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Abstract Photoacoustic spectroscopy (PAS) is based on the absorption of electromagnetic radiation by analyte 
molecules. The absorbed energy is measured by detecting pressure fluctuations in the form of sound waves or shock 
pulses. In contrast to conventional absorption spectroscopy (such as UV/Vis spectroscopy), PAS allows the 
determination of absorption coefficients over several orders of magnitude, even in opaque and strongly scattering samples. 
Small absorption coefficients, such as those encountered during trace gas monitoring, can be detected with cells with 
relatively short pathlengths. Furthermore, PA techniques allow absorption spectra of solid samples (including powders, 
chips or large objects) to be determined, and they permit depth profiling of layered systems. These features mean that 
PAS can be used for on-line monitoring in technical processes without the need for sample preparation and to perform 
depth-resolved characterization of industrial products. This article gives an overview on PA excitation and detection 
schemes employed in analytical chemistry, and reviews applications of PAS in process analytical technology and 
characterization of industrial products. 
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1 Introduction 
Photoacoustic spectroscopy (PAS) is based on the 
absorption of electromagnetic radiation by analyte 
molecules. Non-radiative relaxation processes 
(such as collisions with other molecules) lead to 
local warming of the sample matrix. Pressure 
fluctuations are then generated by thermal 
expansion, which can be detected in the form of 
acoustic or ultrasonic waves (see Fig. 1). 
 

 
 
Fig. 1 Principle of excitation, signal generation and 

detection in a photoacoustic experiment. 
 

The photoacoustic effect was discovered by A.G. 
Bell in 1880. He found that thin discs emit sound 
when exposed to a rapidly interrupted beam of 
sunlight [1, 2]. By placing different absorbing 
substances in contact with the ear using a hearing 
tube, he was able to detect absorption in both the 
visible and the invisible regions of the solar 
spectrum. This spectrophone was used in his 
experiments on wireless transmission of sound. 
After additional experiments by Tyndall [3] and 
Röntgen [4], and some initial analytical 
applications in the 1930s and 1940s [5, 6], interest 
in the photoacoustic effect declined over the 
following decades. 
The first applications of the effect to trace gas 
monitoring were reported in the late 1960s and 
early 1970s [7–9]. Important steps leading to this 
rediscovery of the effect for analytical purposes 
were the invention of the laser as an intense light 
source, the development of highly sensitive sound 
detectors (such as condenser microphones and 
piezoelectric transducers), and the first 
comprehensive theoretical description of the 
photoacoustic effect in solids by Rosencwaig and 
Gersho: the so-called RG theory [10]. 
This article gives an overview on PA excitation 
and detection schemes currently employed in 
analytical chemistry, and reviews applications of 
PAS in process analysis (see Table 1) and the 
characterization of industrial products. 

2 PAS features 
Conventional absorption spectroscopy is based on 
excitation by electromagnetic radiation with 
intensity I0 and the measurement of reflected or 
transmitted light intensity I. Thus, the absorbance 
is derived indirectly from transmittance or 
reflectance, whereas in PAS pressure waves are 
detected which are generated directly by the 
absorbed energy. Conventional transmission 
spectroscopy is often hampered by low absorption 
coefficients (I ≈ I0), the opacity of the sample 
(I ≈ 0) and scattering particles. In these cases, the 
use of PAS is advantageous. 
One of the main advantages of PAS is its wide 
dynamic range, allowing the determination of 
absorption coefficients over several orders of 
magnitude. This analytical technique can be 
applied to the measurement of weak absorption 
using PA cells with relatively small pathlengths, 
allowing compact and mobile set-ups. On the 
other hand, dilution is not necessary in most cases 
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when highly absorbing and opaque samples are 
investigated by PAS. It is even possible to 
determine absorption spectra for opaque solids. 
In conventional absorption spectroscopy the signal 
is influenced by both light absorption and 
scattering. Since scattering does not change the 
thermal state of the sample, PA signals are 
generated only by the absorbed fraction of the 
excitation beam. Thus, filtering the sample to 
remove scattering particles is not usually necessary. 
Similar to fluorescence spectroscopy, the signal 
from a photoacoustic experiment depends on the 
incident radiation power. Thus, the sensitivity can 
be tuned to the desired range by choosing an 
appropriate radiation source (for example, a lamp 
versus a laser). Another advantage of PAS is the 
possibility of depth-resolved investigation of solid 
samples. These features are beneficial if on-line 
monitoring of technical processes without sample 
preparation is required, or the depth-resolved 
characterization of industrial products. 
 

3 PAS techniques 
In this section, various schemes for the excitation, 
generation, and detection of PA signals are 
presented. Although, many combinations of these 
schemes are possible, this communication focuses 
on the most common techniques, which are 
summarized in Fig. 2. 

3.1 Excitation 
As mentioned above, the PA effect is based on the 
sample heating produced by optical absorption. In 
order to generate acoustic waves, which can be 
detected by pressure sensitive transducers, periodic 
heating and cooling of the sample is necessary to 
generate pressure fluctuations. In principle, there 
are two ways to realize PA pressure fluctuations: 
modulated and pulsed excitation [11–13]. 
 

 
 
 

 
 
Fig. 2 Most common combinations of excitation and signal generation in photoacoustic spectroscopy. 
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3.1.1 Modulated excitation 
In modulated excitation schemes, radiation 
sources are employed whose intensity fluctuates 
periodically in the form of a square or a sine wave, 
resulting in a 50% duty cycle. This can be realized 
for example by the mechanical chopping of a light 
source. A way to overcome the 50% duty cycle is 
to modulate the phase instead of the amplitude of 
the emitted radiation. Whereas chopped or 
modulated lamps or IR sources from commercial 
spectrometers are used for the determination of 
UV/Vis or IR absorption spectra of opaque solids, 
modulated continuous wave (cw) lasers are the 
most common sources for PA gas phase analysis. 
The modulation frequencies usually range from a 
few Hz up to several kHz. The resulting pressure 
fluctuations generate sound waves in the audible 
range, which can be detected by microphones in 
the gas phase. Data analysis is performed in the 
frequency domain. Therefore, lock-in amplifiers 
are used for signal recording, which allows the 
analysis of both the amplitude and the phase of 
the sound wave. Since the acoustic propagation 
during the relatively long illumination period is 
much larger than the dimensions of the sample in 
most cases, boundary conditions have to be taken 
into account. This means that eigenmodes of the 
PA cell play an important role. This fact can be 
utilized for signal enhancement by acoustic 
resonance. Thus, acoustic resonance curves must 
be considered in PA cell design. In solid samples, 
tuning of the modulation frequency allows depth-
resolved investigations (see Sect. 3.2.3). 

