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ABSTRACT

Two decades ago, the first experiments with a novel optical microphone using a small
silicon cantilever as its sensing element were conducted at the University of Turku. In
retrospect, those experiments revealed the potential enhancing the sensitivity of pho-
toacoustic spectroscopy (PAS) by using this cantilever microphone as a replacement
for the conventionally used condenser microphone. In just a few years, this replace-
ment had led to a very sensitive technique, nowadays known as cantilever enhanced
photoacoustic spectroscopy, CEPAS. The introduction of CEPAS and its first years
of development including a complete physical model of the system are described in
the first part of this thesis. Covering the first two decades after the introduction of
CEPAS, the latter part presents a unique retrospective study on its influence on the
applied spectroscopy research.

During the introduction of CEPAS as well as in the early development of the tech-
nique, a broadband IR source was used. For the comparison to the other techniques,
the same unoptimized prototype with a tunable diode laser source was used to de-
tect carbon dioxide. The achieved normalized noise equivalent sensitivity (NNEA)
was at the same level as the best ever reported by PAS until then. The detector
was then optimized for laser sources mainly by changing the properties of the can-
tilever and the design of the cell, that enabled minimizing the dead volume of the
sample cell. This optimization of the detector in 2007 led to a NNEA value of
1.7 x 1070cm~'W/y/Hz. At that time it was the best ever reported in PAS and
is still — after fifteen years — among the very best ones. The realized sensitivity as
well as the presented future improvements were based on the accuracy of the devel-
oped physical model.

CEPAS has been used in several applications, ranging from medical and phar-
maceutical sciences to the detection of radioactive and toxic materials or greenhouse
gases. In several application areas it is only just taking its first steps. CEPAS has
also inspired hundreds of scientific publications, numerous research projects as well
as new techniques. Nowadays, it has become a recognized and functional technique
that has already had and still has impact on several scientific fields worldwide.
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TIVISTELMA

Kaksi vuosikymmenta sitten tehtiin Turun yliopistolla ensimmdiset tutkimukset op-
tisella mikrofonilla, jonka anturina kéytettiin pientd piilappaa. Jilkikéteen arvioituna
jo nuo ensimmadiset kokeet paljastivat potentiaalin, joka fotoakustisen spektroskopian
herkkyyden parantamiseksi oli saavutettavissa korvaamalla yleisesti kiytetty kon-
densaattorimikrofoni tédlld optisella ldppdmikrofonilla. Muutamassa vuodessa tutki-
mukset johtivat erittidin herkkiin tekniikkaan, joka sittemmin on nimetty ldppdavus-
teiseksi fotoakustiseksi spektroskopiaksi (englanniksi cantilever enhanced photoa-
coustic spectroscopy, CEPAS). Téssi viitoskirjassa kuvataan ndiden vuosien aikana
tehty tutkimus, joka sisdltdd mm. menetelmin fysikaalisen mallinnuksen. Kirjan
jilkimmaéisessd osassa esitetddn kahden vuosikymmenen tieteelliseen kirjallisuuteen
perustuva taannehtiva selvitys menetelmén vaikutuksesta tieteelliseen tutkimukseen.

Menetelmaid julkaistaessa sekd ensimmdisissd tutkimuksissa sen herkkyyden o-
soittamiseksi kdytettiin laajakaistaiselle infrapunaldhteelle suunniteltua prototyyppia.
Samaa laserkdyttoon optimoimatonta prototyyppié kaytettiin myos sdddettdvin diodi-
laserldhteen kanssa hiilidioksidimittauksissa, joiden perusteella menetelmin herk-
kyyttd kyettiin vertaamaan muihin menetelmiin. Méiiritetty normalisoitu herkkyys
(NNEA) oli heti parhaiden fotoakustisessa spektroskopiassa julkaistujen tulosten
tasolla. Laserldhteelle optimoinnin ansiosta menetelmilld saavutettiin vuonna 2007
NNEA-arvo 1,7 x107'%m~'W/v/Hz. Tulos oli siihen mennessi paras fotoakus-
tisessa spektroskopiassa saavutettu, ja on edelleen yli viidentoista vuoden jilkeen
yksi parhaista. Herkkyyden parannus sekd samassa yhteydessd esitetyt mahdol-
liset tulevat keinot sen parantamiseen edelleen perustuivat menetelmin fysikaalisen
mallinnuksen tarkkuuteen.

Tieteellisen kirjallisuuden perusteella CEPAS-menetelméi on kdytetty lukuisissa
sovelluksissa aina ldadke- ja farmaseuttisesta tieteistd radioaktiivisten ja myrkyllisten
aineiden seki kasvihuonekaasujen havaitsemiseen. Lisidksi useilla sovellusalueilla
menetelmén kdyttoonotto on vield alkutekijoissddn. CEPAS-menetelmid on kiytetty,
tutkittu ja kehitetty sadoissa tieteellisissé julkaisuissa seki lukuisissa tutkimuspro-
jekteissa, opinndytetdissd ja uusissa tekniikoissa. Kahden vuosikymmenen aikana
siitd on kehittynyt tunnustettu ja kidytdnnollinen tekniikka, jolla on ollut ja on edelleen
vaikutusta usealla tieteenalalla maailmanlaajuisesti.

ASIASANAT: fotoakustinen spektroskopia, kaasuanalyysi, ldppamikrofoni
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1 Introduction

Infrared (IR) spectroscopic methods have been one of the leading technologies to
meet the increasing demands for sensitive, selective and non-destructive gas analy-
sis. The need for trace gas applications regards several fields such as environmental
monitoring [5; 6], aerosol measurements [7], industrial and traffic emissions [8], ex-
haled breath analysis [9; 10; 11], indoor air quality (IAQ) measurements [12; 13], and
detection of toxic gases [14; 15], chemical warfare agents (CWA) [1; 16], explosives
[16; 17], and illicit drugs [18].

At the beginning of the 2000s low-resolution Fourier transform infrared (FTIR)
spectrometers were known to be the best multicomponent gas analysers using broad-
band black body sources and conventional absorption technique. However, they were
already developed very close to their theoretical performance limits. Thus, further
development demanded new approaches like photoacoustic spectroscopy (PAS). As
a zero background method, PAS was a promising method in order to overcome those
limits, even though it was known to lack both temperature and pressure immunity as
well as the required sensitivity with broadband IR sources. Luckily, the sensitivity
of the PAS was limited by the microphone, which could be replaced with a more
sensitive pressure sensor as presented in Ref. [19] and Paper 1. The use of PAS could
also enable the measurement of solid and liquid samples without preparation as well
as new applications such as depth profiling of surfaces and layered samples [20],
opaque or dark matter measurements, 3D imaging [21; 22] and carbon dating [23].

The first part of this thesis introduces the first steps in the research and develop-
ment of a technique, later named as cantilever enhanced photoacoustic spectroscopy
(CEPAS). It is based mainly on the research done between the years 2003 to 2008 at
the University of Turku, Finland. Starting from the invention of the silicon cantilever
sensor, the major milestones to a proven technique, that was ready to be commer-
cialized, are presented. The basic theory and limitations of conventional PAS are
described in Chapter 2. Chapter 3 reveals the major steps to overcome these lim-
itations. The main results achieved during those early years are shortly described,
including the demonstration of the sensitivity (Papers I, II and IV), huge linear range
(Paper III), modelling the CEPAS (Paper V), noise sources and their compensation
(Papers V and VI) and the demonstrations of the usability of CEPAS in different mea-
surements schemas, such as the differential method (Paper III), FTIR setup (Paper
V) and with electrically modulated broadband IR sources (Paper VI).



Vesa Koskinen

A timeline of two decades after the invention of the cantilever microphone en-
ables a unique retrospective study of the impact of the technique on scientific liter-
ature. This study based on scientific publications is presented in the latter part of
this thesis and reveals the importance of the CEPAS as the most recent major devel-
opmental milestone in the history of photoacoustics. Due to its high sensitivity and
selectivity, huge linear dynamic range, robustness and ability to be miniaturized to-
gether with constantly developing laser technology, CEPAS has offered solutions to
several above-mentioned real-world problems. It has been utilized in at least over 250
of scientific articles and conference presentations as well as several doctoral theses
and international research projects. On the other hand, the literature review indicates
the accuracy of the presented physical model and the validity of the results achieved
already by 2008. Even though the detection limits have been lowered by orders of
magnitude mainly due to the development of laser technology, the sensitivities of the
PA detectors have not in most cases improved at all. The highest sensitivity achieved
in 2007 Paper 1V is still one of the best ever reported regardless the several attempts
to improve the system. Based on the literature review presented in Chapter 5 it is
legitimate to claim that the method and results presented almost two decades ago has
had and still has a remarkable impact on a number of scientific fields worldwide.



2 Photoacoustic Spectroscopy

Photoacoustic spectroscopy (PAS) combines the photoacoustic (PA) effect with opti-
cal spectroscopy, providing a non-destructive and zero background method for study-
ing the properties of gases, liquids, and solids. Interest in PAS has alternately de-
clined and increased as a result of the significant developmental steps during its his-
tory that began in the 1880s. This chapter begins with a brief history review of PAS
and provides basic information about absorption and spectral line profiles required
to understand the PAS and its sensitivity. The theory of traditional PAS, as well as
the advantages and limitations of the method, are also presented.

2.1 Brief History

The PA effect was observed by Alexander Graham Bell and Mr. Summer Tanter in
1880 while studying the photophone. [24] A rapidly interrupted beam of sunlight,
focused on a sample material in a sealed glass tube, emitted sound that could be
heard through a hearing tube. Bell also founded out that the strength of the signal
was dependent on how strongly the incident light was absorbed by the material in the
tube. [25] Among Bell, also John Tyndal [26] and Wilhelm Rontgen [27] studied the
effect especially with gas samples and it was already in the 1880s correctly assumed
that the sample absorbed all or part of the chopped incident radiation and, by doing
so, was itself periodically heated. In the studies with gas samples the heating re-
sulted straight in pressure changes. In case of solid and liquid samples, the pressure
changes were produced into a transfer gas surrounding the sample. These changes
were periodical, having the same frequency as the light was chopped. [28, p. 10]

The replacement of the hearing tube with a newly invented condenser micro-
phone enabled more practical and quantitative measurements. Thus, according to
Ref. [28, p.13] the first major milestone in PA gas analysis was reached in 1938, as
Viengerov [29] began using the microphone to study infrared (IR) light absorption
in gases and to evaluate the concentrations of gaseous species in gas mixtures. He
was able to measure ~ 0.2 vol-% CO, concentrations in N,. Measurements at lower
concentrations were limited both by the low sensitivity of his microphone and by the
background absorption of the incident radiation by the cell windows and walls. In
1943, Luft [30] described a commercial PA gas analyser utilizing two PA cells in a
differential setup, which had the sensitivity of a few parts per million (ppm). [31]

3
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However, the use of the method fell short due to more sensitive analysis techniques
involving gas chromatography. [28; 32]

The next major developmental steps in PAS were taken in the late 1960s and
1970s by utilizing the recently discovered electret microphones and lasers. [33; 34;
5] The development of the technique during the next decades is thoroughly reviewed
in a book by Michaelian. [34] At the end of the 20'" century PAS with laser sources
was recognized as a sensitive tool for gas analysis. However, with a broadband black
body radiation source, it was known to be less sensitive than FTIR analysers. [31]
Therefore, several techniques, adapted especially from the atomic force microscopy
(AFM [35; 36; 37]), were developed to replace the capacitive microphone as a sens-
ing element. The optical approach was represented by optical beam deflection (OBD)
sensing the displacement of the microphone membrane [38] or a pellicle [39; 40] and
by interferometric measurement. [41]

The latest major developmental milestone in the history of PA in gas analysis was
the replacement of the condenser or electret microphone in the measurement setup
with a more suitable sensor during the early 2000s. [42] The most important ones of
those alternative sensors have shown to be a quartz tuning fork in quartz-enhanced
photoacoustic spectroscopy (QEPAS) [43] and a silicon cantilever in CEPAS intro-
duced in Ref. [19] and Paper L.

2.2 Absorption Spectroscopy

Spectroscopy can be defined as the study of the interaction of radiation with matter.
In optical spectroscopy, where wavelengths vary from the x-rays to the far infrared,
the energies are usually too low to significantly alter the material being studied. Con-
ventional spectroscopic measurements tend to fall into two major categories: the
study of the light that is transmitted through the material of interest (i.e. the study of
those photons that did not interact with the material), and the study of the light that
is scattered or reflected from the material. In contrast to them, the energy absorbed
by the material is measured directly in PAS. [28]

2.2.1 Beers Law

When light (electromagnetic radiation) penetrates through an absorbing sample gas
x as in Fig. 1, absorption is described by Beer’s law:

I(v) = Ip(v)e~ ek, ()

where Iy(v) and I(v) are incident and transmitted intensities, v = 1/ is the wave
number of the radiation in inverse centimetres, ) is the wavelength, L is the thickness
of the sample (optical path length), ¢, the concentration and o, (/) the substance and

4
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wavenumber specific absorption coefficient. [44] In this thesis, concentrations' (and
detection limits) ¢, are expressed by using notations ppm (part per million, 10~5),
ppb (part per billion, 10~?) and ppt (parts per trillion, 10~'?) by volume. They are
always compared with the atmospheric pressure pg, so that they are independent of

the total pressure?, i.e., the partial pressure p, = c,po.

