustic oscillation.losses and play only a minor role compared to boundary
This acoustic amplification effect is limited, however, layer losses. Diffusion effects are normally negligible, but
by various dissipation processes. The first detailed discussiamolecular relaxation processes can make significant contri-
of these dissipation effects observed in a closed cavity wabutions in a limited pressure region which is given by pire
given in Ref. 7. In order to compare theory and experi-value, wherer is the relaxation time. In this pressure region
ment the resonance frequency and half width were measurexh accurate determination of the corresponding relaxation

C. Loss mechanisms
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time is possible from the resulting dispersion of the resophone preamplifiers are necessary and particular attention
nance frequency and the strong broadening of the acoustmust be paid to the connections between the cell and pre-
resonance profile® amplifier. Although high-quality condenser microphones of-

Radiation losses are negligible for completely closedfer the best noise performance, they are rarely used in pho-
cavity resonators because of the nearly perfect reflection dbacoustic gas detection because of their large size, lower
the sound at the walls. On the other hand, radiation losse®bustness, and relatively high price. The most common mi-
through openings, for example, pipes connecting the resonarophones employed are miniature electret devices devel-
tor to buffer volumes, cannot be neglected. The radiatioroped originally as hearing aidfor example, different types
losses can be reduced by increasing the acoustic input insupplied by Knowles Electronics Inc. and Sennheiser
pedance of the opening$.This is achieved by terminating GmbH).
the cavity resonator at the openings with acoustic band-stop The general requirements for PA detectors can be sum-
filters, which prevent the sound from escaping from the resomarized as follows:
nator. In the case of one-dimensional acoustic resonators r?i .

) good background suppression;

diation is usually the dominating loss mechanism, which al- . S . .
: (2) good acoustic and vibrational isolation;
ways has to be taken into account.

(3) microphone with high responsivity;

(4) low noise electronics;

VIl. OPTIMUM DESIGN OF RESONANT DETECTION (5) good electronic isolation(no ground loops, proper
SYSTEMS FOR TRACE GAS ANALYSIS shielding.

A. General requirements Since noise sourcegntrinsic noise of the microphone,

In trace gas analysis usually small concentrations sagmplifier noise, external acoustic noiseave nearly a T/
below 100 ppm are detected. If it is assumed that absorptiofrequency dependence, low modulation frequencies should
follows the Beer—Lambert law the light intensity decreasese avoided in PA trace detection. In order to minimize the
in the PA detector ab=1, exp(—ax), wherex is the optical  noise, modulation frequencies in the 1-5 kHz frequency re-
path length. In the case of small absorption the fractionaljion are recommended. The signal loss due to the higher
absorption in the detector is given ad., whereL is the  modulation frequency can be compensated for by using reso-
length of the optical path within the detector. Taking into nant cells with a reasonab(@ factor.
account typical values for the absorption coefficients of the  PA detectors generally can be used for both modulated
species to be measured (0.01-10¢jnand realistic diam- and pulsed excitation, but the requirements for optimal de-
eters of the PA cells{1-10cm), the fractional absorption tection are different in the two cases. A comprehensive dis-
is very small (~10 3-10 ’), which means less than 0.1% cussion of microphone selection criteria in conjunction with
of the incident laser power. Often the windows of the PApulsed PAS can be found elsewhéte.
detector and the adsorbates at their surfaces may absorb The sensitivity of the PA detector can be increased by
more light. Even the amount of light scattered by imperfec-employing a microphone array instead of one single micro-
tions of the windows and by the inner walls of the detectorphone device. This configuration has been demonstrated as
because of low beam quality may exceed the amount akenhancing the detection sensitivity consideraBly.
sorbed by the species to be monitored. Therefore, a coherent
bapkgrpund generated by window absorption and Iight scaty Design principles of PA detectors
tering is always present in the PA detector. Effective sup-
pression of this background is the most important require- ~ The main question to be answered before the most suit-
ment for a sensitive PA detector. As shown in E4®) and  able design of a PA detector can be foundvifhich species
(14), the sound pressure generated by the modulated PA efave to be detected in which concentration rangé® next
fect is proportional to the product of the absorption coeffi-question is,Which laser source is available to detect the
cient and the laser power. Since the power of the availabl@iven species in the given concentration region?
laser sources is typically between 1 mdiode lasersand 1 To answer these questions laser sources and absorption
W (CO, and CO lasels the generated sound pressure isbands of the species have to be selected. The product of the
usually smaller than 1 Pa. In the case of NIR diode lasersavailable laser power and the minimum measurable absorp-
where overtones or combination bands are excited, the tyption coefficient can be used to represent the sensitivity of the
cal values are 10°~10 ¢ Pa. By considering that the aver- PA detector. This quantity can be determined by using the
age noise amplitudgroot mean squar@ms), broadbanglin ~ value of the setup consta@{(w,) given in Eq.(54):