3.1.2 Pulsed excitation 
In pulsed PAS, laser pulses with durations in the 
nanosecond range are usually employed for 
excitation. Since the repetition rates are in the 
range of a few Hz, the result is a short illumination 
followed by a much longer dark period: a low duty 
cycle. This leads to a fast and adiabatic thermal 
expansion of the sample medium resulting in a 
short shock pulse. Data analysis in this case is 
performed in the time domain. Therefore, the 
signal is recorded by oscilloscopes, boxcar 
systems, or fast A/D converters. Transformation 
of the signal pulse into the frequency domain 
results in a wide spectrum of acoustic frequencies 

up to the ultrasonic range. Thus, laser beams 
modulated in the form of a sine wave excite one 
single acoustic frequency, whereas short laser 
pulses are broadband acoustic sources. In solid 
samples, analysis of the time delay between laser 
pulse and pressure detection allows depth 
profiling, as explained in Sect. 3.2.2. 

3.2 Signal generation 
Induction of an acoustic wave by modulated or 
pulsed irradiation inside a gaseous, liquid or solid 
sample is termed direct PA generation. Here, 
detection takes place inside or at an interface of 
the sample (see Sects. 3.2.1 and 3.2.2). In indirect 
PA generation, heat is generated by modulated 
illumination inside a solid or liquid sample and 
transported to an interface. Subsequently, sound 
waves are generated and detected in the gas phase 
adjacent to the sample (see Sect. 3.2.3) [13]. 

3.2.1 Direct PA generation in gases 
Chopped cw lasers or modulated laser diodes are 
employed for the modulated excitation of PA 
signals in gases. The modulated laser beam 
irradiates the gaseous sample inside a (usually 
cylindrical) PA cell, and sound waves with an 
acoustic frequency defined by the modulation 
frequency of the laser can be detected using 
microphones [14–16]. The signal amplitude can be 
described by 
 

aWFp µ0=   (1) 
 
where W0 is the incident radiation power and a is 
the absorption coefficient of the sample. The 
proportionality factor F is termed the cell 
constant. Figure 3 depicts the principal set-up of a 
PA cell for gas phase analysis. 
In the so-called non-resonant mode, the 
modulation frequency is much lower than the first 
acoustic resonance frequency of the PA cell. In 
this case, the wavelength of the generated acoustic 
wave is larger than the cell dimensions. Thus, the 
generation of standing acoustic waves is not 
possible. 
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Fig. 3 Set-up of a photoacoustic cell for gas phase analysis. 
 
 
The cell constant F is [17, 18] 
 

( )
V
LGF

ω
γ 1−=   (2) 

 
Here, G is a geometric factor of the order of one, γ 
is the adiabatic coefficient of the gas, L and V are 
the length and the volume of the cell, and ω = 2πν 
the modulation frequency. The PA signal is 
indirectly proportional to the modulation 
frequency and the cross-section V/L of the cell. 
Thus, the signal increases with decreasing cell 
dimensions and modulation frequency. As the 
noise increases with a decrease in these 
parameters, there is a maximum in the S/N ratio 
for a certain combination of cell size and 
modulation frequency [19]. 
With increasing modulation frequency, at a certain 
point the acoustic wavelength reaches the cell 
dimensions, and the resonant eigenmodes of the 
cell can be excited, leading to an amplification of 
the signal [20–23]. Resonance properties mainly 
depend upon the geometry and size of the cavity. 
The modulation frequency is tuned to one of the 
eigenfrequencies of the cell and thus the signal is 
amplified by a quality factor Qi resulting in a cell 
constant Fres of [18, 19]: 
 

( )
V

C
QF

i

i
ires ω

γ 1−
=   (3) 

 

where Ci denotes a factor that depends on the 
positions of the laser beam and the microphone 
relative to the pressure distribution in the cell. The 
index i indicates that Q and C are parameters 
describing the i th eigenmode of the cell. The 
quality factor can be described as the ratio between 
the accumulated energy in the resonator and the 
energy loss per cycle [17]. Signal amplification by 
the Q-factor can reach 103. In resonant cells with 
high quality factors, the resonance profile becomes 
narrow and small drifts of modulation frequency 
or speed of sound in the gas mixture cause strong 
changes in Q. Therefore, moderate Q-factors are 
preferred in many applications [19, 20]. 
As mentioned in Sect. 3.1.2, pulsed excitation leads 
to broadband generation of various acoustic 
frequencies. Thus, in gas phase analysis by pulsed 
laser PAS, all eigenmodes of the cell can be excited 
simultaneously. The cell design is usually 
optimized to the excitation of one selected 
eigenmode, which is well separated from the 
neighboring ones. In this case, each laser pulse 
generates an exponentially decaying sine wave 
whose amplitude can be described by [19]: 
 

( )
aE

V
Cp µγ

0
1−

=   (4) 

 
Here, E0 is the laser pulse energy. Note that the 
PA signal amplitude does not depend on Q-factor, 
modulation frequency or repetition rate. Thus, the 
signal does not depend on the speed of sound in 
the cell. In this case, the cell constant depends only 
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on the geometrical properties of the PA cell. If the 
signal is dominated by one eigenmode and the 
contributions of other eigenmodes can be 
neglected, cell constants can be calculated that are 
in good agreement with experimental results. 
Pulsed laser PAS can therefore be applied to 
absolute absorption measurements in gases [24]. 

3.2.2 Direct PA generation in liquids 
and solids 

In condensed matter, short laser pulses are used 
for direct PA generation. The short illumination 
with relatively high peak power leads to an 
instantaneous adiabatic expansion of the medium, 
generating pressure pulses that propagate through 
the sample at the speed of sound. These ultrasonic 
pulses can be detected directly at a boundary of 
the sample by piezoelectric transducers or optical 
methods (see Sect. 3.3) [25]. As in other PA 
techniques, the signal amplitude depends linearly 
on the excitation energy and the absorption 
coefficient of the sample, and they can be 
described by [13, 26–28]: 
 

a
p

E
C
cp µβ

0

2

∝  (5) 

 
where β, c and Cp denote the sample’s thermal 
expansion coefficient, speed of sound, and heat 
capacity, respectively. If the signal in pulsed PAS is 
recorded time-resolved, the time delay t between 
laser pulse and pressure detection can be 
determined, which represents the propagation time 
of the ultrasonic pulse through the sample. Thus, 
the depth z of an absorbing object inside the 
sample can be calculated simply as follows [26–
28]: 
 

tcz =  (6) 
 