SPI'E:(I:L'I'TII?ESMOS'ER W'XNDOW W'NDTW DETéFéTOR
IR SOURCE | TTETS l
= | = = ==
Lo(v) » ax(v), px I1(v)
L

Figure 1. The absorption of radiation. Incident and transmitted intensity are denoted as Ip(v) and
I(v); az(v), ¢z and L are the absorption coefficient, concentration and thickness of the sample.

Further, the fraction [Io(v) — I(v)]/Io(v) is called absorption, I(v)/Iy(v) trans-
mittance, — In[/(v)/Iy(v)] = a,(v)c, L absorbance. The absorbance as a function
of the wave number is called simply the (infrared) absorption spectrum. If the ab-
sorbance is small, then Iy — I = Iy [1 — e L] ~ ayc, L.

The absorption spectrum of the sample gas can be measured, for example, with
a FTIR spectrometer. This requires the recording of transmitted radiation when inci-
dent radiation is modulated by an interferometer and has to done separately with and
without sample gas in the cell. The recorded signals generate sample and background
interferograms that can be converted to spectra by Fourier transform (FFT) as shown
in Fig. 2. For the transmittance spectrum, the sample spectrum has to be divided by
the background spectrum. In trace gas analysis, the sample gas concentrations are
usually very low and the absorbed part of the incident radiation is almost negligible
to the transmitted one. Therefore, the sample and background spectra are almost
identical and the baseline drifts due to interferometer instabilities can be significant
in the weak absorbance spectrum.

2.2.2 Absorption Coefficient and Line Intensity

The absorption coefficient v, () can be expressed in terms of a line intensity S, and
an area-normalized line shape function ®(v) as

oz (V) = pnSa®(v) = pnoa(v), 2

'Both ¢, and p, has been used in Papers I-VI to express the concentrations or partial pressures of
the specific gas component z.
For example, 1000 ppm always matches a partial pressure of 0.001 atm ~ 1 mbar.
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Figure 2. The process of calculating the absorbance spectrum of the sample gas from the
separately recorded sample and background interferograms.

where py is the number density of the absorbing gas, 0, (v) = S, ®(v) the absorp-
tion cross-section, and the dimensionless quantity «, (v)L is called optical density.
[45; 46] By using the ideal gas law the number density can be estimated to

_ P2Na
PN RT

where N4, R, and T are Avogadro’s constant, the universal gas constant and absolute

3)

temperature, correspondingly. The line intensities of various transitions can be found
in large databases, e.g. HITRAN [47].

2.2.3 Spectral Line Profiles

A spectral line extends over a range of wavenumbers (wavelengths), not a single
one. This wavenumber dependence on spectral transitions can be taken into account
in the absorption coefficient by normalized line shape functions ®(v), which de-
pend on the broadening mechanisms of the initial and final states. The most impor-
tant broadening mechanisms in PAS are natural and pressure broadening producing
Lorentzian line shapes and thermal Doppler broadening which has a Gaussian line
shape. Combinations of Lorentzian and Gaussian line shapes can be approximated
by their convolution i.e. by the Voigt profile.

Natural broadening — Lorentzian profile

The natural line width arises from the uncertainty in the energy of the states involved
in the spectral transition. [48] According to Heisenberg’s uncertainty principle the
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energy levels F; have finite widths AFE;, i.e.,
AE;At; > h. “

Thus, the excited states having a finite lifetime A¢; do not have a definite energy.
The average energy of the outgoing photon has a peak at the theoretical energy of
the state, but the distribution has a finite width called the natural line width. This
broadening effect is described by a Lorentzian profile
¥ 1
(V)= ®)
2T (vg — V)2 + 4

butin PAS, it is usually negligible in comparison to pressure and Doppler broadening.

Pressure Broadening — Lorentzian Profile

The collision of other particles with the absorbing particle interrupts the process.
[49; 50] This collision induced broadening yield Lorentzian line profile. [51] The
half-widths of the lines can be corrected by using the values (from e.g. the HITRAN
database [47]) of the air broadened HWHM (half-width at half-maximum) ~,;; and
the self broadened HWHM ~ys at the reference temperature 7i.¢ = 296 K and pres-
sure prr =1 atm. The equation for the correction is [46]:

Tret "
7(]97 T) = < Tf> [’Yair(prefy ,Tref) (P - px) + ’Yself(prefy ,Tref)px] > (6)

where n is temperature-dependence exponent for 7., and p is the total pressure.
Thus, the full width at half maximum (FWHM) of the pressure broadening is

Ay = 2v(p,T). (7

Doppler Broadening — Gaussian Profile

Due to the Doppler effect, the thermal movement of atoms or molecules shifts the
apparent frequency of each emitter. The Maxwell-Boltzmann distribution of these
(nonrelativistic) velocities leads to the Doppler or Gaussian profile

2
2  [In2 2In2(v — 1vp)
Og(v) = TVG HTGXP - (AI/GO> ) (8)

where Avg is the FWHM of the profile [52], i.e.,

/8kpT In2
AVG:VO fn/T

In these equations, 1 is the wave number of the line centre, kp is the Boltzmann
constant, 7" is the absolute temperature, m is the mass of the emitter, and c is the
speed of light.
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Voigt Profile

Usually, both Doppler and pressure broadening contribute to the total lineshape,
which in such a case is a convolution of these mechanisms. The convolution of
Gaussian and Lorentzian profiles yields a Voigt profile [53]

00 —t2
2vVIn2 «a / : e a ©)

Pvoige (v, T, p) = T2 Mg ) =12+ a?
~ 2In2 Ay, [ et &t
YE AVE ) o vr /3 2 o (A 7 dl,
(mz2vin2—1) +in2(3%)

where the Voigt parameter a (the ratio of the Lorentz to Doppler widths) and the
wavenumber scale u are

A
a=n2=2 (10)
VG
w=2vIn22 (11)
AVG

HITRAN 2004 based Voigt profile simulations of the CO, lines investigated in
Paper IV are shown in Figures 3 and 4.

2.3 Conventional Photoacoustic Spectroscopy

In contrast to conventional absorption technique, an example of a measurement setup
for PA gas detection is shown in Figure 5. The modulated light beam from the
IR source enters a closed cell filled with the gaseous sample. All or a portion of
the incident radiation is absorbed by the gas resulting in pressure waves that are
converted into an electrical signal by means of a microphone located inside the cell.

Wavelength [nm]
1586 1584 1582 1580 1578 1576 1574 1572 1570 1568

Carbon dioxide (CO,)
0 .||||||H ‘H “||I|.
T T T I T T T I T T T I T T T I T T T I T T T T T I T T T

6300 6310 6320 6330 6340 6350 6360 6370 6380
Wavenumber [cm'l]

)
@

N

CoTTTTTTTTTTTT TR

2

Line intensity ?

AAANNANANNNNNNNNNNN
AAANNANNNANNNNNNNNNN

Figure 3. In paper |V, the fairly weak rotational line R(18) in the [00°0]; —[30°1]y; vibrational band
was selected for the CO2 measurement by the laser availability.
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Wavelength [nm]
1572.4 15723 15722 1572.1 1572.0 15719 1571.8 1571.7 1571.6
8 —+—1T———————T———
R(1
(16) R(18) R(20)
7

Absorption cross-section o [10'23 cmz/molecule]
i
P YN TN TN WY YN NN YN YO T NN T TN NN YOO T W N YN ST SN [N T S W Y SN SN

0||||||||||||||||||||||||||||||||||

6359.5 6360.0 6360.5 6361.0 6361.5 X 6362.0 6362.5 6363.0
Wavenumber [cm ]

Figure 4. Modulation of the laser wavelength and HITRAN 2004 based Voigt profile simulation (at
296 K temperature and atmospheric pressures) of the CO> lines investigated in Paper IV.

The main difference in regard to the setup shown in Figure 1 is that there is no need
to measure the incident and the transmitted intensities. The selectivity is achieved
by using a proper optical filter or by selecting a laser wavelength according to the
absorption lines of the investigated sample gas.

IRSOURCE CHOPPER
M MICROPHONE

75

n= MODULATED % NEE
IR - BEAM
EEE * SAMPLE GAS
L4 =T SOUND PRESSURE WAVES
L Ap, AT
PARABOLIC [
MIRROR FILTER  WINDOW

Figure 5. An example of a PA gas measurement setup (Paper Ill).
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Thus, in PAS the signal is created from the absorbed part of the incident radiation,
not from the transmitted or scattered parts, as in most other spectroscopic techniques.
By selecting the wavelength of the incident radiation based on the gas under study,
the signal is produced only if there is a gas component of interest in the sample.
Further on, the signal is straight proportional to the concentration of the investigated
gas.

2.3.1 Photoacoustic Effect in Gases

When a sample molecule absorbs a photon, it goes from its ground state Fy to an
excited state F; (usually a vibrational stage in trace gas analysis, where IR radiation
is commonly used). The energy difference between the states is £y — Eg = hf,
where h is the Planck’s constant and f is the frequency of the absorbed photon. The
molecule can then lose this energy and return to the ground state through radiative or
nonradiative pathways. [28] Because the radiative lifetimes of vibrational levels are
long compared with the time needed for collisional deactivation at pressures used in
photoacoustics (~1 atm), the absorbed energy is mainly released as heat, appearing
as translational (kinetic) energy of the gas molecules. [54]

Due to the thermal nature of the PA process, the signal can be increased by in-
creasing the heating power of incident radiation or by decreasing the amount of gas
to be heated i.e. decreasing the size of the sample cell. To be more specific, the
signal is maximized by minimizing the so called dead volume i.e. the parts of the
cell, where the incident radiation can not enter. As mentioned in Paper IV, the signal
can be further increased by enabling the multiple passing of the light beam through
the sample gas. Due to the slowness of thermal processes, the signal is highest at low
modulation frequencies.

Acoustical Modes of the Sample Cell

Due to the ambient acoustic noise, the PA signal is almost without exception mea-
sured in a closed sample cell. The cell has its own acoustical modes, which can be
used to amplify the signal.

The heat Q(7,t), produced by the absorption of light, generates the acoustic
signal, which can be described by:

vz otz 2 ot

V2p(r,t)

where r is the position, ¢ is time, p(r,t) = p — po is the pressure of the excited
sound wave, v is the velocity of sound and > = ¢, /cy is the ratio of the specific
heat constants ¢, and cy at constant pressure and volume, correspondingly. The
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solution to the equation (12) can be written as

p(r,t) = Ao(t) + > Au(t)pa(r), (13)

where A, is the amplitude of the nth eigenmode component and p,, is the dimen-
sionless eigenmode distribution. The solution is divided into two parts. Firstly, the
constant part Ay, which has no dependence on the position inside the cell and sec-
ondly, the sum of the acoustical resonances.

The theory of these eigenmodes is thoroughly studied in Refs. [28; 55; 54] and
several chamber designs has also been introduced to take the full advantages of these
modes. However, at the same time most of the reachable PA signal is sacrificed by
increasing the modulation frequency high enough to utilize these modes. One of
the basic ideas enabled by the CEPAS is the operation on frequencies far below the
first acoustic resonance. In this case, the sound wavelength is much larger than the
dimensions of the cell and the average pressure inside the cavity will oscillate with
the modulation pressure. [56]

2.3.2 IR Sources and their Modulation

At the early years of the photoacoustics, Bell used focused sun light as an IR source.
With such broadband sources a narrow band-pass filter or a monochromator has to be
used for the selectivity. A mechanical chopper is usually the only practical method
for the intensity modulation of the incident light. However, in FTIR applications the
modulation is performed with an interferometer.

In addition to broadband IR sources, also continuous wave or pulsed laser as
well as semiconductor IR emitters (Paper VI) can be used. With laser sources, either
intensity i.e. amplitude modulation (AM) or wavelength modulation (WM) is easily
performed. Recent development in laser technology has made the mid-infrared re-
gion accessible which enables the excitation of strong fundamental vibrational tran-
sitions of molecules.

2.3.3 Condenser Microphone

The photoacoustic signal is usually measured with a condenser or electret micro-
phone due to low-cost, simplicity and easy operation. [57] The structure, shown in
Fig. 6, and the operation principle is shortly described in Paper I with the analysis of
its disadvantages in PA detection.

The pressure sensor is a conducting, flexible membrane, which deforms due to
the pressure variations in the surrounding gas. The membrane is mounted under a
large radial tension and is separated from a fixed metal electrode by distance hy,.
Thus, they form a condenser, whose capacitance C' changes proportional to the pres-

11
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Figure 6. The operation principle of a condenser microphone (Paper IlI).

sure change Ap via the average displacement Ah,,/3 i.e.