a laboratory corresponds to 19-10 2Pa, very good ,
.. . . . pmln
acoustic isolation of the PA cell is required. aminWL=C—,

The measurement of such small sound pressures requires (wn)
high standards for the microphones such as high responsiwherep,, is the minimum detectable PA signal. Assuming
ity, low noise characteristics, and a small s{aed for prac- that the setup constai@(w,) of the resonator is already
tical applications also a low prigeSince the responsivity of optimized, the easiest way to improve,;, is to select a
condenser and electret microphones is about 10—100 mV/Pstronger laser line or a laser with higher power. If such a
PA signal levels in the nanovolt—microvolt range must belaser is not available, further improvement can be achieved
measured. Therefore, low noise microphones and microenly by pushing down the detection limit of the PA signal.

(58)
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This can be done by using PA cells, microphones, and elec Resonator
tronics designed for low noise performance and by applying
more sophisticated data acquisition and evaluation tech.
niques. The noise of the measurement can be reduced b
using state-of-the-aiand therefore very expensiviock-in
amplifiers, and/or by using longer time averagiige noise
decreases with the square root of the averaging)tinveh

the expense of longer measurement times. Effective noise
reduction can be achieved also by analog/digital conversior
synchronized to the modulation frequency.

The value ofp,,, can be determined by dividing the
minimum detectable microphone signaj,;, by the respon-
sivity Sy, of the microphone. This means, the microphone
responsivity must be known to estimate the absorption SeMkiG. s. Typical photoacoustic setup for modulated PA measurements. The
sitivity of the PA detector. Therefore, it is recommended thatcw laser radiation is chopped and transmitted through the cylindrical reso-
one applies calibrated microphones for PA trace gas meaator to excite radial or longitudinal modes. The acoustic signal is measured
surements. Then the PA sensitivity can be calculated as fol¥/th @ microphone and processed by a lock-in amplifier and a PC.
lows:

through the PA cell and enters a power monitor. Continuous
Umin (59) wave laser radiation is modulated by a mechanical chopper,
C(wn)Smic’ an electro-optic device, or, as in the case of diode lasers, the

The minimum detectable microphone sighhl; can be de- diode current is modulated_ direc_tly._ Pulsed Iase_rs can be
termined experimentally. Both, the background signal andJsed for broadband acoustic excitation. The exmtgd sound
the noise should be measured, and the larger one should y@aves are detgc.ted. by an electret or condenser mlcro.phone
regarded as the detection limit at SNR or SBR=1. A with a responsivity in the 1-100 mV/Pa range. The micro-

more realistic detection limit for gas detection can be deﬁnecﬁ?hone signal is measgred by a lock-in amplifier or it is digi-
as SNR=3 or SBR=3. tized and evaluated directly with a PC. In some cases a sec-

ond, so-called “reference,” PA cell is used that contains a
relatively high but known concentration of the gas compo-