Equation 6 corresponds to the principle of 
ultrasonic tomography. It should be pointed out 
that in ultrasonic tomography, reflections of 
pressure waves at acoustic impedance mismatches 
are detected. Thus, for a signal to occur in 
ultrasonic tomography, a change of the acoustic 
impedance Z at an interface is needed, which is 
defined as 
 

cZ ρ=  (7) 

where is the density of the sample. In contrast to 
ultrasonic tomography, PA depth profiling allows 
the depth resolved detection of changes in optical 
absorption [26–35]. The maximum depth that can 
be investigated by pulsed PAS is limited by the 
optical penetration depth, δ = 1/µa. Since the 
decay length of acoustic waves is much higher 
than the optical penetration depth in many solid 
samples, beyond this limit depth profiling is 
possible by detecting laser-induced pressure 
pulses, which are reflected at acoustic impedance 
mismatches. This technique, which is similar to 
ultrasonic tomography, can be applied to the non-
destructive testing of opaque solid materials, and is 
termed laser-induced ultrasound (LIU) [36–38]. 
Depth resolution of both pulsed PAS and LIU 
depends mainly on the time resolution of the 
ultrasonic detector. Corresponding to Eq. 6, the 
depth resolution can be calculated as the product 
of the temporal resolution of the detector and the 
speed of sound in the sample. If fast piezoelectric 
detectors and data recording with temporal 
resolutions in the nanosecond range are used, 
depth resolutions in the lower micrometer range 
can be realized. The maximum sampling depth can 
reach a few centimeters in weak absorbing and 
scattering samples. If piezoelectric detector arrays, 
scanning PA sensors, or suitable optical methods 
for detection are employed (see Sect. 3.3), two-
dimensional and three dimensional imaging is 
feasible by pulsed PAS [39–44]. 

3.2.3 Indirect PA generation 
Analysis of condensed matter by modulated PA 
excitation and subsequent detection of the directly 
generated acoustic wave by a microphone is not 
suitable due to strong acoustic impedance 
mismatches between solid and gas phase (see Sect. 
3.3). Thus, an indirect scheme for PA generation is 
employed. Modulated warming of the sample is 
induced by modulated excitation. Subsequently, 
the heat deposited in the sample is transported to 
the interface of the sample with the adjacent gas 
phase [11–13]. This heat transport can be 
described as thermal wave. Thermal waves decay 
to 37% (1/e) of their initial intensity after 
propagating the thermal diffusion length L [10, 
45]: 
 

νπ
DL =  (8) 
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Here, D and are the thermal diffusivity of the 
sample and the modulation frequency of the 
excitation beam. After reaching the phase 
boundary, part of the thermal wave is transmitted 
into the adjacent gas phase. The resulting thermal 
expansion of the gas – usually inside a PA cell – 
leads to the generation of an acoustic wave, which 
can be detected by a microphone (see Fig. 4). As in 
other PA generation schemes, the amplitude of the 
sound wave increases with the absorption 
coefficient of the sample and the incident radiation 
power. The phase shift between modulated 
excitation and PA signal depends on the thermal 
diffusion time during signal generation. Thus, 
phase-dependent measurements allow depth-
resolved investigations. The maximum phase angle 
that can be measured is one cycle, 2 π, resulting in 
a maximum depth of 2 π L. Since the signal 
amplitude is usually evaluated in PA measure-
ments, depth-resolved measurements are per-
formed by tuning the modulation frequency and 
influencing the thermal diffusion length. The 
higher the modulation frequency, the lower the 
thickness of the layer, which is represented by the 
PA signal. In indirect PA generation, the depth 
resolution is usually in the 100 nm range and the 
maximum sampling depth reaches a few hundred 
microns [45]. 
 

 
 
Fig. 4 Indirect generation of photoacoustic waves for 

the analysis of solid and liquid samples. 
 
For indirect generation and detection of PA 
signals, PA cells can be coupled to conventional 
spectrometers, allowing UV/Vis or IR absorption 
spectroscopy of opaque solid samples. A relatively 
common set-up for this purpose is FT-IR–PAS 
[45–47]. In this case, a Fourier transform IR 
spectrometer is used for excitation and PA signals 
are detected in a PA cell, which is in contact with 
the sample. In continuous scan FT-IR (CSFT-IR), 

the modulation frequency can be tuned by 
changing the interferometer moving mirror 
velocity. In step scan mode (S2FT-IR), the 
excitation beam is modulated mechanically by a 
chopper for intensity modulation or by jittering 
the position of one of the interferometer mirrors, 
resulting in phase modulation [48]. 

3.3 Signal detection 
Sound waves generated directly or indirectly in the 
gas phase are detected usually by condenser or 
electret microphones [11–13]. Detection of sound 
waves by microphones in condensed matter is 
typically not suitable. Due to high acoustic 
impedance mismatches, less than 10-4 of the 
acoustic energy is transferred from a solid sample 
to the adjacent gas phase [13]. In pulsed excitation 
of condensed matter, the application of 
microphones is additionally hampered due to their 
restricted bandwidth. Therefore, piezoelectric 
transducers are employed in many cases for the 
detection of ultrasonic pulses in liquid and solid 
samples [49, 50]. Quartz crystals, piezoelectric 
ceramics such as lead zirconate titanate (PZT) [51], 
lead metaniobate, and lithium niobate [52] as well 
as piezoelectric polymer films can be applied to 
the detection of laser-induced shock pulses [13]. 
The most common piezoelectric polymer is 
polyvinylidene fluoride (PVDF), which is available 
in different thicknesses ranging from 5 to 100 µm 
as a transparent film or coated with metals for 
electrical contact [53]. As the sensitivity of piezo-
electric detectors usually increases with their thick-
ness, in general, piezoelectric ceramics are more 
sensitive than thin polymer films. In piezo-
ceramics, eigenmodes are excited by pressure 
pulses, leading to acoustic waves that decay 
exponentially within microseconds to milliseconds. 
Further pressure pulses reaching the detector 
within this time are overlaid by the signal from the 
first pulse. This is not observed when nanosecond 
pressure pulses are detected by thin piezoelectric 
polymer films. Therefore, ceramics are preferable 
for sensitive quantitative analyses in liquids, 
whereas piezoelectric polymer films are used, if the 
temporal pressure distribution is of importance, in 
pulsed PA depth profiling, for example. 
In the analysis of liquid samples by pulsed PAS, in 
most cases the so-called forward mode is 
employed for signal detection. In this mode, 
excitation and detection are performed on 
different sides of the sample. Figure 5 shows the 
principal sensor arrangements for PA 
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measurements in weakly and strongly absorbing 
samples. The acoustic waveform generated 
depends on the shape of the acoustic source. In 
weak absorbers (Fig. 5a), attenuation of the laser 
beam inside the sample can be neglected. Thus, 
the laser builds a cylindrical acoustic source 
resulting in cylindrical waves, which can be 
detected perpendicularly to the laser beam 
(detector I). In opaque samples (Fig. 5b), low 
optical penetration depth leads to a punctiform 
acoustic source that generates spherical waves. 
Here, detection both along the laser beam 
(detector II) and perpendicular to it (detector I) is 
possible. In pulsed PA analysis of solid samples, 

