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Abstract 
Measurements of minute concentrations are often sought after for industrial applications. These 

measurements can be used for operational optimization, emission monitoring and for detecting 
potential health hazards in the environment. Current methods for obtaining low concentration 
measurements using lasers usually involve large investments and require qualified technicians to 
operate the equipment. This thesis will discuss and explore the possibilities of utilizing diode lasers 
operating in the near IR-region to obtain measurements of very small gas-concentrations of hydrogen 
fluoride using absorption spectroscopy. The diode lasers have many advantages over conventional 
lasers, not least of which is their relatively low cost and size. They are also robust and emit spectrally 
narrow and stable beams with low divergence. The properties of the diode lasers make them ideal for 
implementation within a commercially viable monitoring device. The thesis will further discuss the 
possibilities of enhancing the basic setup through more advanced techniques in order to improve 
detection limits. Simulations using the HITRAN/HITEMP-database together with MATLAB-compatible 
code formed the basis for the determination of absorption strengths and the subsequent thorough 
investigation of the feasibility of a few HF detection schemes. 

Populärvetenskaplig sammanfattning 
Alla molekyler har säregna energinivåer som kan användas för att skilja dem från varandra. Genom 

att mäta ljus som skickas genom en samling av molekyler (t.ex. ett gasmoln) går det att identifiera vilka 
molekyler ljuset har växelverkat med genom att titta på dessa molekylers ”fingeravtryck” i ljusspektrat. 
Om en molekyl av typ A absorberar ljus med en viss våglängd, och inga andra molekyler kring den 
absorberar samma våglängd, kan ljus med denna våglängd skickas genom molekylerna. Det ljus som 
tappats på vägen har absorberats av molekyler av just typen A. Ju fler molekyler av typen A som 
befinner sig mellan ljuskälla och ljusdetektor, desto mer ljus har tappats på vägen. På så sätt kan 
koncentrationen av molekyl A i gasen mätas, om kunskap på hur koncentrationen beror på mängden 
absorption finns. 

Mätningar av små koncentrationer är ofta eftertraktade för övervakning av bland annat utsläpp från 
industri. Dessa mätningar kan användas för operativ övervakning och optimering, övervakning och 
upptäckter av utsläpp och för att upptäcka potentiella hälsorisker i miljön. Nuvarande metoder för att 
erhålla mätningar av låga koncentrationer med laser innebär vanligtvis stora investeringar och kräver 
kvalificerad personal för drift. Denna uppsats kommer att diskutera och undersöka möjligheterna att 
utnyttja diodlasrar som emitterar i IR-regionen för att utföra mätningar av mycket små 
gaskoncentrationer av vätefluorid med hjälp av absorptionspektroskopi. Diodlasrar har många fördelar 
jämfört med konventionella lasrar, inte minst deras relativt låg kostnad och storlek. De är också mycket 
robusta och strålar stabilt med en väldefinerad våglängd. Egenskaperna hos  diodlasrar gör dem 
idealiska för att användas inom en kommersiellt gångbar övervakningsenhet. Avhandlingen kommer att 
vidare diskutera möjligheterna att utöka mätenheten genom mer avancerade tekniker för att förbättra 
detektionsgränserna. Simuleringar genomförda med hjälp av HITRAN/HITEMP-databasen tillsammans 
med MATLAB-kompatibel kod låg till grund för fastställandet av detektionsgränser och mycket av 
diskussionen avhandlar de framtagna simulerade spektra.  
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1 Introduction 

1.1 Background 
The use of spectroscopy to make precise measurements on molecules has a long history and has led 

to many of the most fundamental and important discoveries in science. In the early days of modern 
astronomy the identification of absorption lines in spectra provided a wealth of knowledge about the 
composition of the stars, that before had been only faintly glowing specks of light peppering the 
otherwise dark canopy of the night sky. The very first observation of Helium was famously done by 
looking at spectra from the Sun. Spectroscopy was also used to identify the red-shift of light coming 
from distant galaxies, a major step towards the current understanding of the universe.  

After astronomers discovered how molecules and atoms left “fingerprints” in the measured light-
spectrum from stellar bodies, other scientists started using this knowledge to identify where these 
“fingerprints” originated. This in turn led to the development of the current understanding of the energy 
structure of atoms and molecules.  

Absorption spectroscopy, in its basic form, resembles the techniques used in the early days of 
modern astronomy, but instead of observing spectral features obtained from starlight, one uses a strong 
light source that is absorbed by the molecules of interest before it is measured. By varying the light 
source and the way in which the light interacts with the molecules, the technique offers a range of 
possible applications. A commonly used application is to let light with known intensity, and known 
spectral distribution, pass through a sample of gas. The collected spectrum will show the spectral 
fingerprint of the molecules, often called species, present in the sample. Depending on the strength of 
the lines in these fingerprints, one can determine the concentration of each of the species. Depending 
on the relative strength between different lines of the same species, one can determine the 
temperature in the sample. One can even measure the effects of interactions between molecules by 
looking at the width of the spectral lines, and in such a way determine pressure.  

The use of absorption spectroscopy in science has been done under stable and controlled laboratory 
conditions. It therefore poses a challenge to implement these techniques in industry where vibrations, 
noise and dirty environments are common. The advantages of absorption spectroscopy, most notably its 
high sensitivity, is however so large that the utilization of it will prove a great tool in a large range of 
industries.  

Spectroscopic measurements on important species, like water, have been ongoing for decades, and 
many of these results have been gathered and organized in the HITRAN-database that forms the basis 
for this thesis.  

Hydrogen fluoride (HF) is used in the chemical industry as a source of fluorine, and is a precursor to 
many compounds of importance (e.g. pharmaceuticals and Teflon). It is also used as part of so-called 
“super acids” in the petrochemical industry. HF is also used as a catalyst for several processes, many of 
which are related to the petrochemical industry as well. The acidity of HF makes it usable as an etching 
agent on silicon-based electronics, as well as an etching- and cleaning-agent in the manufacture of glass. 
It can be used to remove rust, and is used in the production of many cleaning- and rust removal-
products for commercial use (1). 

The main releases of hydrogen fluoride occur from high temperature industrial processes, most 
notably coal-fired power stations. Hydrogen fluoride may also be released when products containing 
fluorine compounds (such as plastics and rubbers) are burned and it is an important pollutant in Li-
battery incineration.  
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HF has a low boiling temperature, just below room temperature. It is also lighter than air and will 
therefore more easily be inhaled if leaked into a room. When the gas dissolves into water the resulting 
solution is highly corrosive and toxic. It is therefore very dangerous to inhale or come in contact with HF. 
This makes it important to control even minute emissions of HF into the environment.  

1.2 Aim 
The aim of this thesis is to evaluate the viability of using diode-lasers to detect and measure ppm or 

sub-ppm-level concentrations of hydrogen fluoride in a flue-gas environment. To this end molecular 
parameters from the HITRAN-database together with numerical calculations using MATLAB was utilized 
in order to simulate a theoretical spectrum. Each line in the spectral region of interest was fitted with a 
Voigt-curve using a numerical approximation to the convolution of the temperature-adjusted Doppler or 
Gauss-curve and the temperature and pressure-adjusted Lorentzian curve. The ultimate aim of the 
thesis is to provide a basis for the development of a diagnostic tool using the proposed setups that are 
discussed in section 7, or similar practical solutions that utilizes the same basic features as is treated in 
this text. The primary function of the proposed setup will be as a tool for monitoring emissions of HF in 
an exhaust system, or for detection of leakages from systems containing HF.  

2 Absorption spectroscopy 

2.1 Principle 
The basic principle behind absorption spectroscopy is well-known; each atomic/molecular species 

absorbs radiation in a unique way. By analyzing light that has passed through a gas sample, one can 
identify the species that are present. This is how one has been able to determine the molecular and 
atomic content of stellar objects. By identifying the spectral fingerprint of a species, one can determine 
that light has passed through a region that contains this species. But this is not the end of the 
applications for absorption spectroscopy. By selecting suitable experimental parameters, the technique 
can be used for concentration measurements, which is what this thesis will focus on. 

2.1.1 The Beer-Lambert Law 
The Beer-Lambert law relates the intensity of the light impinging on a sample and the intensity of 

the light transmitted through the sample. The attenuation of light passing through an interval Δx in the 
sample is related to the number of absorbers present in the interval and the absorption cross-section for 
each absorber. Light of intensity I is reduced by ΔI in the interval Δx. The fractional attenuation ΔI/I is 
proportional to the number of absorbers, Δn, in the interval (2).  

∆𝐼
𝐼

= −𝐾′∆𝑛 = −𝐾𝑁∆𝑥   (𝑖) 

Here K’ and K are constants and the last equality is valid if the number density, N, is uniform throughout 
the sample. For the purpose of this thesis, uniform number density is assumed. In the limit of 
infinitesimal intervals the above expression can be evaluated as an integral where I runs from I0 (initial 
intensity) to It (transmitted intensity) and x runs from 0 to l, where l is the length of the sample cell. 

