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Summary 

Near-infrared (NIR) laser-absorption diagnostics in combination with diode lasers as light 

sources and fiber-optic beam delivery have been used extensively for in situ measurements 

of concentration and temperature of gas-phase combustion products (e.g., H2O, CO, CO2, 

NO2, NO) due to the intrinsic advantages of this fast, sensitive, quantitative, and non-

intrusive optical sensing technique. These measurements help designers, operators, and 

researchers of combustion devices to study combustion chemistry and thus reduce pollu-

tion and increase efficiency. This work focuses on liquid-phase absorption spectroscopy 

for analysis of liquid water films. In previous work, a multi-wavelength NIR diode laser 

absorption sensor had been developed in our laboratory to monitor liquid water thin films 

with ~1.4 µm radiation. This thesis presents new applications of this sensor concept for 

real-time monitoring of the thickness, solute concentration, and temperature of thin films 

of aqueous solutions of NaCl and urea. The sensor monitors the transmittance of four near-

infrared diode lasers through the aqueous liquid film deposited on a quartz plate. The var-

iation of the absorption spectrum of the solution with temperature and solute concentration 

was used to select wavelengths for determining film thickness, solute concentration, and 

liquid temperature from ratios of the transmission measurements, where at least one of the 

two desired parameter (temperature or concentration) is known. The spectral database was 

measured by Fourier transform infrared (FTIR) spectrometry in the 5500–8000 cm–1 range 

for the respective solutions at various concentrations and temperatures. A prototype sensor 

was constructed, and the sensor concept was validated with measurements using a tem-

perature-controlled calibration cell with known plate separations. Temporal variations of 

film thickness and solute concentration were captured during the constant-temperature 

evaporation of liquid films deposited on optically polished temperature-stabilized quartz 

flats. 

The development of a four-wavelength NIR laser-based absorption diagnostic for simulta-

neous measurement of thickness, temperature and urea concentration coupled with Bayesi-

an methodology is described. The Bayesian analysis is based on a spectral database gener-

ated with a FTIR spectrometer in the 5500–8000 cm–1 range with variable temperature and 

urea concentration. The concept was first validated with measurements using the calibra-

tion cell. Probability densities in the measured parameters were quantified using a Markov-

chain Monte-Carlo (MCMC) algorithm, which were used to derive credibility intervals. As 

a practical demonstration, the temporal variation of film thickness, urea concentration, and 

liquid temperature were recorded during evaporation of a liquid film deposited on a trans-

parent heated quartz plate. 

Finally, a dual-wavelength diode laser-based absorption sensor for stand-off point meas-

urements of water film thickness on an opaque surface is presented. The sensor consists of 
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a diode laser source, a foil as backscattering target, and off-axis paraboloids for collecting 

the fraction of the laser radiation transmitted through the liquid layer via retro-reflection. 

The water film thickness at a given temperature was determined from measured transmit-

tance ratios at the two laser wavelengths. The sensor concept was first validated with 

measurement using the temperature-controlled calibration cell providing liquid layers of 

variable and known thickness between 100 and 1000 µm. Subsequently, the sensor was 

demonstrated successfully during recording the time varying thickness of evaporating wa-

ter films at fixed temperatures. The film thickness was recorded as a function of time at 

three temperatures down to 50 µm. 
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Zusammenfassung 

Nahinfrarot (NIR) Laser-Absorptionsdiagnostik in Kombination mit Diodenlasern als 

Lichtquellen und faseroptischer Strahlübertragung sind in großem Umfang in der Gasphase 

als schnelle, empfindliche, quantitative und berührungslose optische Messtechnik für die 

In-situ-Messung von Konzentrationen (z.B. H2O, CO, CO2, NO2 und NO) und der Tempe-

ratur eingesetzt worden. Diese Messungen können Entwicklern, Betreibern und Forschern 

von Verbrennungsvorrichtungen helfen, Verbrennungsprozesse zu verstehen und dadurch 

Abgase zu verringern und die Effizienz zu erhöhen. Die vorliegende Arbeit konzentriert 

sich auf die Absorptionsspektroskopie in der flüssigen Phase für die Analytik von wässri-

gen Filmen. In einer früheren Arbeit wurde ein auf Diodenlasern basierender Absorptions-

sensor mit einer Kombination von mehreren Wellenlängen (~1.4 µm) in unserem Labor 

entwickelt, um Schichtdicken von wässrigen Flüssigkeitsfilmen zu bestimmen. Im Rahmen 

der vorliegenden Arbeit werden neue Anwendungen des Sensorkonzepts vorgestellt, wobei 

lokale Eigenschaften wässriger Filme, nämlich Filmdicke, Temperatur und die Konzentra-

tion von gelösten Substanzen (Salze, Harnstoff) detektiert werden. Dieser Sensor bestimmt 

die optischen Transmissionen durch wässrige Filme auf einer transparenten Quarzglasplat-

te. Die Temperatur- und Konzentrationsabhängigkeit der Absorptionsspektren wässriger 

Lösungen wurde genutzt, um für eine Auswahl von Laserwellenlängen die Schichtdicke, 

Konzentration gelöster Stoffe und die Temperatur aus der Variation zu bestimmen, wobei 

mindestens einer von zwei erwünschten Parametern (Temperatur oder Konzentration) be-

kannt sein musste. Diese Spektrendatenbank wurde durch Fourier-Transform-Infrarot-

Spektroskopie (FTIR-Spektroskopie) im Spektralbereich zwischen 5500 und 8000 cm–1 für 

entsprechende Lösungen mit unterschiedlichen Konzentrationen und Temperaturen erstellt. 

Ein Prototyp-Sensor wurde durch Messungen mit einer Kalibrierküvette bei bekannter 

Temperatur und bekannter Schichtdicke validiert. Anschließend wurden die zeitlichen Va-

riationen von Schichtdicke und Konzentration während der Verdunstung eines freien Was-

serfilms bei konstanter Temperatur auf einer transparenten Quarzglasplatte gemessen. 