the generated pressure pulses are often detected in 
backward mode, where excitation and detection 
are performed at the same side of the sample. 
Since piezoelectric transducers are generally not 
transparent, illumination through the piezo and 
detection at the same point are not possible. This 
can be overcome using the sensor set-ups shown 
in Fig. 6. The PA sensor in Fig. 6a uses a 
transparent prism as coupling material for both 
illumination of the sample and transfer of the 
acoustic energy to the detector. Another possibility 
is to illuminate the sample by means of an optical 
fiber and to detect the pressure pulses by a 
piezoelectric ring around the fiber (Fig. 6b). 

 
 

 
 
Fig. 5a–b Direct generation and forward mode detection of photoacoustic signals in weakly (a) and highly (b) absorbing 

samples. 
 

 
 
Fig. 6a–b Backward mode detection in solid samples: illumination through a transparent prism which also acts as acoustic 

coupling material (a) and detection by a piezoelectric ring (b). 
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In addition to conventional acoustic detection 
based on microphones or piezos, optical detection 
schemes for pressure waves are described in the 
literature. Optical microphones are applied in PA 
gas phase analysis [54, 55] and similar fiber optic 
sensors are reported for liquid phase analysis [56, 
57]. Here, an optical fiber is wrapped onto a PA 
cell. Pressure changes inside the cell cause 
refractive index changes in the fiber which lead to 
phase shifts in the light coupled into the fiber and 
these can be detected, for example, by 
interferometry. In this case, the fiber is one arm of 
an interferometer. In PA investigations of 
condensed matter, optical methods can be 
employed for the detection of refractive index 
changes at an interface of the sample or 
measurement of the surface displacement caused 
by a pressure wave. In the first case, the sample is 
placed at the base of a transparent prism (see Fig. 
7a). A continuous probe laser beam is reflected at 
the interface between prism and sample. A 
pressure wave transmitted through this interface 

will change the refractive index, resulting in 
variations of the optical reflectance, which can be 
detected optically. If a time-gated video camera is 
employed for detection, the pressure waves can be 
imaged in a two-dimensional and time-resolved 
fashion [58–60]. In the second case, the probe 
beam is one arm of an interferometer (see Fig. 7b). 
Pressure waves reaching the interface will cause 
surface displacements in the nanometer range, 
which can be detected due to changes in the 
interference pattern [62–65]. Such optical methods 
are advantageous due to their ability to perform 
non-contact measurements and their improved 
lateral resolution compared to piezoelectric 
detectors. For three-dimensional PA imaging, two-
dimensional piezoelectric detector arrays have 
been proposed, but small piezosensors with fine 
spacing are hard to realize [66]. In optical 
detection, lateral resolution is only limited by the 
diameter of the probe beam, which can be less 
than 1 µm [58]. 
 

 

 
 
Fig. 7a–b Optical detection schemes in pulsed PAS: measurement of refractive index changes (a) and surface 

displacements (b). 
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Pressure waves generated in liquid and solid 
samples can be visualized directly by Schlieren 
photography or dark field imaging. These 
techniques allow the influence of optical 
properties and the illuminated volume fraction of 
the sample on the produced acoustic waveforms to 
be investigated [67, 68]. Since the sample needs to 
transmit light beams in order to be able to 
visualize the pressure waves, these techniques are 
restricted to transparent and non-scattering 
samples. To overcome this limitation, an 
interesting set-up was proposed: an acoustic lens 
system was used to image the initial transient 
pressure distribution inside the sample into a water 
container, where the three-dimensional pressure 
distribution could be detected by dark field 
imaging. In this way, absorbing objects inside a 
scattering matrix could be visualized as stereo 
images [69]. 

4 Applications of PAS in 
process analytical 
chemistry 

4.1 Gas phase analysis 
In recent years, the development of new PA set-
ups for on-line gas monitoring has been achieved 
through new developments in diode lasers [70]. 
Until recently, chopped or modulated CO and 
CO2 lasers were the most common powerful and 
tunable radiation sources for gas phase analysis in 
the mid-infrared range [71–73]. However, in the 
few last years, tunable and/or intense diode lasers 
became available, which allowed the development 
of sensitive, miniaturized and robust PA set-ups. 
Examples of the application of these recent laser 
developments to PAS are: lead salt diode lasers 
[74, 75], quantum cascade lasers [76–79], 
distributed feedback diode lasers [80], and external 
cavity lasers. Additionally, non-linear optical 
devices – such as optical parametric oscillators 
(OPO) [81] and difference frequency generation 
(DFG) [82] – have been used to generate selected 
wavelengths in the IR range. Thus, compact laser 
sources are available for PA gas phase analysis 
with emission powers ranging from milliwatts to 
watts, and covering the wavelength range from 
800 nm up to 16 µm [70]. PA sensors have been 
developed for a huge number of gases, which are 
relevant in industrial and environmental studies 
[83–90]. An overview on analytes, limits of 