�
𝑑𝐼
𝐼

𝐼𝑡

𝐼0
= −� 𝐾𝑁𝑑𝑥

𝑙

0

𝑦𝑖𝑒𝑙𝑑𝑠
�⎯⎯⎯� ln

𝐼0
𝐼𝑡

= 𝐾𝑁𝑙   (𝑖𝑖) 
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In this last equality, the factor K is related to the probability of interaction between an absorber and an 
incoming photon. This is usually called an absorption coefficient and is denoted by k. In molecular 
absorption spectrometry, however, the absorption cross-section k is usually expressed in terms of a line-
strength, S, and an area-normalized line shape function, f. The frequency or energy scale in molecular 
spectroscopy is often given in units of cm−1 and the line shape function is therefore expressed in units of 
1/cm−1. Since N is given as a number density in units of 1/cm3, the line strength is often given in units of 
cm2cm−1/molecule. Thus, we are left with the following expression of Beer-Lamberts law: 

ln
𝐼0
𝐼𝑡

= 𝑆(𝑇)𝑓(𝜈 − 𝜈0)𝑁𝑙   (𝑖𝑖𝑖) 

For very low concentrations (N→0) it is justifiable to Taylor-expand expression (iii) into the following: 

𝐼𝑡
𝐼0

= 𝑒−𝑆(𝑇)𝑓(𝜈−𝜈0)𝑁𝑙 ≈ 1 − 𝑆(𝑇)𝑓(𝜈 − 𝜈0)𝑁𝑙   (𝑖𝑣) 

This shows that at low concentrations the transmissivity (It/I0) is linearly dependent on N. In 
spectroscopy one usually defines the absorbance as the logarithm of the ratio between the initial 
intensity and the transmitted intensity. For gases one often uses the natural logarithm (ln) in this 
definition so that absorbance A=ln(I0/It). Equation (iv) can then be rewritten as: 

𝑇𝑟𝑎𝑛𝑠𝑚𝑖𝑠𝑠𝑖𝑣𝑖𝑡𝑦 =
𝐼𝑡
𝐼0
≈ 1 − 𝐴 

2.1.2 Concentration measurements 
There are several ways to achieve concentration measurements using absorption spectroscopy, but 

this thesis will focus on probing a single line using a tunable, single-mode diode laser. Consider a case 
where a laser is tuned to a wavelength that interacts exclusively with the species of interest. If the 
interaction cross-section of the transition corresponding to this wavelength is known, the concentration 
of the species in question can be calculated from the attenuation of the light-source by using equation 
(iii) or (iv) and solving for the number density N. The concentration is then c=N/N0 where N0 is the 
Loschmidt constant (3). The Loschmidt constant is the number of particles (atoms or molecules) of an 
ideal gas in a given volume (the number density). 

2.1.3 Parameters for concentration measurements 
There are several factors that determine the signal strength of an absorption spectroscopic 

measurement. The length of the sample cell can in most cases be easily specified and adjusted to fit the 
needs of the measurements, either shorter to cut costs and spatial requirements, or longer to increase 
signal strength. The effective length of the sample cell can also be increased by using mirrors at the end 
caps; this is called a multi-pass cell. The line strength is dependent on the population distribution of 
states for that molecule, and this distribution is again dependent on temperature. The line shape is 
determined by both pressure (Lorentzian shape) and temperature (Gaussian shape). This indicates that 
in order to make good concentration measurements, it is important to be able to either measure, 
control or limit the influence of the parameters that influence the signal. 
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The species being probed can be selected by choosing a suitable wavelength of the light source. 
Ideally it is desirable to probe lines that are distinct for the species to be probed and that are not 
overlapped by lines from other species present in the sample. For concentration measurements it is also 
desirable that the line strength of the chosen line should be stable with temperature so that precise 
temperature determinations are made less important. This is vital when concentration measurements 
are to be performed in situations with temperature gradients and/or turbulent flow (i.e. flames).  

2.2 Basic setup 

 
Figure 2.1: Basic setup of a direct absorption measurement. The light source is a diode laser in the case discussed in this 
thesis. 

 

 
Figure 2.2: Simulated direct absorption signal using typical values for available DFB diode lasers. Note that this simulation is 
only meant as an example of how a signal might look, and is based on very approximate values. One could also note that the 
obtained signal is a mirror image of the simulated spectrum. This is due to the current being proportional to the wavelength 
and so inversely proportional to the wave number, in effect reversing the x-axis (non-linear effects from this reversal are 
assumed negligible for small intervals). 
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2.3 Variations 

2.3.1 Multi-pass cell 
A multi-pass cell can be utilized to increase 
the effective pathlength (l) of the probed 
volume. A widely used setup is the White cell 
(4). This cell consists of three spherical, 
concave mirrors with the same curvature. The 
light goes in and comes out on the same side 
of the cell. This is in many cases a practical 
advantage as laser, detector and electronics 
can be housed together in one place and only 
one optical window is needed for 
measurements within the cavity (single-ended 
setup). As absorbance scales with pathlength, 

using a multi-pass cell is an effective, and rather practical, way to increase the sensitivity of an 
absorption spectroscopy system. The downside of using such a cell is that it adds to the cost of the 
system. The mirrors also needs to be clean enough to not cause the transmitted light intensity to drop 
too low thus limiting the cells’ viability in dirty environments. 
 

2.3.2 Modulation techniques 
Intensity variations from the laser and noise from the detector and electronic components of the 

system will reduce the sensitivity of the system. This is because direct absorption evaluates a small 
deviation from a very large baseline. Any noise on the baseline is amplified together with the absorption 
features measured and thus limit the resolvability of a real signal when concentration/absorption is low. 
Technical noise usually decreases with increasing frequency, and so the impact of this noise can be 
decreased by encoding and detecting the absorption signal at a high frequency. This is achieved by 
modulating the laser light and detecting at a harmonic of the modulation frequency.  

The most common modulation techniques are wavelength modulation spectroscopy (WMS) and 
frequency modulation spectroscopy (FMS). Both techniques have the advantage that the demodulated 
signal is (ideally) zero in the absence of absorbers. With WMS and FMS techniques one can detect 
absorptive signals of one part in 106 (2). 
  

Figure 2.3: Basic White-cell with 4 passes (18) 
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In WMS the wavelength of the light is modulated and continuously scanned across the absorption 
profile. The signal is detected at a harmonic of the modulation frequency. A Lock-in Amplifier will extract 
the signal when the modulation frequency is known. Depending on the detection harmonic frequency 
chosen, this technique gives an nth order derivative of the absorption feature (3) (5).  

 
Figure 2.4: Simulated WMS signal using Fourier transform-based retrieval. The modulated signal is Fourier-transformed and 
the chosen harmonic (1f and 2f in this case) of the modulation frequency is selected. The selection is then inverse Fourier-
transformed and the resulting signal represents the nth derivative of the absorption feature. The middle and lower right plot 
consist of the absolute value of the inverse Fourier-transformed and harmonic-filtered signal versus an arbitrary axis.  
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In FMS, the light is modulated at a much higher frequency. This results in a pair of sidebands 
separated from the original laser frequency by the modulation frequency. The signal detected at the 
modulation frequency is a sum of these two sidebands and the laser frequency. Since these two 
sidebands are fully out of phase with each other, they cancel each other in the absence of absorbers. 
However, an alteration of any of the sidebands, e.g. by absorption, will give rise to an unbalance 
between the two sidebands, and therefore a net-signal (2). 

 
Figure 2.5: a) Sideband generation around the carrier frequency (ωc) by fast modulation (ωm) of a diode laser. Scanning the 
laser wavelength at frequency ωs across an absorption feature induces an imbalance when only one of the sidebands gets 
absorbed. b) Schematic of a frequency modulation setup. N is the harmonic. (5) 
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2.3.3 Cavity ring-down 

 
Figure 2.6: Scheme of the experimental setup for cavity ring-down spectroscopy. Figure from ref. (6) 

 
A typical cavity ring-down setup uses a high-finesse optical cavity, in its simplest form consisting of 

two highly reflective mirrors. The distance between these mirrors is then adjusted to fit the wavelength 
of the laser used. When the laser beam is sent through the cavity, it will start bouncing back and forth 
between the mirrors and resonate within the cavity. This results in an increase of intensity in the cavity 
due to constructive interference. The laser is then turned off and the decay in intensity of the light that 
“leaks” through one of the mirrors is measured. The rate of this decay is determined by several factors. 
One factor is the concentration of molecules that absorb light at the specific wavelength of the laser. By 
calibrating the setup so that the other factors are known, it is possible to calculate the concentration of 
the absorbing species present within the cavity. The main advantage with this technique is that the 
laser-beam will bounce thousands of times between the mirrors, thus giving an effective pathlength that 
is thousands of times longer than the cavity length. 

