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Abstract

Two advanced optical techniques for the detection of alkali vapors in high-temperature
gases are introduced in this Thesis. Alkali vapors are released in solid fuel combustion
and increase the maintenance costs of the power plant boilers. Especially, biomass
and waste are challenging fuels for contemporary technology. Alkali related problems
are controlled with proper fuel mixture ratios and additives that are mixed to fuels or
sprayed into the boiler. However, the controlling increases the cost of the produced
energy and the additives increase SOy concentration. In order to study the alkali
formation mechanisms and to control alkali concentrations in power plant boilers,

fast, accurate and highly sensitive detection techniques are needed.

This Thesis presents the fundamental absorption properties of the K, KCl and KOH
vapors, reviews previously applied techniques for the detection of alkalis, and intro-
duces two novel detection methods. The first method is based on the Photoacoustic
Spectroscopy (PAS), that utilizes two branches of physics, namely optics and acous-
tics. A high-temperature PAS cell is introduced and applied to detect KCI and NaCl.
Moreover, the possibility to apply the PAS cell to high-temperature salt-induced metal

oxidation is discussed.

The second method, which was fully developed during this work, is called Collinear
Photofragmentation and Atomic Absorption Spectroscopy (CPFAAS). CPFAAS pro-
vides the limit of detection below parts per billion and the dynamic range of eight
orders of magnitude in the detection of alkali chlorides. Moreover, the detection time
of the CPFAAS measurement is in the order of micro second, which enables the diag-
nostics of the fast changing processes, such as combustion. The technique is calibration
free and is integrable to ”see-through” applications. In this Thesis, CPFAAS is ap-
plied to determine potassium vapor concentrations from a laboratory cell, flue gases
emanated from 10 mg fuel samples, and flue gases in intermediate and large scale com-
bustion boilers. The presented applications, modeling and comparison with previously
applied detection methods show that CPFAAS enables new detection and monitoring

capabilities from corrosive high temperature gases.
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Chapter

Introduction

OMBUSTION is the most used technique in the world in energy production having
C a share of 91 % of total capacity. In 2010, 89 % of all combusted fuel was fossil
based, which induced a net flow of 30 Gt of CO; into the atmosphere'. An increasing
need for energy and the current trend of fossil fuels usage have been forecast to lead
to a COq level of 1000 part per million (ppm) and a global mean temperature rise of

about 6 °C during the next 100 years if no new political actions are performed?.

The European Union (EU) countries are committed to increasing their total share of
the renewable energy sources in total energy consumption to 20 % by the year 20203.
The target of the directive is to reduce green house gas emissions and to enhance
the sustainability of the energy supply. Wind power and photovoltaics are planned to
increase the fastest in percentages, but in absolute amounts, solid biomass combustion
will gain the largest growth in the EU?. Countries with large forest reserves, such as
Finland, are able to fulfill the increased need for solid biomass with wood and the
residues of the forest industry®. The other countries have to consider the usage of

more challenging fuels, such as agricultural residues and sludge.

Biomass combustion has been found to accelerate high temperature corrosion and slag-
ging due to the high content of alkali metals and chlorine in the fuel. In a combustion

process the released alkalis and chlorine form alkali chlorides that react with the metal
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surfaces of the boiler®. Especially problematic alkali chlorides are KCl and NaCl, which
are found to react with chromium already at the temperature of 500 °C”. Thereby,
the steam circulating in the superheater tubes of the biomass fired power plants is
usually kept below that temperature. In order to increase the steam temperatures
and, thus, the efficiency of the power plants, the concentration of the alkali chlorides
has to be controlled. The reduction of the alkali chloride concentration is typically
done by mixing sulfur-containing fuel, such as peat, with primary fuel or by spraying
an additive like the water solution of ferric sulphate® or ammonium sulphate® to the
flue gases. However, the controlling substances increase the price of the produced en-
ergy and too high sulfur concentration in the boiler increases SO5 emissions. In order
to find a balance between corrosion, operating costs, and SOy emissions; a real-time

monitoring technique for alkali chlorides in the flue gases is needed.

Optical spectroscopy is a branch of science that studies interactions between light
and matter. The interactions, such as light scattering, absorption and emission, are
molecule specific and can be applied to the selective diagnostics of many kinds of sam-
ples. The most common optical technique is direct absorption measurement through
a sample, where the target molecule concentration can be calculated by knowing the
absorption cross section the molecule, and comparing the intensities of the incident
and the transmitted light beam. Optical measurement techniques provide excellent
sensitivity, good selectivity, and non-contacting measurement. In other words, they
allow molecule specific trace gas detection without the need for physical sampling.
Due to their good diagnostics capabilities, optical measurement techniques are used

0

in many applications for example in power production'®, medical research!!, and

environmental monitoring 2.

1.1 Aim and Scope of This Work

This work was launched in 2008 as a part of the activities of the Tampere Univer-
sity of Technology (TUT) Physics Department Optics Laboratory in a project called
ChemCom 2.0 (Chemistry in Biomass Combustion). ChemCom 2.0 was funded by
Finnish Technology Agency (Tekes) and many international companies. The project
aimed to develop experimental methods and mathematical tools to gain improved un-

derstanding of fundamentals in biomass-, black liquor-, and waste combustion. Our



1.2 Structure of the Thesis

original task in ChemCom 2.0 was to a develop photoacoustic (PA) measurement tech-
nique to be applied to the detection of alkali and heavy metal salts, and to improve
the understanding about their spectroscopic properties. However, the interest of our
collaboration partners to measure alkali vapor concentrations directly from the fur-
naces of the boilers combusting biomass fuels made us to change our approach, and
we started to develop a completely new measurement technique. The technique was
meant to be capable of measuring alkali chloride concentrations from parts per bil-
lions (ppb) to hundreds of parts per million (ppm) in-situ through several meters wide
furnaces. The first laboratory experiments with the new technique were made in the
summer of 2009 and the first power plant tests took place in the fall of 2009. The
excellent results encouraged to carry on the development work and since early 2010
we have focused on enhancing the reliability, the accuracy and the applicability of
the new technique. The development work and the knowledge gained from the earlier

photoacoustic studies led to this Thesis.

1.2 Structure of the Thesis

This Thesis is a compilation of the work done within a time period of five years,
between 2008 and 2013. The Thesis consists of six introductory chapters and four
peer-reviewed papers. The purpose of the introductory chapters is to introduce the
reader to the topic, explain the principles of the applied techniques, and highlight

main results of this work.

Chapter 1 describes the application area, our motivation for this research, and the
structure of the work. The optical absorption properties of the studied alkali vapors
are discussed in Chapter 2 . Chapter 3 introduces the principles of the previously
applied techniques for the detection of alkali compounds and discusses their usage in

different applications.

Chapter 4 and 5 introduce the techniques applied in this work. The first technique
is based on the Photoacoustic Spectroscopy (PAS), that is applied to detect KCI and
NaCl vapors in high temperature conditions. For this purpose, a resonant photoacous-
tic cell for high-temperature gas analysis is introduced. The response of the cell for
both alkali chlorides is determined and its applicability in real-time corrosion research

is discussed. The second technique is called Collinear Photofragmentation and Atomic
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Absorption Spectroscopy (CPFAAS) which is developed during this work. Chapter 5
presents the principles of the CPFAAS technique, its calibration equations, applicabil-
ity to multicomponent analysis and three combustion applications, where the CPFAAS
has so far been used. The presented applications are selected such that they highlight
the performance of CPFAAS in different conditions and the increased alkali chloride
emissions due to the use of alternative biomass fuels. The previous techniques and the

techniques introduced in this work are compared at the end of Chapter 5.

This work is summarized in Chapter 6. The peer-reviewed papers, which are the base
of this work, are collected at the end of the book.

1.3 Author’s Contribution

The Thesis includes four peer-reviewed journal papers. Paper 1 deals with a high
temperature photoacoustic cell and Papers 2 - 4 present the theory and an application
of the CPFAAS technique. The subjects of the papers and their key results are:

Paper 1
A resonant photoacoustic cell applicable to the high temperatures analysis of
corrosive gases is introduced. The structure of the cell is described in detail
and the signal processing in the case of laser pulse excitation is discussed. The
performance of the cell is demonstrated by determining its sensitivity to corrosive
KCIl vapor. Moreover, the shape of the photoacoustic spectrum of KCI1 and the
saturation behavior of PAS signal from KCl are determined. The sensitivity and
the saturation behavior determined in this work give a good reference for further

studies in Paper 2 and Paper 3.

Paper 2
The concept of the CPFAAS is verified. The measurements are done using the
same sample cell that was used in Paper 1, which allowed the direct comparison
of the techniques. The sensitivity of CPFAAS is measured with optimal 245 nm
fragmentation wavelength. Moreover, the line profile of the released K atom
fragments is determined. The line shape of the K atom fragments determined
in this paper is utilized in Paper 3 and Paper 4 to evaluate the absorption cross

section of K atom fragments.



1.8 Author’s Contribution

Paper 3
The theoretical calculations needed to solve precursor molecule concentration
from the waveforms measured using CPFAAS are presented and verified experi-
mentally. The experimental results are compared to two independent reference
techniques in order to verify the theoretical expressions. The measurements were
done in a quartz cell in order to avoid KCI reactions with the cell material. The
dynamic range of the CPFAAS measurement of KCl is determined to be 8 orders
of magnitude based on the saturation behavior of KCI, determined in Paper 1,

and the presented calculations.

Paper 4
A selective and simultaneous CPFAAS based detection of K, KCl and KOH is
presented. The built experimental setup is demonstrated by measuring the re-
lease histories of all three K vapors emitted from 10 mg spruce bark samples
combusted at the temperatures of 850 °C, 950 °C, and 1050 °C. Also, the spec-
tral interference between KCI and KOH, and the release dynamics of the studied

K vapors are discussed.

All the papers in this work are a result of collaboration and team work. The author’s
contribution to the papers is summarized in Table 1.1. The contribution is divided
into three categories: Preparation, Experiments, and Reporting. Preparation
includes the theoretical calculations, design, and measurement setup development;
Experiments consists of the experimental work and signal analysis; and Reporting

contains the preparation and finalizing the manuscript.

Table 1.1. Summary of author’s contribution to articles included in this Thesis

Paper Preparation Experiments Reporting
Paper 1 50 % 60 % 80 %
Paper 2 90 % 100 % 90 %
Paper 3 90 % 100 % 90 %
Paper 4 70 % 80 % 80 %






Chapter

Spectroscopy of Potassium Vapors

PECTROSCOPIC properties of potassium atoms and main potassium compounds
found in gaseous form in combustion conditions are presented in this chapter.
The discussed properties are very similar to other alkali atoms and compounds, and

are not discussed here in detail.

2.1 Potassium (K) atom

The potassium atom belongs to alkali metals and has one valence electron on its outer
4s orbital. It is very reactive element and is not found in metallic form in nature. The
melting point and boiling point of potassium are 64 °C and 759 °C, respectively 3.
Potassium is an important nutrient and is therefore found abundantly in all living
organisms. The main industrial use of potassium is in fertilizers. In 2011, 92 % of
annual potassium production was consumed by fertilizer industry 4. More than 70 %

of potassium in fertilizers is in the form of potassium chloride®.

The spectrum of atomic K is similar to that of the hydrogen atom and is ruled by
the single valence electron. Optical transitions between different electron shells are

unrestricted but the orbital angular quantum number [ (1=0, 1, 2, 3 ... for s, p, d,
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Figure 2.1 a) Diagram for atomic potassium energy levels and b) two absorption peaks
modeled for a transition from the ground state 251 /2 to 2P3 /2 in two different conditions.
Energy diagram is reconstructed based on the data presented in reference 18.

f,--.) has to change by —1 or +1 in each transition. The first allowed transitions from
16,17

the ground state and from the first excitation states are presented in Fig. 2.1 a).
The ground state of potassium 4s has no fine splitting and is described with the
term 25, s2- The upper levels are affected by the coupling of spin-orbit and angular
momentum, and are split into two parts. Spectrally the fine structure is observed as
two closely separated lines of potassium both arising from 4s orbital and ending up to
4p orbital. More specifically, these lines correspond to the transitions 25, /2 -2p /2
and Sy /5 —* Py, known as D1 (769.9 nm) and D2 (766.5 nm) lines of potassium,
respectively. 1617

The observed absorption lines of atoms are very narrow but still have a finite line
width. The typical broadening mechanisms of the atomic lines are natural broadening,
Doppler broadening, and pressure broadening (also known as collision broadening).
Natural broadening sets a lower limit to how narrow the line can be at absolute zero
temperature. In room temperature and at low pressure, the Doppler broadening is
the dominating broadening mechanism. The Doppler width Avp of atomic line can

be calculated as
Avp =T7.16-10""vo\/T/M, (2.1)

where vy, T and M are the center frequency of the atomic line, ambient temperature,
and molar mass, respectively'®. In atmospheric pressure, the pressure broadening is

the most dominating effect inducing a Lorentzian profile for the atomic line. Coef-



2.2 Potassium Chloride (KCl) Molecule

ficients determining the line width of the pressure broadened line are atom specific.
One simple way to approximate the width of the pressure broadened line A)y is to
use a proportionality 2°

ANp, o< pT 07, (2.2)

and an experimentally determined line width at known temperature and pressure p.
For example, the Lorentzian line width for potassium D1 line has been measured to
be 5.2 GHz at the pressure and temperature of 1 atm and 1170 K, respectively!. In
addition to broadening, ambient pressure changes the absorption line by shifting it.
The pressure shift of potassium D1 line is measured to be approximately 2.4 pm/atm
at the temperature of 1170 K?2!.

Figure 2.1 b) presents the modeled absorption spectrum of the potassium D2 line in
two conditions. The narrower line with a higher peak value has been calculated using
nearly vacuum conditions and the temperature of 340 K, which is a typical condition
in atomic reference cells, and the broader line using the temperature of 1000 K and
1 atm pressure, which is more close to combustion conditions. For the narrower line the
calculations result in a Doppler width of 0.82 GHz, and for the broader line a Doppler
width of 1.42 GHz and a Lorentz width of 5.8 GHz. In wavelengths, the total line
widths for low temperature and high temperature potassium are 1.6 pm and 12 pm,
respectively. The line shift of high temperature potassium is 2.4 pm (1.2 GHz), when
the D2 line is assumed to shift similarly to the D1 line. The maximum absorption
cross section of the high temperature potassium is found to be 10.8 times smaller than

that of the low temperature potassium.

2.2 Potassium Chloride (KCIl) Molecule

Potassium chloride belongs to the group of alkali halides which are compounds of one
alkali and one halogen atoms bonded together with an ionic bond. The bond length
of KC1 molecule is 2.67 A?2. KCI1 has a melting and boiling temperatures of 770 °C13
and 1413 °C?3, respectively. The saturation vapor pressure of KCI at its melting
temperature is 36 mbar (calculated using a commercial HSC 5.1 database reference
24) corresponding to 360 ppm in ambient pressure of 1 bar. In gaseous form, KCI
occurs mainly as diatomic molecules, but four-atom dimers may also occur in certain

22

conditions In combustion, KCIl vapor is formed through the direct vaporization
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of solid KCl or through chemical reactions between released potassium and chlorine
25

containing species’.

The most important spectroscopic properties affecting the optical detection of all al-
kali halides have been collected into Fig. 2.2. The figure presents the schematics of
the potential energy surface of KCIl. The vibrational constants of the alkali halides are
commonly very low 22 (280 cm ™! for KCl), which makes their direct usage in the opti-
cal detection challenging. The vibrational bands have been determined using emission
spectroscopy 2° or utilizing the information gained from the fluctuation bands?"28,
which are discussed more later in this section. In UV region the spectra of the alkali
halides contain broad continuums (shown on left in Fig. 2.2) and lack a clear fine
structure?”. The electronic excitation states of the alkali halides are repulsive mean-
ing that the UV photon absorption is followed by the dissociation of the molecule.
Despite the ionic ground state 'Y of alkali halides their excitation states in near UV
region are covalent and produce neutral atoms, which either settle on their ground
or excited electronic state. The electronic state of the fragment depends on the am-

bient temperature and the energy of the excitation photon?®%3!.

For example, the
three lowest energy excitation states of KCI release atom pairs K(281/2) Cl(2P3/2),
K(*S1/2) CI(*P1/2), and K(*Py/5) Cl(*P3/2). The excitations are further divided in
transitions from ionic ground state !XT to covalent bound states 'ST or II, corre-
sponding to parallel and perpendicular transitions, respectively. These transitions are
energetically closely separated and are observable as separate bands in the absorption

spectrum only at temperatures below 300 K32,

The lowest covalent excitation state of alkali halides settles energetically below the
dissociation level of the ionic ground state, which cause the crossing of two states.
The crossing states form a potential well where the molecule can be trapped. The
trapping does not occur when the molecule is excited to 'II state. However, the
excitation to 'X 1 state induces trapping when the crossing point of the ground and
excited states locates at internuclear distances smaller than 8 A3, The crossing point
of the KCl-curves occurs at internuclear distance of 19.8 A2 when the trapping effect
is negligible and each absorbed photon can be assumed to induce the dissociation of

a molecule®.