A
Apx AC = —SC0ARL (Ahy < By, (14)
3h2,
where A, is the common area of the electrodes, and ¢ is the dielectric constant of
the gas between the electrodes.

Limitations of the Condenser Microphones in PAS

The demands for a microphone in PAS differ from the specifications in more common
applications. In music, for example the flat frequency response and low distortion
are crucial. However, in PAS the acoustic signal should be measured as sensitively
as possible at single frequency. According to the equation (14) the sensitivity of
the condenser microphone can be improved by increasing A, and decreasing hy,.
However, there is a maximum, which cannot be further improved by this mean. This
is due to so called ‘breathing effect’ i.e. due to viscous effects. [57] The air flow
in and out of the gap between the electrodes requires energy, and therefore creates
a strong damping on the film. According to the Paper I, this effect increases as A,
and h,, increases and decreases, respectively. The use of a more flexible material for
the membrane in order to increase the amplitude increases the damping effect and
decreases the dynamic range of the sensor.

A solution for the damping problem is to measure the movement of the film
optically. [58] In this case, the measurement system will create less disturbance to
the membrane than in the capacitance measurement, since the other electrode is no
longer required. It is also possible to detect the maximum displacement Ah,, at the
middle point of the membrane instead of the average displacement Ah,, /3.

However, the use of a strained membrane as a vibrating element of the pressure
sensor is not an optimal solution when the thermal stability is also important. This is
due to the fact that the sensitivity of the membrane depends also on its tension, which
is a strong function of the temperature. The response of the microphone on external
pressure is also non-linear since the membrane has to stretch out radially under the
pressure variations.

12
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Noise

Due to their low sensitivities, condenser microphones are not able to detect almost
any of the acoustical disturbances from outside of the closed cell. Only the vibrations
at very low frequencies (usually below 20 Hz) has to be taken care of. Thus, the
noise is mainly electrical and has no dependence on the frequency response of the
microphone. Therefore, it is useful to amplify the photoacoustic signal by operating
at some acoustical resonance frequency of the PA cell as described earlier.

2.3.4 The Normalized Sensitivity of a Photoacoustic Detector

The detection limits achieved with PA detectors depend not only on the sensitivity
and noise level of the detector, but also on the line intensity and shape of the chosen
absorption line, the power of the incident light and the measurement time. Therefore,
the sensitivities of the PA detectors are usually compared by using a value called the
normalized noise equivalent absorption coefficient (NNEA)[59]. It is determined as
the minimum optical absorption coefficient .y, (signal = noise) multiplied by the
optical excitation power P and divided by the square root of the detector bandwidth
A f (or multiplied by the square root of the measurement time ¢,,,):

Omin P
NNEA = \;‘27 = minPVEm.- (15)
Thus, the smaller the NNEA the better the sensitivity. Typically, the values for

NNEA in laser based photoacoustic measurements have been in order of 1078 —
1072 cm~'W/v/Hz. [60; 61; 62]
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3 Cantilever Microphone in
Photoacoustic Spectroscopy

The replacement of the conventional microphone with a miniaturized cantilever in
the early 2000s has proven to be a major developmental step in PAS. The cantilever
enhanced photoacoustic spectroscopy (CEPAS), as the technique was later named,
was at first time partly presented in reference [19] and more precisely in Paper I. This
Chapter focuses on the cantilever microphone and the development of the physical
model for the CEPAS. It gives the tools to understand the physics of the system, that
has been shown to be essential for the further development of the technique. The
major noise sources and the methods of compensating them are also described.

3.1 Setup for Cantilever Enhanced Photoacoustic De-
tection

The cantilever sensor changes the principles in the PA sample cell design. The main
differences in a setup with a broadband source are (also schematically depicted in
Figure 7):

CONVENTIONAL PAS CANTILEVER BASED PAS
HIGH 1. L éw 1.
MODULATION M?ézég'f.g& MODULATION CANTILEVER
FREQUENCY Sl MICROPHONE
\r = W /.
it e o IS 3. \\ A
llllll’ RESONANT T -
¥ __|l-——— OPERATION MODE | N | » NON-RESONANT
—— ¥ L1 OPERATION MODE
4. LARGE CELL 4. SMALL CELL

Figure 7. Comparison of the cantilever enhanced and conventional PA detection.

1. In CEPAS the condenser microphone is replaced by the cantilever microphone,
2. The modulation frequency in CEPAS is much lower than in conventional PAS,
3. In CEPAS acoustical resonances of the sample cell are not utilized, and

4. the sample cell can be miniaturized in CEPAS.
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Figure 8 shows an example setup for CEPAS measurement using a laser source.
The incident beam enters the PA cell, which is usually a small cylindrical tube. How-
ever, there is a larger balance cell that is connected to the PA cell only through the
narrow gap of the cantilever. This balance cell is needed to prevent the gas spring
(see section 3.2.2) to become too strong and further on for the compensation of the
acceleration noise (section 3.3.2). A compact Michelson-type laser interferometer
can easily be attached to the body of the detector.

BEAMSPLITTER
LASER _ MIRROR
IR SOURCE  WINDOW [{ )
(LASER) \ 2
D nE N * [ PA CELL
MODULATED
IR - BEAM BALANCE CELL

Figure 8. A practical setup for measurements with a cantilever-based PA detector (Paper V).

3.1.1 The Cantilever

The sensor in the cantilever microphone is a thin rectangular flexible bar as shown
in Figure 9. It is made of silicon and its typical dimensions for width w and length [
are few millimetres, and for thickness d from 5 to 10 um.

The cantilever difters from the cantilevers used in atomic force microscopy (AFM)
[35] not only by its dimensions but also due the fact that it is separated on three sides
from the thicker frame with a narrow (A = 3 to 10 um) gap. Therefore, in PA setup
shown in Figure 8 it acts like a door between the sample cell and a larger balance
cell. The fabrication and characterization of the cantilever sensor is described in Ref.
[63].

) | Y=

Figure 9. Silicon cantilever sensor.
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3.1.2 Interferometric Displacement Measurement

The displacement of the cantilever is measured via a compact Michelson-type laser
interferometer (Fig. 10). The laser beam is directed towards the free end of the
cantilever and focused very close to it. Both arms of the interferometer are set to
equal. The fixed mirror and four photodiodes d; are arranged in such a way that
there is a quarter of an interference fringe over each of them as shown in Fig. 11.
Thus, the signals from the photodiodes, have a 90° phase difference between one
another.

FIXED MIRROR BEAMSPLITTER

CANTILEVER

y —— 4

Figure 10. Interferometrically enhanced displacement measurement (Paper Ill).

I(z)
z
’ d; d; d; d, ’ .
Figure 11. The interference fringe over the four photodiodes d;.
The intensity distribution of the interference fringe over the diodes is
1 1 x
I(z) = éB(l + cos ¢) = §B [1 + cos (47rx)} , (16)

where B is the maximum intensity of the fringe, ¢ is the phase of the interferometer
and A is the wavelength of the laser used in the interferometer. The movement of the
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fringe produces four orthogonal signals:

I = B(1 + cos ¢) (17)
Iy = B[1 + cos(¢ + 90°)] = B(1 + sin ¢) (18)
I3 = B[l + cos(¢ + 180°)] = B(1 — cos ¢) (19)
I, = B[1 + cos(¢ +270°)] = B(1 —sin ¢), (20)

The signals are then converted to voltages U; in an analog circuit. By subtracting the
signals which have a 180° phase shift from each other we get

S1=U; —Us=B(l+cos¢p—1+ cos¢) =2Bcos¢ 21
Sy =Us— Uy =B(l+sin¢g —1+sin¢) = 2B sin ¢. (22)
A division leads to the tangent
So  2Bsin¢
e _ 2P g 23
S1  2Bcos¢ ang, @3)
and further on to the displacement of the cantilever
A S
Azr = yp arctan <Sj> . (24)

Because of the division of the difference signals, the changes in the laser power do
not disturb the measurement i.e. the phase of the interferometer does not depend on
B. Thus, the displacement information is rather in the frequencies than the ampli-
tudes of the carrier signals .S1 and S3, which enables a huge dynamic range for the
detection system.

If the phase ¢ of the interferometer changes over 7, which corresponds to the
displacement of \/4 of the cantilever, the discontinuity of the tangent (Fig. 12) can
be used to produce a \/4 -counter. In that case the displacement of the cantilever is

B 1IN A A So
Axr = (k + 2) 1 + = arctan <S1> . (25)

Thus, the interferometric measurement allows linear range from picometres up to
millimetres producing greater dynamic range that can be achieved with any analogue
electrical circuit.

3.2 Physical Model of the CEPAS

After the successfully demonstration of the CEPAS in Paper I, the development and
optimization of the measurement setup demanded theoretical modelling of the phys-
ical phenomena related to the technique. The essential parts of the developed model,
relating to the publications included in this thesis, are shortly presented here. A
more comprehensive presentation can be found in a review article by Kuusela and
Kauppinen. [56]
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Figure 12. The discontinuity of the tangent as a \/4 -counter.

3.2.1 Cantilever Dynamics and Point Mass Model
Bending of a Flexible Bar

By neglecting the effects of the frames and the surroundings of the cantilever (length
I, width w and thickness d as in Fig. 13), we find that due an external force, it bends
like a rectangular flexible bar, whose equation of motion is

Ewd3 otz (y,t) 0%z (y, )
12 oyt oy?
where E is the Young’s modulus, z(y, t) is the displacement of the cantilever at y, ¢

is the time and p, is the density. [64] For (110) silicon £ = 169 GPa and p. = 2.33
g/cm?,

wdp. =0, (26)

/ S ds-

Figure 13. The bending of a flexible rectangular bar.

By using the boundary conditions that the other end of the cantilever is fixed and
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the other is free, it is possible to calculate the allowed frequencies:

2 [
[ Ed
f 2l \| 12p. @7

where pg = 1.8751, uy = 4.6941, pus = 7.8548, etc. (solutions of the equation
cosh pocos p = —1). [65, p. 182] Thus, the fundamental resonance of the cantilever

alone is at

2
Ed?
We,0 = 27ch,0 = % 12p .
c

(28)

Point Mass Model of the Cantilever

In CEPAS, the modulation frequencies are well below the first resonance of the can-
tilever. Therefore, the full 3-dimensional structure model can be replaced with a
simple 1-dimensional point of mass model using a harmonic oscillator like in Paper
1. The equation of motion is

mi + Bz + kx = Fex(t), (29)

where the sinusoidal external force Fey(t) = Fj cos(wt + ¢) acts on the whole area
of the cantilever. In equation z(t) is the cantilever’s free end displacement from
its equilibrium, m is the effective mass, 5 the damping factor, and & the effective
spring constant of the system. As will be shown later, all of them depend not only on
the properties of the cantilever but also on the environment, i.e., the dimensions and
shape of the PA cell and the properties of the sample gas. This has been demonstrated
in Paper V (Figure 14), where the experimental frequency responses using three
sample gas mixtures were compared to complete theoretical model (see Ch 3.2.4).

The displacement x () can be solved from the eq. (29) and its amplitude i.e. the
frequency response is

Fy

Ap(w) = .
o(w) m\/(wg—w?)Q—i—(wﬁ/m)2

(30)

The resonance occurs at frequency wy = 27 fy = \/% and its height and width
(i.e. the quality factor or Q-factor, given by Q = wy/Aw = mwy/ 3, where Aw is
the half-width of the resonance peak) depends on the damping factor 5 as shown in
figure 15. At low frequencies (w < wp) the response reduces to a constant value
Fy/ mw% and at high frequencies (w > wy) it is degreasing as Fp/ mw?. However,
the comparison of the responses in figures 14 and 15 shows that the model is still
not adequate. The increase in signal at low frequencies and the changes in resonance
frequencies are not explained by the point mass model alone.
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Figure 14. The influence of the sample gas and total pressure on the frequency response of the
cantilever, presented in Paper V. The symbols present the measured data and the lines indicate

the theoretical model.

o

Fy/mo’

t >
(0]

Figure 15. The frequency response of the forced harmonic oscillator with two different damping
factors (Paper I).

Spring Constant of the Cantilever

The spring constant of a rectangular cantilever when the force acts on the free end is
[64]
Ewd?
kena = F (31)
If the force acts on the whole surface A, = wl of the cantilever, this has to be

multiplied by 8/3 [66], i.e.,

2
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Effective Mass of the Cantilever

The effective mass in a point mass model is chosen such that the resonant frequency
of the system wy = /(k/m) is equal to the lowest flexural vibration frequency wy
from Eq. 27 by setting n = 0. Thus, by using equations (32) and (28) the effective
mass of the cantilever alone! is

ke
mi=—5 = %wdlpc = %mc ~ 0.647me, (33)
Wi Ko Ho

where the m. = wdlp, is the whole mass of the cantilever. (Paper I1I)

3.2.2 \Volume Effects of the PA Cell

If the dimensions of the gas cells are much smaller than the wavelength of the ex-
cited sound wave, the temperature 7', the total pressure p, and the density of the gas
have constant values without any dependence on the location inside the sample cell.
Therefore, we can use the equation of the state of an ideal gas

pV =nRT or CZ) + g = d?T, 34)
where n is the number of the moles and R is the universal gas constant. By
substituting the temperature change d7" from the first law of thermodynamics

dQ = dU + dW = nCydT + pdV, (35)
to Eq. (34) we get
b AV _ (e 1dQ o

V pV
In Eq. (35) Q is the heat going into the gas, U is the internal energy of the gas and
W is the work done by the gas. The specific heat ratio s« is given by

B Cp _ Cv+R

“Tov T T ov

where C), and CY, are the molar heat capacities at constant pressure and volume,
correspondingly.