Um mehr als zwei Parameter (Filmschichtdicke, Temperatur und Harnstoffkonzentration) 

simultan messen zu können, wird anschließend eine Weiterentwicklung der Diagnostik 

zusammen mit der Bayes‘schen Methode beschrieben. Die Bayes‘sche Analyse basiert auf 

einer Spektrendatenbank, die mit einem FTIR-Spektrometer im NIR-Bereich (5500–

8000 cm–1) mit unterschiedlichen Temperaturen und Harnstoffkonzentrationen erstellt 

wurde. Dieses Konzept wurde zuerst an bekannten Schichtdicken in einer Kalibrierküvette 

validiert. Die Wahrscheinlichkeitsdichten der Messgrößen wurden durch einen Markov-

Chain-Monte-Carlo-Algorithmus (MCMC-Algorithmus) ermittelt, aus dem sich die glaub-

haften Intervalle bestimmen lassen. Für eine praktische Demonstration wurden die zeitli-

chen Variationen von Filmdicke, Harnstoffkonzentration und Flüssigkeitstemperatur wäh-
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rend eines Verdampfungsvorgangs auf einer transparenten und beheizten Oberfläche be-

stimmt. 

Schließlich wird ein auf zwei Diodenlasern verschiedener Wellenlänge basierender Ab-

sorptionssensor für die Messung von Filmparametern von auf nicht-transparenten Oberflä-

chen deponierten Filmen vorgestellt. Der Sensor besteht aus einer Diodenlaser-Quelle, 

einer Folie als Rückstreutarget und Off-Axis-Parabolspiegeln zum Sammeln der durch den 

Wasserfilm transmittierten und an der Folie retroreflektierten Laserstrahlung. Die Wasser-

filmdicke bei einer gegebenen Temperatur wurde aus der Variation der gemessenen 

Transmissionen bei den beiden Laserwellenlängen bestimmt. Das Sensorkonzept wurde 

zuerst in einer Kalibrierküvette mit Temperaturregelung und bekannter Filmdicke von 100 

bis 1000 µm validiert. Dann wurde der Sensor für die Aufnahme zeitlicher Änderungen der 

Schichtdicke eines verdampfenden Wasserfilms bei einer festgelegten Temperatur erfolg-

reich demonstriert. Die Schichtdicke wurde als Funktion der Zeit bei drei Temperaturen bis 

zu 50 µm aufgezeichnet. 
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1 Introduction 

1.1 Motivation 

The quantitative knowledge of liquid film properties in the sub-millimeter range is relevant 

in many practical applications. For instance, fuel injection systems and intake geometries 

of internal combustion (IC) engines can be designed to improve fuel efficiency and mini-

mize soot emissions by studying wall wetting during fuel injection associated with incom-

plete combustion [1-7]. Liquid water films are of interest in many practical applications, 

e.g., in fire suppression [8], steam power generation [9], water desalination [10], and the 

selective catalytic reduction (SCR) process using aqueous urea solution for NOx reduction 

in exhaust gases from IC engines [11-13]. 

In many applications, in addition to film thickness, the temperature and the solute concen-

tration of the liquid are also of interest, since this parameter on one hand influences various 

heat and mass transfer processes [14]. On the other hand, temperature is needed for film 

thickness evaluation because absorption or emission based techniques depend on absorp-

tion cross-section and fluorescence quantum yield. Another example is the SCR process 

based on urea-water solution that is sprayed into the hot exhaust stream in the tail pipe to 

produce ammonia by urea thermolysis and hydrolysis of HNCO [15]. During spray pyroly-

sis, wall wetting and liquid film formation with rapid subsequent temperature reduction 

and solid urea coating of the wall are unwanted processes and need to be controlled. Diag-

nostic methods for the measurement of film thickness, liquid temperature and solute con-

centration might be one approach for setting up a monitoring and control loop. 

To optimize the performance of such systems, it is of great interest in obtaining a quantita-

tive understanding of physical processes involved in liquid film formation and its devel-

opment over time. One family of methods for liquid film thickness measurements is based 

on electrical techniques [16-20]. They are mostly based on the relationship between con-

ductance and thickness of the liquid film between a pair of electrodes. Another family of 

techniques for liquid film thickness measurements are optical methods including, e.g., op-

tical interference [9, 21-26], laser absorption spectroscopy [27-32], shadowgraphy [33], 

and laser-induced fluorescence (LIF) [5, 34-37]. Absorption based methods for liquid film 

thickness measurements so far have used light sources in the visible [27] or near infrared 

spectral region [30-32]. Compared to electrical methods, optical diagnostics are nonintru-
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sive, require optical but not physical access, and are little affected by physical effects and 

chemical reactions that may occur within a sampling manifold. 

Diode-laser absorption spectroscopy (DLAS) has long been the basis of the measurement 

of concentration and temperature of vapor-phase water as a combustion product [38-40], 

and the use of multi-wavelength diode laser absorption sensor strategy has been used for 

nearly 20 years for gas-phase measurements [41]. Many of the distributed feedback (DFB) 

lasers on the market are manufactured as fiber-coupled modules for the convenience of the 

telecom industry. This makes fiber-coupled sensor strategies especially attractive and sim-

ple. Most importantly, by combining laser beams in a common single-mode fiber, one 

makes sure that a common free-space path is shared by each laser through the sample. In 

this thesis this concept will be applied to monitor liquid thin aqueous films. Exploiting the 

strong native light absorption in the near infrared (NIR) caused by liquid water, enables 

tracer-free thickness measurements of aqueous films. Yang et al. [32] demonstrated diode-

laser-based absorption sensing of liquid film thickness of pure water using two NIR diode 

lasers at wavelengths of 1392 and 1469 nm, which are non-resonant with any water vapor 

transition. This work is extended to solutions and studies of the liquid temperature, solute 

concentration, and film thickness measurement of aqueous salt and urea solutions in 

transmission. 

There are three different types of multiplexing schemes are commonly used: Time-

Division Multiplexing (TDM), Frequency-Division Multiplexing (FDM), and Wavelength-

Division Multiplexing (WDM). FDM is typically used in modulation spectroscopy where 

the different wavelengths are modulated at different frequencies which is not used in the 

present thesis [42]. To monitor each individual laser wavelength transmitted through the 

liquid, two other multiplexing techniques (TDM and WDM) in the diode-laser based ab-

sorption sensors will be used. In both strategies, multiple laser beams with different emis-

sion wavelengths are combined and transmitted along the same optical path. The princi-

ples, strengths and weaknesses of the two methods will be introduced as below. 