The UV spectrum and the absorption cross sections of KCI shown in Fig. 2.2 were
originally determined in 19673°. The later studies showing the shape of the KCI

spectrum as a function of temperature®® and the spectrum of the pure monomers>°

10
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energy [eV L
AGA_L
K(ZPHZ! 2P3/2) + CI(2P3/272P1/2)

4 I A K(281/2) + CI(2P3/2’2P1/2)
3 L
2 L
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x10™ i o), =1.17 cm”
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2 10 267 19.8
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Figure 2.2 Schematics of potential energy surface of KCI1. Vibrational levels are closely sep-
arated and they are only rarely applied in KCl measurements. The UV absorption spectrum
shown on the left hand side corresponds to electronic transitions from ionic ground state to
covalent excitation states. The covalent states are repulsive and induce the dissociation of
the molecule to neutral atoms. The weak fluctuation bands observed around 4 eV originate
from excited vibrational bands to the horizontal part of the repulsive excitation state.

have corresponded well to the original study. The broad continuum in the spectrum
around 4.5 eV originates from the excitation from different vibrational levels of ground
state of KCI to the steep edge of the repulsive state. Due to the close separation
between the first two excitation stages, producing Cl(ng/Q) and Cl(2P1/2) atoms,
they are indistinguishable. The continuum starting from 5 eV toward higher energies
originates from the excitation to upper repulsive states that excites neutral K atoms
to p orbitals or to higher orbitals®”. The higher orbital excitation has been studied

for CsCl13!, whose spectrum is analogous to that of KCI.

The fluctuation bands of the alkali halides are observed at lower energies than where
the first continuum starts as a few nanometers wide weak bands. The fluctuation bands
originate from the transitions from the excited vibrational states of the ionic ground
state to the horizontal part of the repulsive state. The observation of the fluctuation
bands has enabled the estimation of the vibrational constant of some alkali halides
in early studies?” and the more accurate determination of the shape of the repulsive
states of the alkali halides®®.
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Spectroscopy of Potassium Vapors

2.3 Potassium Hydroxide(KOH) molecule

Potassium hydroxide is a linear triatomic molecule containing potassium, oxygen, and
hydrogen atoms®’. Oxygen and hydrogen atoms are tightly bonded together and
form a hydroxide radical with the bond length of 0.96 A. The length of the ionic
bond between K and O is in the order of 2.2 — 2.3 A.%°, KOH is a very hygroscopic
and reactive compound. Its melting point is 406 °C'3. The vaporization of KOH is
found to produce a huge portion of dimers close to its melting point temperature,
which together with its reactivity make the study of KOH monomers challenging!.
In combustion processes, KOH may be formed and cause high temperature corrosion
when fuel contains an abundance of potassium *2.

To our knowledge the UV absorption properties of KOH have not been explicitly mea-
sured. However, it is said that KOH has dissociating absorption bands in the UV
region and K-O bond dissociation energy have been determined to be 86 kcal/mol cor-
responding to the fragmentation wavelength of 330 nm*3%*. The best approximation
for the absorption cross section of KOH can be evaluated from that of NaOH having
absorption maxima at 205 nm, 230 nm and 313 nm and peak absorption cross sections
of 0.87-10717 em?, 1.8-10717 em? and 0.59- 10717 em?, respectively at the tempera-
ture of 300 K*. According to its dissociation energies, KOH should absorb UV light

around similar wavelengths??.
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Chapter

Measurement techniques for

detection of alkali compounds

HIS chapter reviews the previously applied techniques capable of detecting alkali
T compounds in real-time in combustion conditions. The first four techniques are
based on sampling. The sampling ones provide typically good selectivity and high
sensitivity, but encounter challenges such as sampling line losses and the nucleation of
alkali vapors. The rest are optical techniques and some of then can be applied in-situ.
The comparison between the optical in-situ techniques below and the ones introduced
in this work is done in Table 5.1 at the end of Chapter 5. Conventional sampling
techniques (batch methods) requiring several hours sample collection time and off-line

analysis are excluded from the review.

3.1 Sampling techniques

Molecular beam/mass spectrometry measurement is based on the sampling and
ionization of the analyzed gas. The induced ions are channeled to a mass spectrometer
indicating the mass spectrum of the sample. The analyses result in simultaneous

information for example from K, KCl and KOH emission. The technique has been
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applied in combustion research to measure the composition of flue gas from 20 mg to
50 mg grass samples in real-time. The measured readings in combustion experiments
are calibrated by comparing them to the total release from a weighted KCI reference

sample. 46

Surface Ionization (SI) utilizes the fact that the alkali metals are efficiently ionized
on the hot metal surface. If a sample contains particles or molecules, a fraction of
them is melted and dissociated on the surface before the ionization. The emitted
ions are collected and measured as a current?’. The SI technique provides the limit
of detection below ppb with 1s time resolution. SI detects the total alkali flow,
and makes no difference between K and Na atoms or, whether, the detected alkali
originates from an atom, a molecule, or a sub-micron particle. The technique has
been applied in laboratory measurement to study alkali release from 20 mg biomass
samples?® and in full-scale power plants®®. SI calibration is done using gas with known

alkali composition.

Plasma Excited Alkali Resonance Line Spectroscopy (PEARLS) is based on
the mixing of a flue gas sample with a nitrogen plasma jet. The plasma dissociates
the gases and particles in a sample to atoms and ions. The total amounts of alkalis
are detected either by measuring the transmission of the alkali specific wavelengths
through the gas jet or detecting the light emitted by alkali atoms recovering to their
ground level. The detection limit of the device is 50 ppb in absorption mode and
2 ppb in the emission mode. PEARLS have been applied to the on-line diagnostics
of total alkali concentration (g/m?) in full-scale power plants. The calibration of the
PEARLS technique is based on the absorption properties of the alkalis, which has also

been confirmed with known sample gas flux.?°

Impactor and cyclone sampling are selective for particles of different sizes and
can be applied to preselect a sample for further analysis with off-line techniques.
Traditionally, impactors are used to collect samples over longer times but a few modern
aerosol instruments, such as Electrical Low Pressure Impactor (ELPI), are also capable
of providing real-time aerosol particle size distributions. In combustion experiments it
is found that sub-micron particles 0.19 — 0.3 um collected from combustion boilers
consists mainly on KCI and K3SOy4 50 This is due to the fine particle formation during
sampling and cooling of the sample gas. One application of the fine particle separation

and analysis has been a study of KCI sulphation in controlled laboratory conditions®?.
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8.2 In — situ techniques

3.2 In — situ techniques

Tunable Diode Laser Spectroscopy (TDLS) provides the absorption measure-
ment over narrow spectral lines with high velocity and good accuracy. The tuning of
the laser wavelength over the studied line reveals the shape and strength of the line
and, thus, the concentration of the measured atom or molecule can readily be calcu-
lated. TDLS has been applied for the detection of potassium atoms from coal fired
power plants operating at atmospheric and 10 - 16 bar pressures. A fast wavelength
modulation at kHz frequency allowed the elimination of the transmission fluctuations
through 300 mm and 140 mm flue gas channels in atmospheric and high pressure
power plants, respectively. The detection limit for potassium atoms was found to be

10 ng/m? with a time resolution of 1.7 s.%!

Planar Laser-Induced Fluorescence (PLIF) has been developed for the detection
and mapping of the spatial distribution of Na atoms in the plume of burning particles.
The technique utilizes vertically planar laser pulses that pass the plume of the burning
particle and excite the sodium atoms on their path. The fluorescence light emitted by
sodium atoms is imaged with an ICCD camera. The images are taken from the side
of the plume with a viewing angle of 90° respect to the traveling direction of the laser
pulse. The technique can be calibrated using known Na flux and direct absorption
measurement. The detection limit of the technique is in the order of ppb for Na
atoms. 52
Differential Optical Absorption Spectroscopy (DOAS) utilizes the known ab-
sorption profiles of the measured species to deduce their concentrations from a mea-
sured spectrum. The spectra of the alkali chlorides are broad having no fine structure
and can be measured with a broadband UV lamp and a UV sensitive spectrometer,
as has been done in a device called In Situ Alkali Chloride Monitor (IACM)eveloped
by Vattenfall Research and Development AB. Due to the similarity of the absorption
spectra of KCl and NaCl, the technique measures their sum concentration (KCl +
NaCl). An advantage of the technique in combustion research is its capability of si-
multaneously detecting the concentration of sulfur dioxide (SO3). The detection limits
of DOAS with a sample length of 5 m for alkali chlorides and SO2 are 1 ppm and 10
ppm, respectively.®® The technique has been utilized in the detection of the alkali

53,54

chlorides in power plants and laboratory experiments®®.
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Measurement techniques for detection of alkali compounds

Photofragment Fluorescence (PFF) techniques detects the alkali compounds by
exciting them to repulsive excitation states that can simultaneously dissociate the
molecule and excite the released alkali fragment. The excited alkali fragment is de-
tected as it recovers back to its ground state through radiative relaxation, i.e. flu-
orescence. The PFF threshold wavelengths for the alkali compounds depend on the
dissociation energy of the molecule and the excitation energy of alkali atom fragment.
Typically, the PFF threshold wavelength of the combustion related alkali compounds
is in the vicinity of 200 nm.*3

PFF detection of alkali compounds is often done using pulsed ArF excimer laser emit-
ting light at the wavelength of 193 nm and providing the pulse energies of tens of
millijoules. PFF measurements combined with excimer laser source are also known in
literature as Excimer Laser Induced Fragmentation Fluorescence (ELIF) 58,
Usually, ELIF detects the emission from K and Na atoms at two wavelengths and, thus,
measures the sum of alkalis bonded to chlorides and hydroxides (KCl + KOH and NaCl
+ NaOH). However, alkali hydroxides have lower bond dissociation energy than alkali
chlorides and a part of the alkalis released from them settle on higher excitation states
when the fragmentation wavelength of 193 nm is applied. Thereby, the monitoring of
multiple fluorescence wavelengths allows the selective detection of chlorides and hy-
droxides®. The detection limit of the ELIF technique has been found to be 0.1 ppb
for Na and 0.05 ppb for K.

The PFF technique has also been applied to the quantitative detection of NaOH by
using 355 nm laser pulses having a pulse width and pulse energy of 8 ns and 85 mJ,
respectively. The high energy 355 nm pulses excites NaOH molecules first to their
lowest repulsive state and then, before the molecule fragmentation, re-excite them
to a higher repulsive state that produces excited Na atoms. The process is a called
resonant two-photon excitation and the fluorescence intensity is proportional to the

square of the laser intensity. %!

The third PFF detection scheme utilizes two pulsed laser sources. The first pulse
dissociates the studied molecule, and the second pulse excites the released alkali atoms.
PFF arrangement with two lasers has been applied to study the low temperature

spectra of the alkali compounds3%4°, for example.
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3.8 Other optical techniques

Laser Induced Breakdown Spectroscopy (LIBS) is based on the focusing of a
high intense laser pulse to a target point. The tightly focused laser pulse forms a
plasma, when its intensity exceeds a certain threshold limit. The high-temperature
plasma induces the dissociation of molecules and sub-micron particles and excites the
released atoms to their excitation states. When plasma cools down, the atoms recover
to their ground levels and emit light at the atom specific wavelengths. The analysis of
the observed spectrum results in the atomic composition of the sample. In combustion
research, the LIBS technique has been utilized in the detection of the total releases
of K and Na from burning coal and biomass samples having the mass of a few tens
of milligrams. The detection limit of the LIBS measurement has been found to be

2.9 ppb and 7.2 ppb for total Na and K, respectively. %63

3.3 Other optical techniques

Resonance Ionization Spectroscopy (RIS) is mostly applied for the detection of
atoms but is applicable to molecule detection as well, when the molecule is first frag-
mented. RIS is based on the optical excitation of an atom to an ion that is collected
and detected as a current. Resonance ionization is a sufficiently strong effect since it
utilizes the excitation levels of atoms as intermediate stages. Schemes for different RIS
excitation paths and proposal for K excitation are given in reference. One applica-
tion of RIS is the detection of alkali atom fragment released in the photodissociation
of the alkali halide molecule. This scheme has been demonstrated by measuring the
photolysis spectrum of Csl for Cs production in the fragmentation wavelength range
of 300 - 340 nm %°.

Picosecond Differential Absorption Lidar (ps-DIAL) measures backscattered
light from short laser pulses propagating in a media. Using two closely separated
wavelengths the background scattering of the light could be assumed to be the same
at both wavelengths and any difference found in the backscatter intensities can be
assumed to result from light absorption. The use of picosecond pulses enables a spatial
resolution of <1 ecm. ps-DIAL has been utilized for example to measure KCI vapor
concentration profile in a heated metal tube.®® The technique has potential for in —
situ boiler measurements, but to our knowledge it has been applied to measure only

controlled samples in a laboratory so far.
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Chapter

Photoacoustic Spectroscopy

HOTOACOUSTIC Spectroscopy (PAS) is based on the conversion of light into a pres-
P sure wave or a pressure impulse. The phenomenon was first observed by A. G. Bell
in the 1880s%7. In his early experiments, Bell reflected a modulated sun light beam
on an absorber and listened to the induced sound with an ear trumpet®®. Nowadays,
PAS provides one of the most sensitive gas measurements utilizing high power lasers
and sensitive microphones. In this chapter, the principles of the photoacoustic detec-
tion are discussed and a couple of the most convenient acoustic transducer solutions
are mentioned. A signal processing method used in this work is described and main
results related to the detection of alkali chlorides are highlighted. The behavior of the
acoustic resonator in the high-temperature and corrosive conditions is discussed at the

end of the chapter.

4.1 Photoacoustic signal formation and detection

The principle of the photoacoustic (PA) measurement is categorized in Fig. 4.1 into
three sections. The sections are the formation of sound, the sound wave, and the de-
tection of sound. The formation of sound is based on the conversion from the absorbed

light to increased sample pressure. The efficiency of the conversion depends on the
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Figure 4.1 Main steps of photoacoustic wave formation and detection.

relaxation path of the excited energy level. The vibrational levels, excited typically
with IR light, relax mainly via thermal relaxations, wherein the excitation energy
converts directly into heat as the sample molecules are colliding®®. According to the
ideal gas law, the sample heating is observed as an increased pressure in closed sys-
tems. The excited vibronic levels, which are excited with VIS and UV wavelengths,
may relax through thermal relaxations but also via radiative relaxation, which re-
duce the efficiency of heat and pressure formations™. UV and VIS light excitation
may also lead to the fragmentation of the molecule, as was discussed in Chapter 2.
The fragmentation increases the number of particles in the sample and, thereby, the
pressure of the system. Moreover, the molecule fragmentation induces sample heat-
ing through two mechanisms. First, the fragments gain kinetic recoil energy as the
molecule dissociates. The magnitude of the recoil energy roughly corresponds to the
difference between the energy of the excitation photon and the bond dissociation en-
ergy of the target molecule. Second, the fragments may undergo chemical reactions
with surrounding gases. The chemical reactions are typically slower than other pres-
sure inducing mechanisms ™.

The pressure change becomes an acoustic wave when its amplitude is modulated pe-
riodically. The most typical modulation techniques in PAS are amplitude and wave-
length modulation. The amplitude modulation is applied when the wavelength of the
excitation beam is not tunable® or the absorption spectrum of the sample lacks the
fine structure within the wavelength tuning range ™. The amplitude modulation setup
can be realized for example with a cw-light source and a chopper when the induced
acoustic wave is found at the modulation frequency and at its higher harmonics. A
drawback in the amplitude modulation is the background signal that occurs at the

same frequencies as the actual signal. The wavelength modulation applies the wave-
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4.1 Photoacoustic signal formation and detection

length tunability of the light beam and the narrow absorption peaks of the target
molecule. The wavelength modulation is realized by sweeping the excitation wave-
length back and forth over a sample absorption peak when the actual signal occurs at
twice the modulation frequency and the background signal from broadband absorbers,
such as measurement chamber windows, at the modulation frequency. The modulat-
ing waveform can be selected to optimize the sensitivity or the selectivity of the PA
detection ™. The excitation can also be done by applying a pulsed light source when
the induced free-space signal occurs as a short pressure impulse and contains a broad
band of frequencies .

PA waves are typically excited in chambers providing good acoustic isolation against
ambient background noise. The chambers are operated in resonant or in non-resonant
mode. The non-resonant operation can be understood as the excitation and detection
of the acoustic wave without utilizing the amplification provided by the eigenmodes of
the chamber structure®. In the resonant mode operation, the PAS signal is detected at
the frequency corresponding to the resonance frequency of the chamber. The resonant
properties of the chamber can be enhanced by properly selecting the wall materials
and by polishing the walls. The acoustic chambers optimized for resonant operation
are also known as acoustic resonators. The use of the acoustic resonator enhances
the sensitivity of the PAS detection with orders of magnitude but requires a proper
resonant tracking system so that the detection accuracy remains >7%. In single pulse
PAS, the induced impulse excites all acoustic resonances covered by its frequency
spectrum. The amplitudes of the pulse-excited resonance modes depend on the initial
frequency spectrum of the pressure impulse and the traveling path of the laser pulse
with respect to the profiles of the resonator eigenmodes. For example, if a laser pulse
travels through a cell along a nodal point of a resonance mode, that mode is not
excited. The single pulse excited oscillations decay exponentially due to the resonator
losses 677,

The absolute detection limit in the PA measurement depends on the amplitude of
the induced pressure wave, and the sensitivity and noise characteristics of the acoustic
transducer detecting the pressure wave. The amplitude of the wave can be increased by

™8 exciting the acoustic wave in a laser cavity ™ or

using a high power excitation beam
by optimizing the structure of the resonator ‘®8°. The detection of the pressure wave
is optimized by selecting the most convenient acoustic transducer. Many applications

utilize condensed or electret microphones due their robustness, low price, broad and
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flat frequency response from a few hertz up to 100 kHz, and relatively good sensitiv-
ity being in the order of mV/ Pa®. However, there are other options when special
requirements such as very small detector size, ultra high sensitivity or low electric
noise are needed. An example of a small and low priced acoustic detector is a quartz
tuning fork®2, which provides good sensitivity and low noise characteristics when the
detection frequency is tuned to its resonance at 32770 Hz. Cantilever microphones
enable extremely good sensitivity in non-resonant detection with low signal frequen-
cies®3. Optical microphones are good options when low electric noise is needed 54:8°.
An interesting option for the acoustic transducer is an electromechanical film which
can be stacked in order to enhance its sensitivity *® or be used to cover the inner walls

of the PA resonator to minimize the asymmetries of the acoustic resonator®’.