aminW =

The value ofU,,,, depends on several factors. In addition

to the intrinsic noise of the microphone, preamplifier noise, X X
hgent to be measured. The signal of this reference cell can be

gas flow noise, and acoustic and electronic noise from th& qf inq the | | hto th : ¢ th
environment, the background generated by the windows angS€d for tuning the laser wavelength to the maximum of the

scattered light may play an important role. The performanc@bsorpt'on line. With this arrangement the effects of laser

of the acoustic resonators applied in photoacoustics are apOWer fluctuations can be eliminated from the PA signal by

most optimal in many cases. On the other hand howevefneasuring the ratio of the signals of the detection and refer-
noise and background levels of the PA detector could ofteff"'°€ cells. . . . .
be further decreased by proper detector design and sophisti- The PA cell itself consists of windows, gas inlets and

cated methods of data collection and processing. For exQutlets, @ microphore), and an acoustic resonatsr Ad-

ample, the noise and background levels of a differential PAvanced PA cells also contain an acoustic filter to suppress the
detector described previousfyare in the 100 nV—1uV flow and window noise. Both higl) and lowQ resonators

range(for a 1 stime constant These values can be reduced a1 P€ applied. Since high-and low-Q resonators are used
by an order of magnitude using state-of-the-art methods ofor quite different purposes, they will be treated separately.
measurement and data evaluation. If the average responsivit
of 100 mV/Pa of the microphone is taken into account, th
minimum _ detectable sound pressurpy, is about Cavity resonators with cross-sectional dimensions in the
10 °-10 " Pa. With a setup constant of 1750 Pacm/W therange of several centimeters usually have H@teigen-
value of the minimum detectable absorption coefficient carmodes. The value of th® factor is normally around 100, but

be estimated asyy,~5x10 °-5x10 'YW, . Assuming a value ofQ=1000 has been reportidfor the first radial

10 mW modulated light power a minimum detectable ab-mode of a nearly perfect cylinder with carefully polished
sorption coefficient ofr;;~5x10 '—=5x10 ?cm 'canbe inner surfaces. As mentioned before, even higRefactors
obtained. If fundamental vibration bands are excitled ex-  can be realized with a spherical resonatd®00—10 00D
ample, of hydrocarbons in the @m range, sub-ppbV con-  Such devices have been used for acoustic precision measure-

. High- Q resonators

centrations can be detected. ments of the universal gas const&ht®

Since relaxation processes in the gas influence the acous-
VIII. APPLICATION OF RESONATORS IN tic losses and the sound velocity, the dispersion of the reso-
PHOTOACOUSTIC TRACE ANALYSIS nance frequency and the broadening of the half width of the

resonance profile can be used for accurate measurements of

vibrational and rotational relaxation times in the frequency
The main parts of a complete photoacoustic system ardomain®®*3The same technique has been employed to study

shown schematically in Fig. 8. The laser radiation passethe chemical relaxation of systems such a®ON-2NO2 >

A. Complete photoacoustic gas detection system
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the chemical relaxation of hydrogen bonds and the dynamics 107 | O Experiment Microphone fimit
of hydrogen bond formation in dimeric formic acitland — Theory 10"
other aliphatic carboxylic acid%in the frequency domain. 10" b

High-Q acoustic resonators have also frequently beeng
used for trace gas measurements. The first PA gas detectoz 10°
investigated were simple cylinders equipped with windowsg
and gas inlets and outlets. But windows attached directly tog
the cylinder surface produce a significant background signal & g2 |
Therefore, more sophisticated PA detectors have been cor”
structed recently. In these never detectors the windows art 10° |

-1k

=
Absorption coefficient (cm™)

+—— N, Background

separated from the resonator by pipes and/or buffer volume: 10 , , , , , . 1107
(see Fig. 2 This solution was applied, for example, in the 10° 10” 10" 10° 10’ 10° 10°
mobile CG, systerﬁ'?'57 C,H, concentration (ppmv)