The schematic of a wavelength-division multiplexing (WDM) scheme is shown in Fig. 1 

(left). The outputs from multiple DFB diode lasers are multiplexed together (usually by a 

single-mode fiber combiner) collimated and sent through the liquid sample. In order to 

monitor each individual laser wavelength, the transmitted laser beam is sent to a diffraction 

grating where it is dispersed into the constituent wavelengths and directed to multiple pho-

todetectors. A diffraction grating consist of a series of closely spaced grooves that have 

been engraved or etched into a substrate (e.g., glass, metal). As light reflects off a grating, 

the grooves cause the light to diffract, dispersing the light into its component wavelengths. 
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Therefore, this technique cannot be used for a large number of wavelengths due to the 

overlap between different order reflections or the wavelength separation is geometrically 

insufficient. The WDM scheme has been used for the multi-wavelength absorption sensor 

to investigate the liquid film of pure water [29, 32]. In this thesis we extend this to aqueous 

solutions (see Chapter 4). 

                                

Fig. 1:  Left: Schematic of wavelength-division multiplexing where the transmitted light is dispersed onto 

separate detectors for each laser wavelength. (I0, It: incident and transmitted laser intensity; G: dif-

fraction grating). Right: Illustration of time-division multiplexing. 

In a time-division multiplexing (TDM) scheme, alternately operated fixed-frequency lasers 

are multiplexed and transmitted through the sample. The transmitted laser beam is detected 

and attributed to the respective laser wavelength for each time interval. The advantage of 

the TDM scheme is that it allows for a simple optical setup, since only one detector is 

needed to measure the transmitted laser intensities from two or more lasers (Fig. 1, right). 

One shortcoming is that the transmitted laser intensities are not measured simultaneously, 

which will add extra measurement uncertainties for applications in rapidly fluctuating ob-

jects. As will be discussed in Chapter 6, the TDM technique was used for water film thick-

ness measurements in retro-reflection. The primary advantages of TDM compared to 

WDM are the simplification of the optical setup that avoids the additional large signal loss 

when the emerging beams are diffracted off the grating for angular wavelength separation 
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and the robustness against mechanical vibrations during the experiment; TDM therefore 

improves the signal-to-noise ratio (SNR) in the measurements. 

1.2 Organization of the thesis 

The thesis is divided into four main parts: 

1. Measurement of absorption spectra of aqueous solutions with FTIR 

2. Development of a multi-parameter diagnostic in liquid film in transmission 

3. Uncertainty quantification in absorption-based measurements via Bayesian inference 

4. Development of a diagnostics for film thickness of pure water in retro-reflection 

The order of the above topics is important; before developing laser-absorption diagnostics 

for multi-parameter measurements, the variation of absorption with temperature and solute 

concentration needs to be known. As will be shown in chapter 3, this database is measured 

here using a heated cuvette and a Fourier transform infrared (FTIR) spectrometer in the 

range between 5500 and 8000 cm–1 where the liquid water exhibits broadband absorption 

[43]. The spectral database is used to select laser wavelengths for a sensor based on ab-

sorption measurements at four distinct fixed wavelengths. 

In chapter 4, the performance of this wavelength-multiplexed NIR diode laser sensor will 

be presented in validation experiments of liquid layers of variable thickness, solute concen-

tration and temperature formed in a calibration cell consisting of two parallel quartz plates, 

where one of the parameters (temperature or solute concentration) needs to be known. Fi-

nally, a demonstration is presented for monitoring in real-time a constant-temperature 

evaporation of a liquid film deposited on a heated quartz plate. 

In general, liquid temperature and solute concentration can change independently over 

time. For a simultaneous NIR absorption-based multi-parameter measurement of thickness, 

temperature, and solute concentration, the Bayesian methodology is used to infer probabil-

ity densities for the obtained data (chapter 5). The Bayesian analysis is based on a tempera-

ture- and concentration-dependent spectral database. To demonstrate this concept valida-

tion measurements using a calibration cell will be presented. Probability densities in the 

measured parameters were quantified using a Markov chain Monte Carlo (MCMC) algo-

rithm, which are used to derive credibility intervals. As a practical demonstration, the tem-

poral variation of film thickness, urea concentration, and liquid temperature are recorded 

during evaporation of a liquid film deposited on a transparent and heated quartz plate. 
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In chapter 6, a dual-wavelength diode-laser-based absorption sensor for stand-off point 

measurements of water film thickness on an opaque surface will be presented. This devel-

opment is motivated by practical applications where the liquid film is deposited onto 

opaque surfaces where optical access is only possible from one side and double-ended 

measurements are not feasible. The sensor consists of a diode laser source, a foil as back-

scattering target, and off-axis paraboloids for collecting the fraction of the laser radiation 

transmitted through the liquid layer via retro-reflection. Two laser wavelengths in the near 

infrared are used where the temperature-dependence of the liquid water absorption cross-

section is known. The lasers are fiber-coupled and the detection of the retro-reflected light 

is accomplished through a multimode fiber and a single photodiode using time-division 

multiplexing. The water film thickness at a given temperature is determined from meas-

ured transmittance ratios at the two laser wavelengths. 

1.3 Literature review of liquid-film measurement techniques 

The industrial importance of liquid thin films has led to significant research to develop 

characterization diagnostics. Many optical techniques have been successfully applied to 

measure or image liquid film thickness, a literature overview is given here. 

One family of techniques for liquid film thickness measurements is based on interferome-

try. In this technique the light is reflected each time it passes from one material to another. 

The amount of light reflected depends on the wavelength of the light, the angle of inci-

dence to the interface between the two materials and the refractive indices of both materi-

als [44]. Unterberg reported an early application of an optical interference method for 

measuring the thickness of liquid film flow [45]. The method consisted of photographing 

and measuring the fringes appearing when a wide beam of monochromatic light illumi-

nates a film. Interference occurs at the superposition of light beams reflected from mirror 

wall and film surface. Borgetto et al. developed a technique based on low-coherence inter-

ferometry (LCI) to measure liquid film thickness of linear alkanes [23]. A superlumines-

cent light-emitting diode (SLED) was used as a light source to illuminate the film and gen-

erate interference patterns. The film thickness was obtained by subtracting the values of the 

positions of the detected interference maxima. Gao et al. introduced a wavelength-scanning 

interferometer for measuring the surface and thickness of a transparent film [25]. Combin-

ing a white light interferometer with a near-infrared (NIR) superluminescent light-emitting 

diode interferometer, it was possible to measure the liquid film thickness. Debnath et al. 

applied spectrally-resolved phase-shifting interferometry to determine thin transparent 
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films illuminated by a white light source [24]. In this case, the thickness of a thin transpar-

ent film on a reflecting substrate was measured through the analysis of the phase shift in 

spectrally resolved interferogram. Özdemir and Whitelaw derived an analytical correlation 

between the interferometric fringe pattern and the thickness of an unsteady liquid film [21]. 