4.2 Photoacoustic cell for high temperature

gas analysis

PAS experiments are in general performed in near room-temperature conditions due
to the technical limitations of the acoustic transducers. High temperature gas analysis
is also possible but requires a special acoustic chamber design. One possibility is to
use a "heat-pipe” design that applies the second longitudinal mode of a metal tube.
In "heat-pipe” cell, the PA wave is excited at the heated center part of the tube and
detected at the water cooled end of the tube.®¥8%. Another possibility is to excite a
PA wave in a hot sample chamber or in a resonator, and detect it through a narrow
signal tube connected with the measurement volume %%t

The design of the PA chamber developed in this work is presented in Fig. 4.2. The
chamber consists of an acoustic resonator, buffer volumes on both sides of the res-
onator, and cooling tubes that allow one to keep the chamber windows at room-
temperature. The pressure signal is recorded with a microphone through a signal tube.
The interior of the red box is placed in an oven that can be heated up to 1000 °C. The
laser beam travels through the chamber without interacting with the chamber walls
along a channel having an inner diameter of 6 mm. More specific description of the

chamber is given in Paper 1.
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gas analysis

microphone

Figure 4.2 Photoacoustic chamber developed for the analysis of high temperature gases.
The interior of the red box is placed in an oven and heated. The PA wave is excited in the
resonator and detected through a signal tube with a condensed microphone.

The photoacoustic chamber and a light source are known together as a PA cell”®. In
this work, the high temperature PA chamber was used together with a pulsed optical-
parametric-oscillator (OPO) laser. The laser emits 5 ns pulses the wavelength of which
is tunable from 210 nm to 2300 nm. The output pulse energy is approximately 1 mJ
at UV wavelengths. The laser pulses were aligned to travel along the center axis of the
resonator, which favored the excitation of the radial modes of the resonator. The ex-
cited eigenmodes were recognized utilizing an equation describing the eigenfrequencies

of the lossless cylindrical resonator "

frmi = C;\/(ag”)z + (2)2 (4.1)

where n, m and [ are the indices expressing the orders of the radial, azimuthal and

longitudinal modes, respectively. R denotes the radius of the resonator and L is its
length. The symbol oy, denotes the nth zero of the derivative of the mth order Bessel
function divided by 7. ¢ is the speed of sound in the resonator. The decay rates of
the pulse excited oscillations depend on the resonator specific quality (Q) factors. The
Q-factors are determined as a relation of resonance frequency and the width of the
observed resonance peak in the frequency domain at height of 1/ V2, ie. the quality

factors can be calculated using a relation Qumi = frmi/A fami-

An example of the photoacoustic waveform detected from the developed PA cell and
its frequency spectrum are shown in Fig. 4.3. The waveform was detected from KCI

sample gas at the temperature of 659 °C using the excitation wavelength and pulse
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Figure 4.3 Example PA signal in a) time and b) frequency domains. The signal has been
measured from KCl vapor at 659 °C using 245 nm wavelength and pulse energy of 300 uJ.

energy of 245 nm and 300 pJ, respectively. The sample gas was produced by placing
quantity of KCl powder in the buffer volumes where it sublimated and diffused to
the other hot sections of the resonator. The saturated vapor pressure of KCl at the
measurement temperature was calculated to be 20 ppm using a thermochemical HSC
5.1 database?*.

The frequency spectrum in Fig. 4.3 b) shows that the recorded waveform consists
mainly on four radial and three longitudinal eigenmodes. The lack of azimuthal modes
verifies that the laser beam has traveled along the center axis of the resonator where
all azimuthal modes have a nodal point. The excitation of the longitudinal modes in-
dicates that the sample vapor was distributed inhomogeneously through the resonator
volume. In other words, the diffusion of the vapor from the buffer volume was imper-
fect. More homogeneous sample distribution is achieved by placing the sample powder

inside the resonator (see Paper 1).

The frequency spectrum can be used to calculate the amplitudes of the first periods
of the oscillations, the Q-factors of the eigenmodes and the oscillation phases of the
modes (see Paper 1). The calculated data can be used further to model the original
waveform. The modeled and the original waveforms are drawn in Fig. 4.4 for compar-
ison. The modeled signal is calculated from all seven observed eigenmodes. The figure

also indicates how the first radial mode alone follows the recorded waveform.
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Figure 4.4 Photoacoustic signal presented together with its waveform fits calculated using
three longitudinal modes and four radial modes (best fit) and only the first radial mode. The
figure presents the signal oscillations over the first 0.5 ms after the first wavefront has reached

the microphone.

The modeled waveform is observed to correspond well to the measured data, which
verifies the modeling method. There are small differences at the very beginning of
the waves because the weak modes were ignored in the modeling. However, after
0.3 ms from the beginning of the signal, fit and the original waveform are almost
identical. Figure 4.4 also indicates that the first radial mode is the dominating mode
in the resonator, and it determines the oscillation trend of the observed wave. The
first radial mode explains approximately 33 % of the total magnitude of the detected
oscillations at ¢t = 0. The response of the PA cell is determined in the next section for

the first radial mode which has the best signal to noise ratio.

4.3 Photoacoustic response of KCl and NaCl

The developed PA cell was applied to detect KCl and NaCl vapors in high temperature
conditions. The salt powders were inserted in the acoustic resonator to ensure a
homogeneous gas concentration through the measurement volume. The Q-factor of
the first radial mode was in the range of 100-130 during the measurements. The

Q-factor was determined in every measured condition.
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Figure 4.5 Normalized amplitude of the first radial mode detected from the different con-
centrations of a) KCI and b) NaCl. The extrapolated detection limits are 15 ppb and 6 ppb

for KCI and NaCl, respectively.

The PA responses of KCl and NaCl vapors are presented as a function of sample
concentration in Fig. 4.5. The PA responses were calculated by normalizing the
amplitudes of the first radial eigenmode with a microphone response (4.13 mV /Pa),
an amplification gain (104) and laser pulse energy. Potassium and sodium chloride
vapors were measured using the excitation wavelengths of 245 nm and 237 nm, and
average pulse energies of 300 uJ and 470 uJ, respectively. The excitation wavelengths
corresponded to the absorption maxima of the KCI and NaCl vapors. The applied pulse
energies were the maximum values that could be coupled to the resonator without
wall interactions. 3o noise levels were determined at the temperature of 470 °C as
a standard deviation of frequency spectrum in the vicinity of 27 kHz multiplied by
three. The selected frequency region corresponds to the frequency of the first radial
eigenmode at the temperature of 470 °C in N,. The 30 noise levels were normalized
with the Q-factors of 130 observed at 470 °C and with average pulse energies applied

in the corresponding measurements.

The slopes of the PA responses were determined to be 2.3 PaJ 'ppm~! for KCI and
3.3 PaJ 'ppm~! for NaCl. The detection limits were determined as crossing points

between the linear fits and the 30 noise levels. The detection limits of KCI and NaCl
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4.8 Photoacoustic response of KCl and NaCl

were found to be 15 ppb and 6 ppb, respectively. The measured points deviated
slightly from the linear fit at small sample concentrations due to a noise peak which
originated from the Q-switch of the pulse laser and located in the vicinity of the PA

signal peak in the frequency spectrum.

The usage of the high pulse energies maximises the PA signal and shows the absolute
sensitivity of the PA cell. However, the high pulse energies may saturate the absorption
when the linearity between PA signal strength and excitation pulse energy is lost. The
strength of the PA signal from KCl and NaCl as a function of the pulse energy is shown
in Fig. 4.6. The curves were measured from sample concentrations of 20 ppm when
the signal to noise ratio was good even at small pulse energies, and the light absorption

was less than 5 % through the 8.5 ¢m long resonator.

The nonlinear behavior of PA response at high pulse energies FE, is described with
a saturation equation having the form of PAgigna = Ci[l — exp(—E,/Cs)]. The
saturation equation is derived from a standard rate equation of the two level system ?2
assuming fast molecule dissociation (no stimulated emission) and slow recombination

of the fragments (no spontaneous emission). The fitting coefficients C; and Cs were
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Figure 4.6 Normalized PA signals measured from a) KCI and b) NaCl applying different
pulse energies. Double head arrays point the effect of the saturation with maximum pulse
energies.

27



Photoacoustic Spectroscopy

found to have the values of 3.18 + 0.39 and 795 + 110 pJ for KCl, and 2.38 £+ 0.07
and 860 + 30 pJ for NaCl. The uncertainties correspond to 95 % confidence bounds of
the saturation fits calculated using curve fitting tool of MATLAB (MathWorks inc.).
The linear fits correspond to the first term of the Taylor expansion of the saturation
equation of the both molecules. The comparison of the linear fit and the measured
data points at the maximum energies indicates that the slopes determined in Fig. 4.5
should be 1.203 and 1.294 times larger for KCl and NaCl, respectively. The corrected
values for PA cell responses are 2.8 PaJ 'ppm~' for KCl and 4.3 PaJ 'ppm~! for
NaCl.

The PAS studies of alkali chlorides were completed by measuring the photoacoustic
spectra of KCIl and NaCl. Potassium chloride was measured at the temperature of
690 °C and NaCl at the temperature of 745 °C, corresponding to the saturated vapor
pressure of 50 ppm for both samples. The spectra were measured with the resolution
of 2.5 nm in the wavelength region of 210 nm—270 nm and with the resolution of 10 nm
from wavelength 270 nm to 330 nm. The average laser pulse energy was 100 uJ at
all excitation wavelengths. The measured spectra normalized to correspond to the

above-derived responses are presented in Fig. 4.7.
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Figure 4.7 Photoacoustic spectra of KCl and NaCl. The maxima of the spectra have been
normalized according to previously presented PAS responses.
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The shapes of the PA spectra of KCI and NaCl are in good agreement with the shapes
of the corresponding high temperature absorption spectra3%35:3¢, KCl spectrum has
a maximum at the wavelength of 245 nm from where the PA signal starts to decrease
toward longer wavelengths and falls below the detection level at 300 nm. At the
shorter wavelengths, KCI1 spectrum has a local minimum at 227 nm from where the
PA signal starts to increase toward the shorter wavelengths. NaCl spectrum has a
local maximum at 237 nm, a small bend around 250 nm and the long wavelength end
detection limit around 300 nm. At the shorter wavelengths, there is a minimum at

220 nm and a rising slope toward the shorter wavelengths.

The rising slope in both spectra toward shorter wavelengths is assumed to originate
from the absorption by the alkali chloride dimers. This assumption is based on the
thermodynamic calculations made using the HSC 5.1 database ! and the reported high
temperature absorption spectra measurements>3>3¢ The saturated vapor pressure of
the alkali chloride dimers is approximately 1/3 of the vapor pressure of the monomers
in the equilibrium of solid, liquid and gaseous alkali chloride 2. If the equilibrium vapor
is heated without the presence of solid and liquid salt, i.e. the vapor is superheated,
the ratio of the dimers starts to decrease. The previous spectra measurements have
been done in both above-mentioned cases. Davidovits et al.* and Daminelli et al.*?
produced salt vapors in a closed cell and observed a rising slope in their absorption
spectra at short wavelengths. Forsberg et al.? first produced the vapor at a lower
temperature and then heated it before measuring the spectrum. The slope was found

missing at short wavelengths in the superheated vapor.

The above mentioned PAS experiment and the observed good correspondence to pre-
vious studies verify that PAS is capable of measuring alkali chloride vapors with good
sensitivity. Moreover, the developed PA cell enables spectral measurements, which
enhance the selectivity of the technique. In its current form, the developed PA cell
provides a tool for the laboratory scale experiments of the PAS studies of the alkali

chloride vapors within the temperature range of 400 — 1000 °C.
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4.4 Operation of acoustic resonator under corrosive

high-temperature conditions

The previously presented measurements were carried out in Ny atmosphere and by
placing the sample powder in the acoustic resonator when the Q-factors of the eigen-
modes were found to be constants over the studied temperature ranges. However, the
alkali chlorides are known to react with steel materials at high temperatures and to
accelerate the formation of a porous oxidation layer on the metal surfaces in oxygen
containing conditions”. The effect of KCI induced oxidation to the PA cell perfor-
mance was studied by polishing the resonator and by inserting the KCI powder only
in the buffer volumes. The preparations improved the Q-factor of the first radial mode
to the value of 350. The PA chamber was next preheated to the temperature of 450 °C
and flushed with air. The actual measurement was performed by increasing the tem-
perature of the chamber in steps and allowing the gas to stabilize 15 minutes before
measuring the PAS waveforms. The observed Q-factor of the first radial mode as a
function of the PA chamber temperature ranging from 450 °C to 750 °C is presented
in Fig. 4.8.
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Figure 4.8 Effect of PA chamber wall oxidation in air atmosphere and at elevated temper-
atures to Q-factor of the resonator.
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4.4 Operation of acoustic resonator under corrosive high-temperature conditions

The oxidation experiment showed that the Q-factor of the resonator decreased sharply
around the temperature of 580 °C in air atmosphere. The Q-factor remained at the
level of 130 when the temperature of the chamber was decreased after the heating.
The formation of the porous oxide layer on the resonator walls was visually confirmed

by opening the chamber after the experiment.

The effect of the oxidation on the acoustic properties of the resonator provides new
possibilities in the study of high temperature metal oxidation. Parameters, such as
threshold temperature, oxygen concentration and salt concentration for oxidation,
can be determined for different steel material with above mentioned measurement
preparations. The current PA cell could be applied to the oxidation studies by man-
ufacturing the resonator from the studied material or by covering the resonator with
thin film made of it. The salt concentration and Q-factor of the resonator can be
determined from each measured waveform, which allows the real-time study of the

above-mentioned parameters.
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Chapter

Collinear Photofragmentation and

Atomic Absorption Spectroscopy

HOTOFRAGMENTATION AND FRAGMENT DETECTION (PF/FD) techniques detect
P precursor molecules indirectly providing enhanced selectivity and occasionally
enhanced sensitivity compared with the direct detection techniques®?. PF/FD tech-
niques apply a pump beam to fragment the precursor molecule, and a probe beam
to further excite the detected fragment. The fragment detection is done by moni-
toring fluorescence light from the fragments®* or the absorption of the applied probe

95,96 When the fragmentation wavelength is short enough, the fragmentation

beam
may produce electronic excited fragments, which can be detected by monitoring their
fluorescence without applying a separate probe beam®”%®. Fragment detection can be

32,43

done applying atom , molecule®” or ion®* fragments.

This chapter presents a PF/FD technique called Collinear Photofragmentation and
Atomic Absorption Spectroscopy (CPFAAS) which has been developed during this
work. A basic measurement scheme, calibration, the principles of multicomponent
detection and three combustion studies are discussed. The combustion studies include
one laboratory scale experiment, one intermediate size boiler experiment, and one full-
scale boiler experiment. At the end of the chapter, the performance of the CPFAAS

technique is compared with other techniques capable of detecting alkalis.
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Collinear Photofragmentation and Atomic Absorption Spectroscopy

5.1 Principles of CPFAAS

A schematic of CPFAAS measurement setup and the shape of the detected wave-
form are presented in Fig. 5.1. The setup consists of a pulsed laser, whose emission
wavelength is capable of fragmenting the target molecules to atoms via dissociative
absorption, and a continuous wave (CW) narrow bandwidth probe laser emitting a
wavelength corresponding to the absorption line of the fragment atom. The laser
beams are aligned to travel through the sample collinearly along the same optical
path. The transmission waveform of the probe laser is recorded in the vicinity of the
triggering of the fragmentation pulse, and it consists of three main phases. In phase
1., the temporal transmission of the probe laser is determined at ¢ < 0. The trans-
mission may fluctuate due to the changes in the sample gas composition or due to
the particle flow on the optical path. The base level should be determined for each
individual measurement event in fluctuating samples. Phase II. takes place at t = 0
when the fragmentation pulse has just passed the sample and the probe laser trans-
mission drops sharply due to the increased number of detected fragment atoms. The
relation —In[I(¢ = 0)/I(t < 0)] of the probe laser intensities is directly proportional to
the number of fragmented precursor. In phase III., the concentration of the fragment
atoms recovers back to the equilibrium when the intensity recovers back to the base
level I(t < 0). The recovery of the signal takes place due to the chemical reactions or
diffusion. In the case of fast recovery, the transmission fluctuations have no effect on

the basic shape of the signal.
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Figure 5.1 Typical measurement arrangement and the shape of the detected waveform in
CPFAAS detection. The waveform consists of three main phases: 1. Base transmission level
before the fragmentation, II. decreased transmission due to the atom fragments released by a
fragmentation pulse, and III. the recovery of the distorted gas volume back to the equilibrium
state. The base level fluctuation has negligible effect on the detected waveform when Phase
III is fast. PD and EM refer to a photo detector and energy meter.
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5.2 Calibration of CPFAAS

A basic measurement requires at least the acquisition of phases I. and II. but the
additional recording of phase III. enables a curve fitting, and enhances the accuracy
of the technique. Applying the Beer-Lambert law to describe the intensity at ¢ = 0
and an exponential decay for the fragment atoms at ¢ > 0 the observed waveform can

be described as

Ihy+C t<O0
I(t) = (5.1)

Iyexp (faLmaXe(ft/T» +C t>0"

where aL,,., and 7 are the maximum absorbance due to the fragment atoms at ¢t = 0
and a time constant for the decay process, respectively. The offset parameter C' is
added to describe the fraction of the probing light that passes the sample without
interacting with the fragments due to the misalignment of the beams or the spectral
impurity of the probe beam. The curve fitting enhances the detection of the weak
signals and the determination of I(t = 0), in particular, when the sample becomes

temporarily opaque due to the large concentration of the fragment atoms.