The decrease in intensity leaking from the cavity as a function of time can be described by: 

𝐼(𝑡) = 𝐼0𝑒
−𝑡𝜏 , 

where τ is called the ring-down time and is dependent on the loss mechanisms within the cavity and is 
determined by: 

𝜏0 =
𝑛
𝑐

𝑙
1 − 𝑅 + 𝑋

 𝑎𝑛𝑑 𝜏 =
𝑛
𝑐

𝑙
1 − 𝑅 + 𝑋 + 𝑆(𝑇)𝑓(𝜈 − 𝜈0)𝑁𝑙   

=
𝑛
𝑐

𝑙
1 − 𝑅 + 𝑋 + 𝐴   

 

Here τ0 is the ring-down time for an empty cavity, τ is the ring-down time for a cavity with absorbing 
species present, n is the refractive index within the cavity, c is the speed of light, l is the cavity length, R 
is the mirror reflectivity and X is a factor caused by various optical losses (usually determined 
experimentally for each setup). τ0 is in the order of µs for a gas-filled cell with l≈10cm, R≈99,9% and 
negligible X. 
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By determining both ring-down time τ0 and τ the absorbance can be calculated through: 

𝐴 =
𝑛𝑙
𝑐
�

1
𝜏
−

1
𝜏0
�    (𝑣) 

Absolute absorbance is measured as a small change of a rather strong signal when measuring small 
concentrations. As the cavity ring-down technique measures decay rate instead of absolute absorbance 
the sensitivity is much higher. Another advantage is that the ring-down time does not depend on the 
laser intensity. It has been shown by many groups that the sensitivity of a cavity ring-down system is of 
the order of κ≈10-8 cm-1 or lower (6). The factor κ is: A=κl, so that for a 10 cm long cavity the sensitivity 
expressed in absorbance could be A≈10-7. The minimum detectable absorption depends on the 
reflectivity R and the accuracy of the determination of τ (6): 

𝐴𝑚𝑖𝑛 = (1 − 𝑅) �
∆𝜏
𝜏
�
𝑚𝑖𝑛

 

The drawback of the cavity ring-down technique is mainly the added cost and complexity of the system. 
The added complexity will involve larger maintenance costs and less applicability in industrial 
environments. Another problem is the difficulty of manufacturing mirrors with high reflectivity in the IR-
region.   

2.4 Applications 
The applications of absorption spectroscopy are numerous. Depending on the parameter one wish 

to measure, different methods of measurement and/or diagnostics needs to be utilized. In this thesis 
the focus is on measurements of very low concentrations of a harmful species. The same method is then 
of course expandable to the monitoring of the concentration of any other species of interest, as long as 
a resolvable line can be found. The concentration measurement, as it has a high sampling frequency, can 
then be used for emission monitoring, operational improvement and process calibration for optimal 
operation. 

Because the technique is non-intrusive it can be used where conventional equipment would be a 
hindrance to optimal operation, or where intrusive techniques may be prone to failure due to harsh 
conditions within the measurement volume. As the technique shows a very high sensitivity if properly 
applied, it could replace the extraction of physical samples, thus removing a potential safety risk.  

Instead of just calculating the absorption shown by a line, one can also evaluate the line shape. By 
careful selection of suitable lines it is possible to use the function of the line shape fitted to the 
measurements to calculate the temperature and pressure within the measured volume. It is also 
possible to obtain temperature measurements by comparing the relative absorption of several lines, by 
using prior knowledge of the temperature dependence of the intensity distribution of the lines in 
question. 
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2.5 Limitations 
Absorption spectroscopy, as it is applied in this thesis, has the limitation of giving a 0-dimensional 

measurement, i.e. the obtained data is only valid for the volume that the laser beam passes through. 
This makes the technique prone to errors due to inhomogeneous distributions of temperature, pressure 
and concentration within the measurement volume. It also makes the technique unusable for obtaining 
spatial information of the concentration within the measurement volume.  

Another limitation is the need for optical access. This can pose a problem if the optical windows are 
deemed unsuited for the task of enclosing the measurement volume, either because of structural 
weakness or because of gas-mixtures that degrade the properties of the window over time. Soot or 
other particulates can, over time, gather on the windows and render them opaque. In dirty 
environments measures has to be taken to ensure that the windows are kept clean.  

As will be shown in later sections, one major limitation for measuring low concentrations is spectral 
overlap by other species (most often water). This can be remedied by sampling the gas into a low-
pressure, low-temperature cell.  

Accurate measurements of concentration using absorption spectroscopy are dependent on a stable 
measuring environment. Any large fluctuations or inaccurate knowledge of the temperature and 
pressure within the measured volume will cause large uncertainties in the concentration determination. 

The calibration of the proposed measuring setup is non-trivial and has to be performed under stable 
conditions. This will add to the running costs of an installed system as the calibration will likely need to 
be performed by a dedicated lab.  
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3 Diode laser 

3.1 Working principle 
The electrons in a semiconductor interact with photons through the effects of spontaneous 

emission, stimulated emission and absorption. Like all lasers the basic principle for a diode lasers is the 
stimulated emission in a materiel with population inversion between electronic states. In a 
semiconductor the electronic transitions, and hence the population inversion, is not between discrete 
states as in atoms or molecules, but between bands of states. For this reason, when considering 
absorption effects, it is important to determine not only the probability of an electron transition, but 
also the distribution of the densities of the electron states that takes part in optical transitions. This 
distribution is determined by the impurity concentrations (dopants) and the excitation level (7). “When 
applied to semiconductors, the population inversion condition does not […] require that the conduction 
band should contain more electrons than the valence band, but only implies that the number of 
electrons dwelling near the edge of the conduction band should be sufficiently greater than that of the 
holes dwelling near the edge of the valence band” ( (7), p. 34).  

A conceptually easy way of explaining the principle of semiconductor laser operation is by using 
figure 3.1. 

 
Figure 3.1: Initial conditions (a) are assumed to be such that the valence band (V) is completely filled, and the conduction 
band (C) is completely empty (i.e. temperature 0K). N electrons are then pumped up to the conduction band by a suitable 
mechanism (b). After a very short time (order of ps) the electrons in both bands will drop to occupy the lowest unoccupied 
energy levels in each band, resulting in situation c). Here Eg is the energy gap between bands, hν is a light quanta (photon) 
and E’FC and E’FV are quasi-Fermi levels for the conduction band and the valence band respectively.  

 
Light emission can occur when an electron from the conduction band recombines with a hole in the 

valence band. In figure 3.1 it is easy to see that this process gives the following conditions: 

𝐸𝑔 ≤ ℎ𝜈 ≤ 𝐸′𝐹𝐶 − 𝐸′𝐹𝑉    (𝑣𝑖) 

Only a small minority of the released quanta hν have sufficient energy to excite electrons from the 
valence band, as these electrons must now be excited from E’FV to E’FC. On the other hand all released 
photons have energies that can facilitate stimulated emission, thus leading to laser action. In other 
words, gain from stimulated emission exceeds absorption for photon energies (hν) in the range given in 
equation (vi). 
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This principle holds for any temperature, though the condition Eg≤E’FC-E’FV still needs to be fulfilled. 
If more electrons are pumped from the valence band to the conduction band, the result will be that E’FC  
increases and E’FV decreases leading to an increase in the energy difference between these quasi-Fermi 
levels. The difference E’FC- E’FV is thus dependent on the density of electrons N raised to the conduction 
band, and for some value of N the condition given in equation (vi) is fulfilled. In a real device this N must 
be raised further due to cavity losses.  

The most convenient way of pumping electrons from the valence band to the conduction band is to 
use the semiconductor laser in the form of a diode with a forward bias (8). This is a diode laser. 

3.2 DFB 

 
Figure 3.2: Schematic structure of (a) DFB laser with uniform grating and (b) λ/4-shifted DFB laser. The λ/4-shifted grating 
ensures single mode operation. Here u(x) is the transverse field distribution of the beam, r1 and r2 are the electric field 
reflectivity from the two end faces and Λ is the pitch of the periodic perturbation. Figure from ref. (8) 
 

Distributed FeedBack lasers are diode lasers with a periodic perturbation in parallel to the pumped 
region. The perturbation can be produced by etching or by other means producing thickness variations 
in one of the cladding layers. This results in an effective refractive index that varies periodically along the 
beam path. If done correctly this perturbation ensures a single-mode operation and, depending on the 
periodicity, an arbitrary selection of the amplified mode. Because of this selectivity, the wavelength of 
the emitted light is only weakly dependent on temperature and pumping level (current). DFB-lasers 
operate in single-mode even under high speed modulations of supply currents (7) (8). 

The DFB lasers currently available in the department of Combustion Physics are delivered from 
Agilecom Fiber Solutions. They are of the type “butterfly”. A datasheet showing the characteristics of 
one of these lasers is given in Appendix B. 

3.3 Tuning 
Although a DFB-laser is very stable spectrally under temperature and current variations, it is still 

possible to tune the emitted wavelength slightly. By varying the temperature one in turn alters the 
periodicity of the perturbation due to the dependence of refractive index on temperature, and one will 
then subsequently shift the modes that fulfill the Bragg conditions. This makes it possible to vary the 
wavelength of the emitted light by as much as 3 nm (9). The dependence of refractive index with 
temperature is caused by changes in the semiconductor laser's band gap with temperature and thermal 
expansion. 