This measurement technique has an accuracy that is independent of the film thickness and 

depends on the optical transformation function and the temporal resolution of the frequen-

cy measurements. 

Another frequently applied technique to investigate liquid deposits on solid surface is 

based on laser-induced fluorescence (LIF) [46]. In this case, a fluorescent component in 

the liquid is excited by laser light and the subsequent fluorescence intensity is analyzed as 

a measure of the film thickness. The fluorescence can either arise from one of the compo-

nents of the liquid itself or from a fluorescent tracer added, such as an aromatic component 

or a dye. This technique was applied in internal combustion engines for the determination 

of the amount of liquid deposited on surfaces and its layer thickness. Felton, using pulsed 

ultraviolet (UV) illumination of commercial gasoline at 355 nm from a frequency-tripled 

Nd:YAG laser and detection of LIF via an intensified charge-coupled device (CCD) cam-

era, acquired two-dimensional maps of liquid fuel film thickness in the intake port of an 

internal combustion (IC) engine [2]. Signal intensities were converted to absolute thickness 

values by calibrating the setup with measurements in samples of known film thickness. 

Kull et al. reported a two-dimensional visualization technique based on LIF for investiga-

tion of liquid fuel film on transparent walls and its application in a spark ignition (SI) en-

gine [34]. For fluorescence excitation, the beam from a XeCl-excimer laser at 308 nm was 

coupled into the quartz ring of the optical engine by a prism and guided to the liquid film 

by total internal reflection. Alonso et al. exploited total internal reflection (TIR) at the flat 

liquid/air interface of a UV laser beam (266 nm), which was coupled through a transparent 

quartz plate into a liquid film doped with 3-pentanone as a fluorescent tracer. This tech-

nique avoids the interference of signal contributions from airborne droplets present above 

the film, which is due to the fact that the laser continues its path upwards and the light 

thereby excites the airborne liquid fuel, increasing the fluorescence signal detected by the 

camera [35]. More recently, Wigger et al. developed a method for quantitative imaging of 

the oil film thickness that overcomes the main challenge, the accurate calibration of the 

detected fluorescence signal for film thickness in the low micrometer range [5]. Greszik et 

al. applied LIF with the organic tracer ethyl acetoacetate for imaging measurements of the 

thickness of liquid water-based films on a transparent quartz plate [5]. A UV laser beam at 

266 nm was used to transverse and optically excite a tracer species dissolved in the water 

film deposited on a transparent window. Absolute LIF signal intensities were calibrated 
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with liquid layers of known thickness formed between two parallel quartz plates with ad-

justable distance. 

An additional laser-based technique to measure liquid film thickness is based on light ab-

sorption. Mouza et al. used the absorption of visible light from a diode laser at 635 nm and 

detection of the transmitted beam by a photodiode through a flowing liquid film [27]. Us-

ing the law of Beer and Lambert, it is possible to determine the film thickness by measur-

ing the absorption ratio in a calibrated system [47]. Wittig et al. used NIR laser radiation at 

1523 nm to measure the film thickness of pure water in a rectangular duct [31]. Discrimi-

nation against light attenuation caused by other effects (e.g., windows) was accomplished 

by simultaneously recording the transmission of a second laser beam at 633 nm with negli-

gible absorption in the water spectrum. Porter et al. quantified the strong absorption bands 

around 3.4 µm of liquid hydrocarbon fuels [48] and used a mid-infrared laser-absorption 

sensor in this wavelength range to determine the thickness of liquid films of n-dodecane on 

transparent windows in the presence of n-decane vapor [28]. More recently, Yang et al. 

demonstrated four-color sensing of liquid-film thickness, as well as liquid- and gas-phase 

temperature of a heated, evaporating water layer placed on a transparent wall in the thick-

ness range between 300 and 1400 µm [29]. These tunable laser sources provide two key 

advantages: first, the laser can be tuned to wavelengths for which the absorption by the 

water vapor has the desired temperature dependence, and, second, multiple wavelengths 

are possible, allowing for a multi-parameter measurement in the liquid. In the present 

work, this diode-laser-based absorption method is extended to the measurement of film 

thickness, liquid temperature, and solute concentration in aqueous solutions.  
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2 Theoretical background 

In this chapter, the basic theory of laser absorption spectroscopy and important related pa-

rameters are briefly introduced in the first section. Methods for the measurement of absorp-

tion spectra are presented in the second section. 

2.1 Laser absorption spectroscopy 

2.1.1 Spectroscopy 

Light can be considered to have both wave properties and particle properties. Some proper-

ties of electromagnetic radiation, such as its refraction when it passes from air to water, are 

explained best by describing light as a wave. In this case, electromagnetic radiation con-

sists of oscillating electric and magnetic fields that propagate through space along a linear 

path and with a constant velocity. An example of plane-polarized electromagnetic radiation, 

consisting of a single oscillating electric field and a single oscillating magnetic field is 

shown in Fig. 2. 

The amplitude of the oscillating electric or magnetic field at any point along the propagat-

ing wave is 

  tAA 2sinmt , (1) 

where At is the amplitude of the electric or magnetic field at time t, Am is the maximum 

amplitude in the electric or magnetic field,  is the wave’s frequency, and  is a phase 

angle [49]. The wavelength  is defined as the distance between successive maxima. The 

relationship in the vacuum between wavelength λ (in nm), frequency  (in Hz) and wave-

number ν~ (in cm–1) is  

c , (2) 

 1~
, (3) 

where c is the speed of light (in m/s), which depends on the refractive index of the medium 

within which the light is traveling. As a result, the relationship involving the frequency and 

wavelength (cf., Eq. (3)) varies as the refractive index of the medium changes. 
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Fig. 2:  Planar-polarized electromagnetic radiation showing the oscillating electric field in red and the 

oscillating magnetic field in blue. The radiation’s amplitude A and its wavelength  are shown 

[50]. 

