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Application of acoustic resonators in photoacoustic trace gas analysis
and metrology
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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 high-Q and 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. ©2001 American Institute of Physics.@DOI: 10.1063/1.1353198#
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I. INTRODUCTION

The photoacoustic~PA! effect in solids1 was discovered
by Bell in 1880. It was soon realized that the same eff
exists in liquids and gases as well. Also in these first exp
ments, resonant amplification of the photoacoustic sig
was discovered.2 The possibility of using a cavity as a
acoustic amplifier of the signal was very important for de
onstrating the effect. However, due to the lack of prop
instrumentation~such as light sources, microphones, a
electronics!, the PA effect was almost completely forgotte
for more than half a century.

Finally, in 1938, Viengerov introduced a PA syste
based on a blackbody infrared source and a microphone
analysis of gas mixtures.3 In the 1960s, an important break
through was achieved by the first use of a laser light sou
in PA gas detection.4 Compared to conventional ligh
sources, lasers have superior beam quality and spectra
rity, and can provide high power radiation. Trace gas ana
sis was targeted first by the pioneering work of Kreuzer.5 A
PA cell, operated in a resonant mode by tuning the la
modulation frequency to one of the acoustic resonance
the cylindrical gas cell, was introduced by Deweyet al.6 and
by Kamm.7

In the 1970s and 1980s photoacoustic gas detec
boomed. High sensitivities were achieved by PA syste
using midinfrared gas lasers such as CO and CO2 lasers.8–12

Because of their high output power in the watt range a
their line tunability to strong fundamental vibrational tran

a!Electronic mail: peter.hess@urz.uni-heidelberg.de
1930034-6748/2001/72(4)/1937/19/$18.00
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tions, these lasers turned out to be ideal sources to push
sensitivity of PA gas detection into the ppbV ~parts per
billion volume! concentration range or even below. Initi
results using line-tunable CO2 and CO gas lasers, with mod
est power of about 1 W, were reported as early as 1972.13 In
current state-of-the-art experiments CO2 and CO lasers with
much higher power (;10 W) are employed. The signal ca
be further enhanced by placing the PA cell in the opti
cavity of the laser resonator, where a laser power of ab
100 W can be reached~intracavity photoacoustic
spectroscopy!.11 Although line-tunable CO2 and CO gas la-
sers are relatively large, complex, expensive systems,
have already been used in mobile stations forin situ envi-
ronmental gas detection.14

The outstanding features of the PA cell, most impo
tantly its small size, its simplicity, and robustness, can o
be fully exploited when it is combined with a suitable las
source. Therefore, recent progress made in the developm
of diode lasers has had an increasing influence on the a
cation of compact PA gas analyzers.15,16The currently avail-
able power of near infrared~NIR! diode lasers, operating
near room temperature, is small compared with that of C2

and CO lasers, and therefore the sensitivity is limited mos
to ppm, or for certain gases to the sub-ppm range. Howe
they may offer an alternative solution where small size, re
ability, low costs, and long lifetime are required. A spec
advantage of diode lasers is their electronic modulation f
ture, where both intensity and wavelength modulation
possible. Diode lasers are continuously tunable, but their
ability range is very limited~usually less than one wav
7 © 2001 American Institute of Physics

IP license or copyright, see http://rsi.aip.org/rsi/copyright.jsp



un
o
jo

cte
or
th
lly

oa
e

n

in
fir
h
to
ll
or
ro
po
y
e

th
is
w
un
th
or
b
d

ng

PA

vi
s

ow

ul-
is

ic
w

ai

tion
;
zed

a

on

ro-
nd/or
ed
ta-
lay
ra-
for
tics
ce

cita-
ula-
ion
nt
ustic

1938 Rev. Sci. Instrum., Vol. 72, No. 4, April 2001 Miklós, Hess, and Bozóki
number!.17 A larger tunability range~20–50 nm! can be ob-
tained with external cavity diode laser~ECDL! systems.18,19

Beginning with the renaissance of photoacoustics aro
1970, progress in this field always has been closely c
nected with the development of laser technology. A ma
impact on the field of trace gas detection can be expe
from new extensively tunable solid-state laser systems w
ing in the fundamental IR spectral region. In this respect
recent realization and further improvement of periodica
poled lithium niobate~PPLN! optical parametric oscillators20

~OPOs! and quantum cascade diode lasers21 could be an im-
portant breakthrough in the practical application of phot
coustic spectroscopy~PAS! in trace gas monitoring. Thes
laser sources deliver continuous wave~cw! as well as pulsed
broadly tunable radiation with reasonable power and ba
width.

A crucial part of a PA gas detection setup is the cell
which the PA signal is generated and detected. The
‘‘gas-microphone cells’’ were small cylindrical cavities wit
a transparent window.22 The microphone was connected
the cavity by a thin hole in one of the side walls of the ce
These PA sensors could be manufactured very easily; m
over, they were very cheap when miniature electret mic
phones were used. Since the PA signal is inversely pro
tional to the cell volume and the modulation frequenc
high PA signal levels can be obtained by taking a small c
volume (,10 cm3) and low modulation frequencies
(,100 Hz). However, noise sources~intrinsic noise of the
microphone, amplifier noise, external acoustic noise! show a
characteristic 1/f frequency dependence, and therefore
signal-to-noise ratio~SNR! of such a gas-microphone cell
usually quite small. Moreover, light absorbed in the windo
and in the wall material generates a coherent backgro
signal, which is practically impossible to separate from
PA signal generated by the gas absorption itself. Theref
small gas-microphone cells, which are still the most suita
PA detectors for solid and liquid samples, are hardly use
gas phase photoacoustics anymore.

The SNR of a PA cell can be increased by applyi
higher modulation frequencies~in the kHz region! and
acoustic amplification of the PA signal. For this resonant
cells operating on longitudinal, azimuthal, radial, or Helm
holtz resonances have been developed.23–26 Furthermore,
resonant cells can be designed for multipass or intraca
operation.11,12,27,28The influence of the window signal ha
been minimized by introducing acoustic baffles29 or by the
development of a ‘‘windowless’’ cell.30 Recently, a differen-
tial cell, specially designed to suppress flow and wind
noise, was introduced.17

In the following the requirements that need to be f
filled by resonant PA cells in gas measurements will be d
cussed in detail, considering both theoretical and pract
issues. First, the characteristics of the PA effect in gases
be briefly surveyed.

II. THE PHOTOACOUSTIC EFFECT IN GASES

The PA effect in gases can be divided into three m
steps:15
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~1! localized heat release in the sample gas due to relaxa
of absorbed light energy through molecular collisions

~2! acoustic and thermal wave generation due to locali
transient heating and expansion;

~3! detection of the acoustic signal in the PA cell with
microphone.

Molecular absorption of photons results in the excitati
of molecular energy levels~rotational, vibrational, elec-
tronic!. The excited state loses its energy by radiation p
cesses, such as spontaneous or stimulated emission, a
by collisional relaxation, in which the energy is transform
into translational energy. In the case of vibrational exci
tion, radiative emission and chemical reactions do not p
an important role, because the radiative lifetimes of vib
tional levels are long compared with the time needed
collisional deactivation at pressures used in photoacous
(;1 bar) and the photon energy is too small to indu

FIG. 1. Schematic of the physical processes occurring after optical ex
tion of molecules. Modulated or pulsed laser radiation leads to the pop
tion of rotational, vibrational, and electronic states. Collisional deactivat
by R–T, V–R, T, and E–V, R, T processes leads to localized transie
heating. The resulting expansion launches standing or pulsed aco
waves, which are detected with a microphone.
IP license or copyright, see http://rsi.aip.org/rsi/copyright.jsp
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chemical reactions.31–33 Thus, in practice the absorbed e
ergy is completely released as heat, appearing as tra
tional ~kinetic! energy of the gas molecules. The deposi
heat power density is proportional to the absorption coe
cient and the incident light intensity. A detailed schema
illustrating the series processes occurring during PA sig
generation is presented in Fig. 1.

The laws of fluid mechanics and thermodynamics can
used to model the acoustic and thermal wave generatio
gases.34 The governing physical equations are the conser
tion laws for the energy, the momentum, the mass, and
thermodynamic equation of state. The physical quanti
characterizing the acoustic and thermal processes are
temperatureT, pressurep, densityr, and the three compo
nents of the particle velocity vectorv. By eliminating the
variablesT, r, andv a linear wave equation can be derive
for the sound pressure:

] t
2p~r ,t !2c2¹2p~r ,t !5~s21!] tH~r ,t !, ~1!

wherec, s, andH are the sound velocity, the adiabatic c
efficient of the gas, and the heat density deposited in the
by light absorption, respectively.

This wave equation always has two independ
solutions:35 a weakly damped propagating acoustic wa
with wavelengths in the centimeter range, and a hea
damped thermal wave. Since the latter wave has a very s
wavelength~in the submillimeter region! and does not propa
gate beyond the distance of a few wavelengths, it can
observed only in the vicinity of the exciting light beam
Therefore, thermal and acoustic waves are separated in s
and can be investigated independently.

Photoacoustic gas analysis is based on the detectio
the acoustic signal. The source term of the acoustic w
equation is proportional to the deposited heat power den
The spatial size and shape of the source volume depen
the light-beam geometry and on the absorption length in
gas, while the time dependence of heat deposition is c
trolled by the time dependence of laser excitation. Thus
laser pulse generates a heat pulse, which excites an aco

FIG. 2. Resonant acoustic cell designs.~a! Simple pipe~tube! for excitation
of longitudinal modes,~b! pipe with two buffer volumes,~c! Helmholz
resonator with separate sample and detection chambers for solid sam
~d! coaxial excitation~e.g., of radial modes! in a cylinder,~e! asymmetric
multipass arrangement for excitation of azimuthal modes in a cylinder,
~f! cylindrical cell suitable for excitation of the first radial mode with su
pression of the window noise.
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pulse,33 while a modulated laser beam generates perio
sound due to the periodic localized heating of the gas.36

The sound signal is generated in those locations, wh
light is absorbed, for example, by the species to be mo
tored. Interestingly, even the PA signal generated by a la
beam propagating in free air has been observed.37 However,
nearly all PA trace gas measurements are carried out in
enclosure, called a ‘‘PA cell’’ or ‘‘PA detector.’’ Both terms
are used in the literature to describe the device in which
PA signal is generated and monitored. In the following t
term PA resonator will be used for the cavity in which th
resonant amplification of the PA signal takes place. T
name PA cell is reserved for the entire acoustic unit, inclu
ing the resonator, buffer volumes, acoustic filters, window
gas inlets and outlets, and microphone~s!. Finally, PA sensor
or PA detector stands for a complete instrument, includ
PA cell~s!, light source, gas handling system, and electron
used for gas detection.