detection and laser sources can be found in [17]. 
Sensitivity can be improved by using multipass and 
intracavity PA cells [86–91]. The influence of 
acoustic noise generated by the cell windows or 
the gas flow was reduced by the development of 
acoustic notch filters, open and differential cells 
[19, 23, 92, 93]. 
Industrial plants have shown increasing interest in 
obtaining modern instruments for on-line 
monitoring of gaseous pollutants over the last few 
years, for several reasons. The exhaust gases from 
industrial plants have to be controlled for the sake 
of environmental protection (for example, 
reducing greenhouse gases) and to limit man-made 
disasters. Additionally, the monitoring of gas 
compositions is necessary for workplace security at 
industrial plants as well as to improve production 
processes and waste gas treatment [94]. There are 
several groups of main priority atmospheric 
pollutants that can be detected by PA 
measurement techniques, such as sulfur oxides 
(such as SO2), nitrogen oxides (NOx), carbon 
oxides (CO and CO2), hydrogen sulfide, ammonia, 
methane, and aerosol particles (such as soot). 
Within these gaseous pollutants, ammonia is of 
special interest, because a large number of man-
caused failures in chemical plants during recent 
years have been related to explosions and fires 
initiated by this flammable gas [94]. As well as the 
toxicity and flammability of the ammonia itself, 
NH3 concentration is an important parameter that 
has to be monitored during the reduction of 
nitrogen oxides in waste gas treatment. Stack gas 
emissions from power plants contain huge 
amounts of nitrogen oxides and therefore 
contribute significantly to photochemical smog 
and ozone formation as well as to the acidification 
of the soil. In order to reduce the NOx content, 
ammonia is added to the exhaust gas. Reduction of 
NOx by ammonia takes place via a catalyst. For 
process optimization and control of the exhaust 
gas, the ammonia concentration has to be 
monitored on-line [95]. Ammonia is also of 
interest because it is one of the main basic 
atmospheric components [96]. Deep UV 
photolithography for the generation of semi-
conductor structures with dimensions of less than 
200 nm is based on a chemically amplified resist 
(CAR). In this system, irradiation with a deep UV 
laser (λ = 193, 157 and 130 nm for example) 
generates a small number of acid molecules that 
initiate a catalytic cascade and lead to a trans-
formation of the irradiated area. Thus, even low 
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concentrations of basic impurities can inhibit the 
photochemical process and reduce the lithographic 
performance [95]. Ammonia concentrations, 
which have to be monitored in clean rooms, the 
environment and in production plants, can vary 
over a wide range. In semiconductor processing, a 
few ppb or even less of ammonia can affect the 
photolithographic process. Atmospheric concen-
trations range from a few ppb up to several 
100 ppb in polluted areas. In production plants, 
ammonia concentrations can range from ppm 
levels up to hundreds of ppm during leaks [94]. In 
these cases, the wide dynamic range and the low 
detection limits achievable in PA gas phase 
analysis are both advantageous. In recent years, PA 

sensors that are highly sensitive to ammonia have 
been presented [95, 97]. The lowest detection limit 
reported for ammonia is 0.1 ppb, with a 
measurement range of 0.1 ppb up to 3 ppm. The 
measurement system (TGA300 series) uses a CO2 
laser for excitation and a resonant PA cell, which 
enables on-line measurements at relatively high 
flow rates of up to 5 L min-1 and short response 
times. These TGA 300 sensors have been 
successfully applied to process monitoring in the 
semiconductor industry and to air quality 
monitoring. Figure 8 depicts the sensor set-up, the 
resonance profile of the PA cell, a calibration 
curve, and a typical daily variation in the ammonia 
concentration in a clean room [95]. 

 
 

 
 
Fig. 8a–d Set-up for ammonia detection (a), resonance profile of the PA cell (b), calibration curve (c), and PA monitoring 

of the ammonia concentration in a clean room (d). The daily evolution shows the importance of contamination 
by staff activity: over the weekend (02/23 and 02/24) the concentration level drops, whereas it peaks in the 
mornings and afternoons of weekdays. Reprinted with permission from [95]. Copyright 2004 Elsevier. 

 
 
Nitrogen dioxide is a component of automobile 
and industrial exhaust gases that plays an 
important role in ozone generation and the cycle 
of ozone in the troposphere. This compound has 
particular spectral features: absorption in the 

visible range and relative long excited level 
lifetimes. Thus, energy conversion into heat by 
collision is very effective. For excitation, robust 
and mobile Nd:YAG lasers with second harmonic 
generation are available which generate pulsed or 
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cw radiation at a wavelength of 532 nm. Using 
such laser sources, limits of detection of 20 and 
15 ppb NO2 could be achieved for modulated and 
pulsed excitation, respectively. In this way, NO2 
can be detected very selectively in the atmosphere, 
because other gaseous atmospheric components 
do not absorb green light [98]. 
New developments in diode lasers allowed the 
transfer of PAS to trace measurements of 
methane. Beside CO2, methane is one of the main 
greenhouse gases and so has to be monitored in 
industrial exhaust gases. Excitation by low-power 
distributed feedback (DFB) diode lasers at 1.65 µm 
allows methane determination with a minimum 
detection limit of 6 ppm. Due to the direct 
proportionality between the PA signal and the 
incident radiation power, the detection limit will be 
lowered if laser diodes with a higher intensity at 
1.65 µm become available [99]. Additional appli-
cations of PAS exist in the field of workplace 
security, in terms of monitoring of solvent vapors 
[100], as well as in fire detection and prevention 
via the measurement of combustable and 
flammable gases, respectively [101]. 
Exhaust gases from internal combustion engines 
also often have to be monitored, during attempts 
to improve the combustion process and when 
studying the exhaust gas treatment (by a catalyst, 
for instance). Therefore, PA sensors based on CO 
and CO2 laser excitation have been developed for 
on-line monitoring of nitrous oxides, CO2, water 

vapor and carbohydrates in the ppm range [102–
104]. By using all 90 laser transitions accessible by 
CO laser excitation, it is possible to perform 
multicomponent analyses of exhaust gases from 
two-strike motorcycles, gasoline and diesel 
engines. The PA system allows ten compounds to 
be distinguished, even discriminating between the 
isomers of xylene [105]. In recent years, interest in 
the soot contents of vehicle exhausts has increased 
due to upcoming regulations encouraging the 
reduction of particulate emissions. These 
regulations require not only further improvements 
in combustion engines and exhaust gas treatment 
but also a new generation of real-time soot 
analyzers. A PA soot sensor (PASS, see Fig. 9a) 
allows the on-line measurement of diesel soot with 
a detection limit of 2 g m-3 of black carbon, a 
linear range from 2 to 1200 g m-3, and a temporal 
response of approximately 1 s. A high-power laser 
diode with λ = 809 nm was employed for exci-
tation. The NIR radiation at this wavelength is not 
absorbed by gaseous exhaust gas components 
(such as NO2), allowing the selective deter-
mination of soot particles [106]. This set-up was 
applied successfully at engine test benches (see Fig. 
9b) [106] and during experiments into the 
improved soot deposition systems for the removal 
of particulate matter [107, 108]. 
 