(37)

Volume Changes of the Gas Chambers Due to Pressure Waves

When the pressure waves hit the cantilever, it starts to oscillate, which results in small
volume changes in the gas chambers. The displacement dz of the cantilever’s free
end produced by the pressure change dp is

dp = k.dz /A, (38)

'in vacuum, when the effects of the surroundings are neglected
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where A, = wl is the area of the cantilever. By approximating that, the cantilever
bends in the shape of an arc of the circle the corresponding differential volume
change dV is
2
dv = gAcda:. (39)

In Paper I, this was approximated as a triangle to 1/2A.dz.

If we substitute the pressure and volume changes from equations (38) and (39)
in Eq. (36) we have

2 _
(kc + 25%14‘;]7) dp = e 14O _ (40)

which links the external heating energy () to the harmonic force. Further on, we get
the total force acting on the cantilever by integrating the equation above

Fext(t) = A (% _ 1) /dC)dt (41)

|4 dt

The Effective Volume of the Gas Chambers

If the volume of the balance cell Vi, (shown in Fig. 8) is not very large in comparison
to the volume of the PA cell Vpa, the volume V is effective and determined with the

relation

11 1
= 42
Vi Vea  Vga 42

The Gas Spring

Equation (40) represents a harmonic force, but in addition to the spring constant of
the cantilever, it has an additional part due to the volume changes of the chambers.
This means that the gas volume itself acts like a gas springs ky(p), whose magnitude
is inversely proportional to the effective volume of the chambers (see Eq. (42)) as

2:cA%p
k = & 43
g(p) 57 (43)
Thus, if the effective volume is small, this part of the total spring constant
2 A 2xA?
k= ke + ko(p) = = Bwor + el (44)

3 3 oV

becomes significant and should not be neglected.
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The Effective Mass of the Gas

As the cantilever oscillates, it has to move the gas molecules around it. The influence
of this effect to the system is directly proportional to the density of the gas. It can be
modelled with an additional mass so that

N N 8m V*M
m= e+ mg(p) = = (45)

where M is the molar mass, R the universal gas constant and 7" temperature. The
factor V* depends on the size and shape of the cell.

Damping Coefficient

The total damping of the system will slightly increase with the density or pressure of
the gas. Thus it can be modelled as a composition of the damping of the cantilever
itself and the damping of the gas as

B =B+ /Bg(p)' (46)

The Resonance Frequency of the Cantilever in PA Setup

By substituting all the effects described above to the equation (30) we get the fre-
quency response as

Ac(e—1) [ Lt

[mg + mg(p)]v\/(wg —w?)2 4 {wwr

me+mg(p)

Ao(w) = ; (47)

where the resonance occurs at angular frequency

Wi = ko ke + 23 A2%p/5V ' (48)
m  me+ V*Mp/RT

The theoretical model was tested experimentally in Paper V by using three dif-
ferent gas mixtures as shown in Fig. 16. As predicted by the eg. 48, the resonance
frequency of the cantilever in CEPAS setup depended on both the sample gas and
its pressure. Further on, the additional mass mg(p) varied in the ratio of the molar
masses of the investigated gas mixtures.

3.2.3 Heating and Cooling of the Sample Gas
Heating of the sample gas

Absorption of light produces heat into the sample gas and the thermal conduction
through the walls of the cell acts as a heat leak. This can be described by the heat
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Figure 16. An example of the volume effects presented in Paper V. The resonance frequency of
the cantilever in a CEPAS setup and the additional mass due to the sample gas depend on both
the gas mixture and the total pressure.

energy rate

% = ¢, LP[1 — cos(wt)] — G(T — Tp), (49)

where P is the maximum power of the IR beam, G is the total thermal conductivity,
T and Tj are the temperature and initial temperature of the sample gas. [56]

In isochoric (isovolumetric) process, dQ) = CydT" and we can derive the integral
in Eg. 47 as

/ 4@, _ /C —d B axchP 0 LP T
v cos(wt + ) (50)
1+ (w& )

and further on the frequency response as

Ac(x—1) apcy LP I
14 my/(wg — w?)2 + (wB/m)? /1 + (wr1)?

where the characteristic time constant is 71 = C,,/G. In a cylindrical cell with radius
r is the time constant is

A*(w) = _, 6D

1 CV ngVT2
orfi G ~ 5.78K’

T = (52)
where p, = M/V,, = Mp/(RT'), cy and K are the density, specific heat capacity
and the thermal conductivity of the sample gas, correspondingly. [56]

For practical purpose, Eg. 51 can be written by using frequencies f instead of
angular frequencies and time constants as

Ai(f)F

A= o TG - PR B

(33)
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where

(54)

and

A(f) = (55)

AVI+(F/f)?2

The term A; (f) acts like a low-pass filter with cut-off frequency f.

Gas Flow and Energy Transfer Through the Cantilever Frame Gap

The gas leakage from the PA cell to the balance cell through the narrow gap between
the cantilever and its frame dampens the pressure variations. The heated molecules
also transfer energy away from the sample cell even if there is no pressure difference
between the cells. These mechanisms can be treated separately, but their effects on
the response can be combined to one high-pass filter, whose transfer function is

_ flf
As(f) = —\/W (56)

The corresponding time constant is

1 4V M
212 fy  3Agp V RT’
where Ay, is the area of the gap. [56]

(57)

Ty =

Relaxation Mechanism

The relaxation time from the absorption to heat generation depends on the complex-
ity of the non-radiative relaxation pathways and the energy level structure of the
excited molecules. However, the total relaxation process can be modelled using a

low-pass filter
1

R

with one effective time constant 1 /73 = 2 f3. Typically, 73 is less than 1 millisecond
and is therefore not important in the normal operational frequencies (less than 100
Hz) of the cantilever-based systems.

(58)

3.2.4 The Frequency Response of the CEPAS System

The frequency response of the complete system A (f) is a product of the responses
described earlier, i.e.,

Aw(f) AL(f)Aa(f)As(f)F

T drmy /A2 (fE — P22 + (JB/m)?

(59)
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This is illustrated in Fig. 17, where we see that the experimental data can be well
fitted to Eq. (59).
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Figure 17. Modelling the frequency response. a) the measured frequency response and the
theoretical curve based on harmonic oscillator. b) By correcting the theoretical model by volume
effects, the counted resonance frequency corresponds to the measured one. ¢) The theoretical
model corrected by low-pass filter A1(f) (eq. 55) and d) by A2(f) (eq. 56).

3.3 Noise
3.3.1 Noise Sources in CEPAS

In addition to the sensitivity, the performance of a detector in trace gas analysis
depends also on the noise level i.e. the signal-to-noise ratio (SNR), which can be

determined as

Agot (W)
NR(w) = .
SNR(w) Noise amplitude (60)

The main noise source in CEPAS is so called acceleration noise, described in
Paper V. If it is eliminated the acoustical and the Brownian noise dominates the
electrical noise, which is the only noise source that is not dependent on the frequency
response of the system.

26



Cantilever Microphone in Photoacoustic Spectroscopy

3.3.2 Acceleration Noise
Characteristics of Acceleration Noise

Acceleration noise is generated from the movements of the cantilever due to external
disturbances like constructional vibrations acting on the system. Only the acceler-
ation components, which are perpendicular to the cantilever surface, can make the
cantilever bend and therefore produce noise. The corresponding SNR can be esti-
mated by describing the external vibrations as a force

AF =m.Aa = p.AcdAa = kAx, 61)

where Aa is the amplitude of the acceleration noise and Ax corresponding move-
ment. [56] In the normal non-resonant operation mode of the CEPAS, we are inter-
ested in the frequency band below the resonance of the cantilever (w < wp, SNR can
be expressed as
(s —1)agcez LP
wV pcdAa
Thus, the use of more powerful laser sources operating at the wavelength region,
where the strongest absorption lines of the investigated sample gas occur, increases
the SNR ratio and enables lower detection limits. However, this does not actually
improve the sensitivity of the detector itself. Thus, the most effective ways to im-

SNRccel (W) ~ (62)

prove the normalized sensitivity (NNEA) is to minimize the size of the sample cell
V' without decreasing the optical path length L. Actually, the major improvement
in the sensitivity of CEPAS achieved in Paper IV based mostly on this. The NNEA
can further be improved by enabling multiple passing of the laser beam through the
sample cell.

However, the acceleration noise is not only generated from the acceleration of
the cantilever itself due to its inertia, but also the acceleration of the gas inside the
cell. Luckily, this latter effect can be used to compensate directly the noise amplitude
Aa by using a proper geometrical design as shown in the next section.

3.3.3 The Compensation of the Acceleration Noise

The acceleration affects on the pressure inside both the PA and the balance cells
linearly as shown in Fig. 18, i.e.,

P = po — pgat, (63)

where py is the original pressure and x the distance from the centre of the mass (CM)
in a direction of the acceleration a. Only at the CM of each cell the acceleration does
not influence the pressure. The effective (differential) pressure on the cantilever is
then

Pett = peda + pgDa, (64)
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Figure 18. Acceleration noise compensation by a proper geometrical design (Paper V).

where p, is the density of the cantilever and D is the distance between the CMs of
the PA and balance cells. The first term describes the inertia of the cantilever and the
second the movement of the gas, both acting on the same direction.
With the proper design of the balance cells, such in the right side of the Fig. 18,
the effective pressure
Pett = peda + pg(_D/)av (65)

can be set as zero by adjusting the distance between the CMs to D’ = p—;‘d.

The compensation of the acceleration by using an adjusted balance cell was
demonstrated in Paper V resulting in the maximum compensation factor of about
50 (Fig. 19).

Another compensation method of the acceleration noise, presented in Paper VI,
is the use of two identical cantilevers. As shown in Fig. 20, the absorption of light
inside the PA cell produces pressure waves that force the cantilevers to bend in the
opposite directions. However, the acceleration of the detector bends the cantilevers in
the same direction. Thus, the signals due to PA effect and the acceleration noise have
a 180-degree phase difference. By the subtraction of these signals, the acceleration
noise can be reduced.

3.3.4 Acoustical Noise

The term acoustical noise is used here to describe the unwanted pressure waves gen-
erated inside the PA cell due to external, usually high frequency mechanical vibra-
tions. These vibrations can force some structures or other parts of the cell, such as
valves and tubes, to vibrate and therefore act like a speaker. Similar to acceleration
noise, the corresponding force for the noise amplitude Ap is

AF = A Ap = kAx. (66)

28



Cantilever Microphone in Photoacoustic Spectroscopy

Acceleration noise perpendicular to the cantilever surface
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Figure 19. An experimental result in compensating the acceleration noise by geometrically
adjusted balance cell (Paper V).
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Figure 20. The use of two identical cantilevers in compensation of the acceleration noise.

The corresponding SNR at the low frequency region is

(3 — 1)agce, LP
wV Ap '

SNRacoust (W) ~ (67)

which is very similar to SNR,c.] in Eg. 61. [56]
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3.3.5 Brownian Noise

The movement of the cantilever due to molecular collisions from the surrounding
gas is called Brownian or thermal noise. [67; 68] Its magnitude can be estimated by
adding a random force Fy,(t) due to thermal fluctuations to the external force Fix(t)
[69] in the equation of motion (29) i.e.

mi + Bt + kx = Fu(t) + Fin(t). (68)
The detailed analysis is presented in [56] resulting in SNR as

Ac(e = Doagee LP - Ac(s — 1)agc, LP
WV /2kpTk/woQtym WV \/2kpTB/tm

As can be seen, the most effective ways to increase the SNR are to increase the
Q-value of the resonance (or decrease the damping 3 = S. + ;) or to decrease
the effective volume. The properties of the cantilever itself do not have remarkable
effect on the SNR, since the increase of the cantilever area A, will also increase
the damping. In practise, the reduction of Brownian noise at the normal operation
frequencies of the CEPAS can be made by using an external force to artificially
increase the Q factor. The method has been used in AFM to increase the signal
amplitude, but in this case it accumulates the thermal noise to the resonance peak.
[56]

SNRBown (w) =

(69)
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4 Main Results

The most straightforward measure of the results achieved in early years of CEPAS
is the achieved normalized sensitivity NNEA in Paper IV. However, more important
is all the work done to understand the physics of the system that enabled this result.
As will be shown in Chapter 5, the developed model has proven to be precise and
it continues to form the basis for future development work. This modelling of the
system has already been described in Section 3.2 with the reported measurements
confirming the model. In addition to sensitivity, also the noise and its compensation
as well as the wide dynamic range have been shown to be crucial for the future
applications. The demonstrated different measurement schemes showed the potential
of the CEPAS in many fields of applications.