From an acoustic point of view the PA cell is a line
acoustic system, which responds as a whole to the dis
bance generated by light absorption. Since one of the m
important parts of the PA cell is the acoustic resonator its
its properties will be discussed first. The influences of
other parts of the PA cell are taken into account only
boundary conditions.

III. ACOUSTIC RESONATORS

The cylindrical acoustic waves generated by the abso
tion of a periodically modulated laser beam traveling throu
open air have a relatively small amplitude. However, whe
gas sample is confined within a closed cell the amplitu
may increase considerably because of the constructive in
ference caused by the boundaries. A simple acoustic res
tor consists of a well defined regular cavity~ideally closed,
but in reality equipped with one or more openings for t
microphone and gas transport!. Three types of acoustic reso
nators have found widespread use in PA detection: He
holtz resonators, one-dimensional cylindrical resonators,
cavity resonators. Figure 2 displays a series of fundame
resonator types including a simple pipe or tube, a pipe w
buffers, a Helmholtz resonator, and three different confi
rations used for laser excitation of specific modes in cyl
drical resonators.32

A. Helmholtz resonator

The Helmholtz resonator consists of a cavity and an
joining neck, which opens to open air. It is the acous
equivalent of a simple mechanical oscillator composed o
mass and a spring. The air in the cavity plays the role of
spring, while the air mass in the neck corresponds to
moving mass of the mechanical oscillator. When the air p
in the neck moves outward the pressure inside the ca
decreases, resulting in an inward-directed force, which t
to restore the original state. An oscillation will develop wi
the following resonance frequency:35

f 05
c

2p
A S

Vl
, ~2!

les,

d
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where c, S, V, and l are the sound velocity, the cros
sectional area of the neck, the volume of the cavity, and
length of the neck, respectively. The amplification at t
resonance frequency depends on the losses~viscous and ther-
mal losses at the wall of the neck and radiation los
through the opening! of the Helmholtz resonator.35 The
achievable amplification usually does not exceed a valu
10.

A Helmholtz resonator can be represented by an equ
lent electric circuit using an analogy between acoustic
electric networks.38 In this analogy the voltage and curre
correspond to sound pressure and volume flow~flow velocity
times the cross-sectional area!, respectively. The equivalen
circuit of a Helmholtz resonator is a serially connect
acoustic capacitance and inductance withCA5V/rc2 and
LA5r l /S. Since a PA cell has to be isolated against outs
noise, such a simple cavity with a neck cannot be used
PA cell. Therefore, the simplest, most practical applica
PA Helmholtz resonator consists of two cavities connec
by a tube@see Fig. 2~c!#. In this case the volumeV in Eq. ~2!
should be replaced by the effective volume defined asVeff

51/(1/V111/V2).
Such coupled cavities have been used as PA cells,25 es-

pecially for the measurement of solid-phase samples. H
ever, since the optical window is situated directly on t
walls of the resonator, the window signal and the PA sig
due to gas absorption are generated in the same cavity,
cannot in practice be separated. The PA sensitivity ach
able with Helmholtz resonators is relatively small,39 and
therefore they have not had widespread use in trace
analysis.

B. One-dimensional acoustic resonator

If the cross-sectional dimensions of a resonator are m
smaller than the acoustic wavelength, the excited sound
develops a spatial variation only along the length of the re
nator, i.e., a one-dimensional acoustic field is generated
narrow pipe~or tube! can be regarded as a one-dimensio
acoustic resonator. A pressure wave propagating in the
will be reflected by an open/closed end with the oppos
same phase.38 Through multiple reflections a standing wav
will be formed. Therefore, open–open@see Fig. 2~a!# and
closed–closed pipes should have resonances when the
length is equal to an integer multiple of the half waveleng
while an open–closed pipe should resonate when its leng
equal to an odd integer multiple of the quarter wavelength
reality the wavelengths at the resonances are some
larger.35,38 The corresponding resonance frequencies can
obtained from the following expressions:

f n5
nc

2~ l 1D l !
n51, 2, 3,....,

~3!

f 2m215
~2m21!c

4~ l 1D l !
m51, 2, 3,....,

wherel is the length of the pipe. Heref n corresponds to the
open–open or closed–closed ends, whilef 2m21 corresponds
to the open–closed end. The quantityD l is the so-called end
correction, which should be added to the length of the p
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for each open end.35 The end correction for a closed end
naturally zero. Physically the end correction can be und
stood as an effect of the mismatch between the o
dimensional acoustic field inside the pipe and the thr
dimensional field outside that is radiated by the open en

The end correction can be approximated by the follo
ing expression:D l >0.6r , wherer is the radius of the pipe
More precisely, the end correction decreases slightly w
frequency,35 therefore the resonance frequencies of an o
pipe are not harmonically related but slightly stretched.
the other hand, the resonance frequencies of a closed–cl
pipe are exact multiples of the fundamental frequency. T
standing wave patterns are different in open–open
closed–closed pipes: the former has pressure nodes, the
pressure antinodes at the ends.

Incompletely closed pipes or pipes with rounded ho
like openings naturally also have acoustic resonances, bu
resonance conditions cannot be expressed in such sim
forms as Eqs.~3! The end of a pipe that opens to a larg
diameter volume@see Fig. 2~b!# behaves similarly to an idea
open end, while the properties of a closed pipe end with
opening having a much smaller diameter than the pipe it
are close to that of an ideal closed end. Pipe resonators
found widespread application in gas phase photoacous
Therefore, their properties will be discussed in more de
later.

C. Cavity resonators

If the dimensions of a cavity are comparable with t
acoustic wavelength then several distinct resonances ca
generated. The standing wave patterns and resonance
quencies depend on the shape and size of the cavity. A
lytical expressions can be given only for certain regu
shapes, such as spheres, cylinders, cubes, and rectan
prisms. Although spherical resonators have been use
photoacoustics,40 the most frequently applied cavity reson
tor is the cylinder@see Figs. 2~d!–2~f!#, with symmetry that
coincides well with that of a laser beam propagating alo
the cylinder axis.33,36The resonance frequencies of a lossle
cylindrical resonator are as follows:

f jmq5
c

2 F S a jm

R D 2

1S q

L D 2G1/2

, ~4!

whereR andL are the radius and length of the cylinder, th
jmq indices~non-negative integers! refer to the eigenvalues
of the radial, azimuthal, and longitudinal modes, resp
tively, anda jm is the j th zero of the derivative of themth
Bessel function divided byp. The characteristic features o
these different eigenmodes of a cylindrical resonator are
lustrated in Fig. 3.

The properties of cavity resonators will be discussed
Sec. IV using a theoretical treatment discussed elsewhe41

This treatment can be applied also to one-dimensional p
resonators.
IP license or copyright, see http://rsi.aip.org/rsi/copyright.jsp
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IV. PHOTOACOUSTIC SIGNAL IN A CAVITY
RESONATOR

A. General theory

All cavities used as photoacoustic cells have acou
resonances. The acoustic eigenmodes of a closed cavit
the solutions of the homogeneous wave equation:35

] t
2p~r ,t !2c2¹2p~r ,t !50. ~5!

It can be shown that in the lossless case the solutions o
above equation are orthogonal.35 In the case of an acousti
resonator with small openings the solutions can be written
a series expansion in the eigenfunctions of the closed loss
resonator. Indeed, small holes disturb the acoustic field
tribution only slightly and can be considered as sources
loss of acoustic energy radiated out from the resonator. T
the solution of the inhomogeneous wave equation,35 given in
Eq. ~1!, can be written as33,41

p~r ,t !5A0~ t !1(
n

An~ t !pn~r !, ~6!

where An and pn are the amplitude of thenth eigenmode
component and the dimensionless eigenmode distribut
respectively.33 Notice that the dimensions ofA0 andAn are
the same as those of the sound pressurep. As an example,
the dimensionless eigenmode distribution function of a
lindrical resonator is given as

pn~r !5pjmq~r ,w,z!5Jm~pa jm!cos~mw!cosS qp
z

L D . ~7!

The meanings of the indicesj , m, andq are explained above
@see Eq.~4!#. The eigenmode indexn used in Eq.~6! and in
the following considerations represents a given (jmq) trial
index group. The series expansion of Eq.~6! can be used for
both pulsed and modulated excitation of acoustic resonan
In the modulated case the time dependence exp(ivt) can be
assumed. Taking into account thatpn(r ) is a solution of the
homogeneous wave equation, the following expression
be derived:

2v2A01(
n

~vn
22v2!Anpn~r !5 iv~s21!H~r !. ~8!

The sound pressure amplitudeA0 can be determined by
integrating the above equation over the volume of the re

FIG. 3. Schematic of the acoustic longitudinal, azimuthal, and radial mo
in a cylindrical resonator. Only oscillations at the resonant frequencie
these eigenmodes are amplified and they will significantly gain energy
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nator, and taking into account the fact that the value of
volume integral of allpn eigenmodes is zero:

A05
~s21!*H~r !dV

ivVres
. ~9!

TheAn amplitude can be determined by multiplying E
~8! by pm(r ) and integrating over the volume. Since thepn

andpm eigenmodes are orthogonal,An can be expressed a

An5
iv~s21!*H~r !pn~r !dV

S vn
22v21 i

vvn

Qn
D E upn~r !u2dV

. ~10!

In order to take into account in a formal way the effe
of losses~see Sec. VI C! an additional term containingQn ,
the quality factor~Q factor! of the resonance, has been i
troduced in the denominator of Eq.~10!. If the modulation
frequency is equal to one of the acoustical eigenfrequen
of the cavity, the energy from many modulation cycles
accumulated in a standing wave and the system works a
acoustic amplifier. The final signal amplification is dete
mined by the total losses of the resonator. After an init
transient state, during which energy is accumulated in
standing acoustic wave, a steady state is reached in which
energy lost per cycle by various dissipation processes
equal to the energy gained per cycle by the absorption
photons. At resonance the amplitude isQn times larger than
the amplitude far from the resonance frequency, i.e., the
plification is equal to the value of theQ factor. The physical
definition of theQ factor is

Q5
2p accumulated energy

energy lost over one period
. ~11!