5.2 Calibration of CPFAAS

A CPFAAS measurement consists of two separate absorption events. The target
molecules are fragmented in the first absorption and the number of produced frag-
ment atoms is detected in the second absorption. By knowing the fragmentation
efficiency ~, i.e. how many fragment atoms a single fragmentation atom release, the
number of absorbed fragmentation photons can be calculated based on the number of
fragmentation atoms. The number of absorbed fragmentation photons converts to the
absorption caused by the target molecule that finally results in the target molecule
concentration when the absorption cross section of the target molecule ox¢; and the
sample length L are known. The theoretical expression between the target molecule
concentration in a pure sample X7/’ and the observed probe laser absorbance aLyqq
is derived in Paper 3 in detail and has a form of

(5.2)

he 1 A¢\ kT 1
Xf(ucrle =—In (1 — alimax < ! )

Mok B/ p oxal’

where h, k, ¢y, Ay, 0K, Ein, Ay and L are Planck’s constant, Boltzmann constant,the

speed of light, fragmentation efficiency, fragmentation wavelength, the absorption cross
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section of the detected fragment atom, input energy of the fragmentation pulse, the
cross section area of the fragmentation pulse, and sample length, respectively. The
term pure sample refers to samples containing no other compounds absorbing the frag-
mentation wavelength than the target molecule, and samples where the fragmentation
intensity can be assumed to be constant through the measurement path. All other

samples are called impure samples.

The impure samples cause the faster attenuation of the fragmentation pulse than the
pure samples and, therefore, the number of fragment atoms is smaller than expected.
Paper 3 states that assuming a homogeneously distributed sample the target molecule

impure

concentration in the impure sample X ~," " can be calculated using an equation

Ag E@ 1 In (Ein/Eout)
e Ein L 7)‘f P oxokct 1 — Eout/Ein,

X" =al (5.3)
where E,,; is the energy of the transmitted fragmentation pulse. The difference be-
tween Eq. 5.2 and Eq. 5.3 is that the latter takes into account the attenuation of the

fragmentation pulse whereas the former is independent of it.

Equation 5.2 was validated in Paper 3 by comparing KCI concentrations deter-
mined by applying it with concentration values determined by using an experimental
DOAS technique and the theoretically calculated saturated KCI vapor pressures us-
ing HSC 5.1%4. In the CPFAAS measurement, KC1 molecules were fragmented with
1-ns-long pulses having the wavelength of 266 nm, and the produced K fragments
were probed with a narrow bandwidth distributed-feedback (DFB) laser diode. The
wavelength of the DFB laser beam was tuned to the absorption maximum of the K
reference cell in the vicinity of 766.5 nm (in the air). The probe wavelength was 4 pm
off the absorption maximum of the K fragments. The absorption cross section of the
K fragments as a function of probe wavelength is shown in Fig. 5.2a. The sample
vapor was produced by heating solid KCl in a quartz glass tube. Figure 5.2b presents

the measured KCI concentrations as a function of the calculated concentrations.

The comparison of three techniques, which is presented in Fig. 5.2b, validated the
values measured with CPFAAS. The mutual deviation between CPFAAS and DOAS
determined KCIl concentrations was less than 5 % at the concentration > 1 ppm.
At the lower concentrations, CPFAAS could only be compared with the theoretical
calculations of the vapor pressure values due to the relatively high limit of detection of
DOAS. The comparison of CPFAAS with the theoretically calculated vapor pressure
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5.8 CPFAAS modeling
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Figure 5.2 a) Measured values and a Voigt fit curve for the absorption peak of the potassium
atom fragments. Dotted line presents the center wavelength of the K atoms in low-pressure
reference cell in respect to the observed line shape. b) KCIl concentrations measured using
CPFAAS and DOAS techniques in respect to the calculated concentrations. Dashed line
describes ideal correspondence having a slope of one.

values showed the maximum deviation of 20 %. The observed maximum deviation in

the KCl concentration corresponds to the temperature difference of 5 °C.

The validity of the Eq. 5.3 has not been verified experimentally. However, its validity
in a highly absorbing medium can be modeled using simulated samples. The next
section will present simple tools for studying the feasibility of CPFAAS to different
samples and demonstrate the response of Eq. 5.3 compared with Eq. 5.2 in impure

samples.

5.3 CPFAAS modeling

The modeling of the CPFAAS response is an important tool in the validation of the
measurement results and in the designing of CPFAAS based instruments to differ-
ent applications. The first important factor is the fragmentation ratio of the target
molecules in the sample. The local fragmentation ratio indicates whether there is a
risk of absorption saturation due to too high fragmentation intensity, and how efficient

the fragmentation is as the measurement distance increases. The latter property can
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be used to estimate the effect of the inhomogeneity of the sample on the CPFAAS
signal. The fragmentation ratio is presented as a relation between the number of pro-
duced fragment atoms and the total number of target molecules in the volume drawn

by the fragmentation pulse

N Eabsorbed
£ = e (5.4)

V )
NKC’Z %XKCZ

where the numerator on the right hand side of the equation is the absorbed energy
divided by the photon energy. Assuming linear absorption and taking into account
other possible attenuation mechanisms, we get an equation for the local fragmentation

ratio at distance L from the light source within a step of dx

Nk _ Eoexp (—Xko1gpokoils) exp (—auesl) [1 — exp (—Xkcigpokadx) |

(55
Nkci hv = Apuisedr X e (5:5)

where ..+ describes the background extinction. Figure 5.3 shows the fragmentation
ratio as a function of distance from the light source and sample concentration when

a) rest = 0 and b) ayeste = 0.5. The latter value is an experimentally determined

b)
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Figure 5.3 Local fragmentation ratios as a function of sample concentration and measure-
ment distance in a) a laboratory and b) approximated power plant conditions. Power plant
condition has been approximated adding a constant absorption coefficient of 0.5 1/m to atten-
uate the fragmentation pulse. Maximum fragmentation ratio using the excitation wavelength
of 266 nm, the pulse energy of 80 uJ and a fragmentation pulse diameter of 1 cm was found
to be 1/1000.
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5.8 CPFAAS modeling

background extinction coefficient at the wavelength of 266 nm in combustion boilers
combusting solid biomass and waste fuels. The fragmentation ratio is calculated using

the pulse energy of 80 uJ and the fragmentation pulse diameter of 1 cm.

The calculation resulted in the maximum local fragmentation ratio of 1/1000 at small
distances and small sample concentrations with the applied variables. The local frag-
mentation ratio decreases toward higher concentrations and longer measurement dis-
tances. In other words, the CPFAAS detection, which measures the sum of the induced
atom fragments through the measurement path, weights the first meter(s) of the sam-
ple. The weighting causes distortion in the calculations of the target molecule average

concentration when the distribution of the molecules in the sample is inhomogeneous.

It is also possible to generate modeled waveforms from simulated samples when the
local fragmentation ratio and the dynamics of the CPFAAS waveform formation are
known. The simulated waveforms enable the instrument designing and optimization,
and the estimation of the reliability of the measurement results from impure sam-
ples. The modeled signal is generated by first forming the simulated measurement
conditions and the local absorption coefficients for target molecules and background.
Second, the number of induced potassium atoms is calculated spatially in small steps
by taking into account the fragmentation pulse attenuation in each modeled point.
The energy of the transmitted pulse is determined as an energy value that is left after
the modeled pulse has propagated through the whole simulated sample. The total
number of potassium atoms affecting the deepness of the dip in the CPFAAS signal
is calculated as a sum of the produced K atoms. The concentration of the K atoms
is set to decrease exponentially according to the Eq. 5.1. As the time behavior of the
signal is fully solved, a C constant is added to the curve. The curve is digitized to
simulate the response of an 8-bit digitizer and, finally, some digitizing noise is added.
A curve fitting routine is applied to the modeled signal and the KCI concentration is

calculated based on the fitting parameters.

The performance of the CPFAAS in impure samples is demonstrated in three modeled
samples that are presented in Fig. 5.4. The average background absorption coefficient
is set to 0.5 1/m in all examples. In Fig. 5.4 a) KCl is first approximated to have
a constant profile through the whole sample with average concentration of 100 ppm
and, then, some noise is implemented to it. The average concentration over modeled
sample is 98.5 ppm. CPFAAS calibration equations for pure and impure samples result

in KCl concentrations of 27.6 ppm and 99.6 ppm, respectively. In case b), the KCl
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concentration is assumed to be 50 ppm at the edges and 100 ppm at the center of the
sample. The average through the volume b) is 88.9 ppm and CPFAAS calculations
result with for pure and impure calibration equations values of 23.4 ppm and 84.9 ppm,
respectively. In volume c), the concentration is 50 ppm at the edges and 10 ppm at
the center yielding to the average concentration of 24.2 ppm. The pure and impure

calibration equations result in 9.6 ppm and 27.8 ppm, respectively, in volume c).
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Figure 5.4 Three modeled conditions demonstrating impure and inhomogeneous samples.
Gray background line has the average absorption coefficient of 0.5 1/m. Black curves indicate
absorption coefficients due to KCI vapor at the wavelength of 266 nm with different concen-
tration profiles: a) constant 100 ppm KCI concentration , b) 50 ppm KCI level at the edges
and 100 ppm at the center and c) 50 ppm at the edges and 10 ppm at the center. Some noise
is implemented to the curves to simulate boiler conditions.
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5.4 Multicomponent analysis

The above models showed that when the sample has no clear concentration profile,
the equation for the impure sample results in a very accurate estimation for the aver-
age concentration even in large and strongly absorbing media. The calculation with
pure sample calibration equation resulted in clearly too low concentrations. The con-
centration profiles distort the evaluation of the average concentration but still the
impure sample equation results in quite accurate estimations. The inaccuracy of the
transmitted pulse energy also has a small effect on the calculated concentration value.
For example, a 5 %-distortion in output pulse energy results in a 1 %-change in the

calculated concentration.

5.4 Multicomponent analysis

A CPFAAS measurement with two light sources enables the detection of one target
molecule. The number of detected molecules can be increased by adding fragmentation
and/or probe beams on the measurement path. Two basic measurement arrangements
for multicomponent detection are presented in Fig. 5.5. Setup a) applies one probe
laser and two fragmentation lasers whose emission pulses pass the sample with small
delay with respect to each other. The delay between the pulses should be set long
enough so that both dips in the probe beam transmission are clearly distinguishable.
Two-fragmentation-pulse setup enables the detection of one fragment atom originat-
ing from two different precursors. In Paper 4, a similar setup has been applied to
the simultaneous detection of KCl and KOH. The use of two fragmentation wave-
lengths improves the selectivity of the measurement when the absorption bands of the

precursors are overlapping.

The second possibility applies two probe beams and one fragmentation pulse as shown
in Fig. 5.5 b). The measurement is based on the simultaneous fragmentation of
multiple precursors and the probing of the preselected atom fragments. The setup
with two probe beams can be applied, for example, in the simultaneous detection of
KC1 and NaCl. Setup b) induces a signal from both precursors exactly at the same
time, while there is a small delay between the detection of different precursors in setup
a). The combination of both setups could be used, for example, in the detection of
KCI, KOH, NaCl, and NaOH.
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Figure 5.5 Two measurement arrangement enabling multicomponent CPFAAS detection.
a) One probe laser and two pulse lasers that produce the same atom fragment from two
different precursor molecules. b) Two probe lasers for different atoms and one pulse laser
capable of fragmenting different molecules. BD refers to beam dump which can be replaced
with an energy meter when required.

5.5 CPFAAS applications

The applicability of the CPFAAS technique to the combustion studies is discussed in
this section. The performance of the technique is demonstrated in one laboratory scale
application, where the release histories of potassium vapors from small fuel samples
were monitored, and in two power plant experiments which were carried out with a
mobile instrument built during this work. The laboratory application is discussed in
detail in Paper 4. The results from power plant experiments have originally been

presented in combustion related conferences?®%.
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5.5 CPFAAS applications

KCIl, KOH and K release measurements for single particle reactor

A single particle reactor (SPR) enables the study of release kinetics from small size
fuel samples. Previously, the reactor has been applied to determine CO, COs, SO and
NOx emissions from different fuels, and to image the combustion process of the small

1007102 = Controlled combustion conditions and the possibility to

particles and pellets
collect the combustion residues enable the study of the conversion of fuel to ash. In
this work, we applied the optical ports of SPR, which has previously been used for
the video imaging, to measure atomic K, KCl and KOH vapor releases from different

fuels combusted at different temperatures.

The experiments were done by applying the multicomponent measurement arrange-
ment shown in Fig. 5.5 a). The fragmentation wavelengths were 266 nm and 320 nm
for KCI and KOH, respectively. The absorption bands of KCl and KOH overlap at
the selected fragmentation wavelengths, but the spectral contrast was good enough so
that they could be distinguished by applying a linear equation system. Four curves
showing the release histories of KCl and KOH from torrefied wood with and without
spectral overlapping correction are presented in Fig. 5.6. The example curves show
that the effect of the spectral overlapping on the measured KOH release is minor, and
the KCI release curve needs correction only when the concentration of KOH in the

flue gas is equal to or larger than the concentration of KCI.
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Figure 5.6 The effect of the spectral interference correction on KCI and KOH concentrations
measured from a single particle reactor. Original (orig.) and corrected (corr.) concentration
curves are presented.
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The release histories of K, KCl and KOH vapors from 10 mg torrefied wood (high
quality fuel) and straw (low quality fuel) samples combusted at the temperatures of
a) 850 °C, b) 950 °C and ¢) 1050 °C and in 10 % of Oy are presented in Fig. 5.7 and
Fig. 5.8. The content of potassium and chlorine were 574 mg/kg and 11 mg/kg in tor-
refied wood and 9040 mg/kg and 1900 mg/kg in straw. The presented concentrations
have been calculated using the absorption cross sections of o ¢y =0.74 10721 cm? 3¢,
oxon =0.5-10"2' cm?, and ox =1.25-10"%' cm? (see Paper 4). The absorption
cross section of KOH is assumed to correspond to that of NaOH at its local absorption
maximum near 320 nm*® due to the lack of an exact value. The measurements were
performed with rectangularly shaped beams having the width of 15 mm. The height
of the fragmentation beams was 3 mm and the height of probe beam was 1.5 mm. The
intensity distribution of the beams was flat. The rectangular shaped beams averaged
the spatial variations in the flue gas and enabled the estimation of the total emission
of the K vapors during the combustion. The K concentrations were calculated from
the changes of the probe beam base transmission level within a combustion experi-
ment and using the value of the K fragments absorption cross section. The effect of
the soot and beam steering on the calculated K concentration was determined to be
less than 1 ppb by performing a combustion experiment with a probe wavelength that
was tuned 200 pm off the resonance line. The absorption of the fragmentation pulses
was less than 5 % in SPR measurements and the concentration of KCl and KOH were

calculated applying Eq. 5.2.

The CPFAAS measurements indicate that there is a huge difference in the KCI release
from torrefied wood and straw. The result is expected, since the chlorine content
of straw is two orders of magnitude higher than that of wood. One major source
of the chlorine in the straw is the fertilizers whose amount and the chlorine content
have been shown to affect the final chlorine content in straw directly 3. The release
histories show also that there are similarities in KOH and K releases between different
fuels. Potassium chloride is clearly the main gaseous carrier of K at the temperature
of 850 °C, but at the temperatures of 950 °C and 1050 °C the existence of KOH in
flue gases is evident. Moreover, the release of the atomic K shows growing trend as the
combustion temperature increases. The observations about the amounts and the forms
of the different K vapors in the flue gas enable the better understanding of the kinetics
of the potassium release and help in developing mathematical tools to model them.
The CPFAAS measurements from SPR also provide a fast tool for characterizing how

challenging a fuel is in terms of alkalis.
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Figure 5.7 Release histories of K, KCl and KOH from three 10 mg torrefied wood samples
combusted at temperatures of a) 850 °C,b) 950 °C and ¢) 1050 °C in 10 % of O3 in single

particle reactor.

[ ]IK]*100 [KCT] [KOH]
30 T T 300 T T 300 T T
a) 850 °C b) 950 °C ¢) 1050 °C
250F 1 250F 4250 -
g200- E - 4200 -
E 200
=
1)
= 150 1 150F 4150 b
=
=
]
£ 100F 1 100 4100 -
o
50 1 50 1 50 b
0 - 0
0 20 40 60 0 20 40 60 0 20 40
time [s] time [s] time [s]

60

Figure 5.8 Release histories of K, KCI and KOH from three 10 mg straw samples combusted
at temperatures of a) 850 °C, b) 950 °C and c) 1050 °C in 10 % of Oz in single particle

reactor.
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Full-scale 100 MW,;, combustion boiler experiments

CPFAAS technique was applied to monitor KCI concentration through a 8-m-wide
bubbling fluidized bed boiler a few meters below the secondary super heaters. The
flue gas temperature at this region was around 800 °C. The combustion boiler was fired
with wastes (REF and sludge) together with bark during the experiments. The con-
tent of potassium and chlorine in the mixed fuel were 1670 mg/kg and 3140 mg/kg 104,
respectively. Due to the high chlorine content, KCIl was expected to be found abun-
dantly from the flue gas. The flue gas temperature at the measurement location was

too low for KOH formation.