As the frequency and wavelength of electromagnetic radiation vary over many orders of 

magnitude, the electromagnetic radiation is divided into different regions – the electro-

magnetic spectrum – based on the type of atomic or molecular transition that gives rise to 

the absorption or emission of photons [51]. The wavelength range of the electromagnetic 

spectrum comprises a wide scale ranging from radio waves to -rays (see Fig. 3). Note that 

the boundaries between the regions of the electromagnetic spectrum are, however, not rig-

id, and overlap between spectral regions is possible [50]. 

 

Fig. 3:  The electromagnetic spectrum showing the boundaries between different regions and the type of 

atomic or molecular transition responsible for the change in energy [51]. 

Other properties, such as absorption and emission, are better described by treating light as 

a particle. In this case, the physical light-matter interaction phenomena that occur at the 

atomic and molecular levels will be discussed. A spectroscopic measurement is possible 

only if the photon’s interaction with the sample leads to a change in one or more of the 

characteristic properties (energy, velocity, amplitude, frequency, phase angle, polarization, 

and direction of propagation). As there is only a transfer of energy between the photon and 
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the sample, several representative spectroscopic techniques can be divided according the 

type of energy transfer (see Table 1). This thesis will focus on the IR absorption 

spctroscopy. 

Table 1:  Examples of spectroscopic technique involving an exchange of energy between a photon and the 

sample [52] 

Type of energy 

transfer 

Region of electromag-

netic spectrum 

Spectroscopic technique 

Absorption -ray Mößbauer spectroscopy 

X-ray X-ray absorption spectroscopy 

UV/Vis UV/Vis spectroscopy 

Atomic absorption spectroscopy 

IR Infrared spectroscopy 

Microwave Microwave spectroscopy 

Radio wave Electron spin resonance spectroscopy 

Nuclear magnetic resonance spectroscopy 

Thermal emission UV/Vis Atomic emission spectroscopy 

Photoluminescence X-ray X-ray fluorescence 

UV/Vis Fluorescence spectroscopy 

Phosphorescence spectroscopy 

Atomic fluorescence spectroscopy 

Chemiluminescence UV/Vis Chemiluminescence spectroscopy 

2.1.2 Infrared spectroscopy 

Infrared spectroscopy is a physical method for qualitative as well as quantitative analysis. 

The spectral region extends from the upper part of the microwave range to the beginning of 

the visible region (cf., Fig. 3). It can be roughly subdivided into the near-IR, the mid-IR, 

and far-IR regions. The limits of the individual spectrum regions are not precisely defined, 

and therefore a certain wavelength range can also belong to several spectral regions. 

As a photon is absorbed by an atom or molecule, it undergoes a transition from a low-

energy state to an excited state (Fig. 4). The type of transition depends on the photon’s 
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energy. From the law of conservation of energy, when a photon of energy h strikes the 

atom or molecule, absorption may occur if the difference in energy, E, between the 

ground state and the excited state is equal to the photon’s energy. An atom or molecule in 

an excited state may emit a quantum h and return to the ground state [53, 54]. 

The total excitation energy E of a molecule can be expressed as the sum of the partial exci-

tations of the rotational, the vibrational, and the electronic degrees of freedom [50]. IR 

radiation does not have enough energy to induce electronic transitions. The absorption of 

IR radiation is restricted to compounds with small energy differences in the possible vibra-

tional and rotational states. For a molecule to absorb IR radiation, the vibration or rotations 

within a molecule must cause a net change in the dipole moment of the molecule as a result 

of its oscillation and rotation. To understand the fundamental processes of IR spectroscopy, 

the Schrödinger equation, rotational transition, and vibrational transition will be introduced 

in detail below. 

 

Fig. 4:  Simplified energy diagram showing the absorption and emission of a photon by an atom or a mol-

ecule [50]. 

The Schrödinger equation 

In quantum mechanical system, the energy levels for any molecule may be determined by 

solving the time-independent Schrödinger equation [44, 50]: 

 EH , (4) 

where H is the Hamiltonian operator,  is the wave function of the quantum system, and E 

is the total system energy. The Hamiltonian operator (total energy operator) is a sum of 

kinetic energy T operator and the potential energy operator V [55]: 
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H , (5) 

where  2h  is the Planck constant. The Schrödinger equation can be solved mathemat-

ically by making the Born-Oppenheimer approximation under the assumption that the elec-

tronic motion and the nuclear motion in molecules can be separated. In essence, the elec-

tronic wave function depends upon the nuclear positions but not upon their velocities, i.e., 

the nuclear motion is so much slower than electron motion that they can be considered to 

be fixed. The nuclear motion (e.g., rotation, vibration) sees a smeared out potential from 

the speedy electrons. The Hamiltonian may then be separated into an electronic (Hel), a 

vibrational (Hvib) and a rotational (Hrot) part and be written as: 

rotvibel HHHH  , (6) 

yielding solutions of the Schrödinger equation with the total energy: 

rotvibel EEEE  , (7) 

where Eel is the electronic energy, Evib is the vibrational energy, and Erot is the rotational 

energy, each depending on one or more quantum numbers. Then the interaction between 

vibration and rotation can be taken into account by further factors. 

Rotational spectra 

If one assumes the diatomic molecule is a rigid rotor, in which the atoms are assumed as 

point masses with an equilibrium separation distance that is constant, the rotational energy 

can be obtained as 

 1
8 2

2

rot  JJ
I

h
E


 (8) 

where J = 0, 1, 2, 3, … is the rotational quantum number and h is Planck’s constant. By 

convention, rotational energy is usually denoted by F(J), in units of cm–1. Referring to Eq. 

(8), the conversion is, 

   1
8 2

rot 


 JJ
Ic

h

hc

E
JF . (9) 

The rotational constant, B (in cm–1), is  



Theoretical background  

 

   

14 

 

Ic

h
B

28
 . (10) 

Thus, the rotational energy is given by 

   1 JBJJF . (11) 

For pure rotational lines (absorption or emission), the change in rotational quantum num-

ber is J = 1, and the rotational frequencies for these transitions are given by 

 1´´2'''  JBJJ . (12) 

where J´ and J´´ are the quantum numbers for the upper and lower state, respectively. 