4.1 The Sensitivity of the CEPAS
4.1.1 Results with the First Prototype

The sensitivity of cantilever detection in trace gas PAS was at first time demonstrated
in Paper I (Figure 21) by using the very first prototype of the detector shown in Figure
22. In those measurements, the PA cell was quite large and designed for broadband
IR sources. The interferometer was located in a larger cell, separated from the PA
cell by the cantilever. A self-made mechanical chopper was used to modulate the IR
radiation from a relatively weak broadband black body source and a band-pass filter
was used for the selectivity. As a preliminary result, a sub-ppb detection limit for
methane was very promising.

A much more comparable result in contrast to other PA detection methods was
achieved in Paper II by replacing the broadband IR source with a tunable diode laser
(TDL). The fairly weak absorption line of carbon dioxide (CO,) was selected for the
experiment on the basis of laser availability and the same detector as in Paper I was
used even though it was not optimized for the laser source. The achieved NNEA
4.6 x 10~%cm~'W/+/Hz was among the best ever achieved in TDLPAS. In addition,
the linearity of the detector in relation to the concentration of the sample gas and
laser power was demonstrated. The further improvements achievable by optimizing
the system for a laser source were discussed.
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Figure 21. The amplitude of PA signal due to 10 ppm of methane at 118 Hz modulation frequency
and the noise level presented in Paper .

Figure 22. A 3D model and a photo of the first CEPAS prototype.

4.1.2 Setup for Laser Sources

The improvements proposed in Paper II were carried out in Paper IV by using a
new detector optimized for laser sources (Fig. 24). The diameter of the PA cell
was reduced from 10 to 3 mm increasing the average intensity entering the by factor
11. A new cantilever, allowing the use of lower modulation frequency, was located
on the side of the PA cell, which was connected to a larger balance cell through
the frame gap. These cells were sealed with the beamsplitter, which allowed the
interferometer to be operated outside the gas cells. As a result of these optimizations,
an improvement by factor 27 was achieved in comparison to previous results. The
achieved NNEA of 1.7 x 10~ %cm™~'W /+/Hz was the best ever reported in 2007 and
after 16 years in 2023 still among the very best ones.
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Figure 23. The first PA cell designed for laser sources (Paper V).

In certain applications, the high sensitivity of the CEPAS enables adequate de-
tection limits even when using a very weak IR source as in Paper VI. A relatively low
cost electrically modulated broadband infrared (EMBIR) source, having an emission
spectrum close to a black body, was used with a dual cantilever detector shown in
Figure 24.
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Figure 24. A dual cantilever detector used in Paper VI.
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4.2 The Dynamic Range

The wide dynamic range of the system is based on the wide linear ranges of the
cantilever movement and the Beer’s law in interesting sample concentrations as well
as the use of the interferometer as a counter-type detector of the cantilever displace-
ment. The linearity of the PA signal as a function of the sample concentration and
laser power has been shown in Papers II and III, depicted here in Figure 25.
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Figure 25. The linearity of the PA signal as a function of concentration and IR source power
demonstrated in Papers Il and Ill.

4.3 Measurement Schemes

The main results presented in this thesis are obtained by using either a broadband
black-body radiator with a mechanical chopper and optical filter (Paper I) or a wave-
length modulated laser source (Papers II and III). However, the non-resonant opera-
tion mode enables the use of CEPAS to gain the advances of the PA detection also in
FTIR-devices, as shown in Paper V (Figure 26). Further on, due to the sensitivity of
CEPAS, not only solid and liquid but also gas phase samples can be measured with
enhanced sensitivity compared with the conventional PA-detectors. [70]

The differential method (Figure 27), that can be used to measure the trace gas
level concentrations of the sample gas from open or flowing air has been demon-
strated in Paper III. The main difference from other setups is that, the cantilever
chamber is filled up with a gas to be detected. In case the sample gas does not con-
tain the gas of interests, the PA signals from both sides of the cantilever are similar
and cancel each other out. Whenever there is a gas of interest in the sample cell,
part of incident IR radiation is absorbed in it resulting in the imbalance of PA signals
in the cantilever chamber. The method is described in detail by Uotila [2] and as
updated versions in Ref. [71; 72; 73].
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Figure 26. A schematic presentation for FTIR-CEPAS measurements and an example of a
measured PA spectrum.
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5 The Impact of CEPAS on Scientific
Research

The impact of the presented work on scientific research is assessed through a retro-
spective study based on international scientific publications from the years 2007 to
2023. At first, the scientific citation databases are examined. The number of cita-
tions will be assessed in relation to other CEPAS publications, as these will strongly
depend on the field of research. However, as a result of the commercialization of the
CEPAS instruments, the direct references to the original publications do not give a
complete picture of the impact. Since the commercialization has made it possible
to use CEPAS in several research institutes and applications worldwide, these stud-
ies have also been considered in the impact assessment. As an essential part of the
assessment, factors that have limited the use of technology in different applications
have been identified.

In addition to the numbers of citations, the validity and usefulness of the results
achieved by 2008 are also analysed. This bases partly on a qualitative evaluation on
how the original publications have been referred to and how their results have been
used further. An essential condition for an improvement of a technical device is to
understand the physics behind it. Therefore, the achieved sensitivity has been used as
a more exact measure of the accuracy of the developed physical model, which is the
most significant result of this thesis. The results and success of subsequent efforts to
improve sensitivity have also been assessed on the basis of a model developed.

The literature review, presented in the following paragraphs, is not complete but
aims to be as comprehensive as possible. The publications set out in this chapter deal
either directly with the method or have used a measuring instrument based on it.

5.1 Citation Analysis
5.1.1 The Number of Citations

To analyse the impact of a research, the number and type of citations to the Papers I
— VI are studied at first by using two scientific citation databases (Table 1): ISI Web
of Sciense (ISI-WoS) [74] and Elsevier API Scopus (Scopus)[75]. In evaluation of
the total number of citations, also Google Scholar [76] and Research Gate [77] has
been used. The values were retrieved from the databases on 12 April 2023.
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Table 1. Total numbers of citations based on four citation databases (retrieved on 12 April 2023).
The self-citations has been excluded from the ISI values and the Scopus values presented in
brackets.

Publication | ISI Web of Science | Elsevier API Scopus | ResearchGate | Google Scholar
Paper I 106 121 (107) 130 165
Paper II 56 60 (50) 65 74
Paper 11T 73 70 (65) 77 100
Paper IV 77 68 (64) 73 100
Paper V 94 105 (104) 99 133
Paper VI 32 33 (33) 34 44
Total 438 457 (423) 478 616

The annual numbers of citations (retrieved from Scopus on 12 April 2023, self-
citations of all authors excluded) by publication are presented graphically in Fig. 28.
Since the availability of commercial analysers have a major influence on the amount
of citations, a simple timeline of the CEPAS development and commercial product
releases (Section 5.2.2) is given in Fig. 29. The total number of citations is 423, and
they are distributed fairly evenly after 2013 (about 30 citations per year). From year
to year, Papers I and V have been the most cited ones. The number of references to
Paper I is understandable since it is the first publication describing the whole CEPAS
method. Paper V outlined the physical model of the method and it has been annually
cited more than Paper IV which demonstrated the extreme sensitivity of CEPAS.
The reason for fewer citations of Paper IV might be that in spite of superior NNEA,
the detection limit that was achieved was not that impressive, due to the quite weak
absorption line that was used. For the wider public, the detection limit seems to be
a clearer concept than the NNEA value. This is also reflected in studies by Tomberg
et al. The sub-part-per-trillion level sensitivity achieved in Ref. [15] has gained
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Figure 28. The number of annual citations to publications | — VI by Elsevier Scopus (12 April,
2023). The self-citations of all authors are excluded.
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Figure 29. The CEPAS timeline with major publications including Papers | to VI, CEPAS related
Ph.D theses and commercial product releases.

over four times more citations than the Ref. [78], where the normalized sensitivity
(NNEA) is actually two orders of magnitude better but the detection limit is only at
the sub-part-per-billion level.

As a comparison, the introduction of QEPAS in Ref. [43] has gained about three
times (466 citations, Scopus) and the introduction of an all-optical PA spectrometer
(AOPAS) in Ref. [79] about one third (42 citations) of the number of citations to
the introduction of CEPAS in Paper I (107 citations). However, in such a small field
of research, the size of the research group and its self-citations are also of great
importance. For example, from the total of 629 references to the QEPAS[43], as
much as 163 (26 %) were self-citations. The corresponding figures for CEPAS (Paper
I) are 14/121 (12 %) and for AOPAS[79] 13/55 (24 %).

5.1.2 Citations in Relation to Other CEPAS Publications

For a comparison of the number of citations between different CEPAS related pub-
lications, they are presented in a citation or publication spiral in Fig. 30. The time
from 2000 to 2023 is presented as increasing from the centre of the circle to its outer
edge. The size of the circles describing individual publications depends on the num-
ber of citations. For the publications with over 30 citations, the number of citations
is also shown together with the reference number. The different colours describe
the four series of publications: blue circles represent the Papers I to VI, red ones
the publications related to this thesis (author has contributed to them), green ones
are publications where the CEPAS method itself was under study or development
and finally, orange ones represent applications where CEPAS has been utilized. The
number of citations were retrieved from ISI-WoS.

As shown, Papers I - VI are among the most cited CEPAS publications. However,
the research field has an effect on the number of citations. Therefore, among the most
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Figure 30. A citation spiral of the CEPAS-based publications from 2003 to 2023. The size of the
circles describing individual publications are related to the number of citations (retrieved from ISI
Wos on 12 April 2023).

cited publications in Fig. 30 there are applications utilizing CEPAS in another fields
of research such as food quality assurance [80], detecting ethylene in plants [81] or
carbon sequestration [82].

Actually, the publications citing the original papers I to VI can roughly be divided
into three classes. The most interesting ones are those presented already in Fig. 30,
where CEPAS is either used in a new application or in validating the previous results
and those, where some properties of CEPAS are further developed [83]. After their
publication, a great deal of these studies has been combined into Ph.D theses as
shown in Table 2. Presented list is certainly incomplete, but it shows the change
in the doctoral dissertations from the technical development of CEPAS to its use
in applications in different fields. The subject matter of the dissertations will be
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discussed in the following paragraphs.

Table 2. A list of CEPAS based Ph.D theses and related publications, known to author.

Year | Author University Ref. Articles
2005 | Laurila, T. Tampere Univ. of Technology, Finland [84] ‘ Paper I1, [3; 4]
Advances in Optical Diagnostic Based on Tunable Diode Laser Spectroscopy

2006 | Cattaneo, H. | Tampere Univ. of Technology, Finland | [85] | PaperII, [86]
Applications of Tunable Diode Lasers in Transmission and PAS

2009 | Uotila, J. | Univ. of Turku, Finland | [871 | [1;2;88;71;70]
Use of the Optical Cantilever Microphone in PAS

2011 ‘ Saarela, J. ‘ Tampere Univ. of Technology, Finland ‘ [89] ‘ [90]
Gas-Phase PAS, Advanced methods for PA Detection and Signal Processing

2013 | Sievild, P. | Aalto Univ. Finland | 91 | [63; 92]

MEMS Cantilever Sensor for THz PA Chemical Sensing and Spectroscopy
2013 | Glauvitz, N. E. | Air Force Institute of Technology, USA | [93] |
Microfabrication technologies for single-crystal silicon sensors

2014 | Vilikyls, T. | Univ. of Turku, Finland | 941 | [95; 96]
Michelson Interferometer With Porch Swing Bearing For Portable FTIR Spectrometer

2013 | Hirschmann, C. | Univ. of Oulu, Finland | 1971 | 198:99;13; 100]
Cantilever-Enhanced PAS in the Analysis of Volatile Organic Compounds

2013 | Lehtinen,J. | Univ. of Turku, Finland | [101] | [102;13;103]
Detection of Illicit Drugs and Drug Precursors with Cantilever-Enhanced PAS [18; 104]
2014 | Pénni, R. | Aalto Univ., Finland | [105] | [106;107; 108]
Changes in accessibility of cellulose for kraft pulps measured by deuterium exchange

2014 | Loria, M. | Univ. Degli Studi Di Palermom Italy | [109] |

Transport properties of drug precursor molecules in nanoporous polymers

2015 | Peltola, J. | Univ. of Helsinki, Finland | (1101 | [14;111]
Trace gas detection and high-precision spectroscopy in the mid-IR and visible wavelength regions
2015 ‘ Rouxel, J. ‘ Univ. de Reims Champagne-Ardenne ‘ [112] ‘

Design and realization of miniaturized PA cells for trace gas detection

2016 ‘ Aoust, G. ‘ Univ. Paris Saclay, France ‘ [113] ‘

Development of infrared sources and quartz resonators for PAS

2016 ‘ Niinivaara, E. ‘ Aalto Univ. Finland ‘ [114] ‘

2-Dimensional Assembly of Cellulose-Based Materials

2017 | Brangule, A. | Riga Technical Univ. Latvia | [115] | [116;117]
Application of FTIR Spectroscopy in Analysis of Synthesized and Natural Calcium Phosphate
2018 | Eduah,J.O. | Univ. of Ghana | [118] |