The supply current can also be varied giving a very slight change in wavelength due to the resulting 
local temperature variations within the device.  
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3.4 Applications 
Absorption spectroscopy: 
“Spectroscopy is a widely used method to analyze gases or to study molecular and atomic 

properties. Varying the frequency of a laser that is sent through a gas, one can see typical dips in the 
power of the laser after passing the gas. The laser frequencies at which these absorption lines occur are 
very characteristic for one atomic or molecular species and the depth of the dip is linked to the density 
of the atomic or molecular gas. One can measure the composition of a gas as well as the partial density 
of an individual component. High resolution spectroscopy on atoms and molecules is also used to study 
their internal structure and to test physics.” (9) 

Laser Cooling: 
“Over the last century, many experiments and theoretical studies on matter waves and the 

interaction between light and atoms have paved the way to modern atom optics and its application in 
research & industry. Laser cooling of neutral atoms was first demonstrated around 1985. Subsequently, 
many different laser cooling and trapping mechanisms have been demonstrated and even more atomic 
species have been laser cooled. Final temperatures are in the Micro-Kelvin range, only a few millionth of 
a degree above the absolute zero. Laser cooled atomic clouds are used to study the atom light 
interaction in general and serve as cold atom sources for other experiments like Bose-Einstein 
condensation and degenerate Fermi gases, atom interferometry, collision studies and metrology like 
precision measurements of time and frequency, accelerations and rotations, isotope ratios and 
fundamental constants.” (9) 

3.5 Advantages 
The main advantage of a diode laser system is that it is relatively cheap and small. Custom-

wavelength diode lasers can be bought for 600 USD and up, depending on manufacturer and 
wavelength. The price per item for larger quantities of these lasers is expected to be lower than for 
single orders. A diode laser is also very small (about the size of a matchbox) and can thus easily be built 
into a practical housing together with optics and detector for ease of use and transportation. Diode 
lasers do not have any movable parts and are very robust and stable, making them ideal for use in  
industrial environments where practical limitations often limits the care with which measuring 
instruments can be treated. A diode laser can be focused onto small detectors, further increasing the 
possibility of miniaturization. An added bonus is that smaller detectors have a better signal to noise 
ratio. 

3.6 Limitations 
DFB-lasers have only a small tunable range, and care must therefore be taken when selecting a line 

as each diode laser must be custom-made to probe just that line. This also sets demands on the supplier 
to be able to provide consistent diodes that have only small deviations and high accuracy in their center 
wavelengths. A diode laser also has a limited output power compared to bigger lasers. This results in a 
smaller signal and thus noise, external or internal, can become a problem. 
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4 HF-hydrogen fluoride 

4.1 Safety 
Because of the harmful and corrosive nature of HF, severe caution needs to be taken when handling 

samples of HF to ensure that no spillage or leakage occur into the surroundings. Any testing chamber 
and connected tubing should be tested for leakages before any HF is introduced into the system. One 
must ensure that any part of the testing system that would come in contact with HF has specifications to 
tolerate such an exposure. HF will dissolve into any condensed water present within the testing system, 
and this can cause weakening of the tubing through corrosion. Tubing and other equipment should be 
chosen with the aforementioned problems in mind.  

Any skin contact should be washed off fast and rigorously for at least 15 minutes and soaked in a 
calcium or magnesium salt solution, gel or paste. All contaminated clothing must be removed. After 
possible eye contact, the eyes must be thoroughly rinsed with at least 2 l of eye wash solution for 10-15 
minutes.  

After oral ingestion, calcium-containing antacids, especially in liquid form, should be given. Calcium 
supplementation should be given, intravenously or orally, because severe hypocalcaemia may develop 
rapidly after a delay of minutes to hours following serious exposure. Nothing else should be given by 
mouth after ingestion. “Serial determination of blood calcium should be started as soon as possible and 
repeated every 6 hours for 24 hours or until stable.  As soon as possible, patients should be placed on 
continuous electrocardiographic monitoring for signs of hypocalcaemia or dysrhythmia.” (10) 

4.2 Band structure 
Each atom has a unique set of electronic energy levels, originating from the electromagnetic force 

acting on the electrons. These levels are discrete and narrow, and thus transitions between levels emit 
or absorb only at very specific energies. In a molecule these levels are a lot more complicated due to the 
non-spherical symmetry and the complex potential presented by several nuclei. An additional 
complication is that a molecule shows many additional energy levels caused by internuclear vibration 
and rotation. These additional levels give an inner structure to the electronic energy states so that each 
electronic state consists of a set of vibrational states that again consists of a set of rotation states.  

In the Born-Oppenheimer approximation electronic, vibration and rotational motions can be treated 
separately. This is justified by the fact that the nuclei move several orders of magnitude slower than the 
electrons, and in treating the electronic states the nuclei can be treated as stationary. Similarly the 
electrons can be treated as forming an averaged and static potential when treating the nuclei’s 
vibration. The rotation does not influence the vibrational or the electronic states in a first 
approximation.   
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The potential felt by the nuclei is set up by the electrons, thus the different electronic states give 
different potentials. These potentials are often described by a so-called Morse-potential which is a 
function of internuclear distance, r.  

𝐸�𝑟𝑒𝑞 − 𝑟� = 𝐷𝑒 �1 − 𝑒−𝛽�𝑟𝑒𝑞−𝑟��
2

 

This potential goes rapidly towards infinity as 𝑟 goes to zero as would be expected from Coulomb 
repulsion. It has a minimum at 𝑟𝑒𝑞  where the internuclear distance is at equilibrium. As 𝑟 increases from 
𝑟𝑒𝑞  the potential increases asymptotically towards the disassociation energy (𝐷𝑒), where the molecule 
breaks up into its constituent atoms. Close to the equilibrium, 𝑟𝑒𝑞 , the Morse potential can be 
approximated by a harmonic oscillator giving equidistant vibrational states.  

𝐸𝑣𝑖𝑏𝐻𝑂 = ℏ𝜔 �𝑣 +
1
2
� ,   𝑣 = 0,1,2 … 

Here 𝜔 is the oscillation frequency and 𝑣 is the vibration quantum number. By including higher order 
correction terms to the harmonic oscillator, the anharmonic effects of the potential on the vibrational 
energy splitting can be assessed.  

𝐸𝑣𝑖𝑏𝐻𝑂 = ℏ𝜔 �𝑣 +
1
2
� − ℏ𝜔𝑥 �𝑣 +

1
2
�
2

+ ℏ𝜔𝑦 �𝑣 +
1
2
�
4

 

Here 𝑥 and 𝑦 are constants specific for each molecule and state. Each electronic level thus incorporates 
a substructure of vibrational levels. 

The rotation causes a further splitting in energy, forming a substructure of rotational levels for each 
vibrational level. In a first approximation the rotation can be treated as a rigid rotor and predicts energy 
levels distributed as: 

𝐸𝑟𝑜𝑡𝑅𝑅 =
ℏ2

2𝐼
𝐽(𝐽 + 1),   𝐽 = 0,1,2 … 

where 𝐼 is the moment of inertia and 𝐽 is the quantum number of the rotational state. This model can be 
refined by including the effects of centrifugal distortion. A faster spinning molecule will experience 
centrifugal distortion, effectively altering the average distance between the nuclei slightly and thus 
altering the moment of inertia, 𝐼. This effect is added as a second order term in the equation above. 
Owing to the anharmonicity of the Morse-potential, the vibrational levels will have slightly different 
average internuclear distances. This leads to different vibrational levels having different moments of 
inertia and thus a different rotational energy splitting.  
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Transitions can happen between electronic, 
vibrational or rotational levels, but some rules 
do apply. Because a photon carries angular 
momentum any transition needs to result in a 
change of angular momentum as well because 
of conservation laws. The vibrational levels have 
no associated angular momentum and thus 
transitions between these levels needs to 
happen in such a way that the transition results 
in a change of electronic level, rotational 
quantum number or both. In the IR-region the 
associated transitions in a molecule are between 
vibrational levels within the same electronic 
level due to the low energies involved. All such 
transitions happen between vibration-rotation 
levels according to the following rules: 

∆𝑣 = ±1, ±2 …𝑎𝑛𝑑 ∆𝐽 = ±1 

Transitions happening with ∆𝑣 = ±1 are often 
called fundamental frequencies or bands, and 
transitions with ∆𝑣 = ±2 or higher are called 

overtones or harmonics. In this thesis transitions with ∆𝑣 = ±1 are called fundamental and transitions 
with ∆𝑣 = ±2 are called second harmonic. It is also common to denote transitions with ∆𝐽 = +1 as 
𝑅�𝐽′′� and transitions with ∆𝐽 = −1 as 𝑃�𝐽′′�, where 𝐽′′ is the value of the lower rotational level (11). 
  

Figure 4.1: Rotation-vibration energy level transitions of a 
diatomic rotor (HCl) (17) 
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5 Simulations 

5.1 HITRAN 
“Since its first publication in 1973, the HITRAN molecular spectroscopic database has been 

recognized as the international standard for providing the necessary fundamental spectroscopic 
parameters for diverse atmospheric and laboratory transmission and radiance calculations.” (12). The 
HITRAN (High-resolution TRANsmission) database is compiled from published measurements of the 
relevant species, and the data is coded in a coherent manner for easy use. The database is shared 
openly with the scientific community. For this project the relevant parameters were: transition wave 
number (ν0), line intensity (Sηη’), air- and self-broadening widths (γair and γself), and the half width 
temperature dependence coefficient (n). 

5.2 Interfering species 
The main interfering species in a flue gas from combustion is water and carbon dioxide. This is both 

due to their relative abundance in the resulting products of a combustion process, and their large 
absorption cross-section in the IR-region. In order to evaluate how these species, which are expected to 
be present in any real measurement, will influence the measurement of HF they are included in the 
simulated spectra. In this way it is possible to determine if a given HF-line is sufficiently resolvable from 
any nearby CO2 or H2O-line to be of any use in concentration measurements. 