For highQ values another definition is used:

Q5
f 0

D f
, ~12!

where f 0 andD f are the resonance frequency and the ha
width value of the resonance profile. The half width is me
sured between the points where the amplitude is a 1/A2 value
of the peak amplitude~half-maximum values of the inten
sity!. Therefore,D f is also called the full width at half maxi
mum ~FWHM!.

Equations~9! and~10! can be written in a more familia
form which takes into consideration that the deposited h
density is equal to the product of the absorption coeffici
and light intensity. The intensity can be written42 as follows:

I ~r !5WLg~r !,

whereWL denotes the light power andg(r ) is the normalized
intensity distribution. Its integral over the entire cross sect
of the beam is normalized to unity. Now, the sound press
amplitudes can be written as follows:

A05
~s21!aLWL

ivVres
, ~13!

s
of
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An5
iv

S vn
22v21 i

vvn

Qn
D

~s21!aLWL

Vres

1

L E g~r !pn~r !dV

1

Vres
E upn~r !u2dV

.

~14!

The amplitude of the oscillation~the PA signal! will be pro-
portional to the absorption coefficient, the absorption leng
and the light power, but inversely proportional to the mod
lation frequency and the cell volume. More precisely, the
signal is inversely proportional to an effective cross sect
defined byVres/L.

The last factor of Eq.~14!, with the two integrals~in the
following denoted byFn!, describes the effect of the spati
overlap between the propagating laser beam and the pre
distribution of thenth acoustic eigenmode of the resonat
The numerator, the so-called overlap integral, describes
effectively thisnth eigenmode is excited by the spatial las
light distribution, while the denominator is a normalizatio
factor of thenth eigenmode. Therefore, the dimensionle
numberFn is called the ‘‘normalized overlap integral.’’ By
proper choice of the light path the predominant excitation
a single resonance may be obtained, while the detectio
unwanted resonances can be suppressed by making
overlap integrals zero. Figure 4 shows, as an example,
efficient excitation of a radial mode in a cylinder by th
overlap of the cylindrical spatial intensity distribution of th
laser beam propagating along the cylinder axis with
mode pattern of the first radial mode.

The measured PA signal depends also on the exact
sition of the microphone in the resonator. The signal detec
by the microphone is proportional to the integral average
the pressure over the microphone membrane. Since mo
miniature microphones are applied in photoacoustics, the
tegral can be approximated by the value of the pressure
plitude at the microphone location. If thenth eigenmode is
excited, and the microphone is located at the positionr M ,
then the sound pressure atr M can be written as

FIG. 4. Schematic of the spatial overlap of the cylindrical intensity dis
bution of the laser radiation propagating along the cylinder axis with
pressure distribution of the first radial mode. This configuration yield
large value of the corresponding overlap integral, and therefore effic
excitation.
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n

Anpn~r M !Geivt. ~15!

Substituting Eq.~14! into Eq. ~15! enables the sound pres
sure as a function of the modulation frequency to be writ
as

p~r M ,v!5
~s21!L

Vres S 1

iv
1(

n

ivFnpn~r M !

vn
22v21 i

vvn

Qn

D aWL .

~16!

It can be seen from Eq.~16! that the suppression of un
wanted resonance is possible also by placing the microph
in a node of this particular eigenmode. In this case the va
of the corresponding eigenmode distribution functionpn(r M)
is zero.

Notice that the right-hand side of Eq.~16! can be written
as the product of an acoustic impedanceZ and a volume flow
u:

p~r M ,v!5Z~r M ,v!u, ~17!

where

u5
~s21!aLWL

rc2 ~18!

and

Z~r M ,v!5
rc2

ivVres
1(

n

iv
rc2Fnpn~r M !

Vres

vn
22v21 i

vvn

Qn

, ~19!

which corresponds to an electric network of serially co
nected parallel resonance circuits and one capacitanc
shown in Fig. 5. This means that each acoustic eigenm
can be modeled by a parallel resonance circuit, while
nonresonant part is represented by a capacitance. The
source is described by a current sourceu, which does not
depend on the frequency or the eigenmode distribution
depends only on the quantityaLWL , which is the light
power absorbed within the acoustic resonator.

The electric network described above can complet
represent the properties of an acoustic cavity resonator. S
an electric network model has been used successfully
computer simulation of PA signal generation in cav
resonators.43

-
e
a
nt

FIG. 5. Scheme of an electric network of serially connected parallel re
nance circuits, where each acoustic eigenmode is modeled by a pa
resonance circuit and one capacitance which represents the nonresonan
tribution to the acoustic signal.
IP license or copyright, see http://rsi.aip.org/rsi/copyright.jsp



en
i-
d
, i
na

he
es
rg
a
t

o-

is

r
ilib
to
ffe
re
t i

ie
U
fr
ll

gn

i
.,

h

se
-
se
e
i-

lin
x

, t
ve
ou
m
e
e

gh
P

E

ma-
w-

gest
ing

will

t
be

by

o-
the

n-
, and
w-

eam
ame
om-
-
and

lue
ld
ell
hed

eo-
ters,
tup
f

to
ents

ic

an

1943Rev. Sci. Instrum., Vol. 72, No. 4, April 2001 Acoustic resonators
B. Nonresonant cell and resonant cell, high- Q and
low- Q resonators

In the photoacoustic literature the PA cells are oft
characterized as ‘‘nonresonant’’ or ‘‘resonant.’’ This term
nology is misleading, because all PA cells can be operate
an acoustic resonance or far from their resonances. Thus
preferable to label the system according to the nonreso
or resonant mode of operation.

If the modulation frequency is much smaller than t
lowest resonance frequency, the cell is operated in a nonr
nant mode. In this case the sound wavelength is much la
than the cell dimensions, thus sound cannot propagate
standing waves cannot form. The average pressure in
cavity will oscillate with the modulation frequency. The ph
toacoustically generated pressure is given by the first term
the series presented in Eq.~6!, thus the sound pressure
simply equal toA0 in Eq. ~6!. Note that this term applies
only for closed resonators, because in an open resonato
pressure change simply drives gas in or out until the equ
rium pressure is restored. If an open resonator is built in
closed PA cell, then the pressure generated by the PA e
will be distributed over the entire closed volume. Therefo
the total volume of the PA cell must be taken into accoun
Eq. ~13!, instead of the volume of the resonator.

For a small closed cell and low modulation frequenc
the signal can be relatively large, as mentioned before.
fortunately, the noise also increases with decreasing
quency and volume, which means that the SNR will usua
decrease substantially. It should be noted that the PA si
has a 90° phase lag with respect to the light power.

For resonant operation the modulation frequency
tuned to one of the eigenresonances of the PA cell, i.ev
5vm . As can be seen from Eq.~16! not only themth but all
eigenmodes of the acoustic resonator will be excited. T
resonance amplitude is proportional to theQ factor Qm ,
while the amplitudes of the other resonances are inver
proportional to the quantityvn

22vm
2 . Therefore, distant reso

nances will not be excited as effectively. As was discus
previously, certain resonances can be suppressed sinc
overlap integral will be zero for special symmetry cond
tions, e.g., azimuthal modes cannot be excited if the cy
drical laser beam propagates exactly along the cylinder a

If the eigenresonances are well separated and theQ fac-
tor of the particular resonance to be used is large enough
selected resonance can be excited much more effecti
than the others. Therefore, the series expansion of the s
pressure in Eq.~6! can be approximated by one single ter
In this ‘‘high-Q’’ case the sound pressure amplitud
A(r M ,vn) of Eq. ~16! is given by the resonance amplitud
An(r M ,vn) of the nth resonance by settingv5vn in Eq.
~14!:

An~r M ,vn!5
~s21!LFnQn

Vcellvn
aWL . ~20!

If the Q factor of the selected resonance is not hi
enough, the contributions of the other resonances to the
signal cannot be neglected, and the full expression of
~16! has to be used~low-Q case!:
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p~r M ,vn!5
~s21!L

Vres S 1

ivn
1

Fnpn~r M !Qn

vn

1(
j Þn

ivnF j pj~r M !

v j
22vn

21 i
v jvn

Qj

D aWL . ~21!

If v j /vn.1.2 or v j 3vn,0.8 andQj.20, the imaginary
parts in the denominators of the expression after the sum
tion symbol can be neglected. In practical applications lo
order eigenmodes are employed. Thus the ratiov j 3vn will
be larger than about 1.5, and therefore the ratio of the lar
term behind the sum symbol to the second term, describ
the selected resonance, will be smaller than 1/Qj . Since the
other terms are much more separated, their contributions
be even smaller. For these reasons,Qj,50 may be regarded
as a limit for the low-Q case.

Since the quantities in the prefactor toaWL on the right-
hand side of Eqs.~20! and ~21! are independent of the ligh
power and the absorption coefficient, these factors can
regarded as characteristic setup quantities for high-Q and
low-Q PA resonators, respectively. Denoting this quantity
Cn(vn) the PA signal amplitude can be written as

An5Cn~vn!aWL . ~22!

The quantityCn(vn) describes the sensitivity of the PA res
nator at a given resonance frequency. It is usually called
‘‘cell constant’’ in the photoacoustic literature. The cell co
stant depends on the size of the resonator, the frequency
theQ factor of the resonance selected for PA detection, ho
ever, it depends also on the spatial overlap of the laser b
and the standing acoustic wave pattern. Therefore, the n
cell constant is misleading, because it characterizes the c
plete measurement arrangement~including the acoustic reso
nator with a selected resonance, microphone position,
laser beam profile with spatial location! rather than only the
PA cell. Moreover, it depends on the frequency, and its va
is different for the different eigenmodes. Therefore, it wou
be better to use the term ‘‘PA setup constant’’ instead of c
constant, despite the fact that the latter is already establis
in the literature. The setup constant of a high-Q acoustic
resonator is a well-defined quantity@see Eq.~20!# that can be
determined quite accurately by taking into account the g
metrical dimensions, acoustic constants, beam parame
and eigenmode distributions. On the other hand, the se
constant of a low-Q resonator is a complicated function o
several eigenmodes@see Eq.~21!#, and therefore it cannot be
determined with sufficient accuracy by calculation. It has
be determined by photoacoustic calibration measurem
using certified gas mixtures.