Vibrational spectra 

If one assumes that the diatomic molecule is a simple harmonic oscillator (SHO), the vi-

brational energy is given by 










2

1
vib vE   (13) 

where v = 0, 1, 2, 3, … is the vibrational quantum number, and  is the classical oscillator 

frequency. Again, vibrational energy is usually denoted by G(v), in units of cm–1. Referring 

to Eq. (13), the conversion is 

  








2

1vib v
hc

E
vG e . (14) 

The quantum mechanics solution for absorption and emission assumed by the SHO model 

leads to a simple selection rule that says that the change in vibrational quantum number is 

v = 1. The description of the vibrational motion for a diatomic system is rather simple, 

however polyatomic molecules present a large number of possible vibrations. Any vibra-

tional motion can be decomposed into a set of so-called normal vibrations with suitable 

amplitude and phase. For a polyatomic molecule containing many (N) atoms there are 3N 

degrees of freedom from which 3N–6 for nonlinear molecules, respectively 3N–5 for linear 

systems are left to describe the vibrational motions of a molecular systems. Accordingly, 

there are 3N–6 (3N–5) normal coordinates to describe the vibrational motion. The other 6 

(5) coordinates describe the rotational and translational motions of the molecule. Carbon 

dioxide is cited as a typical example for a symmetric linear triatomic molecule (Fig. 5). 
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Fig. 5:  The vibrational modes of carbon dioxide [56]. 

According to the following Table 2, both vibrational frequencies expected in the IR, name-

ly the antisymmetric stretching vibration and the two-fold degenerate deformation vibra-

tions, can be observed. The symmetric stretching vibration is only Raman-active [56, 57]. 

Table 2:  Fundamental vibrations, frequencies, and description for CO2 [56, 57]. 

Vibration Wavenumber / cm–1 Vibrational mode 

1 1388 Symmetric stretching vibration 

2 2349 Antisymmetric stretching vibration 

3 667 Deformation vibration 

 

A non-linear triatomic molecule is water. The complex molecular vibrational pattern of the 

water molecule can be resolved into three simple harmonic components or normal modes 

(3N–6 = 3) that correspond directly to three absorption bands in the infrared spectrum (see 

Fig. 6 and Table 3) [56]. Because of the angular structure, the symmetric stretching vibra-

tion 1 is connected with a change of the center of charges, so that the already existing di-

pole moment is altered and the vibration is IR-active. In the antisymmetric stretching vi-

bration 3 not only do the hydrogen atoms move but also the oxygen atom moves, to a nec-

essarily lesser degree, for maintaining the center of mass. The low-frequency mode 2 cor-

responds to a bending of the molecule about the bond angle. It occurs at lower frequencies 

than do the two stretching modes, as it takes less energy to bend a bond than it does to 

stretch one [58]. The atomic displacements of these normal modes can be used to charac-

terize the type of fundamental vibration giving rise to the infrared absorption. 
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Fig. 6:  Vibrational modes of water [56]. 

Table 3:  Normal modes of vibration of water (gaseous) [56]. 

Vibration Wavenumber / cm–1 Vibrational mode 

1 3657 Symmetric stretching vibration 

2 1595 Deformation vibration 

3 3756 Antisymmetric stretching vibration 

2.1.3 NIR absorption spectroscopy in liquids 

The NIR region of the electromagnetic spectrum extends from the end of the visible spec-

tral region (780 nm or 12820 cm–1) to the beginning of the fundamental infrared spectral 

region (2500 nm or 4000 cm–1). The most prominent absorption bands occurring in the 

NIR region are related to the overtone and combination bands of the fundamental molecu-

lar vibrations of C–H, N–H, O–H, and S–H functional groups. Therefore, most chemical 

species exhibit absorption band in NIR spectra region that can be used for both qualitative 

and quantitative purposes. NIR absorption bands are typically 10–100 times weaker than 

the corresponding fundamental mid-IR absorption bands. The weak nature of NIR absorp-

tions in certain situations is an analytical advantage, e.g., in liquids such that sizable ab-

sorptions can be measured for layer thicknesses between 0.5 mm and 1 cm. 

In the gaseous phase, rotation of the molecule is free and this leads to many rotational-

vibrational combinations and millions of absorption lines. In the liquid phase, these rota-

tions are limited by hydrogen bonding in the water molecule cluster and are reduced to 

three so-called libration modes that have weaker influences than the vibrations. Further-

more, it leads to a strong broadening of the absorption lines (Fig. 7b). The vibrational man-

ifolds are broadened significantly due to the high density and the large number of colli-

sions. Compared to the gas phase (Table 3) the main stretching band in liquid water is 

shifted to a lower frequency (3, 3490 cm–1 and 1, 3280 cm–1) [59] and the bending fre-
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quency increased (2, 1644 cm–1) [60]. In Fig. 7a, the water vapor absorption lines are plot-

ted at room temperature from 1.3 to 1.7 µm based on the HITRAN database [61]. The 

spectral overlap of water absorption in the overtone (21 and 23) and combination (1+3) 

bands in the near-infrared (1.3–1.5 µm) with the emission characteristics of telecommuni-

cation diode lasers and optical fiber technology suggests a potential for relatively low-cost 

multi-wavelength absorption sensors. Yang et al. have successfully demonstrated four-

color sensing of liquid film thickness, as well as liquid and gas phase temperature for pure 

water thin films in the NIR range [29, 32]. This thesis will focus on the application of this 

concept to monitor liquid thin film of aqueous salt and urea solutions. As ions dissolved in 

water and temperature change the internal structure of the water molecule cluster, the fre-

quencies of the fundamental vibration and libration modes change and the light absorption 

spectrum of “pure” water changes with temperature and solute concentration [62]. Details 

of these will be discussed in chapter 3. 

 

Fig. 7:  Room temperature absorption spectra of (a) water vapor based on HITRAN 2012 database and (b) 

liquid water (path length: 1 mm) from 1.3 to 1.7 µm [61, 63]. 