5.3 Identifying suitable lines 
Lines to be used for detection needs to fulfill the following criteria: 
• They should be distinct from other lines, most notably from water and CO2 lines 
• They should be stable in intensity with temperature fluctuation within the expected 

temperature-range 
• They should be selected from the lines with the highest intensity to ensure good signal strength 
 
In addition to these criteria, there may be other factors influencing the choice of line, including:  
• Cost of laser: some wavelengths are more expensive than others due to rarity of use 
• Optics: in order to probe lines further out in the IR suitable optics is needed (i.e. optics that is 

transparent for the wavelength probed), again potentially adding to cost 
• Proximity to temperature sensitive water line: if a temperature sensitive water line is within the 

tunable range of the diode laser used, one can use the water line to measure temperature 

5.4 Line shape 
In order to evaluate the absorption the line shape of each HF-line needs to be calculated. The 

needed constants for this calculation are included in the HITRAN-database. The line shape f is 
determined by partial pressure, total pressure and temperature. These quantities depend on the 
measurement environment, and a model environment needs to be used for simulations. There are two 
different functions that can describe the line shape, each of which takes into account different physical 
behaviors. These two functions are called the Gaussian function and the Lorentzian function. A 
convolution of these two gives a third function called the Voigt-function which describes the line shape 
when all influencing effects are included. A closer discussion of these three functions follows. 
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5.4.1 Doppler-broadening – Gaussian function 
The basic Gaussian function can be written as: 

𝑔(𝑥) = 𝑎𝑒−
(𝑥−𝑏)2
2𝑐2    (𝑣𝑖𝑖) 

for some constants a, b, c > 0. The Gaussian function (vii) describes the line shape of a Doppler-
broadened line. Doppler-broadening occurs when the absorbing (or emitting) entities (HF-molecules in 
the current case) are moving incoherently parallel to the light-source. In the frame of a molecule moving 
towards the light source, the frequency will be observed as higher or blue-shifted compared to the 
laboratory frame of reference. Conversely; in the frame of a molecule moving away from the light 
source, the frequency will be observed as lower or red-shifted compared to the laboratory frame of 
reference. The frequency interval where the photons can interact with a given molecule is very narrow 
for a single line or transition, and can, at least when considering the effects of Doppler-broadening, be 
treated as being equal to the centre absorption frequency. If this frequency is denoted by 𝜈0, then any 
molecule that has a speed 𝑣 satisfying equation (viii) below will absorb the incoming light. For non-
relativistic thermal velocities, the Doppler shift can be described as:  

𝜈 = 𝜈0 �1 +
𝑣
𝑐
�    (𝑣𝑖𝑖𝑖) 

where 𝜈0 is the rest frequency, 𝜈 is the Doppler-shifted frequency, 𝑣 is the velocity of the molecule 
towards the light source, and c is the speed of light. 

The speed distribution depends on the temperature and follows the Maxwell distribution: 

𝑃(𝑣)𝑑𝑣 = �
𝑚

2𝜋𝑘𝐵𝑇
exp �−

𝑚𝑣2

2𝑘𝐵𝑇
�𝑑𝑣   (𝑖𝑥) 

where m is the mass of the molecule, T is the temperature and kB is the Boltzmann constant. Equation 
(viii) can be rewritten as: 

𝑣 = 𝑐 �
𝜈
𝜈0
− 1� 

If the variable 𝑣 in equation (ix) is exchanged with the above expression and we express the mass in 
eV/c2, the following relation can be obtained: 

𝑃(𝜈)𝑑𝜈 = �
𝑚

2𝜋𝑘𝐵𝑇𝜈02
exp�−

𝑚(𝜈 − 𝜈0)2

2𝑘𝐵𝑇𝜈02
� 𝑑𝜈 

This relation describes a Gaussian profile with a peak at 𝜈0 and a width that depends on T. The code 
used in this thesis utilizes the half width-value ( Δ𝜈𝐷) of the above expression as given by: 

Δ𝜈𝐷 = 𝜈0�
2𝑘𝐵𝑇 ln 2

𝑚
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The half width is then used in the following equation to get the Doppler-broadened line-shape: 

𝑓𝐷(𝜈 − 𝜈0) =
1
Δ𝜈𝐷

�ln 2
𝜋

exp �−
ln 2 (𝜈 − 𝜈0)2

Δ𝜈𝐷2
�, 

It is assumed that effects from turbulent motions are negligible in the measurements.  

5.4.2 Collision-broadening – Lorentzian function 
Collisions between the probed species and other species present in the gas will result in collisional 

de-excitations of the upper-levels and thereby an effectively lower lifetime for these levels. A lower 
lifetime corresponds to a larger uncertainty in the energy of the level according to the Heisenberg 
uncertainty relation (ΔEΔτ≥ħ/2) and this in turn leads to a broadening of the observed absorption line. 
The resulting line shape from this effect is described by a Lorentzian curve given by: 

𝑓𝐿(𝜈 − 𝜈0) =
Δ𝜈𝐿

𝜋[(𝜈 − 𝜈0)2 + Δ𝜈𝐿2], 

with a half width ΔνL that depends on pressure according to: 

Δ𝜈𝐿(𝑇0) = �𝛾𝑖𝑝𝑖
𝑖

 , 

where T0 is a reference temperature, γi is the pressure broadening coefficient (found in the HITRAN-
database) and pi the partial pressure of species i. The half width depends also on temperature according 
to: 

Δ𝜈𝐿(𝑇) = Δ𝜈𝐿(𝑇0) �
𝑇0
𝑇
�
𝑛

 , 

where n is an exponent giving the temperature dependence of the half width. As can be seen from the 
above expressions the line for a given species is broadened by collisions with the same species and by 
collisions with other species present. This means that the line shape is influenced by concentration (as 
this will determine the partial pressure), pressure and temperature (5).  
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5.4.3 Voigt-function 
The Voigt-function describes the line shape when there is a contribution from both Doppler-

broadening and collision-broadening. The resulting line shape is described by a convolution of the 
component line shapes and needs to be numerically evaluated (5). There are however several empirical 
approximations to the profile available, and these are of sufficient accuracy to be applicable in the 
current case. The Voigt half width can be expressed as (5) (13): 

Δ𝜈v = 0.5346Δ𝜈𝐿 + �0.2166Δ𝜈𝐿2 + Δ𝜈𝐷2  

In order to calculate the Voigt-profile the line strength at the line center (fv(ν0)) must be calculated. This 
can be done by again using an empirical formula (14): 

𝑓v(𝜈0) =
1

2Δ𝜈v[1.065 + 0.447(Δ𝜈𝐿 Δ𝜈v⁄ ) + 0.058(Δ𝜈𝐿 Δ𝜈v⁄ )2] 

The full line shape is then given by the following empirical formula (14): 

𝑓v(𝜈 − 𝜈0) = 𝑓v(𝜈0) �[1 − 𝑧] exp[−0.693𝑦2] + �
𝑧

1 + 𝑦2
�

+ 0.016[1 − 𝑧]𝑧 �exp(−0.0841𝑦2.25) −
1

1 + 0.021𝑦2.25�� , 

where:  

𝑧 =
Δ𝜈𝐿
Δ𝜈v

 , 

and:  

𝑦 =
𝜈 − 𝜈0
Δ𝜈v

 

The above expression was used when calculating the line shapes in this thesis. 
It is assumed that no Stark effect will be noticeable due to relatively low number density in the case 

under study. 
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5.5 Simulating signal strength 

5.5.1 Concentrations 
For the simulations a stoichiometric mix of air and methane was assumed in the flame. This gives 

the relative abundances of the resulting products according to: 

𝐶𝐻4 + 2𝑂2 + 2 × 3.71𝑁2 → 𝐶𝑂2 + 2𝐻2𝑂 + 2 × 3.71𝑁2 

Here N2 scales with O2 according to the relative 
abundance of these species in air (N2≈78% and 
O2≈21%). The resulting gas mixture that constitutes 
the flue gas of the flame has then the concentrations 
presented in table 1. In a real flame situation there 
will of course be many other species present, for 
example NOx, CO and fluorine compounds other than 
HF. These additional species will, however, most likely be of such a low concentrations that they will not 
interfere with the HF-measurements. 

5.5.2 Pressure broadening 
The pressure broadening effect is described more in section 5.4.2. Here the effects of 

concentrations and partial pressures will be explored. Assuming an ideal gas the ratio of partial 
pressures is the same as the ratio of molecules presented in the section above. The broadening effect of 
collisions/pressure is dependent on the molecules the species in question collides with. In the HITRAN 
database there are two broadening-coefficients presented: the air-broadened half width and the self-
broadened half width. The resulting pressure-broadened line half width of a gas at pressure p [atm], 
temperature T [K] and partial pressure ps [atm] is calculated using the formula (12): 

𝛾(𝑝,𝑇) = �
𝑇𝑟𝑒𝑓
𝑇
�
𝑛

�𝛾𝑎𝑖𝑟�𝑝𝑟𝑒𝑓 ,𝑇𝑟𝑒𝑓�(𝑝 − 𝑝𝑠) + 𝛾𝑠𝑒𝑙𝑓�𝑝𝑟𝑒𝑓 ,𝑇𝑟𝑒𝑓�𝑝𝑠�   (𝑥) 

From the above expression it is evident that the self-broadening term will be negligible for HF as this 
species partial pressure, ps, is exceedingly low compared to the total pressure, p. The two interfering 
species, H2O and CO2, will however have their half widths modified due to self-broadening effects. The 
pressure-broadened half width that is calculated from equation (x) is used to calculate the Lorentzian 
component of the line shape. It should be noted that the calculated half width assumes contributions 
from air-broadening and self-broadening only, e.g. broadening effects from collisions between water 
and CO2 are not evaluated. This could potentially be a large source of errors in the simulations.  
  