While in the overwhelming majority of photoacoust
papers excitation by modulated~periodic! radiation is ap-
plied it is interesting to consider also the response of
acoustic resonator to pulsed laser excitation.
IP license or copyright, see http://rsi.aip.org/rsi/copyright.jsp
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C. Excitation of acoustic resonances with pulsed
lasers

A resonator responds differently to pulsed and mo
lated disturbances. In pulsed excitation the absorption
photons ceases after the laser pulse terminates, but the r
ation processes will continue until full thermalization of th
deposited energy is reached. Therefore, the heat pulse
somewhat longer than the light pulse. Nevertheless, the
pulse may be regarded as a source of instantaneous aco
excitation if the characteristic time of the acoustic proces
under consideration is much longer. Since the acoustic
sponse time is normally in the millisecond range~the lowest
acoustic resonance of the PA cells used in practice is usu
in the kilohertz range!, while the pulse duration of mos
pulsed lasers employed is in the nanosecond range, the a
condition is generally fulfilled. The short heat pulse acts a
broadband acoustic source, exciting all eigenmodes of
resonator simultaneously, similarly to a nonselective acou
excitation process. The acoustic resonator responds to
sudden disturbance similarly to a ballistic pendulum or g
vanometer reacting to a force or charge pulse: a sudden o
of acoustic oscillations is followed by a slow characteris
decay of their amplitudes. The amplitude of the very fi
oscillation period will be proportional to the released he
energy. Figure 6 shows an example of the excitation of
lindrical modes with a single laser pulse. The inset exhib
the decay of the photoacoustic signal measured in the
domain with the microphone. The corresponding freque
spectrum is obtained by Fourier transformation of the mic
phone signal and indicates the excitation of the longitudi
modes@~002! and~004!#, the radial modes@~100! and~200!#,
and a combination mode~102! in the frequency range de
tected.

A short pulse excites a PA signal described by a se
expansion of decaying sine functions having the followi
form:33,41

p~ t !5(
n

Ane2bnt sin~Avn
22bn

2t !

5(
n

Ane2 ~vnt/2Qn! sinSA12S 1

2Qn
D 2

vnt D . ~23!

FIG. 6. Time dependent PA signal monitored with the microphone~inset!
and the corresponding frequency spectrum of the cylindrical reson
showing the modes excited with a laser pulse.
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For Q.5 the term under the square root can be regarde
unity. The spectrum of the sum of the decaying sine fu
tions is a sum of Lorentzian profiles:

p~v!5(
n

An ~vn
2/4Qn

2!

~v2vn!21 ~vn
2/4Qn

2!
. ~24!

The amplitudeAn is given by

An5
~s21!LFnpn~r M !

Vres
aEL , ~25!

whereEL denotes the laser pulse energy. This indicates
the amplitudes of the decaying sine functions do not dep
on theQ factors of the resonances.33,41 The dependence on
the location of the laser beam and the microphone positio
the same as for the modulated case. When the freque
response of a resonator is measured by tuning the modula
frequency over a certain frequency range, a response g
by Eq. ~16! will be obtained. On the other hand, when th
effect of a short pulse is analyzed by Fourier transformat
of the time response a spectrum corresponding to Eq.~24! is
found. Note that the frequency dependence of the resona
curve is different in these two cases. The properties of cy
drical resonators have been discussed in detail in prev
papers33,41and their application in pulsed photoacoustics w
demonstrated in Ref. 44.

V. THEORETICAL DESCRIPTION OF ONE-
DIMENSIONAL RESONATORS

A. General considerations

One-dimensional acoustic resonators can be descr
by two different methods. The first method is very similar
the treatment applied to cavity resonators earlier in S
IV A. In this case the eigensolutions of the lossless wa
equation@see Eq.~5!# for the particular resonator have to b
used in the series expansion of the sound pressure. Tha
the pn(r ) eigensolutions will be different for open–ope
open–closed, and closed–closed pipes. The PA signal ca
determined similarly, thus Eqs.~13! and~14! can be applied
to calculate the sound pressure amplitude at the microph
position.

Although this method seems to be appropriate, it tu
out that the basic assumptions of the method are not alw
justified for one-dimensional pipe resonators. For optimiz
cavity resonators the real solutions do not differ considera
from the eigensolutions of the lossless closed resonator
this case the theoretical treatment of Sec. IV can be used
the other hand, the frequency,Q factor, and mode shape of
pipe resonator depend strongly on the terminating imp
ances, which are functions of the sizes and shapes of
adjoining parts of the PA cell. Therefore, proper theoreti
treatment should take into account the acoustic propertie
the whole PA cell, not only those of the isolated resonato

The second method is based on the formal analogy of
one-dimensional acoustic equations to the electromagn
equations of a waveguide, such as a coaxial cable.
propagation of an acoustic wave in a pipe can then be
scribed by a complex wave number, while the properties
the pipe are represented by a complex wave impedanc

or
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piece of pipe corresponds to an electric four-pole netwo
and arbitrary arrangements of pipes can be investigated
the well-known methods of electric network analysis a
synthesis.

In the following, both methods will be described in mo
detail, and their advantages and disadvantages will be
cussed.

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

As mentioned already, the treatment described above
be applied to one-dimensional pipe resonators. The form
the eigensolutions in the ideal lossless case for a cylindr
pipe of lengthl can be given as follows:
open–open resonator:

pn~x!5sinS np
x1D l 1

l 1D l 11D l 2
D ; ~26!

closed–closed resonator:

pn~x!5cosS np
x

l D ; ~27!

closed–open resonator:

p2m21~x!5cosS ~2m21!
p

2

x

l 1D l 2
D ; ~28!

wherex50 andx5 l are the left and right ends of the pip
respectively. The end corrections are denoted byD l 1 and
D l 2 for the left and right open ends, respectively. The indic
n andm are positive integers.

The PA signal generated by a laser beam propaga
parallel to the axis of a pipe can be calculated by substitu
the above eigensolutions into Eq.~14!. If the light power is
constant along the beam, i.e., the attenuation due to abs
tion is negligible~which is the usual case in trace gas det
tion!, the overlap integral in the numerator ofFn will be
proportional to the integral of the mode distributionpn(x)
over the length of the pipe. The value of this integral can
given as follows for the three different cases:
open–open resonator:

E
0

l

pn~x!dx5
l 1D l 11D l 2

np FcosS np
D l 1

l 1D l 11D l 2
D

2~21!ncosS np
D l 2

l 1D l 11D l 2
D G ; ~29!

closed–closed resonator:

E
0

l

pn~x!dx50; ~30!

closed–open resonator:

E
0

l

p2m21~x!dx5
2~ l 1D l 2!

~2m21!p
~21!m

3cosS ~2m21!
p

2

D l 2

l 1D l 2
D . ~31!
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The expressions show that under these conditions a
signal cannot be excited in a closed–closed pipe, and o
odd eigenmodes can be generated in a simple open
(D l 15D l 2). Moreover, the efficiency of excitation is in
versely proportional to the eigenmode indexn or (2m21).
Therefore, in most cases the fundamental resonance of a
is used for photoacoustic detection.

Closed–closed pipes can also be employed, if the li
path in the resonator is shorter than the length of the p
Let us assume that the light enters into the resonatorx
5x1 and leaves atx5x2 . In this case the overlap integra
will be proportional to the following integral:

E
x1

x2
pn~x!dx5

l

np FsinS np
x2

l D2~21!n sinS np
x1

l D G . ~32!

In the case of the ‘‘banana cell’’ described by Sigristet al.45

n52, x15 l /4, andx253l /4, thus the absolute value of th
integral is 1/p, which is about half of the corresponding in
tegral of an open–open pipe operating in the fundame
mode.

In practice, the resonant PA signal can be generated
in a closed pipe by a laser beam propagating along the
of the pipe. However, this signal will no longer be propo
tional to the absorption coefficient. It may be excited eith
by background effects~for example, a window signal or PA
signal caused by scattered light absorbed by the walls!, or
due to asymmetries of the acoustic properties of the reso
tor, or caused by attenuation of the radiation inside the re
nator. In this last case the PA signal shows a quadratic
pendence on the absorption coefficient.

C. Equivalent four-pole network of pipe resonators

The acoustic equations of a one-dimensional loss
system can be written as

]p

]t
1

rc2

S

]u

]x
50, ~33!

r

S

]u

]t
1

]p

]x
50, ~34!

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

]U

]t
1

1

C*
]I

]x
50, ~35!

L*
]I

]t
1

]U

]x
50, ~36!

whereL* andC* are the inductance and capacitance of u
length of the cable, respectively. Based on the similarity
the above pairs of equations sound propagation in pipes
be treated similarly to the propagation of electromagne
waves in cables. The sound pressurep and volume velocity
u correspond to the voltageU and currentI , respectively.
The acoustic inductance and capacitance of a pipe with
length can be expressed as
IP license or copyright, see http://rsi.aip.org/rsi/copyright.jsp
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Lac* 5
r

S
, Cac* 5

S

rc2 . ~37!

The wave impedance of the pipe can be defined the s
as for electromagnetic waveguides:

Z05ALac*

Cac*
5

rc

S
. ~38!

The solutions of the above equations are composed of a
ward and a backward propagating wave:

p5~Ae2 ikx1Beikx!eivt, ~39!

u5
1

Z0
~Ae2 ikx2Beikx!eivt, ~40!

where the the wave numberk is given as

k5vALac* Cac* . ~41!

The losses of the pipe can be taken into account by introd
ing loss terms into the above equations. In the case of e
tromagnetic waves the termsR* I andG* U are added to the
first and second equations, respectively. These terms re
sent the ohmic resistance of unit length of the cable and
loss per unit length due to the conductance of the dielec
insulator of the cable. The wave number and the wave
pedance will be complex, becauseivL* and ivC* should
be replaced byivL* 1R* and ivC* 1G* , respectively.
Using a similar substitution in the acoustic equations
complex wave number and wave impedance can be
pressed as

g5k1 ik5A~ ivLac* 1Rac* !~ ivCac* 1Gac* !, ~42!

Z05A ivLac* 1Rac*

ivCac* 1Gac*
. ~43!

The dimensionless viscous and thermal loss factors
be written as follows:

Rac*

vLac*
5

1

r
A2v

v
,

Gac*

vCac*
5~s21!

1

r
A2m

v
, ~44!

wherev, m, and r are the kinematic viscosity and therm
diffusivity of the gas and the radius of the pipe, respective

Since other loss components may also be import
such as the volume losses in the pipe and the energy tr
ferred to wall vibrations, the above expressions cannot de
mine the loss of the pipe accurately.

In the case of small losses their effect on the acou
wave impedance can be neglected and the acoustic w
impedance can be approximated by the real quantity give
Eq. ~38!. In order to describe the attenuation of the acous
wave during propagation the acoustic wave number, h
ever, must be complex.