Different configurations forllas.er excitation Of, Cylmd”'_ FIG. 9. Comparison of measured and calculated calibration curves. The
cal resonators have been applied in photoacoustic detectioppen squares points give the PA signal strength observed for g lie
for example, to excite the fird010 and second020) azi-  of the CQ laser and different g4, concentrations. The diamond marks the
muthal modes, the first radial mod&00), and the mixed background §ignal in pure nitrogen and the open circles_signal the maximum
radial-longitudinal(102 mode (see Fig. 3 Since the rela- g‘iitgﬁf?'tﬁ:'ggﬂbTC';?S'Lg;trepresems the calculated signal strénagt-
tively large cylindrical cells have lower sensitivity, they were
mostly used together with high-power gas lasers such gs CO
lasers. high-Q photoacoustic resonators are difficult to use in modu-

An open PA detector based on a cylindrical resonatofated photoacoustics without temperature stabilization or ac-
combined with band-rejecting acoustic filters has beertive tracking of the resonance to adjust the modulation fre-
proposed® Since the acoustic filters have excellent noisequency.
suppression around the selected resonance, the outside noise Several solutions to this problem have been reported.
does not disturb the PA signal. This construction can alsd@hese include frequency scans of the modulation frequency
include windows? because the background due to the win-over the acoustic resonance profile repeated at regular time
dows can be efficiently eliminated by the filters. intervals using PA®S7 or acousti¢’ excitation. Monitoring

A high Q factor can be achieved by keeping the losses othe temperature and calculating the frequency shift by using
the resonant cavity low. All loss sources should be taken intaéhe known temperature dependence of the sound velocity and
consideration, including surface and volume losses, andetting the modulation frequency to the calculated new value
losses through openings, microphones, and other sensowtregular intervals are another possibilityFinally an active
Viscous and thermal losses at the walls can be decreased tesonance tracking method based on an acoustic oscillator
some extent by using smooth well polished surfaces. Acoussperating permanently on a higher eigenmode has been
tic losses through openings can be minimized by usingleveloped® The last system also works well for sudden
guarter-wavelength tubes to connect the resonator to externahanges of temperature and/or gas composition.
buffers. The problem of the dependence of the resonance fre-

In the case of very higld factors (Q>500) losses origi- quency on sound velocity can be elegantly circumvented by
nating from the microphone can even influence the value ofising broadband excitation with pulsed laser radiation. High-
the Q factor*! Therefore, miniature microphones with high Q resonators are very well qualified for pulsed operation,
acoustic impedance are strongly recommended for Qigh- because, as mentioned above, the light pulse excites a whole
PA applications. series of decaying sine signals. The Fourier spectrum of the

Unfortunately, highQ resonators are very sensitive to time response is composed of several Lorentzian resonance
temperature changes. Since the resonance frequency is pmirves, whose peaks correspond to the actual resonance fre-
portional to the sound velocifysee Eq(3)], the temperature quencies, in agreement with the resonance spectra observed
dependence of the sound velocity is directly mirrored by theby point-by-point excitation in the frequency domain. There-
resonance frequency. The sound velocity of air has a tenfere, temperature shifts do not play a role in these pulsed
perature coefficient of about 0.%8°C, thus a frequency measurements. It is also possible to design the resonator for
shift 6f=0.0018,X< AT is expected for a temperature a dominant mode by appropriate selection of the position of
change ofAT °C. Therefore, a fixed modulation frequency the laser beam and the location of the microphone at nodes
may deviate bysf from the true resonance frequency. Thenof acoustic modes not to be detected. In the ideal case the PA
the PA signal will not be excited at the peak of the reso-signal is essentially a single decaying sine function which
nance, but slightly to one side. Since a detuning from thecan be easily distinguished from noise and background
resonance peak by a quarter of the FWHM results in asignals™
~10% drop of the PA signal, the detuning should be smaller A high-Q resonator optimized for the detection of the
than fy/4Q for =5% signal stability. This stability can be first radial mode has been used for an absolute measurement
ensured, if the conditio® X AT<138 is fulfilled. The cor- of trace concentrations of ethylefe’* Since the PA signal
responding condition for PA signal stability af1% can be did not depend on th® factor of the resonance, the overlap
written asQXAT=56. These examples clearly show thatintegral K, and the eigenmode distributign,(r\,) of Eq.
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(56) could be calculated accurately from the dimensions of PA resonator tubes
the resonator known with high accuracy. The calculation of Diode
the signal strengtlisetup constantbffers a new approach to  laser -