Phosphorus Reactions in Three Contrasting Soils Amended with Biochar

2019 | Karhu, J. | Univ. of Helsinki, Finland | [119] | [23]
Applications of Mid-infrared Frequency Combs for Linear and Nonlinear Vibrational Spectroscopy
2019 ‘ Mikkonen, J. ‘ Univ. Eastern Finland ‘ [120] ‘ [121]
Infrared Nuclear Magnetic Resonance Spectroscopic Methods for Salivary Analysis

2020 | Tomberg,T. | Univ. of Helsinki, Finland | [122] | [15;78;123]
Application of interferometry and CEPAS to background-free trace gas detection

2020 | Wikstrom, H. | Abo Akademi Univ. Finland | [124] | [125]
Exploring Printed Drug Formulations for Inkjet and Stencil Printing: Pharmaceutical Sciences
2023 | Mikkonen, T. | Tampere Univ. Finland | [126] | [127;128;129]
Fourier Transform Photoacoustic Spectroscopy with Broadband lasers [130; 131]

Another class of the publications consists of review papers, such as references

40



The Impact of CEPAS on Scientific Research

[42; 132; 133; 134; 135], or the literature studies, where the applicability of CEPAS
to a certain application is considered or compared with a competing technique [136;
81; 137; 138]. Several of these literature assessments have later led to the realization
of the technique for the application, sometimes even if the original evaluation was
somewhat negative. [137; 139]

The third class of the referring publications are formed of those, where CEPAS is
only mentioned [140; 141]. Most of those papers concerned a competing technique
or presented PAS in a more generalized manner. [8; 142; 143]

5.2 The Validity of the Presented Results

To analyse the validity of the technology, a reliable measure for that is needed. Since
an essential condition for an improvement of a technical device is to understand the
physics behind it, the achieved sensitivity of the sensor is a good indicator of the
accuracy of the developed physical model of the whole measurement system.

5.2.1 The Sensitivity of CEPAS

Before the introduction of CEPAS in 2004, the normalized sensitivities (NNEA) in
conventional PAS were in order of 107® — 10~cm™'W/y/Hz. [60; 61] Typical
values from several studies using conventional PAS are presented in Ref. [59]. At
the best, the sub-ppb detection limits (or noise equivalent concentration, NEC) for
individual gases had already been reached and they had been achieved by utilizing
the acoustical resonances of the PA cells and using very high power lasers. The
novel QEPAS-method presented at the beginning of the 21% century was at the same
level of sensitivity as conventional PA methods, the best NNEA value was 7.2 x
10~%cm~'W/v/Hz [62].

CEPAS was introduced as using broadband IR source and the first NNEA value
was achieved in 2006 by using a diode laser with PA cell not optimized for laser
setup. However, it was already of the same magnitude as in the best previous studies
(Paper II), as shown in Table 3. Another summary of sensitivities achieved in CEPAS
in the detection of different gases is presented in a review by Fathy et al. [134]

After the commercialization of CEPAS detectors by Gasera Ltd. in 2005, the
studies by several research groups around the world have proven the achieved results
described in Chapter 4. In a study by Lindley et al. [144], the sensitivities of three
PA setups were compared. With a non-optimized PA cell, the normalized sensitiv-
ity of the cantilever sensor was ~100 x better than either the differential or single
microphone cells. The NNEA of 2.2 x 10~%cm~'W/v/Hz (20 noise) was in good
agreement with the values reported by Laurila [3; 4] (10 noise). In these studies,
the results were obtained also by using an erbium-dobed fibre amplifiers (EDFA) to
improve the detection limit (NEC) in TDLPAS. The results clearly demonstrate that
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Table 3. A summary of the achieved sensitivities using CEPAS: NNEA (in x10~%cm~—1W/vHz),
noise-equivalent concentrations (NEC) i.e. detection limits and the used laser power.

Year | Gas NNEA | NEC [ppb] | Power [mW] | References
2006 | carbon dioxide CO; 4.6 7200 33 Paper I1
2006 | oxygen O, 4.8 7200 30 [86]
2006 | carbon dioxide CO» 2.2 4600 30 [3; 4]
2006 | carbon dioxide CO, 2.2 230 600 [3; 4]
2007 | ethylene CoHs 1.1 76000 0.01 [144]
2007 | ethylene C,Ha 2.3 1100 1.53 [144]
2007 | carbon dioxide CO» 0.17 1900 30 Paper IV
2007 | carbon dioxide CO» 0.11 2.1 [145]
2009 | carbon dioxide CO» 8.5 57000 30 [90]
2012 | carbon monoxide CO 2.4 177000 2.93 [146]
2012 | acetylene CoH» 4.1 1720 1.71 [146]
2012 | methane CHs 1.0 214300 0.81 [146]
2013 | formaldehyde CH,O 0.24 0.53 47 [13]
2013 | formaldehyde CH,O 0.20 0.43 47 [13]
2013 | hydrogen cyanide HCN 1.8 0.190 500 [14]
2013 | methane CH4 1.8 0.065 600 [14]
2015 | nitrogen dioxide NO, 0.26 0.05 4700 [111]
2016 | methyl cyanide CH3;CN 1.39 0.025 [147]
2016 | methyl cyanide CH3;CN 0.43 0.025 [148]
2017 | acetylene CoH, 0.77 15 23 [143]
2018 | hydrogen fluoride HF 0.27 0.00065 950 [15]
2018 | methanol CH;OH 1.3 8.7 50 [149]
2018 | methyl cyanide CH3CN 1.7 1470 50 [149]
2018 | formic acid CHOOH 6.0 620 50 [149]
2018 | carbon dioxide CO; 1.6 9300 50 [149]
2019 | ammonia NH3 2.6 32 1000 [6]
2019 | acetylene C,H, 0.00175 0.24 7,5 [78]
2019 | acetylene CoH, 1.3 24 12 [150]
2020 | acetyleneCoH» 0.42 0.027 1000 [151]
2020 | benzene C¢Hg 2.8 1 2.4 [152]
2022 | methane CH4 1.2 112 14.7 [153]
2023 | tritiated water *H,O 6.15 0.88 125 [154]

the reported NECs in Table 3 depend much more on available laser power than on
the NNEA values. However, the NNEA values can be used to estimate the detection
limits as the laser selection grows. An ultimate example of the linear relation of the
PA signal to the incident laser power was demonstrated by Tomberg et al. in Ref.
[15]. By utilizing a high power OPO, a strong absorption cross-section of hydrogen
fluoride (HF), and high stability of experimental setup sub-ppt level sensitivity was
achieved.

The theoretical model of the method was first used in practical implementation
in 2007 (Paper IV). By optimizing the PA cell for laser sources an order of magni-
tude improvement in sensitivity was reached. This optimization included the reduc-
tion of sample cell size and the use of a cantilever that allowed lower modulation
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frequency (compare with SNR equations 62 and 69 in Chapter 3.3). The achieved
NNEA of 1.7 x 10~ %em ='W /+/Hz is still in 2023 one of the best ever reached, even
though the guidelines for the further improvements were also given: the optimiza-
tion of the pressure in the PA cell together with the properties of the laser wavelength
modulation, reduction of the noise at low frequencies, and increasing the absorption
path length by using mirrors, for instance. A well-consistent result was achieved by
Parkes et al. [145] right after. Another indication of the accuracy of the model was
found in a study [146] where three different gases were measured at the same time.
The measurement was carried out using three different lasers simultaneously, each
modulated at a different frequency, yielding to slightly different NNEA values.

Since 2007, several proposals have been presented to improve the sensitivity.
The impact of different wavelength modulation waveforms on PA signal was demon-
strated by Saarela et al. [90]. Compared with the conventionally used sinusoidal
modulation, the triangular, shaped and quasi-square waves enhanced the PA signal
by the factors of 1.12, 1.42 and 1.57. In studies [13] and [149] the wavelength mod-
ulation (WM) turned out to be slightly better than amplitude modulation (AM) and
a new fabrication process for the cantilever presented in [92] was shown to improve
the signal-to-noise ratio over 20 %. However, different materials for the cantilever,
such as stainless steel [155], multilayer graphene [156; 157], mica [158; 157], sili-
con with piezoelectric coatings [159; 160] and piezoelectric polyvinylidene fluoride
[161], were usually utilized for some other reason such as the low cost, chemical
resistance and ease of the fabrication or miniaturization.

Instead of the interferometrical readout of the cantilever displacement, also op-
tical beam deflection (OBM) in very low vacuum conditions is used [147]. In a
miniaturized measurement setup, the cantilever was replaced with a micromirror at-
tached to a free end of a cantilever beam and the deflection of the cantilever was
detected via optical fibre interferometry [143]. However, these alterations as well as
the utilization of the acoustical resonances of the PA cell [6] and together with the
resonance of the cantilever [162; 151] did not lead to improvement of sensitivity. An
up to date review of displacement detection methods used in CEPAS is presented in
[133].

Finally in 2019, the sensitivity of CEPAS was remarkably improved by increas-
ing the optical path length without increasing the size of the PA cell, as predicted
by the model and presented in Paper IV. By using an optical power build-up cav-
ity, Tomberg et al. [78] reported NNEA value of 1.75 x 10~ '2cm~'W /y/Hz, that
was two order of magnitude better than previous record in CEPAS as well as the
best ever reported in PAS. The technique was named as cavity enhanced CEPAS, i.e.
CE-CEPAS.
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5.2.2 Development of CEPAS and Commercial Products

In several literature comparisons based mainly on original publications I — VI, re-
peated concern was expressed about the difficult adjustment, robustness and ther-
mal stability of the displacement measurement based on Michelsson interferometer.
[42; 161] Based on technical documents by Gasera Ltd.[163] and Ref. [12] the orig-
inal Michelson type interferometer has been replaced by a more robust implication
of the readout interferometer. As a major improvement to thermal stability, the light
beam of the other arm of the interferometer is now reflected from the cantilever frame
instead of a mirror located outside the balance cell. After the commercialization of
the technology, its development is closely linked to the products released by Gasera
Ltd. The release dates of the new measuring devices are already shown in Fig. 29
and their features will be briefly discussed next.

Accessories for FTIR spectrometers

The basis for the use of CEPAS as an FTIR accessory had already been presented in
[70] and the first commercial product released by Gasera was the PA101 accessory to
be installed on existing FTIR spectrometers for gas analysis. [164] It was intended to
replace the conventional long path gas cell and the IR detector allowing low sample
gas volumes (30 ml) and by its linearity the possibility to also measure wet gases.
The product was promised a wide dynamic range and for most gases sub-ppm detec-
tion limits. The PA101 accessory was successfully used for example in analysis of
volatile organic compounds (VOC) at elevated temperatures in [99].

The FTIR accessory PA301 for solid, liquid and semi-solid samples was intro-
duced in 2011. [165] It can be used to measure samples with any shape or morphol-
ogy with very minimal sample preparation. The sampling depth can also be varied
in PAS and the measurement of dark samples such as bitumen and rubber are pos-
sible. PA301 has been widely utilized especially in environmental studies with soil
samples, as presented later in section 5.3.3.

Early Products for Gas Analysis

In 2009 introduced multi-gas analyser F10 bases on the use of pulsed broadband IR
sources and up to ten optical filters for target gases. [166] Selective, simultaneous
measurements with sub-ppm detection limits up to nine gases were promised. More
sensitive instruments for the gas analysis were the Analyser LP1 (2011) and the PA
research gas cell PA201 (2012) designed for laboratory measurements. [167; 168]
The simultaneous analysis of two gas components at Low-ppb level detection limit
was enabled with LP1 by using two laser sources operating at different modulation
frequencies. The stability of the device was improved by introducing the new readout
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interferometer. The laboratory instrument PA201 can be tailored different types of
light sources such as infrared distributed feedback laser (DFB), quantum cascade
laser (QCL) and optical parametric oscillator (OPO).

Gasera One Platform

Together with PA201 and PA301, that are still on the market, the other currently
available products are based on the Gasera ONE platform introduced in 2016. [169]
The platform offers both single and multi-gas analysers [170; 171; 172; 173; 174]
and it can be combined with different types of light sources.

5.3 Applications Utilizing CEPAS
5.3.1 Detection of Volatile Organic Compounds

One of the applications for trace gas analysis is the detection of VOC:s, that could be
dangerous to human health or the environment. Several VOCs usually exist at trace
level concentrations in indoor air and at even lower concentrations in outdoor air.
Thus, both the excellent sensitivity and selectivity are needed to detect and identify
them. The higher concentrations may occur in industry.