Large scale combustion boilers are known to be challenging measurement environments
for ”see-through” applications due to the fluctuation transmissivity. The fluctuations
originate from the fly ash stream in the boiler, from beam-steering problems due
to the thermal lensing, and from the changing concentration of the light absorbing
gases. Therefore the influence of the fluctuations on the applicability of the CPFAAS
technique was first studied by determining the transmissivity of a laser beam, having a
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Figure 5.9 Visibility fluctuations through a 8-m-wide combustion boiler in different time
scales. The topmost figure presents 1 s time window. The figure in the middle is extracted
from the topmost figure and the figure on the bottom is extracted from the on in the middle.
Dashed lines indicate the extraction areas.
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diameter of 30 mm, through the 8 m wide boiler. The experiment was performed with
a CW laser having the emission wavelength of 473 nm and output power of 50 mW.
The analog bandwidth of the measurement was limited by a 400-MHz oscilloscope.

An example transmission curve is presented in Fig. 5.9.

The topmost curve in Fig. 5.9 shows the normalized transmission of the laser beam in
a time scale of 1 s. The curve in the middle is extracted from the first curve to show the
fluctuations within a time scale of 10 ms, and the curve at the bottom is extracted from
the one in the middle to show fluctuations within 100 us. The extracted time windows
were selected from the points showing the largest gradient in order to demonstrate the
worst case scenario. Overall, the experiment showed that the transmission fluctuations
are strong but within 5 us time windows the maximum change in the transmission is
less than 1 %. The CPFAAS waveform lasts less than 5 us in combustion conditions

and; therefore, it is immune to the flue gas fluctuations.

The image of the on-line CPFAAS instrument developed for the power plant experi-
ments is shown in Fig. 5.10. The instrument consists of a laser head, a power supply,
a controlling computer and a detector head. The laser head and the detector are
placed on opposite sides of the boiler and connected with data cables. The size of
the laser head is 50 cm x 60 cm x 20 cm (width x length x height). The correspond-
ing dimensions of the detector are 40 cm x 45 cm x 20 cm. The laser and detector
heads were connected to the boiler using connection pipes. An air flow through the

pipes prevented the combustion gases reaching the instrument heads and ensured the

a) b)

Figure 5.10 A CPFAAS based measurement device for power plant measurements: a) A
laser head on tripod, and a controlling computer and a power unit on the transportation box,
and b) a detector head on opposite sides of the boiler.
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clearness of the viewing ports. The measurement routine, raw data saving, and signal

analysis were automated with a LabVIEW code.

The instrument measured 2-us-long CPFAAS waveforms at the repetition rate of 7 Hz
in 200 pulse sequences. The base transmission of the probe beam was fluctuating
due to the above-mentioned reasons, but the basic shape of the CPFAAS waveform
could be clearly recognized from each individual signal as shown in Fig. 5.11 a). The
KCl concentration was calculated from each waveform using the curve fitting and the
Eq. 5.3. The UV absorption through the boiler was approximately 99.5 — 99.9 %.

The observed changes between consecutive calculated concentration readings were less
than 10 %; but within 200 pulse sequences, the variation could be even +50 %. The
large fluctuations occurred in cycles and could be related to the local temperature
fluctuations in the boiler, soot blower operation, or fuel feeding. In order to monitor
boiler operation, it was more essential to follow the average concentration rather than

fast fluctuations. The averaging of single concentration values in time windows of 30 s

a) b) ¢)
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Figure 5.11 On-line measurement data acquired using a portable KCl detector. a) Single
signals having different base levels and recovery rates but yielding similar KCI concentrations.
b) Fluctuation of single measurements, 30 s average data and 5 min average data. c) 30 s
and 5 min average data during ferric sulphate injections to flue gas. The injections cause a
decrease in KCl concentration.(The results have been originally presented in Impact of Fuel
Quality on Power Production and the Environment in Puchberg, Austria, September 23-27,
2012, Ref. 98)
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and 5 min is demonstrated in Fig. 5.11 b) and applied in a 5-hour-long measurement
in Fig. 5.11 ¢). The averaging over 30-second time windows was found to eliminate
most of the short term fluctuations; but to monitor the boiler operation, the 5 min

averaging resulted in a more sufficient output.

The experiments in 100 MWy, boiler showed that the CPFAAS technique can be ap-
plied in challenging field conditions, and resulted in modeling parameters that can
be used in instrument designing. The CPFAAS instrument was capable of detect-
ing the short term fluctuations in a boiler operation, and following the effect of the
additive injections on the KCI concentrations. Figure 5.11 ¢) shows an attempt to re-
duce KCI concentration with ferric sulfate additive which converts KCl to less harmful
K5S0,4 195196 The instrument detected how the KCl concentration decreased imme-

diately after the additive injection was started and increased when it was stopped.

The measured KCI concentrations were probably affected by the spatial concentration
differences in the boiler. Especially, nearby the boiler walls the concentration can be
very different than at the center of the boiler. The effect of the inhomogeneous sample
is estimated to be less than 10 % based on the models presented in Section 5.3. The
accuracy of the boiler measurements can be enhanced for example by extending the
instrument connection pipes by 1 m into the boiler. As a result, the cooler layer nearby

the walls has a smaller effect on the measurement.

Intermediate size 4 MW, boiler

The developed CPFAAS instrument was also applied to study the KCIl concentration
in a 4 MWy, circulating fluidized bed boiler. The measurements were done through a
1-m-wide flue gas channel, where the gas temperature was approximately 825 °C. The
boiler combusted wood and straw during the measurement campaign. The content of
potassium and chlorine were 390 mg/kg and 50 mg/kg in wood and 7600 mg/kg and
2900 mg/kg in straw?.

Figure 5.12 presents two measurement periods where the boiler is started-up and the
shares of the fuels are changed (a), and ferric sulfate is injected into the boiler to
reduce the KCI concentration (b). The HCI concentration is presented in the latter
experiment to give a reference for the measured KCI concentration. The UV absorption
through the boiler was 50 % during pure wood combustion and 92.5 % during pure

straw combustion.
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Figure 5.12 Online measurements from 4 MWy, CFB boiler. a) The start-up of the boiler
fuel with containing wood and straw. The gray curve indicates the temporal variation of
KCI concentration in the boiler. b) The effect of the ferric sulphate injection on the flue gas
composition. The amount of ferric sulfate in the injected solution was increased in four steps.
The boiler combusted 100 % of straw over the whole measurement. The KCI concentration
curve indicates the median of the measured KCI concentration values within 30-second time
windows. (The results have been originally presented in Furopean Combustion Meeting in
Lund, Sweden, June 25-28, 2013, Ref. 99)

Figure 5.12 a) shows how the KCl concentration increases in the flue gas as the amount
of straw in the fuel increases. The gray line describes the observed concentration dis-
tributions of single concentration values within 30-second time windows. At the be-
ginning of the experiment the load of the boiler was increased to 100 % by combusting
pure wood. The mixing of straw to the fuel was started 2.5 h from the beginning of the
experiment. The share of straw in the fuel achieved a level of 15 % within one hour.
Around 7.5 h, the share of straw was further increased up to 30 %. The measured
average KCI concentration with the fuel mixtures of 100 % of wood; 85 % of wood and
15 % of straw; and 70 % of wood and 30 % of straw were 5 ppm, 60 ppm and 110 ppm,
respectively. The flue gas stream behaved more stably in the smaller boiler than in
the previously presented larger boiler. The KCI concentration showed approximately
+10 % fluctuations within 30-second measurement windows while they were +£50 % in

the large boiler.
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5.6  Comparison of optical alkali detection techniques

The ferric sulfate injection experiment shows how the additive decreases the KCI con-
centration and increases the HCI concentration. The conversion originates from the
alkali chloride sulphation reaction where alkalis convert to alkali sulfates and the left-
over chlorine reacts with water vapor and produces HC1%%19 The additive injection
was performed with four mixing ratios of ferric sulfate and water. The corresponding
sulphation results are shown in Fig. 5.12 b). The measurement showed that the con-
centration change AXgc; was approximately 0.75A X g¢;. Ideally, the concentration
changes should have corresponded to each other. The observed difference is assumed
to originate from the sulphation of the NaCl in the flue gas, and from the different
sampling methods of KCl and HCl. The CPFAAS techniques measured in-situ the
average through the flue gas channel, whereas HCl was measured using Fourier trans-
form infrared spectrometer (FTIR) and sampling probe that collected gas only from
the middle of the channel. Thereby, the possible concentration profiles of the gases in

the flue gas channel have influenced the result.

5.6 Comparison of optical alkali detection techniques

This and two previous chapters have discussed the optical techniques for the detection
of alkali compounds. They have been found to measure alkalis in different forms and
enable different applications. The observed properties have been collected into Ta-
ble 5.1, and are compared in this section. The measurement techniques for molecules,

atoms and particles are compared and discussed separately.

The first three techniques detect alkalis bonded to molecules. The CPFAAS and ELIF
techniques have been shown to be capable of detecting different alkalis bonded to
chlorides or hydroxides selectively, whereas the DOAS technique measures the sum
of KCl and NaCl. In principle, a DOAS measurement applying a broad band UV
light source is capable of measuring alkali hydroxides as well, but such an experiment
has not been demonstrated. All three techniques utilize transitions from the ground
state to repulsive electronic states in the detection of the alkali containing molecules.
The DOAS technique measures the direct UV absorption of the molecules, whereas the
CPFAAS and ELIF techniques detect the fragment atoms released as a consequence of
the UV absorption. The detection of the fragment atoms enhances the sensitivity of the

detection but decreases the accuracy in large and strongly absorbing inhomogeneous
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Table 5.1. Comparison of optical techniques applied in the detection of alkali compounds.
The table lists: the abbreviation of the technique; compounds that a technique detects; the
order of the sensitivity (Sen.); if the detection requires calibration or is absolute (CAL); has a
technique been applied in power plant measurements, Yes or No (PP); has a technique been
applied in single particle reactor or corresponding studies, Yes or No (SPR) ; and how the
detection is oriented in respect to light source.

Technique Detects Sen. Cal. PP SPR Detection
CPFAAS KCLKOHNaClLNaOH 10~ abs. Y Y see-through
ELIF KCLKOH,NaCLNaOH 107!% calib. Y Y  single-port /side
DOAS KCl1 + NaCl 107 abs. Y N see-through
TDLS K,Na 10712 abs. Y Y see-through
PLIF K,Na 1072  calib. N Y side
LIBS [K]tot,[Na]tot 107® calib. N Y single-port/side
PAS KC1,NaCl 107%  calib. N N acoustic

samples as discussed in Section 5.3. The direct absorption is insensitive to sample

anomalies and indicates the average concentration through the measurement path.

The wavelengths used in CPFAAS and ELIF have different properties in alkali detec-
tion. The wavelengths of 266 nm and 320 nm, which were used in this work in the
CPFAAS detection of KCl and KOH, release alkali atoms on their electronic ground
levels, whereas the wavelength of 193 nm, which is used in the ELIF detection, re-
leases alkali atoms on their excited levels. The latter alkalis can be detected with
fluorescence spectroscopy which theoretically provides the sensitivity in the order of
single atoms. The alkali atoms on their ground level are detected using atomic absorp-
tion spectroscopy which enables the detection at the level of parts per trillions (ppt).
On the other hand, the more sensitive fluorescence detection requires a calibration,
whereas the absorption measurement is absolute. The wavelength of 193 nm is also
absorbed by O3 and CO3, which are abundant in combustion gases. Therefore, it has a
shorter penetration depth into the sample than the longer wavelengths of 266 nm and
320 nm. %7199 The short penetration depth decreases the accuracy of the determina-
tion of the average gas concentration in large sample volumes where the target gas is
distributed inhomogeneously. In small or homogeneous samples the short penetration
depth is not an issue, since the ELIF technique applies a single port alignment, i.e.
the fluorescence light is collected from the same direction where the excitation is done.
The CPFAAS and DOAS techniques operate with see-through alignment and require
a sufficient visibility through the sample.
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5.6  Comparison of optical alkali detection techniques

In the detection of alkali containing molecules, it can be concluded that the ELIF
technique provides extremely good sensitivity with good accuracy from small samples
with a measurement length of ~ 0.5 m or smaller. In large and highly absorbing sam-
ples, the DOAS technique provides the best accuracy and relatively good sensitivity
in the order of parts per million. The CPFAAS technique combines the benefits of
ELIF and DOAS; and enables the diagnostics of small and intermediate size samples

up to several meters with good accuracy and the sensitivity of parts per billion.

The fourth and fifth techniques in Table 5.1 enable the accurate detection of the atomic
alkalis. PLIF applies an ICCD camera in the imaging of fluorescence light from the
side of the sample and, therefore, provides the spatial mapping of the alkali atoms in
the studied volume. The PLIF technique is applied in the detection of alkalis only
in the single particle scale combustion experiments and is not directly applicable to
full scale power plant measurements. TDLS is a see-through measurement technique
and provides calibration-free absolute concentration measurements. The technique
has been demonstrated in the detection of K atoms with the wavelength modulation
frequency of 1.3 kHz?!, but modern laser sources would allow to increase the frequency
up to 10 kHz %, Both techniques provide better accuracy in the atom detection than
CPFAAS, which is capable of evaluating alkali concentration only in non-fluctuating
conditions as a changing base transmission. However, the probe laser of the CPFAAS
setups, which were developed in this work, allows the TDLS measurement as well, but

it was not performed in this work.

LIBS is the only optical in-situ technique allowing the measurement of the total
amount of alkalis in atomic forms, in molecules, and in sub-micron particles. The
measurement volume is in the order of 1 mm? in the LIBS detection. The LIBS signal
can be recorded in any direction in respect to the measured point. The simultaneous
single particle combustion experiment of LIBS and CPFAAS or ELIF could be used
to estimate the ratio of the alkalis in vapors and particles. This kind of purely opti-
cal comparison measurement could verify or correct previous observations measured

applying the sampling SI technique and the ELIF techniques®!!.

The PAS technique provides the sensitive detection of alkali chlorides and has poten-
tial in real-time high-temperature metal oxidation studies, for example. However, its
application to study alkalis from combustion gases would require a sampling line and

the analysis of PAS signal at multiple excitation wavelengths.

53






Chapter

Summary

PTICAL spectroscopy has been applied to develop diagnostic techniques for alkali
O vapors in high-temperature gases. Optical measurements are sensitive, selective,
and can be used without sampling. They thereby provide good measurement tools for
the detection of reactive alkali compounds in different samples at sub-ppm concentra-
tion level. Alkalis induce corrosion and slagging problems in combustion applications,
and their real-time monitoring would help to control their concentrations and optimize
the processes. The topic of the Thesis is closely related to the combustion research and,

therefore, the work includes experimental study from laboratory and power plants.

At the beginning of the Thesis, the reader was introduced to the topic by discussing the
importance of combustion in modern society and current trends in combustion. The
introduction also presented the alkali related problems and the need for their real-time
monitoring. The absorption properties of the main alkali vapors found in combustion
were discussed in Chapter 2. The previously applied alkali detection techniques were

reviewed and some of their applications were highlighted in Chapter 3.

This Thesis presented two novel optical measurement techniques in Chapter 4 and
Chapter 5. The techniques have been presented in detail in the journal papers that are
the base of this Thesis. The first technique applies Photoacoustic Spectroscopy (PAS)
in high-temperature gas analysis. The developed photoacoustic (PA) cell has been
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Summary

presented and demonstrated by measuring KCI in Paper 1. Chapter 4 highlighted a
few details about the cell and the signal processing, and determined the PA response of
KCI and NaCl vapor. Moreover, the application of the PA cell in a high temperature

salt induced metal oxidation research was discussed.

Chapter 5 focused on discussing a technique called Collinear Photofragmentation and
Atomic Absorption Spectroscopy (CPFAAS), which has been developed within the
framework of this Thesis. Paper 2 and Paper 3 presented the technique and its
calibration equations. Moreover, the calibration equation of the pure samples was
validated experimentally. The principles and calibration equations of the technique
were presented in Chapter 5. Moreover, modeling tools for instrument designing and
the validation of the impure sample calibration equation, and the basics of measure-
ment setups for multicomponent diagnostics were presented. Paper 4 discussed an
application of the CPFAAS technique in the simultaneous detection of K, KCI and
KOH vapors from the combustion gas emanated from a small amount of solid fuel.
The combusted fuel was spruce bark, and the combustion temperatures were 850 °C,
950 °C and 1050 °C. Chapter 5 presented similar release histories recorded from two
additional fuels: torrefied wood and straw. Two fuels were selected to demonstrate the
difference in amount of the alkalis released from straw compared with that of refined
wood fuel. The applicability of CPFAAS to long term measurements in power plant
conditions was validated in two measurement campaigns performed with an automa-
tized instrument. The techniques, which were developed in this work, were compared

with other optical techniques for alkalis at the end of Chapter 5.