Species Concentration 
N2 71.2% 
CO2 9.6% 
H2O 19.2% 
HF ≈10ppm 

Table 1: Relative species concentration 
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5.5.3 Line intensity 
The line intensities were calculated using the JavaHAWKS program. This program uses the selection 

criteria defined by the user, and gives an output database consisting of the lines in the HITRAN database 
that fulfill the criteria specified. The user can also change the temperature for the selection, and 
JavaHAWKS will adjust the values according to the new parameters. The formula used for evaluating line 
strengths is given by (12): 

𝑆𝜂𝜂′(𝑇) = 𝑆𝜂𝜂′�𝑇𝑟𝑒𝑓�
𝑄�𝑇𝑟𝑒𝑓�
𝑄(𝑇)

𝑒−𝑐2
𝐸𝜂
𝑇

𝑒
−𝑐2

𝐸𝜂
𝑇𝑟𝑒𝑓

�1 − 𝑒−𝑐2
𝜈𝜂𝜂′
𝑇 �

�1 − 𝑒
−𝑐2

𝜈𝜂𝜂′
𝑇𝑟𝑒𝑓�

 

Here Sηη’ is the spectral line intensity, Tref = 296 K, Q(T) is the total internal partition sum, c2 is the 
second radiation constant = hc/k = 1.4388 cm K, Eη is the lower state energy and νηη’ is the line 
frequency. The above operation is done by the JavaHAWKS program and is thus not included in the 
source-code attached with this thesis. The JavaHAWKS-program also includes considerations to natural 
isotope abundance and state distributions in local thermal equilibrium. If there is a relatively large 
distribution in the upper state of the probe-line this results in a measurable effect of stimulated 
emission, effectively counteracting the absorption (as the two processes are symmetric under the 
condition of thermal equilibrium). This effect is already accounted for in the calculations done by the 
JavaHAWKS program (12). 
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6 Results and analysis 

6.1 Theoretical signal strength 
The estimation of signal strength is based on several assumptions: 
• That the flue gas behaves as an ideal gas. Deviations from an ideal gas will most likely lead to a 

slightly denser gas, due to molecular interactions, and thus a slight increase in the signal 
strength (higher N) 

• That the pressure is stable at 1 atm. Deviations from this will influence the pressure broadening 
of the lines and thus the peak absorbance achievable. The pressure will also influence the 
number density of the gas. These two effects will influence the signal strength in opposite 
directions: an increase in pressure will lead to a broader line (lower peak absorbance, lower 
signal) as well as an increase in number density (higher N, higher signal) 

• That the temperature is relatively stable at 1000 K. Changing the temperature will change the 
signal strength as shown in figure 6.6 and figure 6.11 

• That the laser line-width is much narrower than the width of the line probed. This should not be 
an issue as the width of a DFB-laser is in the range of MHz (9). This ensures that the line shape 
function f(ν-ν0) can be confidently approximated to f(ν0) when calculating peak absorbance. In 
other words one can treat the laser as having an infinitesimal width compared to the HF-line 
probed 

• That other broadening effects and non-linear optical effects are negligible 
Depending on the techniques used to obtain the signal, there will be different limits of detectability. 

For direct absorption measurements the absorption signal is determined from deviations from the 
baseline. As the baseline will have a large intensity, the sensitivity of such a system is limited to about 
A≈10-3. For other variations of the system, and their limits of detectability, see section 2.3.  

6.2 Suitable lines for probing 
Two spectral regions have been considered, namely 6800-8000 cm-1 for the second harmonic 

oscillations and 3200-4500 cm-1 for the fundamental frequency. The fundamental frequency has a higher 
absorption cross-section than corresponding lines in the second harmonic. This gives a better signal, and 
thus a possibility of detecting lower concentrations. However, since the fundamental lines are further 
out in the IR, there are technical factors making them more costly to probe. There is also an issue with 
interference from water, making these lines not resolvable at concentrations below 1ppm. The second 
harmonic lines are more easily reached by commercial lasers, and are sufficiently strong to give a signal 
at low concentrations.  

Because of the differences between these two regions they will be dealt with separately. For both 
regions it is assumed that the probing environment is at atmospheric pressure and 1000K.   
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6.2.1 Second harmonic 

 
Figure 6.1: Overview spectrum shows the absorbance for the three species indicated. Note that the HF-spectrum is 
multiplied by a factor 1000 in order for it to be visible among the water lines. This spectrum is only meant to be an overview 
to help rule out lines that will not be usable for probing due to interference from other species and/or too low intensity. The 
absorbance is evaluated using the assumptions listed in section 6.1. There is a lot of interference from strong water lines in 
the region 6800-7500 cm-1. In addition to this, the HF-lines have stronger absorption above ≈7200 cm-1, making it natural to 
focus on a region above this to search for a suitable line for measurements. As the interference from water is so strong 
below 7500 cm-1 it seems prudent to choose lines from the region 7500-8000 cm-1. Note that the CO2-lines are not visible in 
figure 6.1 due to comparably low absorbance. A line at 7495.498 cm-1 showed anomalous behavior in the temperature-range 
used, as compared to measured spectra ( (15) and (16)), and was therefore omitted from the spectrum. 

 
In order to evaluate the individual lines better, a close-up of each line is needed. In the following 

figures (figure 6.2-6.5) each line is shown within an interval of 6 cm-1. Each figure will be discussed 
separately. 
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Figure 6.2: None of the lines here are very good for probing as they are all too close to a water-line of comparable or greater 
absorbance.  
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Figure 6.3: All lines except the line at 7709.68 cm-1 are sufficiently resolved from neighboring water-lines to be good 
candidates for probing.  
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Figure 6.4: All lines are sufficiently resolved from neighboring water-lines to be good candidates for probing.  
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Figure 6.5: All lines in are sufficiently resolved from neighboring water-lines to be good candidates for probing. There may be 
some disturbance from CO2 for the lines above 7990 cm-1 however. 

 
In summary; the lines that are suitable for probing are above 7780 cm-1.  
It is also important for the reliability of measurements that the line used for probing is stable with 

temperature changes, and that it has as high absorbance as possible. In order to compare the lines in 
these respects the peak absorbance for each HF-line was evaluated for 5 temperatures and presented in 
one graph. This gives a simultaneous visual representation of the temperature variance and the 
absorbance of each line. 
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Figure 6.6: Peak absorbance for each line as a function of temperature. One can see that the line with the central frequency 
of 7950.69 cm-1 is a good compromise between absorbance and temperature stability. According to figure 6.5 this line seems 
to be resolvable from nearby water-lines as well.  

 
Conclusion: Suitable line for probing in the second harmonic region: 7950.69 cm-1. This line comes 

from the transition from (v’’=0 , J’’=6) to (v’=2 , J’=7). (v’=2 ; v’’= 0 ; R(6); meaning ΔJ=+1 ; J’’=6 ; J’=7). 
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6.2.2 Fundamental frequency 
As with the second harmonic frequency it is best to start with an overview spectrum to see what 

region will be of interest when searching for a suitable line for probing.  

 
Figure 6.7: Overview spectrum shows the absorbance for the three species indicated. Note that the HF-spectrum is 
multiplied by a factor 100 in order for it to be visible among the water lines. This spectrum is done with the same code as for 
the spectrum in figure 6.1. There is a lot of interference from strong water lines as well as strong CO2-lines in the region 
3300-4050 cm-1. A suitable line for probing must therefore be found above 4050 cm-1.  

 
In order to evaluate the individual lines better, a close-up of each line is needed. In the following 

figures (figure 6.8-6.11) each line is shown within an interval of 6 cm-1. Each figure will be discussed 
separately. It is worth noting that the water-lines present in the spectra are significantly broader than 
the HF-lines. This is due to the broadening factor (γ) for the water-lines being about ten times larger 
than for the HF-lines according to the parameters calculated by JavaHAWKS. Whether this is really the 
case or not remains to be seen in measurements. The parameters for water (being a more important 
species) are likely more reliable than for HF and so the real peak absorbance might be significantly lower 
than presented here due to a broader peak. 
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Figure 6.8: These lines are all close to water-lines (albeit not very strong water-lines for the latter three lines). This may cause 
problems during measurements, and these lines are therefore not suitable candidates for probing.  
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Figure 6.9: All of these lines are rather good, both in absorbance and in their respective resolvability from surrounding water-
lines. The lines at 4230.76 cm-1 and 4256.32 cm-1 have the added benefit of being close to, but still resolvable from, a single, 
strong water line. This gives the possibility of probing both the water- and the HF-line simultaneously using the same laser-
setup, and through knowledge of the pressure-dependence of the line width of the water line, one can deduce the current 
pressure in the probing environment. One can also use the temperature-dependence of the water line-intensity in order to 
deduce the current temperature in the probing environment. This may open the possibility of simultaneous measurements 
of HF-concentration, pressure and temperature using the same device. Testing and further research is needed in order to 
determine if this possibility is technically achievable (e.g. the electric tunable range of DFB-lasers is currently around 50GHz 
(9)), but it is at least theoretically feasible. 
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Figure 6.10: The lines have smaller absorbance than the lines in figure 6.9 and are therefore not as suited for probing even 
though the three first ones are good in terms of resolvability. The line at 4301.64 cm-1 might be interesting for much the 
same reason as the lines at 4230.76 cm-1 and 4256.32 cm-1.  