2.1.4 Beer-Lambert law 

Laser absorption can be used to determine sample parameters of interest using the Beer-

Lambert law. As depicted in Fig. 8, a beam of wavenumber ν~  with intensity ν~I  is incident 

on an infinitesimal slab of absorbing liquid with thickness dz. 
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Fig. 8:  Schematic of monochromatic light pass through an absorbing liquid [64]. 

In this thesis, wavenumber ν~  (in cm–1) and wavelength  (in nm) are both used to identify 

the emission wavelength of the laser. Then, the fractional attenuation of light, ~dI , is pro-

portional to the local intensity, ~I , and the path length, dz, according to the relation: 

zInI dd ~LL~    (15) 

where nL (in mol/cm3) is the molar density of the absorbing species, L the absorption 

cross section of the liquid at wavenumber ν~ . Integrating Eq. (15) from z = 0 to , where  

is the thickness of the liquid layer (assumed here to be uniform) yields the Beer-Lambert 

law: 

   δexpν~τ LL

ν~0

n
I

I t 









 , (16) 

where  ν~τ  is the transmittance at wavenumber ν~ . If the light attenuation is only due to 

absorption, where It and I0 are the light intensities with and without absorption. The ab-

sorbance,    
ν~0lnν~ IIA t , is given as the product nLL, with  L~ ,Twk = nLL the 

wavenumber-, solute concentration-, and liquid temperature-dependent absorption coeffi-

cient of the liquid has unit of inverse length (in cm–1). For quantitative measurements, if 

the absorption cross-section is desired, the absorption spectra of the species must be known 

or measured directly (see following section). 
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2.2 Measurement of absorption spectra 

In NIR absorption spectroscopy a beam of electromagnetic radiation passes through a liq-

uid sample, one of its chemical bonds experiences only a change in vibrational energy, the 

number of photons passing through the sample decreases. A plot of absorbance caused by 

the decrease in number of photons as a function of the photon’s energy is called an absorp-

tion spectrum. In this section, the FTIR spectrometer transmission measurement technique 

is described. 

2.2.1 Spectrometer with broadband illumination 

An absorption spectrum is usually recorded through transmission measurements or diffuse-

reflectance measurements with an IR spectrometer. Absorption spectrometers are generally 

categorized into two configurations shown in Fig. 9. The difference between these two is 

the position of the sample relative to the device dispersing the incoming radiation. If the 

sample is placed in front of the spectral dispersion unit, as shown in Fig. 9a light with a 

broadband spectrum that is emitted from a thermal source is absorbed by the sample and is 

then introduced into a spectral dispersion unit to obtain the spectrum. In this case, both the 

light component of the wavelength of interest and the component of the unmeasured wave-

length region irradiate the sample simultaneously; this may heat up the sample and change 

its physical characteristics. Therefore, this configuration is not recommended for meas-

urement of thermally or photolytically sensitive samples. In the infrared the temperature of 

IR sources is, however, low enough to make this negative effect negligible [51]. However, 

these limitations may be overcome using the second design (see Fig. 9b). If the sample is 

placed after the spectral dispersion unit, the light first interferes with the pre-divided beam 

in an interferometer, and then illuminated the sample to obtain the intensity of absorbed 

light. 

 

Fig. 9:  Schematic design of an IR spectrometer: Sample is placed (a) in front of and (b) after the spectral 

dispersion. 
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2.2.2 FTIR spectroscopy 

FTIR spectroscopy is a valuable tool for the nondestructive analysis of water-based solu-

tions [65, 66]. The key concepts of this technique will be introduced in the following sec-

tion. 

In FTIR spectrometers, the spectrally coded transmitted radiation from a broadband source 

is modulated in a Michelson interferometer (two-beam interference), and the intensity vs. 

pathlength difference is converted by a Fourier transformation into spectral information 

(Fig. 10). 

 

Fig. 10:  (a) Schematics of a Michelson interferometer. S: source, D: detector, BS: beam splitter, M1: fixed 

mirror, M2: movable mirror, x: mirror displacement, P: Sample. (b) Measured interferogram by 

detector D. (c) ER: single channel reference spectrum measured through an empty sample com-

partment, EP: single channel spectrum of absorbing sample. (d) Transmittance spectrum equal to 

EP divided by ER [51]. 
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Infrared light emitted by a source is directed to a beam splitter, where half of the light 

passes through while it reflects the other half. The reflected part of the beam travels to the 

fixed mirror M1 through a distance L, is reflected there and hits the beam splitter again 

after a total path length 2L. The same happens to the transmitted part of the beam. Howev-

er, as the reflecting mirror M2 of this interferometer arm is not fixed at the same position L 

but can be moved very precisely back and forth around L by a distance x, the total path 

length of this beam is accordingly 2(L + x). Thus when the two halves of the beam recom-

bine again on the beam splitter they exhibit a path length difference or optical retardation 

of 2x, i.e., the partial beams are spatially coherent and will interfere when they recombine. 

The beam leaving the interferometer is passed through the sample compartment and is fi-

nally focused on the detector D. The quantity actually measured by the detector is thus the 

intensity I(x) of the combined IR beams as a function of the moving mirror displacement x, 

the so-called interferogram (see Fig. 10b). 

To obtain a transmittance spectrum, three steps are necessary: (1) An interferogram meas-

ured without sample in the optical path is Fourier transformed and yields the so-called sin-

gle channel reference spectrum ER( ν~ ) of Fig. 10c; (2) An interferogram with a sample in 

the optical path is measured and Fourier transformed. This yields the so-called signal 

channel sample spectrum EP of Fig. 10c. EP( ν~ ) looks similar to ER( ν~ ) but has less inten-

sity at those wavenumbers where the sample absorbs; (3) The final transmittance spectrum 

τ( ν~ ) is defined as the ratio τ( ν~ ) = EP( ν~ )/ER( ν~ ), which is shown in Fig. 10d. Once the 

transmittance spectrum has been obtained, further quantitative analysis in the liquid, solid 

or gaseous samples can be performed based on the Beer-Lambert law (Eq. (16)). 

The FTIR spectrometer has three advantages over other dispersive infrared spectrometers 

[67]: 

1. Multiplex advantage: All of the spectral elements in FTIR spectrometer are meas-

ured simultaneously and many scans can be thereby completed and averaged in a 

shorter time than one scan on most dispersive instruments. 