The relation between the input and output sound pr
sures and volume velocities for a pipe with uniform cro
section can be represented by the impedance, admitta
and transfer~chain! matrices46 as follows:
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S p1

p2
D5S Z0 cothg l

Z0

sinhg l

Z0

sinhg l
Z0 cothg l

D S u1

2u2
D , ~45!

S u1

2u2
D5S cothg l

Z0

1

Z0 sinhg l

1

Z0 sinhg l

cothg l

Z0

D S p1

p2
D , ~46!

S p1

u1
D5S coshg l Z0 sinhg l

sinhg l

Z0
coshg l D S p2

u2
D , ~47!

where the indices 1 and 2 denote the input and output of
pipe, respectively. The direction of the volume flow was ch
sen in accordance with the convention of network theo
i.e., the impedance and admittance matrices are defined
flow directions into the pipe, while in the chain matrix th
flow is directed inward at the input and outward at the o
put, allowing the connection of several four poles~pipes! in
a chain. In this particular case, which is very important
practical applications, the chain matrix of the entire chain
given by the product of the chain matrices of the elemen
On the other hand, impedance~admittance! matrices are pre-
ferred, if the inputs of two or more elements are connecte
series~parallel!.

The equivalent electric circuits~p and T networks! of a
pipe with lengthl and cross sectionS can be seen in Fig. 7
where Z05rc/S is the wave impedance of the pipe. Bo
circuits can completely describe the pipe as an acou
waveguide. Thep network is preferred when the input
of two or more pipes are connected in parallel, while a
network representation is better for serially connec
waveguides.

If the acoustic four-pole network is terminated at t
output by a load impedanceZT , the remaining two pole can
be represented by a single impedance, called input imp
ance. The input impedance of a pipe of lengthl terminated
by ZT can be determined from Eq.~47! as

Zin5Z0

ZT coshg l 1Z0 sinhg l

Z0 coshg l 1ZT sinhg l
. ~48!

~Note that the input impedance of a pipe of arbitrary leng
terminated byZ0 always equalsZ0 .! This expression is also

FIG. 7. Two equivalent electric circuits that can be used for a comp
description of a pipe as an acoustic waveguide. Thep network is better
when the inputs of two or more pipes are connected in parallel, while
T-network representation is preferred for serially connected waveguide
IP license or copyright, see http://rsi.aip.org/rsi/copyright.jsp
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suitable for calculating the input impedance of a chain co
posed of pipes having different lengths and diameters.
input impedance of the last pipe should be calculated fi
taking into account the terminating impedance at the end
this pipe. Then this value should be used as the termina
impedance to calculate the input impedance of the nex
last pipe and so on. Thus, the input impedance of a ch
containing an arbitrary number of pipe elements can be
culated by using a simple loop in a computer program. Si
larly, the sound signal appearing at the output of the ch
can be transformed into the input or vice versa.

The input impedances of an open (ZT50) and a closed
(ZT5`) pipe are given by Zin5Z0 tanhgl and Zin

5Z0 cothgl, respectively. Resonances occur when the va
of the imaginary part ofZin equals zero, i.e., at the roots o
the functions tankl and cotkl, respectively. Sincek>v/c,
the resonance frequencies for open and closed ends ca
expressed as

f n5n
c

2l
, n51,2,3,....,

~49!

f 2m215~2m21!
c

4l
, m51,2,3,....

These expressions are similar to Eq.~3!, but no end correc-
tion terms appear here.

According to Eq.~39! the sound field in the pipes i
given as the sum of two counterpropagating plane wav
These waves can be regarded as an incident wave a
reflected one. The reflection coefficient can be defined a

R5
ZT2Z0

ZT1Z0
. ~50!

For an open endZT!Z0 , thus the reflection coefficien
is R'21, while for a closed end (ZT!Z0) the reflection
coefficient isR'11. This means that the sound pressure
reflected with the opposite phase from an open end and
the same phase from a closed end. The reflection coeffic
at the boundary of two adjoining semi-infinite pipes can
written as

R5

rc

S2
2

rc

S1

rc

S2
1

rc

S1

5
S12S2

S11S2
, ~51!

which indicates that the sound is reflected by every sud
cross section change. If the acoustic resonator tube is pl
between two wide cylinders~buffers!, the sound field will be
reflected back to the resonator very effectively.

Unfortunately, the one-dimensional model cannot d
scribe three-dimensional effects, such as sound radiatio
the pipe end into the buffer volume. Therefore, an end c
rection is not included in the distributed acoustic netwo
model and resonance frequencies and reflection coeffici
of the pipe cannot be determined accurately by this mo
Better results can be obtained using the following correct
impedance:35
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DZ5
rc

Sopening
@a~kr !21 ib~kr !#, ~52!

whereSopening denotes the area of the actual opening at
pipe end~it may differ from the inner cross sectionS of the
pipe!, r is the equivalent radius of the pipe~r 52
3volume/area of the pipe wall for noncylindrical pipes!, and
a'0.25 andb'0.6 are numerical parameters. Their valu
depend on the geometry of the pipe opening, but the va
given above ensure sufficient accuracy in practical appl
tions.

In this case the wave impedancerc/S2 should be re-
placed byrc/S21DZ, or, more generally,DZ should be
added to the terminating impedanceZT . If S2 increases, the
impedance at the end of the pipe will approachDZ instead of
zero.

Note that the one-dimensional model can be used o
for frequencies below the cutoff frequency of the pipe, whi
is defined as the lowest transversal resonance frequenc
the pipe. Its value for a pipe of radiusr is defined by the
expression35

vcutoff

c
r 51.84.

For a complex photoacoustic cell the equivalent radius of
buffer element with the largest cross section should be u
to determine the cutoff frequency. One-dimensional mod
ing of the whole PA cell is possible only if the resonan
frequency of the resonator is smaller than the cutoff f
quency.

The main advantage of the application of the equival
electric network is that PA signal generation can be qu
easily included in the model. In this case a term describ
the PA signal should be added to Eq.~33!,

]p

]t
1

rc2

S

]u

]x
5~s21!H. ~53!

The PA signal in a pipe can be determined by solvi
Eqs.~34! and~53! simultaneously. This solution can then b
used to determine the PA signal in a complex PA cell. T
main steps of such a calculation can be explained wit
model containing two pipe elements~pipe 1 and pipe 2! with
different diameters. The goal is to determine the sound sig
at the output of pipe 2. It is assumed that some kind
acoustic signal~e.g., external noise, window signal, etc.! is
present in the input of pipe 1. This input signal (p11) will be
transformed to the output by the chain matrix of pipe 1. T
next step is the calculation of the sound pressure (p12) at the
output of pipe 1 as the sum of two components, namely,
value of the solution of Eq.~53! at the output of pipe 1 and
the transformed value of the input signal. Nowp12 will be
used as the input signal of pipe 2 and will be transformed
the output by the chain matrix of pipe 2. The resulting outp
pressurep22 will be obtained by adding the local value of th
solution of Eq.~53! for pipe 2.

The above method can also be applied to determine
microphone signal in PA cells with complicated geometri
The calculation procedure should be started at the input~s! of
the PA cell ~window or gas inlet, or both! and should be
IP license or copyright, see http://rsi.aip.org/rsi/copyright.jsp
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repeated until the microphone has arrived. The same pr
dure must be carried out for the other half of the PA cell, a
both contributions should be added to obtain the PA signa
the microphone position.

It is beyond the scope of this review to give all details
such a calculation. In fact, it is more complicated than o
lined above, because several sources~window absorption,
external noise! and different losses have to be taken in
consideration. However, the calculation can be easily p
formed on a PC. A PA signal calculation based on the e
tric circuit analogy was reported as early as 1990.10 Com-
puter simulations of PA cells composed of pipe eleme
with different cross sections were introduced in 1992.43

Although one-dimensional modeling of PA cells is ve
efficient and can be used for the analysis of complicated
geometries, it is difficult to extract information on the sen
tivity of different PA resonators, because the sensitivity c
not be expressed in closed analytical form. Therefore,
sensitivity of pipe resonators will be discussed and compa
with other resonators by using the serial expansion mo
applied before to cavity resonators.

VI. SENSITIVITY OF RESONANT PHOTOACOUSTIC
DETECTION

A. Setup constant

The PA amplitude generated in an acoustic resonato
given by Eqs.~13!, ~20!, and~25! ~the last applies to pulse
excitation!. Although these expressions are valid in princip
only for high-Q resonators, they may also be used to e
mate the sensitivity of PA resonators with medium qua
factors (10,Q,50). It turns out that the sound pressure
always proportional to the absorption coefficienta and the
laser powerWL ~or pulse energyEL in pulsed photoacous
tics!, and it is inversely proportional to an effective cro
section defined by the ratioVcell /L. In the case of modulated
PAS the signal is in addition inversely proportional to t
modulation frequency and proportional to theQ factor of the
resonance.

The sensitivity of a PA resonator to the pressure at
resonance frequencyvn of the nth eigenmode can be repre
sented by the setup constantCn (vn) defined above:

Cn~vn!5
p~vn!

aWL
5

~s21!LFnpn~r M !

Vcell

Qn

vn
. ~54!

The units ofCn are given in Pa cm/W based on the usu
dimensions ofp, a, andWL . When the spatial dimension
are specified in centimeters and the frequency in hertz,
setup constant~in units of Pa cm/W! can be calculated from
the data of the resonator as follows:

Cn~vn!FPa cm

W G5106
~s21!LFnpn~r M !

VcellDvn
. ~55!

Here Dvn5vn /Qn is 2p times the half width~FWHM! of
the resonance profile. Equation~55! clearly shows that the
setup constant of an acoustic resonator depends criticall
the effective resonator cross section and on the half widt
the resonance. The values ofFn andpn(r M) are usually close
to unity, and therefore the setup constant of a mediumQ
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resonator with 1 cm2 effective cross section and;20– 50 Hz
FWHM is expected to be in the 103 Pa cm/W range, while a
resonator optimized for high-Q performance~effective cross
section;80 cm2, Q;1000! has a setup constant of abo
200 Pa cm/W.

The setup constant of the same eigenmode for pu
excitation can be defined as

Kn5
p

aEL
5

~s21!LFnpn~r M !

Vcell
. ~56!

The units ofKn are given in Pa cm/J. The setup constant
the same setup but for modulated excitation can be writte

Cn~vn!5Kn

Qn

vn
5

Kn

Dvn
. ~57!