In studies [98; 99; 13; 100] yielding to a Ph.D thesis by Hirschmann [97] several
advantages of the CEPAS were utilized in the investigations of VOCs. The opera-
tion in the non-resonant mode was recognized as the most important feature in this
application, since it enabled the use of several measurement setups and IR sources,
including FTIR-PAS, OPO and QCL. The thermal stability of the cantilever, men-
tioned already in Paper I, enabled the measurements at gas temperatures up to 180
°C. In these studies the linearity of the CEPAS was successfully tested up to con-
centrations of 3 500 ppm (CH4) and 17 500 ppm (CO;). A total of 20 VOCs were
analysed at ppm level using FTIR; benzene, toluene and xylene at ppb level using
an OPO as a source and formaldehyde at sub-ppb level using QCL. The best NNEA
achieved in these studies were 6.04 x 107%cm~'W /y/Hz.

In some cases the selectivity of the CEPAS alone is not adequate. If there is
a complex mixture of large VOC molecules, such as 2-ethylhexanol CgH;gO, their
spectra can be too complicated due to significant overlapping. However, the possibil-
ity to use very small sample volumes (sub-millilitres or even microlitres), enables the
coupling of CEPAS with a gas chromatography (GC) capillary. Even though this has
been successfully demonstrated by Tomberg et al. [123], they recognized the slow
gas exchange and the static measurement problematic for adsorptive molecules.

In addition to the detection of the impurities in indoor air, the high sensitivity of
CEPAS has been utilized to an increasing extent in the quality assurance measure-
ments of photocatalytic degradation of formaldehyde and other VOCs. The aim is to
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mineralize VOCs into non-toxic water (H,O) and carbon dioxide (CO,) using solar
energy and different photocatalytic materials. In these studies, CEPAS has been used
to estimate the oxidation rate by measuring in real time both the original VOC, such
as benzene (CgHg) [175; 176], formaldehyde HCHO [177; 178; 179; 180; 181], ac-
etaldehyde (C,H40) [182], acetone (C3HgO) [183], or toluene C¢HsCH3 [184] and
their end-products. Actually, at the moment this has shown to be the most active
field of study utilizing the commercially available CEPAS detectors and only a small
proportion of the related studies are presented as an example in the Table 4.

Table 4. Studies utilizing CEPAS in detection or photocatalytic degradation of VOCs. The used
Gasera analyser is presented if known.

Year | Study Analyser | Ref.

2011 | Elevated temperature samples, detection of 18 VOCs PA101 [99]

2013 | Detection benzene, toluene and xylenes PA201 [100]
2016 | Sub-ppb detection of formaldehyde PA201 [13]

2017 | Multicomponent ppb-level air quality monitoring, several VOCs PA201 [185]
2017 | Methane catalytic combustion over Co, Ce, and Pd mixed oxides PA101 [186]
2019 | Catalytic oxidation of formaldehyde at room temperature ONE [187]
2020 | Sub-ppb detection of benzene PA201 [152]
2020 | Oxidation of indoor formaldehyde at room temperature ONE [188]
2020 | Broadband laser-based IR Detector for gas chromatography PA201 [123]
2021 | Structural differences in photocatalytic efficiency ONE [189]
2021 | Photocatalytic minerazation of indoor VOCs CH,0 and C;Hg ONE [190]
2021 | Photocatalytic degradation of Acetone ONE [183]
2022 | Catalytic oxidation of toluene ONE [191]
2022 | Catalytic degradation of high concentration VOCs ONE [182]
2022 | Oxidation process of VOC, formaldehyde ONE [178]
2022 | Visible light photocatalysis of formaldehyde ONE [180]
2022 | Visible light photocatalysis of formaldehyde ONE [181]
2022 | Photodegration of formaldehyde ONE [179]
2023 | Catalytic oxidation of formaldehyde ONE [177]
2023 | Photocatalysis of toluene ONE [184]
2023 | Photocatalytic process in removal of benzene series VOCs ONE [175]
2023 | Benzene purification ONE [176]

5.3.2 Indoor Air Quality

Beside VOCs also other impurities can be real-time monitored from the indoor air.
Several studies describing the measurements of impurities related to indoor air qual-
ity (IAQ) with CEPAS are presented in Table 5. In addition, several of the studies
already presented in previous table are related to IAQ.

As shown in the Table 5 CEPAS has also been used to study ventilation per-
formance and the transmission on airborne infections. Carbon dioxide CO,, for
instance, is a typical human based marker gas for the ventilation performance. Its
concentration can therefore be used in evaluating as well as automatically adjusting
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Table 5. Indoor air quality-related studies utilizing CEPAS.

Year | Study Analyser | Ref.

2019 | Airborne isolation Rooms to reduce infection rate ONE [192]
2020 | Formaldehyde concentrations at university hospital ONE FA | [193]
2020 | Hospital-acquired infection risk, aerosol-transmissible pathogens ONE [194]

Pulse

2022 | Airborne infections, room air distribution ONE [195]
2022 | Airborne infections, ventilated office rooms ONE [196]
2022 | Pollutants from buildings through their ventilation system ONE [197]
2023 | Calibration standard for CO, sensors at metro station ONE [198]
2023 | Ventilation performance, SFs as tracer gas ONE [199]

the appropriate ventilation rate in dwellings, offices, schools and other occupied ar-
eas, such as metro stations as described in [198]. In turn, the occurrence of toxic
carbon monoxide (CO) resulting from the combustion of imperfect substances may
indicate a smouldering fire. Although simple and inexpensive meters are available
for measuring these individual gases, the possibility of measuring them together with
e.g. VOCs, particulate matter and aerosols may provide a better overall picture of
indoor air pollution. A non-standard approach is presented in an ongoing project
[197], where the ability of multi-component measurement of CEPAS is used to char-
acterize and quantify pollutants leaving residential buildings through their ventilation
systems.

As aresult of the Covid-19 pandemic, there has been a significant increase in the
study of airborne pathogens. In these studies, tracer gas measurements play a major
role. For typical measurement, one or more breathable thermal manikins are placed
in a laboratory room with controllable conditions and air ventilation. The transmis-
sion of the respiratory-generated airborne pathogens can be simulated by dosing a
tracer gas, such as nitrous oxide (N,O) or sulphur hexafluoride (SFg), in the exhaled
air of one of the manikins. In such a setup, not only the ventilation rate but also
the room air distribution, were proven to be of major importance in cross-infection
control. [195; 196]. In another study, tracer gas measurements have been used to
assess the safety of isolation rooms. [192] However, in analysing the ventilation per-
formance, air distribution and thermal comfort, tracer gas measurements such in Ref.
[199] are commonly used.

5.3.3 Environmental Monitoring and Greenhouse Gases

Environmental studies, such as greenhouse gas (GHG) measurements, are another
self-evident application of CEPAS. In these environmental applications both laser-
based CEPAS and FTIR-CEPAS has been widely used in investigating samples in all
phases: solid, liquid and gas. The majority of the studies have related either to the
ability of soil and water to bind carbon or to the conditions under which GHGs are
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released from them, as shown in Table 6.

The possibility of the in situ measurements of emissions from agricultural and
animal feeding operations was questioned in the literature review in 2014. [137]
However, already in the same year, the first such a measurement using FTIR-CEPAS
was reported. [139] Actually since then, the improved sensitivity offered by the

Table 6. Studies related to environmental research.

Year | Study Analyser | Ref.

2010 | Nitrogen and carbon losses from dung storage [200]
2011 | Methods for detecting ethylene in plants [81]

2014 | Determination of soil organic carbon by FTIR-CEPAS PA301 [139]
2015 | Chemical composition of various organic waste products PA301 [201]
2015 | Insitu Ammonia Concentration in Soil Headspace PA101 [202]
2015 | Biochemical methane potential of plant biomasses PA301 [203]
2016 | Straw and wood gasification biochar PA301 [82]

2016 | Changes in soil organic matter PA301 [204]
2017 | Non-invasive individual methane measurement in dairy cows F10 [205]
2017 | Amino sugars and lignin biomarkers in soil organic matter PA301 [206]
2017 | Soil organic carbon PA301 [207]
2017 | GHG emissions from soil, water filtration PA301 [208]
2018 | Retention of phosphorus in soil [118]
2018 | Emission from biomass burning PA201 [149]
2018 | Penicillium bilaiae to improve phosphorus bioavailability PA301 [209]
2019 | Soil organic matter in soil structural stability PA301 [210]
2019 | Methane measuerement methods in genetic evaluation of dairy Cattle | F10 [211]
2019 | Ammonia emissions from dairy cow F10 [212]
2020 | Corn diet alteration on dairy cows manure and its emissions ONE [213]
2020 | FTIR-PAS in characterization of environmental samples PA301 [214]
2021 | Prediction of Permanganate oxidizable carbon from soil samples PA301 [215]
2021 | CEPAS as a calibration standard in methane measurement One [216]

Pulse
2021 | Biochemical methane potential of urban organic waste PA301 [217]
2022 | GHG emissions from a sandy loam soil ONE [218]
2022 | GHG emissions of the Bio-base fertilizers ONE [219]
2022 | Methane emissions from beverage industry wastes PA301 [220]
2022 | Ammonia NH3; emissions from dairy cow manure ONE [221]
2022 | Dietary effects on manure gas emissions ONE [222]
2022 | Phosporus availability on digestates PA301 [223]
2022 | Methane emission of dairy cow production F10 [224]
2022 | Soil chemistry, radon and other pollutants PA301 [225]
2022 | Pollutants from buildings through their ventilation system ONE [197]
2022 | Sub-ppb detection of enriched benzene samples PA201 [226]
2022 | Electrocatalytic nitrate reduction from wastewater ONE [227]
2022 | Effect of alley cropping on soil CO, and N>O emissions ONE [228]
2023 | Ammonia NH3; emissions during manure storage F10 [229]
2023 | Emissions (N>O, CHy4, CO,, NH3) from bioreactors ONE [230]
2023 | Soil CO; and N,O emission ONE [231]
2023 | Seasonal variation of CO; in tropical lakes ONE [232]
Pulse
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CEPAS technology, has enabled the utilization of several advantages of FTIR-PAS
in soil-related measurements, for instance. Some of these advantages are robustness,
small sample size, easy sample preparation, and possibility of the depth profiling
of the sample surface. In several applications, where solid samples have measured,
the elimination of scattering effects and reflection issues by using PA approach has
shown to be of importance. [201; 139] Further on, in a comparison of the three
most widespread environmental FTIR techniques using solid and liquid samples, the
FTIR-PAS provided more information than attenuated total reflectance (ATR-FTIR)
and diffuse reflectance (DR-FTIR) FTIR-methods. FTIR-PAS also proved to be the
most versatile technique, performing well for all material, and especially for dark
and opaque samples (i.e. organic waste, biochar, and soil). [214] CEPAS has also
shown to be reliable and practical in the studies of emissions from dairy cattle and
their manure. [211; 212; 213; 221; 224]

Besides water, some of the most important greenhouse gases (GHG) are carbon
dioxide (CO,), methane (CHy), and nitrous oxide (N,O). As early as 2007, their
emissions during the storage of animal manure in vegetable gardens were simul-
taneously measured by CEPAS. [200] For all of these GHGs, the detection limits
achieved by CEPAS are small fractions of their atmospheric concentrations.

5.3.4 Pharmaceutics, Drugs and Medical Applications

The use of CEPAS in pharmaceutical sciences and industry has been considered
quite soon after its introduction. Already in 2006, CEPAS were considered as a
possible monitoring method for analysing the volatile products developed in fermen-
tation processes in pharmaceutical industry. [233] The pharmaceutical and medical
applications known to author, where CEPAS has been used, are presented in Table 7.

Starting from 2012, CEPAS-based trace gas and hair analysis has been used in
the detection of illegal substances i.e. drugs and drug precursors. [101; 102; 103; 18]
In gas-phase studies, ppb level detection limits were achieved for methyl benzoate, a
hydrolysis product of cocaine hydrochloride, and benzyl methyl ketone, a precursor
of amphetamine and methamphetamine. In pharmaceutics, solid-based CEPAS has
also been used in the permeation studies of emulgels to skin layers [245; 246], drug
diffusion and interaction with the skin tissues [244] as well as adsorption studies of
medicinal substances to mesoporous micro and nanoparticles [235; 236; 239].

In medical diagnostics, the trace gas analysis of exhaled breath as a non-invasive
and rapid technique started to show great potential in 1971, when gas chromatogra-
phy was used to detect over 200 VOCs in human breath. [247] The main components
in the mixture are nitrogen, oxygen, carbon dioxide, inert gases and water vapour.
Beside them there are also thousands of VOCs, many of them relevant biomarkers
for various diseases. [10] Detection limit of 100 ppt can be considered sufficient for
almost any breath analysis application and ppb level for many of them [248; 9]. Sev-
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Table 7. Pharmaceutics and Medical Applications.

Year | Study Analyser | Ref.