 

 
 
Fig. 9a–b Mobile photoacoustic soot sensor (PASS) in a 19 instrument rack (a) and European transient test cycle (ETC) 

monitored by PAS and opacimetry at a diesel engine test bench (b). Reprinted from [106]. Copyright 2003 
Springer-Verlag. 
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Beside the monitoring of workplaces and industrial 
and diesel exhaust, PA gas phase analysis is 
employed in the optimization of postharvest 
processing and the storage of fruits. Here, the 
focus lies on ethylene measurements. This gaseous 
plant hormone is involved in the regulation of 
many physiological processes, like growth, 
maturation, and ripening, and is an important 
parameter governing the shelf-lives of fruits. 
Therefore, PA setups for ethylene monitoring in 
the ppb-ppm range have been developed [109, 
110]. Systems for multicomponent measurements 
of various relevant analytes, such as ethylene, 
ammonia, ozone, and alcohols have also been 
described [111]. Sub-ppb detection limits for 
ethylene and other gaseous compounds were 
achieved with a multipass PA cell [112]. In other 
agricultural applications, PAS is used to monitor 
emission gases from extensively-managed 
grassland and fields [113, 114], seeds [115], and 
animal husbandry [116–118]. In the areas of food 
quality and food packaging, humidity is of 
paramount importance. PA water vapor sensors 
have detection limits in the sub-ppm range and 
dynamic ranges of more than four orders of 
magnitude [119]. 
In the context of PA gas phase analysis, the 
possibility of “indirect” sampling of condensed 
matter should also be mentioned. In this case, 
analytes are transferred from liquid or solid 
samples to the gas phase by chemical reactions or 
thermodesorption and detected by a PA gas 

analyzer. In this way, both the high sensitivity and 
the wide dynamic range available from gas phase 
PAS can be used on liquid and solid samples. 
Additionally, the selectivity of the measurements 
can be improved by selective analyte transfer into 
the gas phase. A method for determining the total 
inorganic carbonate (TIC) level is based on the 
generation of CO2 by the reacting carbonate with 
perchloric acid. Using PA CO2 detection in the gas 
phase, TIC contents ranging from 3 mol L-1 to 
36.4 mmol L-1 NaHCO3 in water and from 0.02 to 
120 mg CaCO3 in solids were automatically 
determined [120]. A set-up based on the 
thermodesorption of analytes from solid samples 
and subsequent PA detection in the gas phase was 
employed for the measurement of 
pentachlorophenol (PCP) in wood (see Fig. 10a). 
The fungicide PCP has been used for wood 
preservation since the 1950s. Although this 
compound has been restricted or banned in most 
of industrial countries since the 1980s due to the 
risks to human health, there are still problems due 
to the large amount of PCP-contaminated waste 
wood. Thermodesorption and subsequent PAS 
analysis allows a cost-effective on-site screening of 
wood samples via non-destructive measurements 
without sample pre-treatment. PA measurements 
in the NIR range (7800-4000 cm-1) are not 
influenced by the moisture of wood and a 
detection limit of 10 g PCP/cm2 surface area was 
achieved (see Fig.10b) [121]. 
 

 

 
 
Fig. 10a–b Indirect sampling of wood and subsequent PA detection of pentachlorophenol (PCP) in the gas phase: set-up 

with thermodesorption head containing a halogen lamp (a) and calibration based on undried and dried wood 
samples (b). Reprinted with permission from [121]. Copyright 2000 American Chemical Society. 
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4.2 Indirect PA generation in 
condensed matter 

In the indirect generation of PA signals in liquid 
and solid samples, commercially-available 
spectrometers coupled to a PA cell are usually 
employed for excitation, allowing the 
determination of UV/Vis and IR absorption 
spectra of opaque solids. The main application of 
UV/Vis–PAS is the characterization of semi-
conducting materials. Since PAS allows absorption 
spectra to be determined for solid samples, band 
gaps can be calculated directly from absorption 
edges in the spectra [122–124]. As the PA signal 
depends on heat diffusion, the thermal diffusivity 
can also be determined, which is strongly sensitive 
to the structural quality of the semiconducting 
material [125]. UV/Vis–PAS has also been 
employed to investigate the optical properties of 
synthetic mineral pigments [126] and the chemical 
bonding of Cu and Fe incorporated into sol gel 
glasses [127]. Furthermore, packaging materials 
have been characterized by PA measurements in 
the UV/Vis range. Using depth-resolved PAS, it 
was possible to estimate the thicknesses and 
moisture contents of varnish layers on base paper 
[128]. 
Indirect IR-PAS and FT-IR-PAS techniques have 
been mainly applied in the field of polymer 
research [129]. Here, IR absorption spectra, depth 
profiles, and thermal diffusivity and effusivity 
parameters [130, 131] are determined by PAS in 
order to characterize synthetic polymers and to 
improve the polymerization process. Polymers are 
often very difficult samples to characterize by 
conventional IR spectroscopy, because they can be 
found as pellets, chips, films, membranes as well as 
manufactured products. PAS measurements of 
polymers result in intense IR spectra with little or 
no sample preparation, even if the samples are 
polymer chips [132] or porous membranes [133]. 
PA measurements were successfully used to 
monitor copolymer formation. In this way, it was 
possible to investigate the influence of reactant 
pretreatment on cross-linking. Depth profiles 
elucidated the distributions of OH and CH2 
groups inside the polymerization product [134]. In 
the analysis of micrometer-thick polymer laminates 
and plasma polymer films, the PA technique 
allowed selective probing of the surface layer and 
bulk material [135, 136]. Figure 11a depicts 
photoacoustic IR spectra of polyethylene with and 
without a near-surface additive. To perform depth-

resolved investigation of the samples, 
photoacoustic measurements were carried out at 
different modulation frequencies. By calculating 
the influence of the modulation frequency on the 
signal amplitude, the 100 Hz spectrum was 
converted to 5 kHz. In the homogeneous sample 
without additive, the converted spectrum matches 
the 5 kHz spectrum, whereas an inhomogeneous 
distribution of the additive led to differences in the 
corresponding spectra [137]. Depth-resolved PA 
measurements were also employed to investigate 
the effects of such polymer additives. Depth 
profiles of a hydroxyl band allowed weathered and 
unweathered polyethylene samples containing 
different amounts of an ultraviolet-protection 
additive to be distinguished (see Fig. 11b) [137]. 