The possibilities for improving the setup constant
acoustic resonators are limited. Let us consider Eq.~54! in
more detail. The terms21 depends only on the gas in
volved, which is normally air in trace gas measuremen
Therefore, we finds2150.4. The factorFn should be cal-
culated for the specific arrangement, taking into account
location and intensity distribution of the laser beam and
mode pattern of the particular eigenmode selected for
detection. This factor must be optimized, but the optimu
values will be close to unity. The value ofpn(r M) is unity, if
the microphone is placed at the antinode of an eigenmo
This, of course, is not always possible, but a value in
range between 0.5 and 1 can usually be obtained. Thus
only parameter that really can be changed in a larger rang
the effective cross section of the cell. A reduction of the c
diameter will increase the setup constant. A lower limit is
by the diameter and divergence of the laser beam emplo
The setup constant for modulated measurements is inver
proportional to the FWHM value of the resonance profi
Unfortunately, the half width cannot be reduced indefinite
because it scales approximately with the surface-to-volu
ratio of the resonator. As the cross section of the cel
reduced, the surface-to-volume ratio increases. Therefor
is impossible to realize small cross sections and a sm
bandwidth~high Q! simultaneously. The smallest diamet
used in practical PA systems is several millimeters, the la
est about 10 cm.

If the eigenfrequencies and the acoustic eigenmode
terns can be calculated analytically, and the laser beam
ometry is also known,Kn can be calculated fairly accurately
The determination ofCn(vn) requires the measurement o
the FWHM of the acoustic resonance. This can be done
acoustic excitation. Thus, the setup constants of the
quently used acoustic resonator types can be determ
without using calibrated gas mixtures and/or calibrated
crophones for both pulsed and modulated excitation with
procedure.

Setup constants expressed in V cm/W units can be
found in the PA literature. In this case the setup constantCn

is multiplied by the responsivity of the microphone given
V/Pa units. However, this kind of setup constant, as a ch
acteristic of the PA cell, can be used only if a calibrat
microphone is available.
IP license or copyright, see http://rsi.aip.org/rsi/copyright.jsp
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It can be stated that the PA resonators presently use
several research groups are close to optimal. Differences
be found; nevertheless, in the designs of the PA detec
and in the methods used for measuring the PA signal.

B. Noise

Noise plays an important role in all photoacoustic me
surements and is of particular importance in the detection
ultralow gas concentrations, because the noise level lim
the ultimate sensitivity. In the photoacoustic literature t
detection level is usually defined by the SNR, where
noise is given by the microphone signal measured with
laser light blocked. However, when light hits the PA cell
additional background signal is generated which exists e
when the absorbing species are not present in the dete
This background signal is often larger than the noise sig
and therefore the detection limit or sensitivity has to be
fined by the signal-to-background ratio~SBR! in most ex-
periments. Only the fluctuating part of the backgrou
should be considered in the SBR, because the constant
can be subtracted. Unfortunately, it is common practice
consider only the SNR. This procedure yields an extra
lated detection limit that may be considerably too small.

The noise level is determined by the microphone and
detection electronics employed. In addition external envir
mental noise sources may play an important role, for
ample, the laser used for excitation can disturb the pho
coustic measurement substantially.

The background signal is usually determined with a n
absorbing gas, such as nitrogen, in the PA detector. I
influenced by many system properties, such as the poin
stability, the divergence, and the diameter of the laser be
Besides the quality of the laser source the construction of
PA cell is another important factor. For example, the cle
liness and optical absorption of the entrance and exit w
dows can dramatically influence the background signal. T
diameter of a pipe resonator cannot be reduced too m
since it has to be selected according to the divergence o
laser beam to avoid scattering of laser light at the cell w
or even at the microphone. Impurities in the gas, which
sorb the laser radiation, also make a contribution to the ba
ground signal. The background signal is expected to be m
larger for pulsed laser excitation than for modulated ope
tion.

Because of these dominating noise and background
nals the ultimate theoretical noise limit, which is due to t
pressure transducer and stems from the Brownian motio
the sample gas molecules, cannot be reached.

C. Loss mechanisms

The energy accumulation attainable in the standing w
of a resonant cavity is many times larger than the energy
occurring during a single period of an acoustic oscillatio
This acoustic amplification effect is limited, howeve
by various dissipation processes. The first detailed discus
of these dissipation effects observed in a closed cavity
given in Ref. 7. In order to compare theory and expe
ment the resonance frequency and half width were meas
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and compared with model calculations. Good agreement
obtained for high quality spherical and cylindric
resonators.32,47

The losses can be divided into surface effects and vo
metric effects. The surface losses are due to the interactio
the standing wave with the internal resonator surface
may be subdivided into the following dissipation process

~1! viscous and thermal dissipation inside the boundary l
ers at the smooth internal surfaces;

~2! losses due to wave scattering at surface obstructions
as the gas inlet, microphone, and windows;

~3! compliance of the chamber walls;
~4! dissipation at the microphone diaphragm.

In a carefully designed high quality resonator, the co
tribution of the last three processes can be kept small.
main contribution is caused by the viscous and therm
boundary layer losses. Throughout the major portion of
resonator volume the expansion and contraction of the
occur adiabatically. Near the walls, however, the process
comes isothermal. This leads to heat conduction within
transition region~thermal boundary layer!, which is respon-
sible for the thermal dissipation process. The viscous di
pation can be explained by the boundary conditions impo
by the walls. At the surface, the tangential component of
acoustic velocity is zero, whereas in the interior of the cav
it is proportional to the gradient of the acoustic pressu
Thus, viscoelastic dissipation occurs in the transition regi
which is called the viscous boundary layer.

In a spherical resonator no viscous surface losses ap
for radial modes. This advantage and the favorable surfa
to-volume ratio make the sphere a superior resonator c
pared to a cylinder. Very highQ factors~2000–10 000! can
be achieved for carefully constructed spheres.48,49Very good
agreement with measured half widths of radial modes
been obtained by taking into account the thermal bound
losses and a small loss coming from free-space viscous
thermal dissipation. On the other hand, the description
laser excitation in a spherical resonator is more complica
than for one with cylindrical symmetry.40

The volumetric or bulk losses are caused by proces
that tend to establish equilibrium in the propagating wave35

These damping processes are

~1! free space viscous and thermal losses,
~2! relaxation effects,
~3! diffusion effects,
~4! radiation effects.

Friction due to compressional motion and transformat
of organized energy into heat due to temperature gradi
are responsible for the free-space viscous and thermal los
These two processes are often called Stokes–Kirch
losses and play only a minor role compared to bound
layer losses. Diffusion effects are normally negligible, b
molecular relaxation processes can make significant co
butions in a limited pressure region which is given by thept
value, wheret is the relaxation time. In this pressure regio
an accurate determination of the corresponding relaxa
IP license or copyright, see http://rsi.aip.org/rsi/copyright.jsp
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time is possible from the resulting dispersion of the re
nance frequency and the strong broadening of the acou
resonance profile.50

Radiation losses are negligible for completely clos
cavity resonators because of the nearly perfect reflectio
the sound at the walls. On the other hand, radiation los
through openings, for example, pipes connecting the res
tor to buffer volumes, cannot be neglected. The radiat
losses can be reduced by increasing the acoustic input
pedance of the openings.30 This is achieved by terminating
the cavity resonator at the openings with acoustic band-
filters, which prevent the sound from escaping from the re
nator. In the case of one-dimensional acoustic resonator
diation is usually the dominating loss mechanism, which
ways has to be taken into account.

VII. OPTIMUM DESIGN OF RESONANT DETECTION
SYSTEMS FOR TRACE GAS ANALYSIS

A. General requirements

In trace gas analysis usually small concentrations
below 100 ppm are detected. If it is assumed that absorp
follows the Beer–Lambert law the light intensity decreas
in the PA detector asI 5I 0 exp(2ax), wherex is the optical
path length. In the case of small absorption the fractio
absorption in the detector is given asaL, whereL is the
length of the optical path within the detector. Taking in
account typical values for the absorption coefficients of
species to be measured (0.01– 10 cm21) and realistic diam-
eters of the PA cells (;1 – 10 cm), the fractional absorptio
is very small (;1023– 1027), which means less than 0.1%
of the incident laser power. Often the windows of the P
detector and the adsorbates at their surfaces may ab
more light. Even the amount of light scattered by imperfe
tions of the windows and by the inner walls of the detec
because of low beam quality may exceed the amount
sorbed by the species to be monitored. Therefore, a cohe
background generated by window absorption and light s
tering is always present in the PA detector. Effective s
pression of this background is the most important requ
ment for a sensitive PA detector. As shown in Eqs.~13! and
~14!, the sound pressure generated by the modulated PA
fect is proportional to the product of the absorption coe
cient and the laser power. Since the power of the availa
laser sources is typically between 1 mW~diode lasers! and 1
W ~CO2 and CO lasers!, the generated sound pressure
usually smaller than 1 Pa. In the case of NIR diode las
where overtones or combination bands are excited, the t
cal values are 1023– 1026 Pa. By considering that the ave
age noise amplitude@root mean square~rms!, broadband# in
a laboratory corresponds to 1023– 1022 Pa, very good
acoustic isolation of the PA cell is required.

The measurement of such small sound pressures req
high standards for the microphones such as high respon
ity, low noise characteristics, and a small size~and for prac-
tical applications also a low price!. Since the responsivity o
condenser and electret microphones is about 10–100 mV
PA signal levels in the nanovolt–microvolt range must
measured. Therefore, low noise microphones and mi
Downloaded 23 Sep 2005 to 147.142.186.54. Redistribution subject to A
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phone preamplifiers are necessary and particular atten
must be paid to the connections between the cell and
amplifier. Although high-quality condenser microphones
fer the best noise performance, they are rarely used in p
toacoustic gas detection because of their large size, lo
robustness, and relatively high price. The most common
crophones employed are miniature electret devices de
oped originally as hearing aids~for example, different types
supplied by Knowles Electronics Inc. and Sennhei
GmbH!.

The general requirements for PA detectors can be s
marized as follows:

~1! good background suppression;
~2! good acoustic and vibrational isolation;
~3! microphone with high responsivity;
~4! low noise electronics;
~5! good electronic isolation~no ground loops, prope

shielding!.

Since noise sources~intrinsic noise of the microphone
amplifier noise, external acoustic noise! have nearly a 1/f
frequency dependence, low modulation frequencies sho
be avoided in PA trace detection. In order to minimize t
noise, modulation frequencies in the 1–5 kHz frequency
gion are recommended. The signal loss due to the hig
modulation frequency can be compensated for by using re
nant cells with a reasonableQ factor.