 
As in section 6.1.1 the line used for probing needs to be stable with temperature. In order to 

compare the lines in these respects the peak absorbance for each HF-line was evaluated for 5 
temperatures and presented in one graph. This gives a simultaneous visual representation of the 
temperature variance and the absorbance of each line. 
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6.11: Peak absorbance for each line as a function of temperature. One can see that the line with the central frequency of 
4230.76 cm-1 is a good compromise between absorbance and temperature stability. According to figure 6.9 this line seems to 
be resolvable from nearby water-lines as well.  
 

Conclusion: Suitable line for probing in the fundamental frequency region: 4230.76 cm-1. This line 
comes from the transition from (v’’=0 , J’’=7) to (v’=1 , J’=8). (v’=1 ; v’’=0 ; R(7) ; meaning: ΔJ=+1 ; J’’=7 ; 
J’=8). 
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6.3 Practical limitations 
This system is mainly intended to be a cheaper, smaller and more robust alternative to systems 

present in laboratories. The main limitation in any practical implementation of the system as an 
instrument for use in industry is the rather complex nature of the setup, and the need for calibration 
and maintenance. As the system is intended have very high precision, on-site repair and calibration will 
most likely not be possible, adding to running cost. The precision and complexity of the system will also 
set limitations to the environments in which it can be used. Vibrations and impacts can cause the laser 
and detector to be unaligned rendering the instrument non-functioning. Temperature-variations can 
cause unalignment through thermal expansion of metal components, in addition to possibly influence 
the laser frequency. For measurements in sooty or dirty flue gases the signal will deteriorate as the 
optical windows get dirty. The optical windows need to be able to endure the conditions presented by 
the measurement environment, and be safety approved for use.  

Another limitation will be that the system needs to be specifically designed in terms of optics, 
detectors and lasers in order to work in any given temperature- or pressure-range in order to insure 
reasonable error-margins. Simulations using the HITEMP-database (figure 6.12) how that interference 
from water becomes much more pronounced above temperatures of around 1500 K, making it 
impossible to resolve any HF-line using the proposed setups. This means that the proposed setup will be 
viable at moderate temperatures (500-1200K) only, and this sets limitations to its usability.  

 
6.12: Simulation using HITEMP showing strong interference from water at high temperatures 
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7 Conclusion and discussion 

7.1 Viability of detection 
In section 6 it was shown that there are HF-lines that are resolvable from interfering species, and 

that these lines showed reasonably high absorption. The viability for ppm-level concentration-
measurements using direct absorption is, however, low for the second harmonic region due to too low 
absorption. The fundamental region does show some promise here, as the absorption showed by the 
lines in this region may be possible to detect directly using the basic setup presented in section 2.2.  

With the addition of some of the techniques presented in section 2.3, it should be possible to detect 
the absorption features more easily. Adding these techniques will, however, add to the cost of any 
finished commercial product, and therefore two different setups are presented. One setup will use 
direct absorption with signal modulation and will have a limit of detection that is above ppm-level. This 
system should be easier to design, build and calibrate in addition to being cheaper and more robust than 
the setup proposed for sub-ppm detection. The other setup will probe the second harmonic 
frequencies, and will likely include a multi-pass system and lock-in amplification or cavity ring-down 
techniques to improve the accuracy and sensitivity. This system will be more advanced and costly, but 
will be able to measure concentrations down to, or below, 100ppb according to estimations. Both 
systems may be used in tandem to increase detection range. 

7.2 Proposed detection setup for moderate concentrations (ppm) 
A possible detection setup for moderate concentrations would be to use the fundamental frequency 

(line at 4230.76 cm-1) and one of the modulation techniques described in section 2.3. As this line is 
nestled between two water-lines there may be problems with water-concentrations influencing the 
measurements, but for HF-concentrations above ppm-level this disturbance should be small. For a 
concentration of 1ppm the absorbance of the line is approximately 10-3, which should be detectable 
using modulation techniques.  

 
Figure 7.1: Simulated absorbance for proposed detection setup for ppm-level concentrations. The HF peak is nestled 
between two water-lines. The disturbance from these lines should not be too great if the water-concentration is relatively 
stable. If the tunable range of the laser used is large enough it is possible to determine the concentrations of both water and 
HF simultaneously.  
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7.3 Proposed detection setup for low concentrations (sub-ppm) 
A possible detection setup for low concentrations would be to use the second harmonic frequency 

(line at 7950.69 cm-1) and either a multipass cell in conjunction with modulation, or cavity ring-down 
spectroscopy. The main limitation in both of these setups will probably be interference from CO2 (see 
figure 7.2) and noise. Using commercially available multipass cells a pathlength of 10m should be 
attainable, giving a peak absorbance of the order of 10-5 for a HF-concentration of 10ppb. This is within 
the range of detectability if using signal modulation (2).  

 
Figure 7.2: Simulated absorbance for proposed detection setup for sub-ppm-level concentrations. Interference from CO2-
lines is expected to be a problem for HF-concentrations below 10ppb. 

 
Using cavity ring-down spectroscopy with a cavity of length 50cm the peak absorbance of the line at 

0.1ppm is approximately 1.5*10-5. The detection limit assuming the accuracy of determination of τ to be 
1% and reflectivity of the mirrors to be 99.8% (commercially available mirrors, better may exist) is 
approximately 2*10-5. Concentration measurements should then be possible for concentrations above 
0.2ppm. 

Both the multipass cell and the cavity for the cavity ring-down spectroscopy are very sensitive to 
vibrations due to the precision involved in the alignment of the mirrors. These techniques therefore 
require extra considerations when used in a measurement device. The most viable solution is probably 
to use a cavity that is mounted on a vibration-dampened surface outside of the flue-gas system. The 
flue-gas would then continuously be sampled to the cavity through a connecting tube. 
  



43 
 

7.4 Further work 
If the temperature within the probing volume is unknown or fluctuating, there may be a limit to the 

setups’ ability to accurately evaluate the concentration due to the temperature dependency of the line 
intensities. This limitation may be largely removed by adding features that evaluates the line-shape of 
the scanned line (or a close-lying water-line) in order to determine the temperature at which the 
measurement was taken. Evaluating the line-shape can also determine the pressure in the probe 
volume. Further discussion on how pressure and temperature influence the line-shape is found under 
section 5.4. 

A model system or prototype needs to be established and thoroughly tested in order to validate the 
limits for detection. A first test will simply be to use direct absorption in order to study a real spectrum 
of the gas-mixture presented under section 5.5. This will have to be repeated under varying pressures, 
temperatures and concentrations in order to get real data for the pressure- and temperature 
dependence of the spectrum-features and to determine the limits for resolving the HF-line from 
interfering species. These measurements will form the basis for further work and improvements for the 
system. The long-term goal would be to expand the prototype and test the systems proposed in section 
7.2 and 7.3 for different working conditions. Should the expanded prototype work within acceptable 
margins of error, and should it indeed show, as suggested, the ability to detect sub-ppm concentrations, 
the prototype would form a basis for designing a commercially viable detection system.  
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Appendix A: MATLAB code 

Code used for calculating line shape for plotting spectrum: 
function[spectrum]=lineshape(filename,species,mass,partialpressure,T,color) 
global Zoom S0 x a res maximum minimum N kB L k 
data=load(filename); 
%loads data into MATLAB 
range=find((minimum)<data(:,2) & (maximum)>data(:,2)); 
%finds lines that are within the specified range 
spectrum=zeros(1,(maximum-minimum)/res+1); 
%creates an empty array 
  