hv

determining absolute gas concentrations. The comparison c---

the measured PA signals of certified ethylene—nitrogen mix- — Detector
tures with the calculated values showed excellent agreemen Microphones

as can be seen in Fig. 9. The calibration curve is obviously Acoustic Acoustic
linear between the maximum signal detectable with the mi- M4 filter M4 fitter

Buffer

/volumes\

crophone used and the nitrogen background signal of 0.4¢
mV. It is also possible to determine the optical absorption
coefficient of the absorbing species if the concentration is
known, for example, by using a certified gas mixture.

In spite of these advantages, hiGhresonant PA detec-
tors also have disadvantages if they are applied in trace ga ﬁ ﬂ
analysis. The reasons for this are that their size is larger, thei

sensitivity lower, and their weight higher than that of the

medium- and low® PA detectors. FIG. 10. Differential PA cell with two resonator tubes, buffer volumes, and
N4 filters. Two resonant acoustic pip€s5 mm diam tubeswere placed
between two acoustic filters. The two similar microphones were placed in
the middle of each tube. The signal is amplified by a differential amplifier.

Gas inlet Gas outlet

C. Applications of medium- and low-  Q resonators

Medium- and lowQ resonators are used frequently in tyeen two mirrors placed outside the PA detector. The
PA detectors built for ultrasensitive trace gas monitoring.acoustic resonator of this detector was a broad p|pe W a
Mostly one-dimensional pipe resonators are applied Withfactor of Q~70. In spite of the low sensitivity of the reso-
resonance frequencies in the 500 Hz-5 kHz region. Theyator itself, the overall sensitivity of the entire detector was
resonator itself is either a closed or an open pipe. Since ap,...~2x10 °cm ! (corresponding to 70 pp¥ ethylene
open pipe efficiently picks up and amplifies noise from theconcentration in the given measurement setymlue to the
environment, it should be surrounded by an enclosure. Ifcreased light absorption in the cell.
order to ensure high acoustic reflections at the pipe ends, a |t should be mentioned that PA detectors can be used
sudden change of the cross section is necessary. Therefoigso at reduced pressures. Since the absorption coefficient
the resonator pipe should open up into a larger volume or tghcreasegdue to the decreasing pressure broadening effect
buffers with a much larger cross section. Such “organ pipe”and the microphone responsivity and t@efactor of the
arrangements have found widespread use in photogcoustic resonance decrease, a sensitivity maximum can be
acoustic€® The buffers can be optimized to minimize flow found somewher® The exact pressure providing the maxi-
noise and/or window signals. An asymmetric buffer configu-mum sensitivity depends on the properties of the microphone
ration has been tested and successfully applied for suppresgnd on the excited molecular transition, thus no generally
ing the window signalé? More sophisticated PA detectors yalid expression can be given for determining the maximum
use adjoining acoustic filters for noise and backgroundsensitivity. It should be mentioned that the above consider-
suppressiofi; a true differential PA detector has been devel-ations are not valid for line tunable lasers. In that case the
oped with two identical resonator pip€sThis construction  effective absorption coefficient may significantly decrease at
will be discussed in more detail below. reduced pressures because the overlap between the laser and

Due to their small size, mediu@-PA detectors are suit- apsorption line may be degraded due to narrowing of the
able also for intracavity operation. The best PA sensitivity,absorption line.
amin~1.8X10"*°cm™, reported to date has been achieved  Open pipes were introduced for PA detection as early as
by an intracavity PA detector of organ pipe design. This19772% and the most sensitive PA detectors known today
value corresponds to 6 ppt ethylene concentration in the sed are based on open resonant ptpésA closed pipe
given measurement settip. excited in its second resonance was introduced in 987.