PA detectors generally can be used for both modula
and pulsed excitation, but the requirements for optimal
tection are different in the two cases. A comprehensive d
cussion of microphone selection criteria in conjunction w
pulsed PAS can be found elsewhere.51

The sensitivity of the PA detector can be increased
employing a microphone array instead of one single mic
phone device. This configuration has been demonstrate
enhancing the detection sensitivity considerably.52

B. Design principles of PA detectors

The main question to be answered before the most s
able design of a PA detector can be found is,Which species
have to be detected in which concentration range?The next
question is,Which laser source is available to detect th
given species in the given concentration region?

To answer these questions laser sources and absor
bands of the species have to be selected. The product o
available laser power and the minimum measurable abs
tion coefficient can be used to represent the sensitivity of
PA detector. This quantity can be determined by using
value of the setup constantC(vn) given in Eq.~54!:

aminWL5
pmin

C~vn!
, ~58!

wherepmin is the minimum detectable PA signal. Assumin
that the setup constantC(vn) of the resonator is alread
optimized, the easiest way to improveamin is to select a
stronger laser line or a laser with higher power. If such
laser is not available, further improvement can be achie
only by pushing down the detection limit of the PA signa
IP license or copyright, see http://rsi.aip.org/rsi/copyright.jsp
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This can be done by using PA cells, microphones, and e
tronics designed for low noise performance and by apply
more sophisticated data acquisition and evaluation te
niques. The noise of the measurement can be reduce
using state-of-the-art~and therefore very expensive! lock-in
amplifiers, and/or by using longer time averaging~the noise
decreases with the square root of the averaging time!, with
the expense of longer measurement times. Effective n
reduction can be achieved also by analog/digital convers
synchronized to the modulation frequency.

The value ofpmin can be determined by dividing th
minimum detectable microphone signalUmin by the respon-
sivity Smic of the microphone. This means, the micropho
responsivity must be known to estimate the absorption s
sitivity of the PA detector. Therefore, it is recommended t
one applies calibrated microphones for PA trace gas m
surements. Then the PA sensitivity can be calculated as
lows:

aminWL5
Umin

C~vn!Smic
. ~59!

The minimum detectable microphone signalUmin can be de-
termined experimentally. Both, the background signal a
the noise should be measured, and the larger one shou
regarded as the detection limit at SNR51 or SBR51. A
more realistic detection limit for gas detection can be defin
as SNR53 or SBR53.

The value ofUmin depends on several factors. In additio
to the intrinsic noise of the microphone, preamplifier noi
gas flow noise, and acoustic and electronic noise from
environment, the background generated by the windows
scattered light may play an important role. The performa
of the acoustic resonators applied in photoacoustics are
most optimal in many cases. On the other hand, howe
noise and background levels of the PA detector could o
be further decreased by proper detector design and sop
cated methods of data collection and processing. For
ample, the noise and background levels of a differential
detector described previously17 are in the 100 nV–1mV
range~for a 1 stime constant!. These values can be reduce
by an order of magnitude using state-of-the-art methods
measurement and data evaluation. If the average respons
of 100 mV/Pa of the microphone is taken into account,
minimum detectable sound pressurepmin is about
1025– 1027 Pa. With a setup constant of 1750 Pa cm/W t
value of the minimum detectable absorption coefficient c
be estimated asamin'531029– 5310211/WL . Assuming
10 mW modulated light power a minimum detectable a
sorption coefficient ofamin'531027– 531029 cm21 can be
obtained. If fundamental vibration bands are excited~for ex-
ample, of hydrocarbons in the 3mm range!, sub-ppbV con-
centrations can be detected.

VIII. APPLICATION OF RESONATORS IN
PHOTOACOUSTIC TRACE ANALYSIS

A. Complete photoacoustic gas detection system

The main parts of a complete photoacoustic system
shown schematically in Fig. 8. The laser radiation pas
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through the PA cell and enters a power monitor. Continuo
wave laser radiation is modulated by a mechanical chop
an electro-optic device, or, as in the case of diode lasers
diode current is modulated directly. Pulsed lasers can
used for broadband acoustic excitation. The excited so
waves are detected by an electret or condenser microph
with a responsivity in the 1–100 mV/Pa range. The mic
phone signal is measured by a lock-in amplifier or it is di
tized and evaluated directly with a PC. In some cases a
ond, so-called ‘‘reference,’’ PA cell is used that contains
relatively high but known concentration of the gas comp
nent to be measured. The signal of this reference cell ca
used for tuning the laser wavelength to the maximum of
absorption line. With this arrangement the effects of la
power fluctuations can be eliminated from the PA signal
measuring the ratio of the signals of the detection and re
ence cells.

The PA cell itself consists of windows, gas inlets a
outlets, a microphone~s!, and an acoustic resonator~s!. Ad-
vanced PA cells also contain an acoustic filter to suppress
flow and window noise. Both high-Q and low-Q resonators
can be applied. Since high-Q and low-Q resonators are use
for quite different purposes, they will be treated separate

B. High- Q resonators

Cavity resonators with cross-sectional dimensions in
range of several centimeters usually have high-Q eigen-
modes. The value of theQ factor is normally around 100, bu
a value ofQ51000 has been reported41 for the first radial
mode of a nearly perfect cylinder with carefully polishe
inner surfaces. As mentioned before, even higherQ factors
can be realized with a spherical resonator~2000–10 000!.
Such devices have been used for acoustic precision mea
ments of the universal gas constant.48,49

Since relaxation processes in the gas influence the ac
tic losses and the sound velocity, the dispersion of the re
nance frequency and the broadening of the half width of
resonance profile can be used for accurate measuremen
vibrational and rotational relaxation times in the frequen
domain.50,53The same technique has been employed to st
the chemical relaxation of systems such as N2O452NO2,54

FIG. 8. Typical photoacoustic setup for modulated PA measurements.
cw laser radiation is chopped and transmitted through the cylindrical re
nator to excite radial or longitudinal modes. The acoustic signal is meas
with a microphone and processed by a lock-in amplifier and a PC.
IP license or copyright, see http://rsi.aip.org/rsi/copyright.jsp
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the chemical relaxation of hydrogen bonds and the dynam
of hydrogen bond formation in dimeric formic acid,55 and
other aliphatic carboxylic acids56 in the frequency domain.

High-Q acoustic resonators have also frequently be
used for trace gas measurements. The first PA gas dete
investigated were simple cylinders equipped with windo
and gas inlets and outlets. But windows attached directly
the cylinder surface produce a significant background sig
Therefore, more sophisticated PA detectors have been
structed recently. In these never detectors the windows
separated from the resonator by pipes and/or buffer volu
~see Fig. 2!. This solution was applied, for example, in th
mobile CO2 system.9,57

Different configurations for laser excitation of cylindr
cal resonators have been applied in photoacoustic detec
for example, to excite the first~010! and second~020! azi-
muthal modes, the first radial mode~100!, and the mixed
radial-longitudinal~102! mode ~see Fig. 3!. Since the rela-
tively large cylindrical cells have lower sensitivity, they we
mostly used together with high-power gas lasers such as2
lasers.

An open PA detector based on a cylindrical resona
combined with band-rejecting acoustic filters has be
proposed.30 Since the acoustic filters have excellent no
suppression around the selected resonance, the outside
does not disturb the PA signal. This construction can a
include windows,58 because the background due to the w
dows can be efficiently eliminated by the filters.

A high Q factor can be achieved by keeping the losses
the resonant cavity low. All loss sources should be taken
consideration, including surface and volume losses,
losses through openings, microphones, and other sen
Viscous and thermal losses at the walls can be decreas
some extent by using smooth well polished surfaces. Aco
tic losses through openings can be minimized by us
quarter-wavelength tubes to connect the resonator to exte
buffers.

In the case of very highQ factors (Q.500) losses origi-
nating from the microphone can even influence the value
the Q factor.41 Therefore, miniature microphones with hig
acoustic impedance are strongly recommended for higQ
PA applications.

Unfortunately, high-Q resonators are very sensitive
temperature changes. Since the resonance frequency is
portional to the sound velocity@see Eq.~3!#, the temperature
dependence of the sound velocity is directly mirrored by
resonance frequency. The sound velocity of air has a t
perature coefficient of about 0.18%/°C, thus a frequency
shift d f >0.0018f 03DT is expected for a temperatur
change ofDT °C. Therefore, a fixed modulation frequenc
may deviate byd f from the true resonance frequency. Th
the PA signal will not be excited at the peak of the res
nance, but slightly to one side. Since a detuning from
resonance peak by a quarter of the FWHM results in
;10% drop of the PA signal, the detuning should be sma
than f 0/4Q for 65% signal stability. This stability can b
ensured, if the conditionQ3DT<138 is fulfilled. The cor-
responding condition for PA signal stability of61% can be
written asQ3DT<56. These examples clearly show th
Downloaded 23 Sep 2005 to 147.142.186.54. Redistribution subject to A
cs

n
ors
s
to
l.
n-
re
es

n,

O

r
n

oise
o
-

f
to
d
rs.
to

s-
g
al

f

ro-

e
-

-
e
a
r

t

high-Q photoacoustic resonators are difficult to use in mod
lated photoacoustics without temperature stabilization or
tive tracking of the resonance to adjust the modulation f
quency.

Several solutions to this problem have been report
These include frequency scans of the modulation freque
over the acoustic resonance profile repeated at regular
intervals using PA18,57 or acoustic17 excitation. Monitoring
the temperature and calculating the frequency shift by us
the known temperature dependence of the sound velocity
setting the modulation frequency to the calculated new va
at regular intervals are another possibility.10 Finally an active
resonance tracking method based on an acoustic oscil
operating permanently on a higher eigenmode has b
developed.59 The last system also works well for sudde
changes of temperature and/or gas composition.

The problem of the dependence of the resonance
quency on sound velocity can be elegantly circumvented
using broadband excitation with pulsed laser radiation. Hi
Q resonators are very well qualified for pulsed operatio
because, as mentioned above, the light pulse excites a w
series of decaying sine signals. The Fourier spectrum of
time response is composed of several Lorentzian reson
curves, whose peaks correspond to the actual resonance
quencies, in agreement with the resonance spectra obse
by point-by-point excitation in the frequency domain. Ther
fore, temperature shifts do not play a role in these pul
measurements. It is also possible to design the resonato
a dominant mode by appropriate selection of the position
the laser beam and the location of the microphone at no
of acoustic modes not to be detected. In the ideal case the
signal is essentially a single decaying sine function wh
can be easily distinguished from noise and backgrou
signals.41

A high-Q resonator optimized for the detection of th
first radial mode has been used for an absolute measure
of trace concentrations of ethylene.41,44 Since the PA signal
did not depend on theQ factor of the resonance, the overla
integral Kn and the eigenmode distributionpn(r M) of Eq.