 
Fig. 11a–b PA spectra of polyethylene with and without a 

near-surface additive (a) and depth profiles of 
a hydroxyl band in weathered and un-
weathered PET containing different amounts 
of a UV-protection additive (b). Reprinted 
with permission from [137]. Copyright 2003 
American Institute of Physics. 
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Depth profiling of the chemical composition of 
paper and paper coatings is essential when 
tailoring paper quality to the demands of recycling 
and new printing technologies. As mentioned 
above for UV/Vis-PAS, PA depth profiling was 
also applied to paper characterization in the 
infrared region. Biodegradable paper coatings 
consisting of cationized starch and the anionic 
surfactant sodium oleate were investigated, and 
studies revealed that the surfactant is enriched in 
the surface layer of the 20-60 µm-thick coating. 
This application demonstrated the potential of 
PAS in the development of new paper coatings 
[138]. 
FT-IR-PAS was also applied in the 
characterization of fossil fuels, where solid and 
liquid samples have been investigated. During the 
weathering of coking coal, a decrease in aliphatic 
hydrogen content was observed by evaluating FT-
IR-PAS spectra. At the same time, shortening of 
hydrocarbon chains resulted in an increase of 
methyl with respect to methylene groups [139]. 
The FT-IR–PAS spectra obtained from different 
hydrocarbon distillation fractions provide useful 
information about the aliphatic hydrocarbon 
chains present in the samples [140]. Here, the 
abundance of CH2 groups increases with 
increasing boiling point, whereas a decrease of 
CH3-related signal intensities was observed in the 
same direction [141]. 

4.3 Direct PA generation in 
condensed matter 

Pulsed PAS with direct generation is the PA 
technique most commonly used for the analysis of 
liquid samples. As in other PAS variants, the signal 
amplitude depends linearly on the absorption 
coefficient of the sample. However, generation of 
a PA pressure pulse in condensed matter also 
depends on the thermal expansion coefficient, the 
speed of sound, and the heat capacity of the 
sample matrix (see Eq. 5). In practice, absorption 
coefficients of liquids are usually determined after 
the sensor has been calibrated using well-defined 
samples or conventional absorption spectroscopy 
as a reference. Time-resolved analysis of PA 
signals offers the potential to perform calibration-
less determination of absorption coefficients. If 
PA signals are generated by a collimated laser 
pulse and detected in forward mode (see Fig. 5, 
detector II), the rising edge of a time-resolved 
recorded signal represents the depth profile of the 

light distribution inside the sample [26]. In the case 
of a non-scattering absorber, exponential func-
tions of the form exp(µa c t) can be fitted to this 
part of the signal, with c and t denoting the speed 
of sound and the time, respectively. Similar signal 
shapes are obtained in samples that absorb and 
scatter light, allowing the determination of 
effective attenuation coefficients that describe the 
intensities of both absorption and scattering. The 
speed of sound, which must be known for data 
evaluation, can be determined by extracting the 
time delay between the laser pulse and pressure 
detection from the PA signal profile [142]. Thus, 
this form of PAS is a completely calibrationless 
technique for the determination of absorption 
coefficients, which can be applied to both 
dissolved and dispersed particulate analytes. This 
was successfully demonstrated by analyzing 
glucose solutions and graphite suspensions [143]. 
In both cases, calibrated sensors and 
calibrationless absorbance measurements, the main 
advantages of using PA to investigate liquids are 
the wide dynamic range (a few orders of 
magnitude), less influence from light scattering 
compared to conventional absorption 
spectroscopy, and the ability to analyze even highly 
absorbing and opaque samples without dilution 
[144]. Additionally, favorable combinations of 
thermal expansion coefficient, speed of sound, and 
heat capacity (see Eq. 5) in certain analytes or 
solvents lead to signal enhancement [145]. These 
features advantageously used in the analysis of 
hydrocarbon contamination in water. PA sensors 
based on pulsed excitation and piezoelectric 
detection allowed the determination of crude oil 
contamination in seawater with detection limits in 
the lower ppm range. The linear range of the 
measurement technique covered oil concentrations 
ranging from ppm to percent. Oil contents of even 
more than 20% could be determined with non-
linear calibration functions, resulting in a dynamic 
range of approximately five orders of magnitude 
[146, 147]. Using Raman scattering in an optical 
fiber as a near-infrared source for pulsed PAS, it 
was possible to determine NIR spectra from 
hydrocarbons in water, even in regions 
characterized by strong absorption bands from 
water and thus, high opacity. These spectra permit 
us to choose laser diodes appropriate to this 
spectral range for further practical applications 
[148]. 
Another application, which covers a wide 
concentration range and both opaque and 
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scattering samples, is online process control in 
textile dyeing baths. For both dyeing process 
optimization and control of the wastewater, dye 
concentrations from a few mg L-1 up to several 
g L-1 have to be monitored. The conventional 
technique used for colorimetry in textile testing 
laboratories is reflection spectroscopy. Since the 
reflectance decreases with increasing absorbance, 
this technique often yields barely interpretable 
results with dark and saturated colorations. 
Therefore, the application of pulsed PAS is 
advantageous due to its wide dynamic range. A PA 
cell with a piezoelectric ceramic detector placed 
perpendicularly to the laser beam (see Fig. 5, 
detector I) allowed the determination of azo dye 
concentrations from a few mg L-1 up to 
approximately 1 g L-1 based on non-linear 
calibration functions. This cell was connected to 
the bath circulation of a dyeing apparatus in the 
form of a bypass with a constant flow rate of 
200 mL min-1. In this way, the decrease in dye 
concentration during a hightemperature dyeing 
process could be monitored with a temporal 
resolution of a few seconds [149]. By using a 
tunable OPO system for excitation, it was possible 
to obtain absorption spectra from highly 
concentrated dye solutions that were in good 
agreement with UV/Vis reference spectra, and 
concentration measurements in dye mixtures [150]. 
Plotting PAS versus UV/Vis reference data 
resulted in a measurement range limited by 
saturation effects at a 10 cm-1. Optimizing PA 
detection led to an expansion of the dynamic 
range towards higher absorbances. By changing 
from a perpendicular geometry to detection along 
the laser beam (see Fig. 5, detector II), and using a 
piezoelectric PVDF film instead of a ceramic, the 
linear range was expanded to a 100 cm-1. Using a 
non-linear calibration function, absorption 
coefficients of up to 200 cm-1 can be determined. 
When performing simulated dyeing processes in 
the laboratory to demonstrate the potential of PAS 
in this field of application, textile dye concen-
trations from approximately 50 mg L-1 up to 
40 g L-1 could be determined online with temporal 
resolutions of a few seconds [151]. 