PA detectors based on one-dimensional pipe resonatofhe banana celinamed after its shapeénad two Brewster
have been optimized for special purposes. A special “heafyindows around the nodal points of the second longitudinal
pipe” design has been used to investigate the PA signal ofcoustic resonance. Similar cell construction was used re-

vapors originating from liquids with low volatilit}* Re- cently for PA detection of aerosdfs.
cently, a heatable PA detector has been applied for measur-

ing pentachlorophendPCP contamination of woo@® This
detector was equipped with band-rejecting acoustic filters fo
additional noise suppression. The microphone was separated The differential PA detector was specifically designed
from the resonant cell by a 200 mm long thin stainless stedor fast time response, low acoustic and electric noise char-
tube, thus allowing the PA cell to be heated up to 220 °C. acteristics, and high sensitivity.In order to reduce the flow
The operation of a multipass PA detector, based on anoise and external electromagnetic disturbances a fully sym-
open acoustic resonator pipe, has been demonstratedetrical design was developed. Two acoustic resonators
recently’” The laser beam is reflected back and forth be{5.5 mm diam tubeswere placed between two band-stop

P. Differential photoacoustic detector
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acoustic filters as shown in Fig. 10. The gas flow passemethod is considerably reduced by intracavity operation. Op-
through both tubes, producing about the same flow noise itical saturation may occur for molecules with high absorp-
both resonators. However, the laser light irradiates only onéion cross sectiort while uncontrollable signal changes may

of them, thus the PA signal is generated in only one tubebe obtained at higher overall absorption in the PA cell, be-
Two microphones(Knowles EK 3029 are placed at the cause the loss of light intensity influences the gain of the
middle of each tube flush with the wall and their signal islaser. This effect may cause erroneous results when the
amplified by a differential amplifier. The microphones have asample concentration changes are large. Therefore, high sen-
so-called “ski-slope” frequency characteristic, with respon- sitivity single- and multipass extracavity PA detectors offer a
sivity decreasing rapidly below 2 kHz. Thus, they are notsimpler alternative to intracavity devices.

sensitive to the dominant low-frequency part of the environ-

mental noise. The selected pair of microphones has the sanie Novel tunable light sources

responsivity around the acqustlc resonance frequency of the While a state-of-the-art photoacoustic detector with an
tubes of 4 kHz. Thus all noise components that are COherentIectret microphone and suitable electronics is relativel
in the two tubes are effectively suppressed. The microphonee P y

are isolated from the housing of the detector, which is Con_cﬁweap, high power laser sources, such as GSers, cur-

nected electrically to the chassis of the amplifier through th ently need_ed to reach the sub—p}zitrange, makg th? Setup
. : . : 00 expensive and bulky for many practical applications. The
screening of the cable. Three wires, including the common

signal ground, connect the microphones to the amplifierrnore versatile single mode distributed feedbaliB) or

) . tunable ECDL diode lasers have, unfortunately, the disad-
Thus, ground loops are completely avoided. Figure 10 pre-

. . - : . vantage of low power and narrow spectral range, and the
sents a schematic of this optimized differential cell.