FIG. 9. Comparison of measured and calculated calibration curves.
open squares points give the PA signal strength observed for the 10P14 line
of the CO2 laser and different C2H4 concentrations. The diamond marks th
background signal in pure nitrogen and the open circles signal the maxim
detectable signal. The line represents the calculated signal strength~calcu-
lation of the setup constant!.
IP license or copyright, see http://rsi.aip.org/rsi/copyright.jsp
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~56! could be calculated accurately from the dimensions
the resonator known with high accuracy. The calculation
the signal strength~setup constant! offers a new approach to
determining absolute gas concentrations. The compariso
the measured PA signals of certified ethylene–nitrogen m
tures with the calculated values showed excellent agreem
as can be seen in Fig. 9. The calibration curve is obviou
linear between the maximum signal detectable with the
crophone used and the nitrogen background signal of 0
mV. It is also possible to determine the optical absorpt
coefficient of the absorbing species if the concentration
known, for example, by using a certified gas mixture.

In spite of these advantages, high-Q resonant PA detec
tors also have disadvantages if they are applied in trace
analysis. The reasons for this are that their size is larger, t
sensitivity lower, and their weight higher than that of t
medium- and low-Q PA detectors.

C. Applications of medium- and low- Q resonators

Medium- and low-Q resonators are used frequently
PA detectors built for ultrasensitive trace gas monitorin
Mostly one-dimensional pipe resonators are applied w
resonance frequencies in the 500 Hz–5 kHz region. T
resonator itself is either a closed or an open pipe. Since
open pipe efficiently picks up and amplifies noise from t
environment, it should be surrounded by an enclosure
order to ensure high acoustic reflections at the pipe end
sudden change of the cross section is necessary. There
the resonator pipe should open up into a larger volume o
buffers with a much larger cross section. Such ‘‘organ pip
arrangements have found widespread use in ph
acoustics.60 The buffers can be optimized to minimize flo
noise and/or window signals. An asymmetric buffer config
ration has been tested and successfully applied for supp
ing the window signals.42 More sophisticated PA detector
use adjoining acoustic filters for noise and backgrou
suppression;61 a true differential PA detector has been dev
oped with two identical resonator pipes.17 This construction
will be discussed in more detail below.

Due to their small size, medium-Q PA detectors are suit
able also for intracavity operation. The best PA sensitiv
amin'1.8310210cm21, reported to date has been achiev
by an intracavity PA detector of organ pipe design. T
value corresponds to 6 pptV ethylene concentration in th
given measurement setup.11

PA detectors based on one-dimensional pipe resona
have been optimized for special purposes. A special ‘‘h
pipe’’ design has been used to investigate the PA signa
vapors originating from liquids with low volatility.62 Re-
cently, a heatable PA detector has been applied for mea
ing pentachlorophenol~PCP! contamination of wood.63 This
detector was equipped with band-rejecting acoustic filters
additional noise suppression. The microphone was separ
from the resonant cell by a 200 mm long thin stainless s
tube, thus allowing the PA cell to be heated up to 220 °C

The operation of a multipass PA detector, based on
open acoustic resonator pipe, has been demonstr
recently.57 The laser beam is reflected back and forth b
Downloaded 23 Sep 2005 to 147.142.186.54. Redistribution subject to A
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tween two mirrors placed outside the PA detector. T
acoustic resonator of this detector was a broad pipe withQ
factor of Q'70. In spite of the low sensitivity of the reso
nator itself, the overall sensitivity of the entire detector w
amin'231029 cm21 ~corresponding to 70 pptV ethylene
concentration in the given measurement setup57!, due to the
increased light absorption in the cell.

It should be mentioned that PA detectors can be u
also at reduced pressures. Since the absorption coeffic
increases~due to the decreasing pressure broadening eff!
and the microphone responsivity and theQ factor of the
acoustic resonance decrease, a sensitivity maximum ca
found somewhere.64 The exact pressure providing the max
mum sensitivity depends on the properties of the microph
and on the excited molecular transition, thus no gener
valid expression can be given for determining the maxim
sensitivity. It should be mentioned that the above consid
ations are not valid for line tunable lasers. In that case
effective absorption coefficient may significantly decrease
reduced pressures because the overlap between the lase
absorption line may be degraded due to narrowing of
absorption line.

Open pipes were introduced for PA detection as early
1977,23 and the most sensitive PA detectors known tod
used are based on open resonant pipes.11,17 A closed pipe
excited in its second resonance was introduced in 19845

The banana cell~named after its shape! had two Brewster
windows around the nodal points of the second longitudi
acoustic resonance. Similar cell construction was used
cently for PA detection of aerosols.65

D. Differential photoacoustic detector

The differential PA detector was specifically design
for fast time response, low acoustic and electric noise ch
acteristics, and high sensitivity.17 In order to reduce the flow
noise and external electromagnetic disturbances a fully s
metrical design was developed. Two acoustic resona
~5.5 mm diam tubes! were placed between two band-sto

FIG. 10. Differential PA cell with two resonator tubes, buffer volumes, a
l/4 filters. Two resonant acoustic pipes~5.5 mm diam tubes! were placed
between two acoustic filters. The two similar microphones were place
the middle of each tube. The signal is amplified by a differential amplifi
IP license or copyright, see http://rsi.aip.org/rsi/copyright.jsp
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acoustic filters as shown in Fig. 10. The gas flow pas
through both tubes, producing about the same flow nois
both resonators. However, the laser light irradiates only
of them, thus the PA signal is generated in only one tu
Two microphones~Knowles EK 3029! are placed at the
middle of each tube flush with the wall and their signal
amplified by a differential amplifier. The microphones hav
so-called ‘‘ski-slope’’ frequency characteristic, with respo
sivity decreasing rapidly below 2 kHz. Thus, they are n
sensitive to the dominant low-frequency part of the enviro
mental noise. The selected pair of microphones has the s
responsivity around the acoustic resonance frequency o
tubes of 4 kHz. Thus all noise components that are cohe
in the two tubes are effectively suppressed. The micropho
are isolated from the housing of the detector, which is c
nected electrically to the chassis of the amplifier through
screening of the cable. Three wires, including the comm
signal ground, connect the microphones to the amplifi
Thus, ground loops are completely avoided. Figure 10 p
sents a schematic of this optimized differential cell.

In order to keep the flow noise at a sufficiently low leve
the flow must be in the laminar regime. Another practic
requirement is the time response, which is determined by
exchange rate of the gas sample in the resonant cell. In
dition, a delay occurs because the gas flows from the inle
the resonant cell first through the acoustic filter. In the c
tinuous flow mode a response time of,1 s and a delay of
,10 s are possible. Taking into account the largest dim
sion and the limiting value of the Reynolds number~Re
<2300 for laminar flow! the flow velocity should not excee
1.7 m/s. This value is far too large, since it would give a flo
rate of about 4.8 l/min~large gas consumption!. As an oper-
ating value a flow rate of up to 0.5 l/min has been used. W
this value the maximum flow velocity was about 15 cm/s,
Reynolds number Re,200, and the calculated response tim
t,0.7 s. The response time determined from the rise tim
the PA signal is larger because of mixing of the gas in
buffer volumes of the cell. Nevertheless, the measured
sponse times are below 10 s for nonadsorbing gases. Ads
tion at the walls of the PA cell may increase the respo
time significantly. The crucial problem of adsorption effec
in photoacoustic detection is discussed in de
elsewhere.66–68 Note that the adsorption effect can be effe
tively reduced by using appropriate wall materials and
evated wall temperatures.68

The photoacoustic sensitivity of the differential cell
about aminWL51.031029 W cm21. The actual sensitivity
depends on the instrumentation applied and the data eva
tion method. The above value is the lower limit of the P
sensitivities of the differential cell obtained in measureme
with methane, ethylene, and ammonia using a CO2 laser,
diode lasers, and an external cavity diode laser system.
sensitivity of the PA cell applied in the intracavity measu
ment in Ref. 11 wasaminWL51.831028 W cm21, much
lower than that of the differential cell. Thus, the parts-p
trillion concentration sensitivity reported for ethylene w
achieved mainly by the high intracavity power and the stro
absorption of ethylene and not by an extremely sensitive c
It is worth mentioning that the dynamic range of the P
Downloaded 23 Sep 2005 to 147.142.186.54. Redistribution subject to A
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method is considerably reduced by intracavity operation. O
tical saturation may occur for molecules with high abso
tion cross section11 while uncontrollable signal changes ma
be obtained at higher overall absorption in the PA cell, b
cause the loss of light intensity influences the gain of
laser. This effect may cause erroneous results when
sample concentration changes are large. Therefore, high
sitivity single- and multipass extracavity PA detectors offe
simpler alternative to intracavity devices.

E. Novel tunable light sources

While a state-of-the-art photoacoustic detector with
electret microphone and suitable electronics is relativ
cheap, high power laser sources, such as CO2 lasers, cur-
rently needed to reach the sub-ppbV range, make the setu
too expensive and bulky for many practical applications. T
more versatile single mode distributed feedback~DFB! or
tunable ECDL diode lasers have, unfortunately, the dis
vantage of low power and narrow spectral range, and
restriction that room temperature diodes emit in the N
only. Thus, the availability of suitable laser sources play
fundamental role for the further development of the fie
They control the sensitivity~laser power!, the selectivity
~tuning range!, and the practicability~ease of use, size, cos
and reliability! that can be achieved with the photoacous
technique.

Compared to the previous situation in which the spec
to be detected were selected according to accidental co
dence of their resonances with available laser lines, the s
ation is changing gradually to the point where the specie
be detected can be chosen according to scientific or prac
interest and a suitable laser source with enough power
beam quality can be found for sensitive detection. Tuna
solid-state laser devices especially may soon contribute
further development of the field. Since the power and tun
range of the currently available diode-laser sources, wh
are tunable in the fundamental IR spectral region~quantum
cascade laser!, are still limited, it is very important to choos
the optimal design for the PA detector to reach state-of-t
art performance. The recent realization and further impro
ment of PPLN-OPO devices may provide an opportunity
realize widely tunable pulsed and modulated infrared rad
tion with high pulse energy or power. These devices will
more expensive but may find a niche, where high perf
mance is needed.
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