The presented applications, modeling and comparison with other detection methods
showed that CPFAAS and PAS enable new measurement capabilities from high tem-
perature gases. PAS is a sufficient tool for laboratory scale experiments but is not
readily applicable to combustion monitoring. CPFAAS has more application pos-
sibilities since it can be applied in-situ, and it provides wide dynamic range. The
CPFAAS experiments presented in this work focused on the detection of potassium
vapors but similar measurements of other alkali vapors can be done with modern
narrow-bandwidth laser sources. The experiments were carried out in the tempera-
tures from 410 °C to 1050 °C and in atmospheric pressure, which are normal conditions
in fluidized bed boilers combusting solid biomass fuels. The CPFAAS measurements
in pulverized coal combustors and glass furnaces, where temperatures and pressures

are higher than those applied in this work, would be interesting, but a fundamental

56



work to determine the absorption cross sections of the alkali vapors in such conditions
is first needed. Moreover, the CPFAAS detection of heavy metal compounds, which
can be photofragmented, should be plausible. The presented methods are both new
and their full potential remains to be shown. Hopefully, this Thesis gave a good base

to understand the methods and encouraged to apply them in new applications.
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Resonant photoacoustic cell for pulsed laser analysis of gases at
high temperature
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A new approach to high temperature gas analysis by means of photoacoustic (PA) spectroscopy is
presented. The transverse modes of the resonant PA cell were excited with a pulsed laser and
detected with a microphone. Changes in the properties of the PA cell resulting from a varying
temperature are discussed and considered when processing the PA signal. The feasibility of the
proposed method was demonstrated by studying PA response from saturated vapor of potassium
chloride (KCl) in the temperature range extending from 410 to 691 °C. The PA spectrum, the
detection limit, and the signal saturation of KCI vapor are discussed. At 245 nm excitation
wavelength and 300 wJ pulse energy, the achieved detection limit for KCl is 15 ppb. © 2009
American Institute of Physics. [doi:10.1063/1.3266974]

I. INTRODUCTION

Photoacoustic spectroscopy (PAS), a well established di-
agnostic method with a large dynamic range,'” can be
readily applied to the analysis of gases at the trace level, as
well as for the studies of liquids and solids.? It relies on the
indirect detection of heat generated by thermal relaxations or
dissociation of the molecules in the absorbing sample. More
specifically, in the closed volume, generated heat causes
changes of the gas pressure. Modulating periodically the in-
tensity of the incident light at acoustic frequencies results in
a production of acoustic wave at the modulation frequency
and/or its higher harmonics. On the other hand, a short
acoustic pulse characterized by a broad frequency spectrum
is generated whenever the excitation is accomplished using
the pulse excitation. The sound waves are detected by acous-
tic transducers such as microphones,d"5 quartz tuning forks,’
silicon cantileversj’9 and piezoelectric elements.'’ Recently,
a novel type of transducer that makes use of an electrome-
chanical film has been developed and tested."!

A special feature of PAS is the fact that the ultimate
detection sensitivity depends on the amount of energy depos-
ited in the absorbing sample. For a given sample, the latter is
equal to the product of the number of absorbing molecules
and the intensity of incident radiation. Hence, the detection
sensitivity can be enhanced by increasing the power of the
incident radiation. Improvement of several orders of magni-
tude has been achieved in comparison with traditional ab-
sorption spectroscopy.

Due to the limited operational temperature range of
acoustic transducers, PAS is often used at room temperature
conditions. Special cell designs are required if PAS is to be
applied at elevated temperatures; the examples are the

YDeceased.
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“heat-pipe and a special signal tube that have been
used at temperatures as high as 630 and 1000 °C, respec-
tively.

In the study described in this paper, we present the reso-
nant PA cell that can be used for analysis of gases at high
temperatures. In addition, the signal processing method that
normalizes variations of the resonator’s quality factor is dis-
cussed. The pulsed optical parametric oscillator (OPO) laser
served as the excitation source and the performance of the
resonant PA cell was tested by measuring the PA response of
KClI vapor. KCI is a major compound responsible for in-
creased corrosion and fouling of the superheater tubes in
biomass-fired power plants.16 The PA response of the KCI
vapor was studied as a function of the excitation wavelength,
the concentration of the sample, and the excitation pulse en-
ergy. The PA measurements were performed within the tem-
perature range extending from 410 to 691 °C using the ex-
citation wavelengths from 210 to 340 nm emitted by OPO.

Il. EXPERIMENTAL SETUP

Figure 1 shows the resonant PA cell designed for high
temperature analysis of gases. Basically, the PA cell consists
of the five major components: (i) the acoustic resonator, (ii)
the signal tube, (iii) the microphone base, (iv) the buffer
volumes, and (v) the extension tubes that enable the win-
dows to be placed outside the heating oven. All major com-
ponents were fabricated from the acid-proof steel. The PA
cell is placed in the sublimation oven which can be heated up
to 900 °C. The PA impulse was excited in the cylindrical
acoustic resonator, the length and diameter of which are 85
and 25 mm, respectively. In order to maximize the sound
reflection, the walls of the resonator were polished. The PA
signal was detected with a 4939, Briiel & Kj@r microphone.
The 6 mm inner diameter and 400-mm-long signal tube
mounted to the wall of the acoustic resonator ends at the
microphone base, where it is by means of an acoustic adapter
connected air tightly to the microphone. The adapter was

© 2009 American Institute of Physics
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FIG. 1. The resonant PA cell for high temperature studies of gases: window
(w), gas inlet (GI), gas outlet (GO), extension tube (ET), buffer volumes
(BV), acoustic resonator (AR), signal tube (ST), microphone base (MB),
and microphone (m). The section of the PA cell within the area defined by
broken line in Fig. 1 is placed in the oven which can be heated up to
900 °C. The buffer rings and the spacer, which constitute the buffer vol-
umes, are pointed out with lighter and darker shades of gray, respectively.

made from electrically isolating polymer. The acoustic back-
ground, originating from the gas inlet/outlet as well as due to
the absorption radiation in to the windows, were isolated
from the acoustic resonator by placing four acoustic buffers
at each side of the resonator. The acoustic buffers consist of
rings having a length, an inner diameter, and an outer diam-
eter of 14.2, 50, and 56 mm, respectively. The rings were
separated by 2-mm-thick spacers each provided with a cen-
tral hole 6 mm in diameter. Similar spacers were also used
between the resonator and the adjacent buffer volume rings.
The rings and the spacers were tightened together inside the
buffer holder tubes, whose inner diameter is 56 mm and
length is 65 mm, that, on their turn, were connected to the
acoustic resonator and to the extension tubes. The hermeti-
cism of each joint was ensured with a copper gasket. The
windows are kept 160 mm away from the oven to prevent the
vapor condensing on their surfaces. They were connected to
the extension tubes by means of copper gaskets on each side
and by tightening them between metal flanges and the exten-
sion tubes.

The schematic diagram of the setup used for the PA mea-
surements is shown in Fig. 2. The PA pulses were generated
using a wavelength tunable (210-2300 nm) solid state OPO
laser (NT342/1/UVE, Ekspla Ltd.). This laser produces 5-ns-
long pulses at a repetition rate of 10 Hz. Depending on the
wavelength of the specific emission line of the laser, the
output energy in the UV region of a single pulse varied be-
tween 1 and 4 mlJ. The cross sectional profiles of pulses
varied from a pulse to pulse and their divergence was shown

O

FIG. 2. Schematic representation of the experimental setup: tunable solid-
state laser (OPO), mirror (MI), aperture (AP), variable high-energy attenu-
ator (EA), lens (L1 & L2), beamsplitter (BS), energy meter (EM1 & EM2),
sublimation oven (SO), programmable amplifier (AF), and oscilloscope (0).
The gray line describes the path and the focusing of the laser pulses and the
broken line the position of the PA cell inside the oven.

Rev. Sci. Instrum. 80, 123103 (2009)

to be wavelength dependent. The cross sectional profile
of the pulses was combined by focusing them with lens L1
(f=+750 mm) through a 1.5-mm-aperture AP. The average
pulse energy was restricted using a high-energy variable
attenuator EA (935-5-OPT, Newport Co.). After passing
the attenuator, laser pulses were refocused with lens L2
(f=+500 mm) in such a way that the radiation pulses
traverse the cell without interacting with the inner walls of
the PA cell. At the site of the PA resonator, the cross section
of the pulse was less than 1 mm?. The energy of the pulse
was monitored ahead and behind the PA cell with energy
meters EM1 (PD10, Ophir Optronics Ltd.) and EM2 (PE9,
Ophir Optronics Ltd.), respectively. The optical alignment
was adjusted to fulfill the following requirements: (i) mini-
mal acoustic background caused by laser pulse interaction
with the PA cell, (ii) minimal excitation of the azimuthal and
combination modes, (iii) uniform cross-sectional profiles of
the laser pulses, and (iv) maximal energy throughput behind
the PA cell.

The signal detected by the microphone was first pream-
plified (preamplifier 2670, Briiel & Kjer) and then amplified
and filtered using the SR650 programmable amplifier from
Stanford Research System Inc. Typical settings for amplifi-
cation factor and a pass band were 80 dB and 5-99.9 kHz,
respectively. The amplified and filtered signals were aver-
aged and recorded with an oscilloscope (Waverunner6100A,
LeCroy Co.) triggered by the Q-switch synchronized TTL
output of the OPO laser. The time window of the oscillo-
scope was set to 20 ms, begun at 1.2 ms after the triggering
in order to eliminate the electrical disturbances caused by the
Q-switch of the laser.

Suprapur (99.999%) KCI from Merck KGaA was chosen
to demonstrate the feasibility of the resonant PA cell for stud-
ies at high temperature. This compound has dissociative
electron transitions at wavelengths shorter than 280 nm. The
first absorption band with a maximum at 246 nm consists of
two dissociative transitions corresponding to the dissociation
to neutral atoms, and neutral potassium atom and chlorine
atom excited to its first excitation level. The peak at 193 nm
associated with the third electronic transition of KCI results
from the dissociation of molecule and the excitation of the
potassium atom.'” The PA signal from the KCI molecules is
induced because of an increased number of the particles as
well as due to the kinetic energy of the fragments.]8 The KCl
powder was deposited at both ends of the acoustic resonator.
As the temperature of the PA cell increased, the vapor pres-
sure of the sample rises. The concentration of the sample was
calculated using the commercial thermochemical database
(HSC 5.1, Outokumpu Research Oy) based on the known
relationship between the vapor pressure and the temperature.
Since the PA cell is actually an isolated system, it was as-
sumed that the sample’s concentration is that of the saturated
vapor pressure. The temperature of the sublimation oven was
actively controlled by PID temperature controller (Euro-
therm), while the temperature of the cell was monitored with
a K type thermocouple and a thermocouple monitor (SR630,
Stanford Research Systems). During the heating process, the
PA cell was continuously flushed with a nitrogen; the flow
rate was 1.5 /min. The nitrogen flow was stopped when a
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desired temperature of the PA cell was reached. The 20 min
long interval was allowed for the concentration of KCI to
stabilize; the actual measurement was initiated once this
equilibrium has been achieved. The distribution of the KCl
vapor could be assumed uniform during the actual measure-
ment, since the longitudinal modes, excited due to the spatial
variations of concentration, were vanished from the PA sig-
nal during the 20 min interval.

lll. SIGNAL PROCESSING

The resonant properties of the PA cell are susceptible to
alterations of ambient conditions. The temperature and pres-
sure changes affect the resonant frequency. Furthermore,
modifications of resonator wall’s acoustic reflection proper-
ties influence the quality (Q) factors of the resonator.
Thereby, a signal processing technique that takes into ac-
count variations of frequencies and Q factors is needed to
enable the comparison of the PA signals detected at different
temperatures.

In finding the appropriate signal processing method, the
dynamics of the acoustic resonator has been considered. The
sound pressure at a position r (m) at the time 7 (s) is given by
the wave equation

#p(r,1)
R

p(r.n) = (y- 1) 2D, (1)
at
where ¢, (m/s), y, and H (W/m?) are the sound velocity, the
adiabatic constant of the buffer gas, and the heat power den-
sity, respectively. The solutions to this homogenous wave
equation in single pulse excitation are
k
p(r,0) =2 p(r)A;e %), 2)
j=1
where A; (Pa) and ¢; (rad) are the amplitude and the phase of
the jth mode, respectively. The complex frequency of the jth
eigenmode is expressed as ();=w;+ig;, where w; (Hz) and g;
(Hz) are the angular frequency and the damping factor of the
jth mode, respectively. p;(r) is the dimensionless spatial dis-
tribution of the jth eigenmode.”

Single pulse excitation induces an acoustic impulse
propagating cylindrically away from the optical path. Short
acoustic pulse has a broad frequency spectrum and excites
several resonator’s eigenmodes simultaneously. In a cylindri-
cal resonator, the frequencies f (Hz) of the eigenmodes are
given by

C.Y anm 2 l 2

Fomi =% ( R) +(L)’ ®
where n, m, and [ are the integers expressing the orders of
the radial, azimuthal, and longitudinal modes, respectively. R
(m) and L (m) are the radius and the length of the resonator.
a,,, is the nth zero of the derivative of the mth order Bessel
function divided by 7. Assuming the propagation of the laser
pulse along the cylinder axis of the resonator, the azimuthal
modes are precluded, leaving the radial modes to be the only
excited transverse modes. Following the excitation, the
modes oscillate independently and decay due to the cell

Rev. Sci. Instrum. 80, 123103 (2009)

losses.” The amplitudes of the excited modes at excitation
time are given by

A= (y- l)i‘,Flpi(r)BEL, @

where V (m?), F;, B (1/m), and E, (J) are the volume of the
resonator, the normalized overlap integral of the jth eigen-
mode, the PA absorption coefficient of the sample, and the
energy of the laser pulse, respectively. The overlap integral
describes how efficient is the excitation of the jth mode, or in
the words, the extent of the overlap between the spatial dis-
tribution of the jth eigenmode p;(r) and the spatial distribu-
tion of the laser pulse.”

From Eq. (4), it is seen that the amplitudes of the eigen-
modes are independent of the frequencies and Q factors of
the eigenmodes. Thereby, the amplitudes of the eigenmodes
are comparable quantities at different conditions. Let us next
consider the amplitude of the first radial mode A,. Since only
the real pressure amplitudes can be measured, the imaginary
part of the pressure is ignored and the pressure oscillation is
written as

1 .
pi=A; cos(wt+ ¢))e 81 = EAl(e'(“anzl)

+ e*i(w|t+<b]))efglt. (5)

Due to the intrinsic symmetry, only the positive side of the
frequency spectrum has been used. The Fourier transform of
the positive side of Eq. (5) is

To

1
Pl(w)=£A1f
0

Al
T - 2(gy +ilw=-wy))
Furthermore, in a time window 7, the exponential term for a
damped oscillation approaches zero and the magnitude of P,
(Pa/Hz) at w=w; can be approximated by
A A

Piow)|)="—=—", 7

Pl =5 =1 ™)
where Aw;=2g, is the full width at half maximum value of
the power spectrum of the resonance mode of interest. When
the Q factors of the resonator are high, they are defined as
Q;=w;/ Aw;. Thereby, by applying Eq. (7) to the signal pro-
cessing, the effect of the Q factors on the intensity of the
signal is normalized.

ei(w]t+d>1)—g,te—iwtdt

(e[—gl*'i(ﬂ’l—w)]To -1). 6)

IV. RESULTS AND DISCUSSION

The proposed method was applied to study the PA re-
sponse of the saturated KCI vapor at different operating tem-
peratures. All measurements were performed at the atmo-
spheric pressure. An example of PA signal, measured at
691 °C, is shown in Fig. 3. The plotted signal represents an
average of 200 consecutive signals excited at 245 nm using
an average pulse energy of 100 wJ. The temporal signals
begin to oscillate as the first wavefront reaches the micro-
phone at the end of the signal tube. The time delay between
the acoustic excitation and the first obtained wavefront is
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FIG. 3. Typical PA signal in the time and the frequency domains. The three
lowest radial modes are marked in the frequency spectrum with expression
[nm1].

approximately 1.2 ms. Following the first detected wave-
front, the PA signal decreases due to the cell losses. In the
frequency domain, the signal consists of sharp peaks cen-
tered at frequencies of the radial modes of the cell. Measured
Q-values for the first three radial modes were 100, 150, and
150. The Q-value of 270 was obtained for the first radial
mode at a room temperature after the polishing of the reso-
nator. The deviation in the strength of the PA signal at dif-
ferent heating occasion with similar parameters is less than
four percent. In Fig. 4, the PA response of the KCI vapor is
displayed as a function of the excitation wavelength. The
spectrum was recorded at 691 °C when the corresponding
equilibrium concentration was 50 ppm. The average pulse
energies varied between 80 and 120 wJ depending on the
excitation wavelength. The values along the vertical axis
were calculated using Eq. (7). Furthermore, the calculated
values were normalized to the average pulse energy, the am-
plification factor (80 dB), and the sensitivity of the micro-
phone (4.13 mV/Pa). The measured PA spectrum is in good
agreement with the absorption spectra of KCI found in Refs.
17 and 20. OPO laser was a necessary tool to determine the
PA spectrum of the KCI vapor for the first time. However,

120 T T
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photoacoustic signal [Pa/J]

20t .
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FIG. 4. The PA spectrum of KCI at 690 °C. The absorption band between
wavelengths of 235 and 280 nm consists of two dissociative electron tran-
sitions, which are irresolvable at high temperatures. The absorption at
shorter wavelengths results from the third electron transition of the KCl
molecule.
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FIG. 5. The strength of the normalized PA signal plotted as a function of the
average pulse energy. The PA signal from KClI saturates when pulse energies
exceeding 130 ulJ.

other lasers emitting single wavelength, such as excimer la-
ser KrF emitting 248 nm, Nd:YAG lasers emitting crystals
4th harmonic corresponding to 266 nm, and flash lamps used
with proper filter are also applicable to the sensitive detec-
tion of KCI.

The relation between the PA signal and the average ex-
citation energy is shown in Fig. 5. The saturation curve was
measured at 245 nm excitation wavelength at 691 °C. The
obtained relationship between the PA signal and the average
excitation energy at the energies lower than 130 wJ is linear,
as it was assumed in Eq. (4). However, at high energies,
the PA signal begins to saturate. At 300 wJ, the departure
from the linearity is approximately 18%. The strength of
the PA signal is in good agreement with the saturation equa-
tion PAga=a[l-exp(-bE;)], with @=3.09%0.33 and
b=0.0013£0.0002 1/uJ. The uncertainties corresponds to
95% confidence bounds of the fitting. The saturation equa-
tion was derived from a standard rate equation for the two
level systemZ' assuming: (i) that the dissociation time is very
short and (ii) the recombination time of the fragments is
much longer than the laser pulse duration. Under such as-
sumptions, the effects of the stimulated and spontaneous
emissions from the upper state can be ignored. The linear fit
was calculated from the first term of the Taylor expansion of
the saturation equation.