2012 | Drug detection PA201 [102]
2013 | Spectrosopic studies of Human hair, Nail and Saliva PA301 [103]
2013 | Cocaine Abuse identification from human hair samples PA301 [18]

2014 | Simulated IR spectra of drug precursors Other [234]
2014 | Characterization of nanoparticles targeting breast cancer tumours PA301 [235]
2016 | Ibuprofen adsorption in mesoporous silicon microparticles PA301 [236]
2016 | Saliva biomarkers PA301 [121]
2016 | Simeltaneously identification of biomaterial surface and bacteria PA301 [116]
2017 | Identification of bacteria using FTIR-PAS PA301 [117]
2017 | Removal of Escherichia coli by hydrothermal zarbonization PA301 [237]

2019 | The characteristic features of the thermally hydrocarbonized surface | PA301 [238]
of porous silicon

2019 | Loading and release of anticancer drugs to silicon nanoparticles PA301 [239]
2020 | Characteristics of herbal medicin PA301 [240]
2020 | Stencil printing of orodispersible discs PA301 [125]
2021 | Silicon nanoparticles for applications in therapy and diagnostics PA301 [241]
2021 | Formalin safety in anatomic pathology ONE FA | [242]
2021 | Permetation studies in Photodynamic therapy of dermatological in- | PA301 [243]
fections
2022 | Drug diffusion and interaction with the skin tissues PA301 [244]
2022 | Emulgel permeation to human skin PA301 [245]
2023 | Emulgel permeation to deep skin layers of dairy cows PA301 [246]

eral of these trace gases have already been measured by using conventional PAS [10]
and the needed detection limits are well in the reach of CEPAS, where single breath
collection to a small sampling volume is enabled and no pre-concentration steps in
sample preparation are needed. Thus, exhaled breath analysis might be one of the
most interesting and important future applications for CEPAS.

Biomarkers in saliva present another diagnostic tool and were studied in Ref.
[121]. According to the related literature review in this study, FTIR spectroscopy has
already been utilized in the saliva analysis of diabetes, physiological stress, and drug
detection. Further on, FTIR methods have been utilized in plasma and serum analy-
sis to classify or diagnose, for example, myocardial infarction, rheumatoid arthritis,
Alzheimer’s disease, dyslipidemia, leukaemia, bladder cancer, and ovarian cancer.
Different components, such as glucose, lactate, protein, lipoproteins, and choles-
terol, can also be determined from serum with FTIR. The ability of depth profiling
has also been utilized in medical photoacoustic imaging (PAI). [22] Thus, medical
diagnostics has huge potential for future applications of CEPAS.

5.3.5 Radioactive and Toxic Materials

When comparing different measurement methods, the concept of normalized sen-
sitivity is important. Sometimes its significance may even be overemphasized, es-
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pecially when developing a new method. In practical applications, however, the
achieved detection limit is often more important. This is especially crucial when it
comes to detecting toxic gases as in studies listed on Table 8.

Table 8. Studies related to radioactive and toxic materials.

Year | Study Analyser | Ref.
2013 | Detection of hydrogen cyanide (HCN), OPO source beta [14]
2015 | Detection methyl cyanide Other [147]
2016 | Detection of hydrogen sulfide (H»S) PA201 [249]
2016 | Trace H,S produced by SFs decomposition PA201 [250]
2017 | Detection of corrosive HCI and HBr gases using mica cantilever and | Other [158]
OBD
2019 | FTIR-spectra of radiocarbon methane '*CHy PA201 [23]
2020 | High resolution measurement of 4CcH, PA201 [251]
2021 | Radiocarbon dioxide detection PA201 [252]
2022 | Radon **°Ra PA301 [225]
2022 | Detection of gaseous nerve agent simulants PA201 [131]
2023 | Detection of tritiated water (HTO) PA201 [154]

In PAS, the low detection limits are not achievable only by using a sensitive PA
sensor. The selection of the light source in relation to the absorption line strengths of
the gas of interest, has also to be considered. For example, the use of a continuous-
wave OPO operating in the mid-IR wavelength region that is optimal for molecular
spectroscopy, enabled the detection of hydrogen cyanide (HCN) at the noise equiv-
alent detection limit of 190 ppt in a 1 s measurement. [14] In Ref. [147] terahertz
radiation was used to record the spectral data of methyl cyanide (CH3CN) under very
low vacuum conditions. The detection of highly corrosive gases might also require
high chemical resistance from the detector as in Ref. [158], where mica cantilevers
were utilized in the detection of hydrogen chloride (HCIl) and hydrogen bromide
(HBr). Besides other toxic gases, extremely high sensitivity and real-time measure-
ments from limited samples is needed in the detection of chemical warfare agents
(CWA) such as nerve agents. This can be achieved for example by combining FTIR-
CEPAS with supercontinuum light source and multipass PA cell as shown in Refs.
[131; 130].

Besides high sensitivity, suitability for measurements with limited sample vol-
ume is needed in the detection of radioactive samples such as radiocarbon methane
“CH, and dioxide '*CO,. [23; 252] The possibility of the field measurements of
the radiocarbon compounds is of interest due its important application in detecting
emissions from nuclear sites, for instance. [152; 251] Its measurement has also ap-
plications in carbon dating. [23] Another major contributor to the total radioactive
release in gaseous and liquid emissions from nuclear facilities is Tritium, denoted as
H or T. A CEPAS-based detector for gaseous tritiated water was presented in Ref.
[154]
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5.3.6 Industrial and Other Applications

Some uses of CEPAS based measurements in industrial and other applications, not
mentioned in the previous chapters are listed on Tables 9 and 10. These applications
range from clean room measurement [253] to climatisation of museum display cases
[254] and from food chemistry [80; 255] to the detection of light absorbing particles
[154].

Table 9. Examples of Industrial Applications of CEPAS.

Year | Study Analyser | Ref.

2011 | PA FTIR spectra of Aujp2(p-MBA)44 PA301 [256]
2013 | Structural changes of cellulose in aqueous media PA301 [106]
2013 | Structural study of unsolvated [Cu(acac)2] PA301 [257]
2014 | Ethylene detection in fruit supply chains F10 [258]
2014 | Manufacturing cellulosic products PA301 [107]
2014 | Accessibility of hydroxyl groups in birch kraft pulps PA301 [108]
2015 | Characterization of Cu,O thin films PA301 [259]
2015 | Detection of nitrogen oxide NO, PA201 [111]
2016 | Cellulose based materials, trimethylsilyl cellulose TMSC [114]
2016 | Hydrogen production from ammonia using plasma membrane reactor | F10 [260]
2017 | Characterization of Amino/Azido Mixed-Linker Metal-Organic | PA301 [261]

Frameworks
2018 | Nickel catalyst for CO, methanation PA301 [262]
2020 | Crystalline phases of PVDF - poly(vinylidene fluoride) PA301 [263]
2020 | Trace CO detection PA201 [264]
2021 | Measurement of C,H, to detect discharge faults of oil-immersed | PA201 [265]
transformers
2021 | Condition monitoring of transformers ONE [266]
PULSE

2021 | Real-time HCI measurements in cleanrooms PA201 [253]
2023 | Factors governing graphitization, FTIR-CEPAS PA301 [267]

In several studies, the ability of measure solid samples without any preparation
proved to be one of the main benefits in using CEPAS. [108; 107; 114] The sur-
face characterization and depth profile measurements of transparent materials that
were not possible with transmittance measurements could be easily investigated us-
ing PAS. [256; 259] The use of light absorbing material has also enabled the detection
of electromagnetic radiation [277], and optical power [279].

5.4 Summary

Based on the analysis of the published attempts to further improve the CEPAS tech-
nique and its sensitivity, the model developed by 2008 has proved to be very accurate
and actually all the successful improvements to the sensitivity of the method have
been based on the principles set out in the model. Also, the sensitivity achieved in
2007 (Paper 1V) is still among the very best ever reported. The number of annual
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Table 10. Other CEPAS related Applications.

Year | Study Analyser | Ref.
2009 | Pig meat quality, boar taint detection [80]
2009 | Mid-IR LED with PA gas detection beta [268]
2011 | Methane pipeline leakages [136]
2012 | Ageing of polymeric/energetic materials beta [146]
2014 | EC-QCL in CEPAS of solids beta [104]
2015 | MEMS cantilever system for terahertz radiation detection [147]
2016 | Terahertz radiation detection [148]
2016 | PA response of gases to terahertz radiation [269]
2017 | All-optical detecting sensor [143]
2017 | Drying conditions on amorphous Caz(PO4), PA301 [270]
2018 | Assessment of specific defects in roasted coffee PA301 [255]
2018 | Assessment of specific defects in roasted coffee PA301 [271]
2018 | Optical frequency comb PAS PA201 [128]
2018 | CEPAS in mid-IR using supercontinuum PA201 [127]
2018 | Characterization of nanowire for mid-IR plasmonics PA301 [272]
2018 | Fiber-optic Fabry-Perot interferometer based cantilever microphone [155]
2018 | White-light Fabry-Perot cantilever microphone [273]
2019 | Cavity-enhanced CEPAS, CE-CEPAS [78]
2021 | Two channel LED-based sub-ppb detection limit for NO» [274]
2021 | PA characteristics of carbon-based IR absorbers PA301 [275]
2021 | Obsidian hydration dating PA301 [276]
2021 | Detection of electromagnetic radiation [277]
2022 | Detection of light absorbing particles PA201 [7]
2022 | Terahertz radiation detection [278]
2022 | Optical power detection with broad spectral coverage [279]
2022 | Enriched gaseous samples in CEPAS PA201 [226]
2022 | Characterization of nanostructured materials [280]
2022 | Noise coupling in FT photoacoustic spectrosopy PA201 [129]
2022 | Miniature multipass cell in supercontinuum based FTIR-CEPAS PA201 [130]
2022 | PA phase-controlled FTIR spectroscopy PA201 [281]
2022 | Passive climatisation of display cases using saturated salt solutions ONE FA | [254]

references to original publications, in particular to paper V, has remained constant or
even slightly increased, indicating that their content is still considered relevant.

As predicted in the early 2000s, rapidly developing laser technology has enabled
both the use of more powerful lasers and the utilization of stronger absorption lines.
This has lead to a significant reduction in the detection limits for different compounds
and therefore enabled a wide range of new applications in several research fields from
safety issues to indoor air quality, for instance. The high sensitivity, good thermal
stability, the operation in non-resonant mode, small sample volume and the possibil-
ity to measure gas, liquid and solid samples without preparation have shown to be
the key factors in various environmental, pharmaceutical and industrial applications.

Besides the cost of the detector, the most common limiting factors in the utiliza-
tion of CEPAS have been the concerns about the complexity and thermal stability of
the interferometric displacement measurement and the robustness of the whole detec-
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tor. In some, usually literature based, studies the sensitivity of CEPAS has also been
assessed as insufficient. However, part of these doubts have been due to a misunder-
standing, where the effect of the incident laser power and the utilized absorption line
strength on the published detection limit has not been considered.

In particular, after 2017, there is a clear change in the literature, where the focus
was shifted from researching the technology itself to its applications. This strongly
suggests that the once new and experimental method has been accepted as a func-
tional and sensitive tool over the last two decades. However, there are research areas
where traditional photoacoustic spectroscopy is widely used, but CEPAS is not com-
monly known. For example, in medicine the method is still in its infancy.
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6 Conclusions

The introduction of the cantilever enhanced photoacoustic spectroscopy (CEPAS)
and the development of its physical model during 2003 and 2008 has been presented
in this thesis. On the basis of a retrospective literature analysis covering the first two
decades of CEPAS, the achieved high sensitivity and the accuracy of the presented
model has been proven by several research groups around the world. These results
are still valid and relevant in further development of the method. During these years
CEPAS has been an inspiration to numerous research projects, theses and new sensi-
tive detection methods. It has also been successfully used in numerous applications
in several fields of research.

As a non-invasive and zero background technique, PAS has several advantages
over other spectroscopic methods. It can be used to measure limited volume samples
in all phases without preparation and the signal is directly proportional to the incident
power. Therefore, it has and will get the full benefit of the rapidly developing laser
technology. Further on, the improved sensitivity achieved by the interferometrical
cantilever microphone, has lead to the utilization of these advantages in several new
fields of research. Especially, in FTIR-PAS the improved sensitivity despite the short
optical path length has been used to overcome the linearity problems, for instance.
Based on the literature, FTIR-CEPAS has been widely adapted as a functional tech-
nique in several environmental applications and in the characterization of surfaces in
pharmaceutical and industrial applications.

In applications where the aim is to measure only one or a few previously known
gases, laser-based PAS is a straightforward solution. Most actively it has been uti-
lized in the IAQ related measurements of individual VOCs and in studies related to
photocatalytic degradation of the harmful VOCs. However, multi-compound analy-
sis or the entire FTIR spectrum with sufficient sensitivity, for example in buildings
with indoor air problems, could provide valuable and comprehensive information in
the future to detect and solve these problems. Another future area of interest could
be medical applications, such as exhaled breath or saliva diagnostics as well as pho-
toacoustic imaging, where conventional photoacoustics has already been used, but
CEPAS technology has hardly even been tested.

Based on the retrospective part of this thesis it is legitimate to claim that the
CEPAS method introduced almost two decades ago has already had and still has
impact on a number of scientific fields worldwide. The method has already been
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successfully used in numerous applications and has proved suitable for several new
ones. However, the future importance of this method for both the scientific research
and the society as a whole depends on applications where its use will become more
widespread.
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