if length(range)==0 
   %if no line is within range - returns a message and plots empty array 
   disp(['no ',species,'-line in range']) 
   plot(a,spectrum,color) 
else 
   for n=min(range):max(range); 
    X0=round(data(n,2)/res)-minimum/res; 
    %rounds off the location of the line to nearest res 
    HWHM_Lorentz=(296/T)^(data(n,8))*(data(n,5)*(1-partialpressure)+... 
    data(n,6)*(partialpressure)); 
    %calculates pressure-broadening half width 
    HWHM_Doppler=sqrt((2*k*T*log(2))/(mass))*data(n,2); 
    %calculates doppler broadening halfwidth 
    HWHM_Voigt= 0.5346*HWHM_Lorentz + sqrt(0.2166*HWHM_Lorentz^2 +... 
    HWHM_Doppler^2); 
    %Voigt profile halfwidth 
    z = HWHM_Lorentz/HWHM_Voigt; 
    y = abs(x)./HWHM_Voigt; 
    Sgmv0 = data(n,3)/(2*HWHM_Voigt*(1.065 + 0.447*z + 0.058*z^2)); 
    Sgmv = Sgmv0*((1-z)*exp(-0.693.*y.^2) + (z./(1+y.^2)) + ... 
    0.016*(1-z)*z*(exp(-0.0841.*y.^2.25)-1./(1 + 0.021.*y.^2.25))); 
    %calculations above based on semi-empiric Voigt approximation 
    %renormalize area under line shape 
    spectrum(max(1,(X0+x(1)/res+1)):... 
         min((maximum-minimum)/res+1,(X0+x(end)/res+1)))=... 
         spectrum(max(1,(X0+x(1)/res+1)):... 
         min((maximum-minimum)/res+1,(X0+x(end)/res+1)))+... 
         Sgmv(max(1,(S0-X0)):... 
         min((maximum-minimum)/res-X0+S0,length(x))); 
    %adds individual line to the total spectrum in the correct 
    %position of in the spectrum-array 
   end 
   plot(a,N*partialpressure*L*spectrum,color,'linewidth',2) 
   %plots the spectrum 
end 
clear range & data & Sgmv & y 
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Code used for calculating line shape for plotting temperature dependence: 
function[HFmax]=lineshapetemp(filename,species,mass,partialpressure,T,color) 
global Zoom S0 x a res maximum minimum kB L k P V count data range 
N=(P*V)/(kB*T);         %Number of molecules in probe volume 
data=load(filename); 
%loads data into MATLAB 
range=find((minimum)<data(:,2) & (maximum)>data(:,2)); 
%finds lines that are within the specified range 
spectrum=zeros(1,(maximum-minimum)/res+1); 
%creates an empty array 
count=1; 
if length(range)==0 
   %if no line is within range - returns a message and plots empty array 
   disp(['no ',species,'-line in range']) 
   plot(a,spectrum,color) 
else 
   for n=min(range):max(range); 
    X0=round(data(n,2)/res)-minimum/res; 
    %rounds off the location of the line to nearest res 
    HWHM_Lorentz=(296/T)^(data(n,8))*(data(n,5)*(1-partialpressure)+... 
    data(n,6)*(partialpressure)); 
    %calculates pressure-broadening half width 
    HWHM_Doppler=sqrt((2*k*T*log(2))/(mass))*data(n,2); 
    %calculates doppler broadening halfwidth 
    HWHM_Voigt= 0.5346*HWHM_Lorentz + sqrt(0.2166*HWHM_Lorentz^2 +... 
    HWHM_Doppler^2); 
    %Voigt profile halfwidth 
    z = HWHM_Lorentz/HWHM_Voigt; 
    y = abs(x)./HWHM_Voigt; 
    Sgmv0 = data(n,3)/(2*HWHM_Voigt*(1.065 + 0.447*z + 0.058*z^2)); 
    Sgmv = Sgmv0*((1-z)*exp(-0.693.*y.^2) + (z./(1+y.^2)) + ... 
    0.016*(1-z)*z*(exp(-0.0841.*y.^2.25)-1./(1 + 0.021.*y.^2.25))); 
    %calculations above based on semi-empiric Voigt approximation 
    %renormalize area under line shape 
    HFmax(count)=max(Sgmv*N*partialpressure*L); 
    count=count+1; 
    spectrum(max(1,(X0+x(1)/res+1)):... 
         min((maximum-minimum)/res+1,(X0+x(end)/res+1)))=... 
         spectrum(max(1,(X0+x(1)/res+1)):... 
         min((maximum-minimum)/res+1,(X0+x(end)/res+1)))+... 
         Sgmv(max(1,(S0-X0)):... 
         min((maximum-minimum)/res-X0+S0,length(x))); 
    %adds individual line to the total spectrum in the correct 
    %position of in the spectrum-array 
   end 
   plot(a,N*partialpressure*L*spectrum,color,'linewidth',2) 
   %plots the spectrum 
end 
clear Sgmv & y & spectrum 
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Code used for plotting lines: 
clear all 
close all 
format long e 
global Zoom S0 x a res maximum minimum N kB L k 
mpn=9.39e8; %eV/c^2 
m1=44*mpn;  %eV/c^2 
m2=20*mpn;  %eV/c^2 
m3=18*mpn;  %eV/c^2 
T=1000;                     %K temperature 
P=101325;                   %Pa pressure 
L=10;                       %cm pathlength 
V=1e-6;                     %m^3 probe volume (cm^3) 
kB=1.38e-23;                %J/K Boltzman 
N=(P*V)/(kB*T);             %Number of molecules in probe volume 
minimum=7000;               %min wavenumber 
maximum=7450;               %max wavenumber 
res=0.01;                   %resolution or dx 
k=8.617343e-5;              %eV/K Boltzman 
a=minimum:res:maximum;      %gives the x-axis 
Tail=10;                    %gives the number of cm^-^1 that is evaluated on 
                            %either side of each line 
x=(-Tail:res:Tail);         %creates array from -Tail to Tail with stepsize 
res 
S0=(x(end)-x(1))/(2*res)+1; %gives position of centre of x-array 
%%%%%%%%%%%%%%%%%Concentrations%%%%%%%%%%%%%%%%% 
pH2O=0.192;     %fraction of H2O 
pCO2=0.096;     %fraction of CO2 
pHF=1e-5;       %fraction of HF 
Zoom=1;      %enlargement of HF spectrum 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
hold on 
%%%%%%%%%%%%%%%%%H2O%%%%%%%%%%%%%%%% 
line shape('H2O1000Kclean.txt','H2O',m3,pH2O,T,'b'); 
%%%%%%%%%%%%%%%%%CO2%%%%%%%%%%%%%%%% 
line shape('CO21000Kclean.txt','CO2',m1,pCO2,T,'g'); 
%%%%%%%%%%%%%%%%%HF%%%%%%%%%%%%%%%%% 
line shape('HF1000Kclean.txt','HF',m2,pHF,T,'r'); 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
if Zoom==1; 
    title(['Simulated absorbance at ' num2str(T) 'K, ' num2str(L)... 
        'cm pathlength and 1atm']) 
else 
    title({['Simulated absorbance at ' num2str(T) 'K, ' num2str(L)... 
        'cm pathlength and 1atm'];... 
        ['HF-spectrum multiplied by ' int2str(Zoom)]}) 
end 
axis([(minimum) (maximum) 0 1]); 
axis 'auto y' 
legend(['H_2O - ' num2str(pH2O*100) '%'],['CO_2 - '... 
num2str(pCO2*100) '%'],['HF - ' num2str(pHF*1e6) 'ppm']) 
xlabel('Wavenumber (cm^-^1)') 
ylabel('Absorbance (ln(I_0/I_t))') 
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Code used for plotting temperature dependence: 
clear all 
close all 
format long e 
hold on 
global Zoom S0 x a res maximum minimum kB L k P V 
mpn=9.39e8; %eV/c^2 
m=20*mpn;   %eV/c^2 
P=101325;                   %Pa pressure 
L=10;                       %cm pathlength 
V=1e-6;                     %m^3 probe volume (cm^3) 
kB=1.38e-23;                %J/K Boltzman 
minimum=7780;               %min wavenumber 
maximum=8000;               %max wavenumber 
res=0.01;                   %resolution or dx 
k=8.617343e-5;              %eV/K Boltzman 
a=minimum:res:maximum;      %gives the x-axis 
Tail=10;                    %gives the number of cm^-^1 that is evaluated on 
                            %either side of each line 
x=(-Tail:res:Tail);         %creates array from -Tail to Tail with stepsize 
res 
S0=(x(end)-x(1))/(2*res)+1; %gives position of centre of x-array  
%%%%%%%%%%%%%%%%%Concentrations%%%%%%%%%%%%%%%%% 
pHF=1e-5;       %fraction of HF 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%  
%%%%%%%%%%%%%%%%%800K%%%%%%%%%%%%%%%%% 
HFmax(1,:)=lineshapetemp('HF800Kclean.txt','HF',m,pHF,800,'b'); 
%%%%%%%%%%%%%%%%%900K%%%%%%%%%%%%%%%%% 
HFmax(2,:)=lineshapetemp('HF900Kclean.txt','HF',m,pHF,900,'r'); 
%%%%%%%%%%%%%%%%1000K%%%%%%%%%%%%%%%%% 
HFmax(3,:)=lineshapetemp('HF1000Kclean.txt','HF',m,pHF,1000,'g'); 
%%%%%%%%%%%%%%%%1100%%%%%%%%%%%%%%%%%% 
HFmax(4,:)=lineshapetemp('HF1100Kclean.txt','HF',m,pHF,1100,'c'); 
%%%%%%%%%%%%%%%%1200K%%%%%%%%%%%%%%%%% 
HFmax(5,:)=lineshapetemp('HF1200Kclean.txt','HF',m,pHF,1200,'k'); 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
global count data range 
figure(2); 
hold on 
n=min(range):max(range); 
i=1:count-1; 
set(gca,'LineStyleOrder',{'-',':','--'}); 
plot([800 900 1000 1100 1200],HFmax(:,i),'linewidth',2); 
legendstring=num2str(data(n,2),6); 
legendstring(:,8)=' '; 
legendstring(:,9)='c'; 
legendstring(:,10)='m'; 
legendstring(:,11)='^'; 
legendstring(:,12)='-'; 
legendstring(:,13)='^'; 
legendstring(:,14)='1'; 
legend(legendstring) 
xlabel('Temperature (K)') 
ylabel('Absorbance (ln(I_0/I_t))') 
title('Peak absorbance as a a function of temperature K') 
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