The sensitivity and the dynamic range of the PA cell
are illustrated in Fig. 6. The PA signals were measured at
245 nm using 300 wJ average pulse energy in the tempera-
ture range between 410 and 691 °C, which corresponds to
1 ppb—50 ppm equilibrium concentrations of KCI. The tem-
perature interval were chosen to produce measurable concen-
trations, in which the absorption of light is less than 10%
through the PA cell. The values along the vertical axis are
calculated by averaging 1000 consecutive PA signals and
then using Eq. (7). The detection limit, determined from a
noise signal measured at 23 °C, when the laser radiation was
blocked, is independent of wavelength and temperature.

Measured noise signal was transformed into frequency
domain and standard deviation of frequency amplitudes near
27.1 kHz was calculated. The latter value is the frequency of
the first radial mode at 470 °C at which the equilibrium KCl
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FIG. 6. The PA signal obtained from the saturated KCI vapor for different
concentrations. The extrapolated detection limit is 15 ppb.

concentration is 20 ppb. Finally, standard deviation data was
multiplied by factor of three. Because measured signals have
been multiplied by Aw, according to Eq. (7), the detection
limit must also be scaled with this factor. Therefore, the de-
tection level was multiplied by Aw measured at 470 °C.

Experimental data in Fig. 6 exhibits a good linearity
with concentration even though the Q factor is varying from
100-140. The lowest detectable KCl concentration deter-
mined as the intersection of the 30 noise level and the linear
plot is 15 ppb. The slope between concentration and signal
was 0.68 £0.03 mPa/ppm and the correlation factor 0.997.
The sensitivity achieved here with the PA cell, in witch the
absorption length is 8.5 cm, is two orders of magnitude bet-
ter than that reported for direct absorption method with 5 m
absorption length.16 Excellent sensitivity combined with the
short absorption length and broad dynamic range covering
more than three orders of magnitudes justifies the continua-
tion of the research efforts toward a practical PA based in-
strument capable of field measurements.

V. CONCLUSIONS

The resonant PA cell for high temperature gas measure-
ments was proposed and its feasibility was demonstrated.
Several radial modes of the PA cell were excited simulta-
neously using a pulsed laser. The PA signals were processed
using a novel method that minimizes the effect of changes in
Q factor. The KClI vapor was studied successfully at tempera-

Rev. Sci. Instrum. 80, 123103 (2009)

tures between 410 and 691 °C at which the equilibrium con-
centration of this gas varies from 1 ppb to 50 ppm. The plot
of the processed signals is linear with respect to the concen-
tration of the KCI vapor; the detection limit is 15 ppb. By
proper selection of wavelengths and cell temperatures, the
method is readily applicable to high temperature analysis of
other gases as well.
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A sensitive and selective optical technique to detect potassium chloride (KCl) vapor is introduced. The technique is
based on the photofragmentation of KCl molecules, using a pulsed UV laser, and optical probing of the temporarily
increased amount of potassium atoms with a near-infrared laser. The two laser beams are aligned to go through the
sample volume along the same optical path. The performance of the technique is demonstrated by detecting KCl

concentrations from 25 ppb to 30 ppm in a temperature-controlled cell.

OCIS codes: 120.1740, 350.5130, 300.6210.

Environmental aspects and the increasing price of fossil
fuels has increased the interest in renewable fuels for
power production. One good alternative, as a largely
COy neutral fuel, is biomass that can be harvested, for
example, as residues of the forest industry. However,
the combustion of the biomass causes serious corrosion
and slagging problems in combustion boilers. One cause
of the problems are alkali chloride vapors, which are
formed during combustion due to the high content of al-
kalis and chlorine in the biomass [1]. In order to study the
alkali chloride vapor-related problems and monitor their
concentration in process gases, a reliable monitoring
technique is needed.

The benefits of the optical techniques in gas sensing
are typically their sensitivity, selectivity, and capability of
measuring gas components in situ, i.e., detection with-
out sampling [2]. The optical measurements of the alkali
chlorides are based on their dissociative electronic tran-
sition at wavelengths shorter than 300 nm [3]. During the
past few decades, two different optical in situ techniques
have been proposed for detection of alkali chlorides:
excimer laser induced fluorescence (ELIF) [4] and differ-
ential optical absorption spectroscopy (DOAS) [5]. In the
ELIF technique, alkali chloride molecules are dissociated
using 193 nm light to excited alkali atoms and chlorine
atoms. As the excited alkali atoms relax back to their
ground states, they emit photons at alkali-specific wave-
length. The ELIF technique enables the detection of alka-
li chlorides at the parts per billion (ppb) level but has
limitations in penetration depth to the sample due to
the strong absorption of 193 nm light by the combustion
gases. The DOAS technique measures the whole UV ab-
sorption spectrum of the sample that is then compared to
spectral shapes of the alkali chlorides to resolve the total
content of the alkali chlorides (NaCl + KCI). It enables
the analysis of large measurement volumes but has lim-
ited dynamic range and requires several-meter sample
lengths to be capable of detecting alkali chloride concen-
trations on the order of parts per million (ppm).

In this Letter, we present a sensitive and selective op-
tical technique for the detection of potassium chloride
(KC]) vapor. The technique is based on the photofrag-
mentation of the KCl molecules using a UV pulse and

0146-9592/12/194011-03$15.00/0
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the detection of the released potassium (K) atoms with
a narrow-linewidth continuous-wave probe laser. The
wavelength of the probe laser, i.e., probe wavelength, is
tuned to correspond the electron transition of the K
atom. The two laser beams are aligned collinearly on
the same optical path through the sample volume. There-
fore, the probe laser is capable of detecting the udden
increase of the K atoms right after the UV pulse has pro-
pagated through the sample volume. A similar technique
has previously been used to study the recombination rate
of the dissociated metal salts [6,7]. In the previous stu-
dies, the dissociation was induced with a flash lamp or
a pump laser and the probing was achieved using a hol-
low cathode lamp or a resonance lamp. In this Letter, the
two collinear light beams are utilized for the first time to
measure the concentration of the metal salt through the
whole sample volume.

The technique was demonstrated using the experimen-
tal setup shown in Fig. 1. The photofragmentation was
induced with a pulsed UV laser (NT342/1/UVE, Ekspla),
emitting 5 ns long pulses with 10 Hz repetition rate at
wavelength of 245 nm. The absorption of the KCI mole-
cules at 245 nm dissociates the molecules to ground-state
potassium (425, /2) atoms and chlorine atoms that settle
either on their ground state (3P3;3) or the first excited
state (3P ;2) [3]. The energy of the UV pulses was mon-
itored before and after the sample volume using energy

" 0
v AN ]

AP - ‘EM Ev I A
o

AP .
Y BS [sample 2 LB .
DFB I % volume
DM DM D

Fig. 1. Experimental setup for real-time detection of vaporous
potassium chloride: ultraviolet laser, UV; probe laser, DFB;
mirror, M; aperture, AP; beam splitter, BS; dichroic mirror,
DM; energy meter, EM; lens, L; detector, D; amplifier, A; oscil-
loscope, O.
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sensors (PD10 & PE9, Ophir). The wavelength of the
probe laser (LD-0767-0015-DFB-1, Toptica) was tunable
around potassium absorption near 766.5 nm, corre-
sponding to the 4%S; /5 — 4?P; 5 transition. The probe
wavelength was monitored by means of a wavemeter
(WA-1500-NIR, EXFO Burleigh) having an accuracy of
0.1 pm. The UV and the probe laser beams were com-
bined and separated using dichroic mirrors (FF310-Di01,
Semrock). The diameters of the UV and the probe laser
beams were limited to 5 mm and 2.5 mm, respectively.
After passing the sample volume, the probe laser beam
was detected using a silicon photodiode (DET-210, Thor-
labs). The signal from the photodiode was amplified with
a factor of 25 using an amplifier (SR445, Stanford
Research Systems) and recorded with an oscilloscope
(WaveRunner6000A, LeCroy).

The KCI vapor was produced by sublimating KC1 pow-
der (99.999%, Merck) in the 85 mm long middle part of the
high temperature cell that has previously been used for
photoacoutic detection of KCl [8]. The buffer gas in the
cell was air and its pressure was kept at atmospheric
pressure in all measurements. The concentration of the
KCl vapor was calculated using a commercial thermoche-
mical database HSC 5.1 (Outokumpu Research). Due to
the open ends of the middle section of the cell, KCl vapor
diffused also to the other parts of the cell. Therefore, an
effective sample length for KCI vapor was determined
using the direct UV absorption. At the temperature of
630 °C, corresponding to equilibrium KCI concentration
of 30 ppm, the absorption of 245 nm light through the cell
was 7.5%. By applying the Beer—Lambert law to the mea-
sured absorption and using 2.0 * 102! m? absorption
cross section for KCI [3], the effective sample length
was determined to be 170 mm.

Two measured transmission curves of the probe laser
in the vicinity of the UV excitation are presented in Fig. 2.
The curves are averages of 100 individual measurement
events whose bandwidths were limited to a frequency
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Fig. 2. Two transmission curves of the probe laser with differ-
ent probe wavelength through sample vapor having KCI con-
centration of 2 ppm. The UV excitation takes place at ¢ = 0.

80

range of 0-20 MHz in order to eliminate the high-
frequency electrical interference caused by the electro-
optic @-switch of the UV laser. The measurements were
performed using an average UV pulse energy of 58 pJ and
the cell temperature of 590 °C that corresponds to an
equilibrium KCI concentration of 2 ppm.

The lower curve in Fig. 2 shows a typical behavior of
the probe laser transmission when the probe wavelength
is tuned to the absorption maximum of the K atoms
released in photofragmentation. At the beginning of the
curve, the transmission is at a constant level I,. The UV
excitation takes place at ¢ = 0, when a small part of the
KCl molecules is dissociated and the amount of the atom-
ic K is increased. The fast increase in K atom concentra-
tion is seen as a sharp dip in the transmission curve. The
K atom concentration achieves its maximum right after
the UV pulse has passed the sample and starts to relax
back to the thermal equilibrium. The relaxation of the va-
por is observed as the recovery of the transmission inten-
sity back to the original I, level. Applying Beer-Lambert
law and assuming an exponential decay for the induced K
atoms, the observed temporal transmission intensity ()
can be described as

_ IO t<0
= {IO exp(-alyg @) 120" M

where aL,,.; and 7 are the maximum absorbance of the
released K atoms at ¢t =0 and a time constant for
the decay process, respectively. According to the Beer—
Lambert law, the alL,, is directly proportional to the
increased amount of the K atoms that in turn is pro-
portional to the dissociating UV intensity and the KCl
concentration. The short timescale of the observed dip en-
ables accurate measurements also in fluctuating samples.

The technique is sensitive to the probe wavelength.
The upper curve in Fig. 2 shows how the dip is almost
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Fig. 3. Normalized maximum absorbance of the probe laser
right after the UV excitation with respect to its wavelength

around 766.5132 nm. The FWHM of the peak was measured
to be 15.7 pm.
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Fig. 4. Maximum absorbance of probe laser beam as a func-
tion of KCI concentration. 3¢ detection limit was determined to
be 4 ppb with 170 mm sample length.

disappeared from the transmission curve when the wave-
length is tuned 75 pm off from the absorption maximum
of the K atoms released in photofragmentation. The
normalized alL,,, value is presented as a function of
probe wavelength near the K atom absorption maximum
in Fig. 3. The maximum of the alL,, spectrum is at
766.5132 nm and the FWHM of the observed lineshape
is 156.7 pm. The other possible effects causing temporal
change in the transmission intensity of the probe laser,
e.g., thermal lensing, are not observed. The shape and
the center wavelength of the measured spectrum verify
that the observed dip in the transmission curve originates
from the absorption of the K atoms released in photofrag-
mentation. The technique detects selectively molecules
that are releasing K atom(s) due to the photofragmenta-
tion at the selected UV wavelength.

Figure 4 shows aLy,,, as a function of the KCI concen-
tration that was varied in the range of 25 ppb-30 ppm. In
this set of measurements, the average UV pulse energy
was increased to 150 pJ. Thereby, a higher amount of KC1
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molecules were dissociated and a better sensitivity was
achieved. The detection limit for alL,,,, was determined
as —In(30 /1)), where ¢ is the standard deviation of the
unfiltered photodiode signal before the UV excitation.
This corresponds to a detection limit of 4 ppb for the
KCl vapor. The UV absorbance was less than 0.1 in all the
measurements, which allows us to assume a uniform dis-
sociation efficiency throughout the sample.

In conclusion, a sensitive and selective optical techni-
que for detection of KCI vapor has been presented. The
dynamics of the measured curves were studied and the
observed dip was verified to origin from the absorption
of the potassium atoms released in photofragmentation.
The detection limit of the technique was determined to
be 4 ppb with 170 mm sample length. Moreover, the dy-
namic range of three orders of magnitude was demon-
strated. The results are encouraging for combustion
research applications.
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Abstract The kinetics of signal formation in collinear
photofragmentation and atomic absorption spectroscopy
(CPFAAS) are discussed, and theoretical equations
describing the relation between the concentration of the
target molecule and the detected atomic absorption in case
of pure and impure samples are derived. The validity of the
equation for pure samples is studied experimentally by
comparing measured target molecule concentrations to
concentrations determined using two other independent
techniques. Our study shows that CPFAAS is capable of
measuring target molecule concentrations from parts per
billion (ppb) to hundreds of parts per million (ppm) in
microsecond timescale. Moreover, the possibility to extend
the dynamic range to cover eight orders of magnitude with
a proper selection of fragmentation light source is dis-
cussed. The maximum deviation between the CPFAAS
technique and a reference measurement technique is found
to be less than 5 %. In this study, potassium chloride vapor
and atomic potassium are used as a target molecule and a
probed atom, respectively.

1 Introduction

Photofragmentation and fragment detection (PF/FD) tech-
niques improve selectivity and sensitivity in gas sensing
[1]. They are based on the fragmentation of the detected
molecule and the sensing of the released fragment. Mole-
cule [2], atom [3], and ion [4] fragments have been used in
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sensing the target molecules. Fragments are detected uti-
lizing their emission [5-7] or absorption [8, 9] properties.

Recently, a technique called collinear photofragmenta-
tion and atomic absorption spectroscopy (CPFAAS) was
demonstrated in the detection of alkali chloride vapors
[10]. The technique utilizes a UV laser pulse to dissociate
alkali chloride molecules to alkali and chlorine atoms, and
a narrow bandwidth laser diode to monitor the concentra-
tion of the alkali atom. The collinear alignment of the two
beams through the sample volume enables the detection of
temporally increased alkali atom concentration within the
volume determined by the UV beam. The large absorption
cross-sections and the narrow absorption profiles of the
alkali atoms favor their detection, also when interfering
fragments, such as O, exist.

In this paper, a theoretical approach for signal formation
in CPFAAS is discussed, and relations between detected
fragment atom absorption and target molecule concentra-
tion in different conditions are derived. The theoretically
derived relation for pure sample is validated by comparing
KCI vapor concentrations measured with the CPFAAS
technique to concentrations determined with two other
independent reference techniques. The linearity of the
CPFAAS technique with respect to the target molecule
concentration and the absolute limits of the CPFAAS
detection at low and high concentration ends are also
discussed.

2 Theoretical approach
CPFAAS is based on the fragmentation of a fraction of the
target molecules with a light pulse and the detection of

the released fragments within the gas volume drawn by the
pulse with a collinearly aligned continuous wave probe
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beam. The probe beam consists of monochromatic light,
whose wavelength is preselected to correspond to the
absorption line of the probed atom fragment. The trans-
mission of the probe beam is monitored continuously in the
vicinity of the fragmentation, which enables the determi-
nation of the transmission base level I, at r < 0, the frag-
mentation-induced increased absorption at t = 0, and the
recovery of the gas sample back to the thermal equilibrium
at t > 0. Applying the Beer-Lambert law to describe the
transmission of the probe beam and assuming an expo-
nential decrease for the concentration of the produced
fragments at r > 0, the transmission intensity / of the probe
beam can be expressed as:

_ Iy+C t<0
I() = {[Oexp(fochaxe("/f)) +C >0’ (1)

where o L. and 7 are the maximum absorbance due to
the fragment atoms at + = 0 and a time constant for the
decay process, respectively. The offset parameter C is
added to describe the fraction of the probing light that
passes the sample without interacting with the fragments
due to the misalignment of the beams or the spectral
impurity of the probe beam.

The dependence of the detected quantity o L, on a
definable quantity target molecule concentration Xgc; can
be studied by eliminating C and assuming that the recovery
of the fragments is negligible during the excitation time,
e.g., relaxation time is much longer than the excitation
pulse, when the transmission intensity at r = 0 can be
written as

I(t = 0) = Ipexp(—oLmax) = €xp (7 I:I/—I:JKL)., (2)
where N, Vj, ok and L are the total number of produced
fragment atoms, a volume in which the fragmentation has
occurred, the absorption cross-section of the fragment
atoms at the probe wavelength and sample length,
respectively. N is directly proportional to the number of
the absorbed fragmentation photons by the target
molecules and can be rewritten as a relation between
absorbed energy by target molecule EXs, and the energy of
a single fragmentation photon Ephoon = hc/hy multiplied

with the photofragmentation efficiency 7y at the
fragmentation wavelength

Eahx
Ny = y—ka ()

he
Af

where &, ¢ and A, are Planck’s constant, speed of light, and

the wavelength of the fragmenting pulse, respectively. The

photofragmentation efficiency depends on the target mol-

ecule and the fragmentation wavelength. For example, the

photofragmentation of NO, produces O atoms with
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fragmentation efficiency of 0 <y < 1 in the vicinity of
400 nm [11], and the fragmentation of SeBr, produces Br
atoms with y = 2 in the vicinity of 350 nm [12]. Alkali
chlorides are known to have y =1 for production of
ground state alkali atoms in the vicinity of 250 nm [13].