In order to k the flow Noi ¢ friciently low level restriction that room temperature diodes emit in the NIR
ordertokeep Ihe Tlow noise at a sutliciently Iow 1evel, only. Thus, the availability of suitable laser sources plays a
the flow must be in the laminar regime. Another practical

. . . L _ fundamental role for the further development of the field.
requirement is the time response, which is determined by th hey control the sensitivitylaser power, the selectivity
exchange rate of the gas sample in the resonant cell. In a '

diti del b th f ¢ the inlet t funing rangg, and the practicabilityease of use, size, cost,
'tion, a delay occurs because the gas flows from the Inietig , reliability) that can be achieved with the photoacoustic
the resonant cell first through the acoustic filter. In the co

n- .
f f d fime ofL s and a delay of cCidue:
inuous Tlow mode a response time Gil s and a delay o Compared to the previous situation in which the species

<.10$ are pos?'b.'?- Taking into account the largest d'ment'o be detected were selected according to accidental coinci-
sion and the _I|m|t|ng value of the Reynolds numbiére dence of their resonances with available laser lines, the situ-
<2300 for [ammar f!O\/)/the flow vequty S,hOU|d not. exceed aiion js changing gradually to the point where the species to
1.7 m/s. This value 'S far too large, since |t_would give aflowpe getected can be chosen according to scientific or practical
rate of about 4.8 I/mirflarge gas ConsumptionAs an Oper- inierest and a suitable laser source with enough power and

a;]t!ng vlalueha flow rate ofﬂup o (:'5_” min hasbbeen used/. Wr']thbeam quality can be found for sensitive detection. Tunable
this value the maximum flow velocity was about 15 cm/s, theg iy gtate laser devices especially may soon contribute to

Reynolds number Re200, and the calculated response timeg iher development of the field. Since the power and tuning

7<0.7s. The response time determined from the rise time Of e of the currently available diode-laser sources, which

the PA signal is larger because of mixing of the gas in theare tunable in the fundamental IR spectral regignantum

buffer volumes of the cell. Nevertheless, the measured ISascade lasgrare still limited, it is very important to choose

sponse times are below 10 s for nonadsorbing gases. Adsor{:h-e optimal design for the PA detector to reach state-of-the-

t?on at. th,G, walls of the PA, cell may increase thg reSPONS§t performance. The recent realization and further improve-
time significantly. The crucial problem of adsorption effects .« of PPLN-OPO devices may provide an opportunity to

in_ photoacoustic - detection is discussed in —detailgyjize yidely tunable pulsed and modulated infrared radia-
elsewheré”"**Note that the adsorption effect can be effec- o it high pulse energy or power. These devices will be
tively reduced by using appropriate wall materials and eI-more expensive but may find a niche, where high perfor-
evated wall temperaturé8. mance is needed

The photoacoustic sensitivity of the differential cell is
about W, =1.0x10" °Wem L. The actual sensitivity
depends on the instrumentation applied and the data evalu'z?f—cK'\IOV\”‘EDGME'\ITS
tion method. The above value is the lower limit of the PA Financial support of this work by the bilateral German—
sensitivities of the differential cell obtained in measurementsHungarian scientific cooperation proje¢iUN 97/016 and
with methane, ethylene, and ammonia using a,d@3er, the Fonds der Chemischen Industrie is gratefully acknowl-
diode lasers, and an external cavity diode laser system. Thedged.
sensitivity of the PA cell applied in the intracavity measure-
ment in Ref. 11 wasapW =1.8<10"°Wem™, much  1a G Bell Am. J. Sci20, 305 (1880.
lower than that of the differential cell. Thus, the parts-per- 2A. G. Bell, Philos. Mag.11, 510 (1881).
trilion concentration sensitivity reported for ethylene was i'l\zflll_- .l’é??iﬁifﬁ zol:-t chgg-klaulk 385%%56(812%)3&
achieved mainly by the high intracavity power and the strongs = o\ = 20 Aopl. Physiz, ‘;%'3 h (?-5;7])- '
absorption of ethylene and not by an extremely sensitive cellsc g pewey, Jr., R. D. Kamm, and C. E. Hackett, Appl. Phys. L28t.
It is worth mentioning that the dynamic range of the PA 633(1973.
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