Pulsed PAS of solid samples is often applied to 
depth profiling of layered samples and two-
dimensional or three-dimensional tomography. 
Biofilms are layered biological systems, which are 
relevant in both natural and technical environ-
ments. They consist of microorganisms that are 
embedded in a gel formed by biopolymers. 
Microbial aggregates are used in wastewater 
treatment plants for the removal of organic and 
inorganic pollutants. On the other hand, in many 
technical processes biofilm formation is connected 
to negative effects, which are summarized by the 
term biofouling . Biofouling can lead to increased 
frictional resistance in tubes and pressure 
differences in membrane processes or a decreased 
heat transfer efficiency in heat exchangers. 
Biofilms can also clog nozzles and valves and can 
provide a habitat for pathogenic microorganisms. 
To optimize wastewater treatment plant processes 
and enhance biocide efficacy, a non-destructive 
technique for on-line monitoring of biofilms is 
needed. A PA technique based on backward mode 
piezoelectric detection (see Fig. 6a) allows the 
monitoring of biofilms formed on the base area of 
a sensor prism. Here, the signal amplitude 
increases with the biofilm’s (optical) density, 
whereas depth-dependent features such as the 
biofilm thickness can be derived from the shapes 
of the PA signals. In this way, the influence of 
various process parameters (such as pH, flow 
conditions) on the structure and stability of the 
biofilm can be investigated [152]. Depth-resolved 
measurements with a resolution of ~ 10 µm allow 
the distributions of adsorbed particles [153] and 
detachment mechanisms [154] to be elucidated. 
The PA technique was applied successfully in 
order to compare the efficiencies of various 
biocides employed in printing technology to 
prevent biofouling. Strategies based on hydrogen 
peroxide, which were highly effective, led to a 
sloughing-off of relatively large biofilm areas. The 
photoacoustic depth profiles in Fig. 12 reflect the 
detachment of biomass and its transport from the 
substratum (z = 0 µm) towards the bulk liquid 
[154]. 
 

 



Anal. Bioanal. Chem. 384 (2006) 1071 – 1086.   19

 
 
Fig. 12a–c PA monitoring of biofilm detachment caused by 200 mg L-1 hydrogen peroxide and the catalyst MOLox: PA 

signal amplitudes (a), depth profiles of the biomass (b), and sloughing-off mechanism derived from the depth 
profiles (c). Reprinted with permission from [154]. Copyright 2004 Elsevier. 

 
 
 
The development of optical detection methods for 
pulsed PAS made non-contact measurements 
possible. This opened the door to a wide range of 
industrial applications allowing on-line 
measurements at conveyor belts and the 
characterization of materials with poor acoustic 
contact with piezosensors. For example, different 
paper materials could be characterized using 
interferometric detection. The study revealed the 
potential of this technique in the field of 
mechanical characterization of paper samples in 
the laboratory and on-line, on a paper machine. 
Piezoelectric detection would not be feasible in 
this case due to the damage caused to the paper 
samples by the contact transducers [155]. Aside 
from determination of mechanical properties, 
interferometric detection is also applied to depth 

profiling, allowing the measurement of painting 
thicknesses [156]. Other optical detection methods 
were applied to non-contact determinations of 
viscoelastic properties, thermal diffusivity, and 
thicknesses of thin films [157]. 
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5 Conclusions 
Photoacoustic spectroscopy (PAS) is based on 
optical absorption and subsequent detection of 
pressure fluctuations. The main advantages of this 
technique over conventional absorption spectro-
scopy are: 
 
• Wide dynamic range (several orders of 

magnitude) 
• Highly sensitive trace gas analysis with short 

pathlengths 
• Measurement of high absorption coefficients, 

even in opaque samples, without sample 
dilution 

• Determination of absorption spectra of solid 
samples, even in the form of powder, chips, or 
large objects 

• Less influence from light scattering compared 
to conventional measurement techniques 

• Depth profiling of layered samples 
 
These features, allowing on-line measurements 
without sample pretreatment, are advantageous in 
process analysis. In the characterization of 
industrial products, additional benefits include the 
potential to determine absorption spectra of 
opaque solids and depth profiles of layered 
materials. For the analysis of gaseous, liquid, and 
solid samples, different combinations of 
excitation, signal generation and detection schemes 
have been developed. The most common PA 
techniques described in this article are: 
 
1. Modulated excitation and direct generation of 

sound waves in gaseous samples 
2. Modulated excitation of liquid and solid 

samples with subsequent indirect generation of 
sound waves in the adjacent gas phase 

3. Pulsed excitation and direct generation of 
pressure pulses in liquid and solid samples 

 
Methods (1) and (2), based on modulated 
excitation and detection of sound waves by 
microphones, are derived directly from A.G. Bell’s 
photoacoustic experiments in 1880. The first 
analytical applications of PAS in the 1960s also 
used this principle. Today, commercial gas cells 
and UV/Vis and IR spectrometers are available 
that are based on these old PAS methods 

(examples can be found in [158–160]). The main 
application of gas phase PAS to process analytical 
technology is in the monitoring of workplaces and 
industrial and diesel exhaust in order to optimize 
waste gas treatment, combustion and production 
processes. Indirect PA generation in solid and 
liquid samples is employed to characterize 
semiconductors, synthetic polymers, paper 
coatings, and fossil fuels. 
In recent years, PAS method (3), based on pulsed 
excitation and detection of pressure pulses, has 
been achieved through the development of new 
laser sources (such as tunable OPO systems) and 
detection methods (such as optical and 
interferometric detection). This technique is 
employed to investigate liquid samples, mainly due 
to its ability to determine absorption coefficients 
over a wide dynamic range, even in strongly 
absorbing and scattering samples. Sample 
pretreatment is not necessary in most cases. The 
need for calibration can also be overcome by 
extracting absorption coefficients directly from the 
signal shape. Applications related to technical 
processes include the detection of hydrocarbon 
contamination in water and the on-line monitoring 
of textile dyeing processes. Pulsed excitation in 
solid samples is used for both absorption 
measurements and depth profiling. Examples of 
the application of this include biofilm monitoring, 
measurement of painting thicknesses, and 
characterization of thin films and papers. 
As we have seen, PAS has been applied in many 
fields of process analysis and the characterization 
of industrial materials. PAS techniques based on 
modulated excitation have been used in analytical 
chemistry since the 1960s, and measurement 
systems are already available commercially. Recent 
developments in pulsed PAS – especially in 
piezoelectric and optical detection – open up new 
avenues of application in two-dimensional and 
three-dimensional tomography and contactless on-
line measurements. 
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