On the other hand, total fragmentation energy absorbed
by a sample is a sum of energy absorbed by the target
molecule and energy lost due to other extinction mecha-
nisms E

EaKbél + Eext = Ein — Lout, (4)

where E;, and E,, are the energy of the fragmentation
pulse at the input and at the output of the sample,
respectively. By solving Eg; out from Eq. 3, Nk out from
Eq. 2 and dividing both sides in Eq. 4 with E;, — E,, we
get:

v,

Rcl = Loy 26— —
Rxct + Roher = 1 e 7 6k L(Ein—Eout) , (5)

other = T " T

where Ricy and Ry, describe the percentages of the total

absorbed fragmentation energy by target molecule
absorption and by other extinction mechanisms,
respectively.

In measurement conditions, where target molecule
absorption is dominant extinction mechanism, i.e., sample
is pure, we can approximate that Rxc; = 1, which yields to

hc Vf
Olmax —— 7 = Lin — Eout

yAr oL ©)
1 — E Vf _ Eou

9Ar0kLEy  Ey

Recalling that the fragmentation takes place only in the
volume drawn by the fragmentation pulse and assuming a
flat intensity distribution for the fragmentation pulse, the
volume V; can be expressed as Vy = A L, where Ay is the
cross-section area of the fragmenting pulse. Moreover, we
can apply the Beer—Lambert law to describe the relation
E,/E;,, and get

he Af
11— aLmax — - = exp(_foClL)
V4 OkEin 7
1 he Af X N L
— OLmax —— - = ex — —0
‘max V/Lf oxEin p KCl v KCl )

where akc), N/V, and ok are target molecule absorption
coefficient, total molecule density in the sample and the
absorption cross-section of the target molecule at A
respectively. Finally, by applying the ideal gas law to
describe molecule density and solving Xk c; out from Eq. 7,
we get a relation

(8)

hc 1 A\ kT 1
XKC] = 711’1(1 — 0Lmax c f)

W@E_m p okal’
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where p, kg and T are sample pressure, the Boltzmann
constant, and sample temperature, respectively. Equation 8
describes how a measurable parameter o L,,x and a mea-
surement setup specific variable fragmentation energy
density E;,/A; can be used to calculate the target molecule
concentration from the pure samples. Other parameters in
Eq. 8 are physical constants or sample specific parameters.

In measurement conditions, where the fragmentation
pulse attenuates strongly while propagating through the
sample, the density of the produced fragment atoms is
smaller at the end of the sample than at the beginning. The
strong attenuation of the fragmentation pulse in pure
samples means high target molecule concentration and is
taken into account in Eq. 8 as a logarithm dependence
between Xgcy and o L. In impure samples, the
fragmentation pulse attenuates due to multiple extinction
mechanisms, e.g., absorption by target molecule,
absorption by other gas components, and scattering from
particles. Beer-Lambert law determines that the
attenuation of the fragmentation pulse can be expressed in
common case as

Ein =
In <E0m> = Z 6L = e, 9)

i=1

where ¢; and ¢, are the extinction coefficient of the single
extinction agent and the total extinction coefficient,
respectively. In order to solve the share of the target
molecule absorption out from the total extinction, we can
multiply the both sides in Eq. 9 by Rkc; and get

Ein
In 5 Rkcl = Rxci€oll
out ( 10)

Ein
In Rkcl = L.
( E ) KC1 OKCl

out

Inserting the previously presented quantities Rxc and akcy
to Eq. 10, we get

Ein hc Vt p
In ol o— 't .
<E"“‘> " it ok LB — Eow)  NOKT 7K
(11)
Finally, solving Xg¢; from Eq. 11 results

Ar he kT 1 In(Ej,/E
XKCIZOCLmax_f_C_— Il( 1n/ Out)

—_— 12
EinLyls p okokc 1 — Eou/Ein (12)

Equation 12 presents a common relation between the target
molecule concentration Xkc in pure and impure samples,
and the measured quantity o L., the measurement setup
specific variable E;j/A; and the background extinction
correction coefficient determined by measurable energy
values E;, and E,,,. Other parameters in Eq. 12 are sample
dependent or physical constants. In case of small

extinction, a linear assumption can be applied to the

logarithm term in Eq. 12, when the correction coefficient is

reduced and we get an approximation
Af hc kT 1

XKC] = al, —_ .
" EnLyls p oxokal

(13)

The same approximation is also achieved when a linear
assumption is applied to Eq. 8.

We can conclude that when the change in the intensity
of the fragmentation pulse through the sample is unde-
tectable, the interfering extinction mechanisms have neg-
ligible effect to the signal formation and Eq. 13 or Eq. 8
can be applied in signal processing. In case of detectable
extinction, Eq. 8 should be used, when the target molecule
absorption is known to be the dominant extinction mech-
anism in the sample, in order to minimize measurement
errors due to the fluctuations between independent detec-
tors. Finally, Eq. 12 should be used when the content of the
sample is unknown or it is known to contain many different
extinction agents.

3 Experiments

The validity of the theoretical derivation in pure samples
was studied experimentally using a measurement setup
shown in Fig. 1. The setup allowed the comparison of
CPFAAS and two reference techniques in the determination
of KCl concentration from sample volume. In the CPFAAS
technique, a quadrupled Nd:YAG laser (FQSS 266-200,
Crylas GmBh.) emitting 1 ns pulses at a 20 Hz repetition
rate at the wavelength of 266 nm was used for the frag-
mentation of the KCl molecules. The output beam of the
fragmentation laser was expanded with a factor of 10 and
then limited with an aperture having a diameter of 2.8 mm
in order to achieve a flat beam profile. The energy of the
pulses entering the sample was monitored with an energy
meter (PD10, Ophir). The K atoms released in fragmenta-
tion were probed with a distributed feedback (DFB) laser
emitting light at the wavelength of 766.5 nm (in air)

uv |--\M o) E
EM’ |R_e_'-| sm] EM -

ABS | oo . L
\ . .

Fig. 1 Experimental setup for the detection of vaporous potassium
chloride: fragmentation laser (UV); probe laser (DFB); Deuterium
lamp (DeL); mirror (M); beam splitter (BS); dichroic mirror (DM);
removable mirror (RM); sample volume (SV); spektrometer (SM);
energy meter (EM); lens (L); detector (D); oscilloscope (O)
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(Nanoplus GmbH). The wavelength of the probe laser was
tuned to the absorption maximum of K vapor in a reference
cell (SC-K-19 x 75-Q-W, Photonics Technologies) having
inner pressure of 10”7 Torr and a temperature of 60 °C. The
operation of the DFB laser was considered stable, as no
short-term wavelength drifting compared to the K absorp-
tion maximum was observed. The UV and IR laser beams
were combined on the same optical path using a dichroic
mirror (FF310-Di01, Semrock). After passing the sample
volume, the laser beams were separated and directed to a
pulse energy meter (PE9, Ophir) and to an amplified pho-
todiode (PDA10A, Thorlabs) with an analog bandwidth of
0-150 MHz. Probe laser transmission curves were recorded
using an oscilloscope (Waverunner6000, LeCroy).

KCl sample vapor was produced by sublimating KCl
powder in 80-cm-long quartz glass tube with an inner
diameter of 36 mm. The powder was spread evenly at the
bottom of the 50 cm long heated section of the tube. The
middle point temperature of the oven ranged from 410 to
762 °C during the experiments. The ends of the quartz tube
were open that led us to assume a constant pressure of 1 atm
through the whole sample tube. As a first reference tech-
nique for KCI concentration, we measured the temperature
profile in the oven using a K-type thermocouple and then
calculated the corresponding saturated KCI vapor pressure
profile through the tube using a thermochemical database
(HSC 5.1, Outokumpu). The average concentration over the
heated section was found to be less than half of the local
maximum KCI concentration at the center of the tube.

Differential optical absorption spectroscopy (DOAS)
was used as a second reference technique. DOAS applies a
known reference spectrum to solve the concentration of the
sample out from a measured absorption spectrum. Previ-
ously, DOAS has been applied to measure, e.g., KCl
monomers at parts per million (ppm) level [14]. Instead of
using KCI monomer spectrum, the combination spectrum
of KC1l monomers and dimers [13] was applied in this study
due to the method of sample generation. DOAS measure-
ment was done using a deuterium lamp (AvaLight-DH-S-
BAL, Avantes) emitting broadband UV light and a spec-
trometer (AvaSpec-2048, Avantes). The broadband light
beam was aligned on the same optical path with CPFAAS
beams using removable mirrors. The DOAS measurements
were done after each CPFAAS measurement in order to get
a reference from same sample conditions. DOAS spectra
were measured using 300 ms exposure time and were
repeated 10 times at every temperature.

4 Results

Three CPFAAS transmission curves and their curve fittings
according to Eq. 1 are presented in Fig. 2. The transmission
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curves were measured through the measurement cell having
middle point temperatures and corresponding to calculated
KCl equilibrium concentrations of (a) 456 °C and 3.8 ppb,
(b) 534 °C and 126 ppb, and (c) 762 °C and 155 ppm. The
signals were excited using UV pulse energies of 16pJ in
measurements (a) and (b), and 1.6 pJ in measurement (c).
Curve fittings yielded (a) o Ly.x = 0.0056 and t = 28 ns
) o Lpax =0.17 and 1 =42 ns (¢) & Lya = 13 and
7 = 82 ns. Offset parameter C was determined to be 6 % of
Iy in each measurement according to transmission curve
measured from KCI concentration of 155 ppm.

The fitting function showed good correspondence to
the observed transmission curves in all measured con-
ditions. The relation o L,,x/Eq increased with respect to
the KCI concentration as was expected in Eq. 8. The
relaxation time constant T became longer when the
sample temperature was increased. A similar behavior
between elevated temperature and K atom decay time in
O,-rich conditions has been previously reported by
Husain et al. [15]. The amount of produced K atoms
was found to have negligible effect to T when mea-
suring transmission curve in similar condition with
different E;, values. The oscillation observed in the
vicinity of the fragmentation occurred at the frequency
of the analog bandwidth limit of the used amplified
photodiode. The oscillations had negligible effect to the
curve fittings due to their periodic behavior and short
occurrence time.

1.255 WMW
1.25 al__ =0.0056
max

1.245
(a)

1.24

0 200 400 600 800
=
T 40
o
D 44
3 aL__ =0.17
S 1 ax
8 (b)
g 09
£ 0 200 400 600 800

aL__ =13
0.5 max
o (c)
0 200 400 600 800
time [ns]

Fig. 2 Three example signals and their curve fittings measured from
KCI equilibrium concentrations of a 3.8 ppb, b 126 ppb and
¢ 155 ppm using UV pulse energies of 16, 16, and 1.6 pJ, respectively
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Table 1 Variables used to calculate KCI concentrations in CPFAAS
technique

Variable Value

OKCl 0.74 x 1072 m? [13]
ok 1.15 x 10710 m?

A 6.16 x 107°m?

E, 16 W, 1.6 W*

L 0.50 m

7 1[13]

% Lower pulse energies were used when KCI concentration was
0.4 ppm or higher in order to avoid signal saturation

In the previous chapter 2, the relation between observed
o Linax and target molecule was discussed in pure an impure
samples. In this study, the only extinction agent for the
fragmentation pulse is KCI vapor and, therefore, Eq. 8 is
applied in following calculations. The equation includes
physical constants and measurement setup dependent
variables. The variable values used in these experiments
are presented in Table 1. The absorption cross-section of
the K atom fragments at their probing wavelength was
determined by utilizing the lineshape of the K atom frag-
ments, having linewidth of 15.7 pm, determined previously
[10] and the Einstein coefficient [16] for the used 4°S, n =
4?P5;, electron transition. The probing wavelength was
measured to be 4 pm off from the peak absorption of K
fragments due to the different conditions between the ref-
erence cell and the sample cell. 4 pm offset yielded 20 %
reduction to ox when compared to its peak value. The
fragmentation pulse energies were decreased at the tem-
peratures of 7 > 566 °C corresponding to the calculated
equilibrium concentration of Xkc; > 0.4 ppm in order to
avoid signal saturation during the comparison measure-
ments done with the DOAS technique. The signal satura-
tion refers in this study to the broadening of the recovering
transmission tail outside the measurement window.

KCI concentrations determined using CPFAAS tech-
nique, i.e., curve fitting parameter « L, and Eq. 8, are
compared to values measured using DOAS in Fig. 3. The
presented values are the averages of 10 individual mea-
surements and the errorbars correspond to their +/- stan-
dard deviations. The standard deviation of the KCl
concentrations determined by using the CPFAAS technique
was smaller than 2 % of average values in all presented
conditions and are indistinguishable in Fig. 3.

DOAS and CPFAAS techniques were found to result
similar KCI concentration values over the measured con-
centration range. The measurement range was limited at
the low concentration end by the sensitivity of DOAS
technique and at the high concentration end by the insta-
bility of the sample vapor due to the partial melting of the
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Fig. 3 Comparison between KCI concentrations measured using
DOAS and CPFAAS techniques. Dashed line having a slope of one
indicates ideal correspondence
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Fig. 4 Comparison between calculated equilibrium KCI concentra-
tions and KCI concentration measured using CPFAAS and DOAS
techniques. The dashed line having a slope of one is added to the
figure to emphasize the ideal correspondence between the techniques

KClI powder. The good correspondence between the DOAS
technique and the CPFAAS technique showing less than
5 % mutual variation validates the theoretically derived
Eq. 8 within the measured concentration range.

The linearity of CPFAAS at sub-ppm concentrations was
studied by comparing the measured values to the calculated
equilibrium concentrations. The equilibrium calculations
were first shown to result reasonable concentrations by
comparing the calculated values to the two used measure-
ment techniques at concentrations of Xxc) > 1 ppm. The
comparison between the high concentration values showed
that the equilibrium calculations result reasonable values
and, therefore, they could be used as a reference for
CPFAAS also at low concentrations. The comparison
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between equilibrium calculations and CPFAAS in a con-
centration range of 0.4 ppb—150 ppm is shown in Fig. 4.
Also, the previously presented values measured with DOAS
are added to Fig. 4 as circles to show the similarity of the
results. The Xgc, values determined with CPFAAS are
averages of 10 measurements in which 10 single transmis-
sion curves were averaged before using the curve fitting
tool. Error bars correspond to the +standard deviations of
the 10 single KCl concentration value at every measurement
point.

An ideal correspondence line having slope of one was
added to Fig. 4 in order to emphasize the differences
between the KCI concentrations determined with the three
different techniques. The difference between KCl concen-
trations determined using CPFAAS and the equilibrium
calculations was less than 20 % throughout the whole
measurement range. The observed fluctuation between the
measured and the calculated concentrations is reasonable,
especially when taking into account the possible tempera-
ture fluctuations in the sample cell due to the open ends.
The 20 % change in equilibrium concentration corresponds
to the temperature change of 5 °C.

The experimental results showed that the assumed
CPFAAS curve shape fits well with the measured curves,
and the technique can be used to determine the con-
centration of the sample with a good accuracy without
the need for a separate calibration. The absorption dip in
the non-averaged single CPFAAS transmission curves
could be obtained from sample having KCI concentration
of 1 ppb, which enables fast and sensitive diagnostics in
microsecond timescale. The CPFAAS technique was also
shown to provide at least 5 orders of magnitude dynamic
range with linear response respect to the sample con-
centration. The theoretical saturation limit of the tech-
nique is achieved when the whole fragmentation pulse is
absorbed to the sample. Assuming the minimum detect-
able transmissivity of the pulse is 1/1,000, we get a
saturation limit of 2,500 ppm for KCl with the used
measurement arrangement. At the low concentration end,
the absolute detection limit is achieved when the frag-
mentation pulse starts to saturate the target gas absorp-
tion and o Ly, is indistinguishable from the detector
noise. In a previous study, it was shown that the
absorption of KCI is linear up to 100 pJ excitation
energy when the diameter of the UV beam is 1 mm?* and
the fragmentation wavelength is 245 nm [17]. Scaling
these saturation values to the values used in this study, it
is found that the detection limit could still be improved
with a factor of 100 by properly selecting of the frag-
mentation light source. According to these estimations, it
is possible to achieve 8 orders of magnitude dynamic
range in the detection of KCIl by tuning the fragmenta-
tion pulse energy.
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5 Conclusions

The principles and the signal formation in the CPFAAS
technique were discussed, and the theoretical relations
between absorption by the fragment atoms and the target
molecule concentration were introduced in different mea-
surement conditions. The theoretical treatment of pure
samples was verified with experiments including the
comparison between the assumed and the measured shape
of the probe laser transmission curve in the vicinity of the
fragmentation, and with the comparison between sample
concentrations determined using CPFAAS and two inde-
pendent reference techniques. The sample gas in these
experiments was KCI vapor that was produced by subli-
mating KCI powder in a quartz glass tube using tempera-
tures from 410 to 762 °C.

The demonstrated linear response over five orders of
magnitude and discussed achievable dynamic range of
eight orders of magnitude are important properties when
strongly fluctuating samples are analyzed. Moreover, the
capability of detecting 1 ppb sample concentration within
1 ps provides an excellent time resolution. CPFAAS can be
applied to measure target molecule concentrations from
small laboratory scale samples due to its good sensitivity
and large sample volumes due to its immunity against
strong attenuation of the fragmentation pulse. The absolute
limits for detection are the electrical noise of the detector at
the low concentration end and the non-detectable trans-
missivity of the fragmentation pulse at the high concen-
tration end.
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