2. Jacquinot or throughput advantage: The FTIR spectrometer has no slit and does not 

limit the amount of light reaching the detector. 

3. Connes advantage: The velocity of the moving mirror M2 is controlled using a la-

ser, which is also used as a reference signal within the spectrometer. Furthermore, 

the interferogram of the laser is a constant sine-wave that provides the reference for 

both precision and accuracy of the spectrometer. 

In this thesis, the absorption spectra of pure water and water solutions are measured using a 

FTIR spectrometer (Bruker, Vertex 80). The variation of the absorption spectrum of the 
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solutions with temperature and solute concentration provides the quantitative database for 

the multi-wavelength diode laser absorption sensor. This will be discussed in chapter 3 in 

detail. 

2.2.3 Interference challenges  

The measurement of an absorbance spectrum with an FTIR spectrometer is a two-stage 

process. First a reference spectrum is measured and then a sample spectrum. Measurements 

of absorption in liquid are mostly conducted using a quartz sample cell. According to Eq. 

(16), an accurate value of I0 in the FTIR measurements is needed using the empty sample 

cell; when measuring liquid samples, the change of refractive index from air to liquid must 

be considered to convert the baseline measured with the empty cell to the true baseline of 

the filled cell. Previously, Porter et al. investigated this baseline offset to measure film 

thickness of liquid hydrocarbon fuels [28]. This situation is presented schematically in Fig. 

11, where a light beam is shown passing through an empty cell (Fig. 11a) and through a 

cell containing the liquid (Fig. 11b). 

 

Fig. 11:  Schematics of light transmission through (a) an empty sample cell and (b) a cell with liquid, A: air, 

Q: quartz, L: liquid 
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The transmittance, ij, at the interface of two media (i and j representing A, Q, and L for 

air, quartz and liquid, respectively), can be determined using Fresnel’s equation [68], 

 2ji

ji

ij

4

nn

nn


  (17) 

where ni and nj are the real refractive indices of medium i and j, respectively. Neglecting 

multiple reflections within the window and the film, the light transmission through the 

windows and the empty cell It,A can be approximated using Eq. (18), and the transmission 

through the cell with liquid, It,L, using Eq. (19): 

QAAQQAAQ0At, ττττII  , (18) 

QALQQLAQ0Lt, ττττII  , (19) 

where I0 is the incident light intensity, and the transmittance subscripts are shown in Fig. 

11. The measured transmittance is then given by: 
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Thus, the absorption coefficient can be expressed by 
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where αCal. is the transmission correction factor in FTIR measurement. In this work, the 

refractive index data of liquid water and water solutions are taken from Refs. [63, 69-72] to 

calculate the baseline offset for an accurate measure of absorption coefficient. This will be 

discussed in chapter 3. 
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3 Measurement of absorption spectra of aqueous solutions 

with FTIR 

To develop quantitative diagnostics of liquid water solutions based on diode lasers, the 

broadband absorption spectra in the NIR spectral region of interest are required. FTIR 

spectrometers are appropriate instruments for this purpose providing absorption spectra 

with sufficient resolution. This accessory provides for the non-destructive measurement of 

samples. In the present work higher resolution spectra (2 cm–1) at different temperatures 

were measured in our FTIR spectrometer (Bruker, Vertex 80) using a high-precision liquid 

sample cell (Hellma, 10.005 mm optical path length). The probe temperature in the cu-

vette was measured using a mineral insulated thermocouple (Sheath diameter: 0.25 mm, 

TC Direct). The OPUS software provides the option to set the advanced and optics pa-

rameters. A list of the important measurement parameters that apply to the spectrometer 

configuration is shown in Table 4. 

Table 4:  Measurement parameters in the spectrometer configuration 

Advanced / Optics Parameters Settings 

Resolution 2 cm–1 

Sample scan time 32 scans 

Save data 4000–8000 cm–1 

Source setting NIR source 

Beam splitter KBr 

Aperture setting 3 mm 

Detector setting RT-DLaTGS 

Scanner velocity 10 kHz 

 

The following steps in the flow chart outline the procedure in the transmission measure-

ment (Fig. 12). In this chapter the FTIR measurements of the temperature and concentra-

tion dependence of the NIR absorption in pure water, aqueous NaCl and urea solutions are 

presented. 
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Fig. 12:  Step-by-step flow chart for transmission measurement 

3.1 Absorption of pure water 

As discussed in section 2.2, liquid water exhibits broadband absorption from the OH-

stretch vibrational bands in the NIR region due to the hydrogen bridge bonding and hin-

dered rotations (Table 3). Compared to the gas phase the frequency of the fundamental 

vibration modes for liquid water are shown in Table 5. 

Table 5:  Fundamental vibrations and frequencies for liquid water at 298 K [73]. 

Vibration Wavenumber / cm–1 Vibrational mode 

1 3280 Symmetric stretching vibration 

2 1644 Deformation vibration 

3 3490 Antisymmetric stretching vibration 

 

 

Reference measurement 

Inject new probe into cuvette 

 Measure liquid temperature 

 Switch on thermostat 

 Wait for ~5 minutes 

 Achieve desired temperature 

Transmission measurement at Ti 

Clean and dry the cell 
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Hale et al. reported a review of the absorption spectrum of liquid water in the wavelength 

region between 0.2 and 200 µm [73] and Kou et al. presented a more detailed compilation 

in the NIR range [63]. More recently, Yang et al. reported the NIR absorption spectrum of 

liquid water for temperature between 298 and 348 K [32, 74]. In the measurements dis-

tilled water was filled into the 1-mm-pathlength cuvette with two optical windows and a 

double-jacket wall with flowing thermostating water kept the temperatures between 298 

and 338 K. As seen in Eq. (21) (chapter 2), an accurate value of absorption coefficient can 

be calculated if the refractive indices of the different media (air, quartz, and liquid) are 

known in transmission measurements. The refractive indices of air and quartz are 1.0002 

and 1.4458 near 1.4 µm, respectively. The refractive index data of liquid water was taken 

from [69] to calculate the baseline offset for an accurate measure of absorption coefficient. 

Based on the measured transmittance, the absorption coefficient of liquid water can be 

found and the spectrum at different temperatures is presented in Fig. 13. The spectra show 

a spectral blue shift of the peak absorbance of ~ 5 cm–1/K with increasing temperature and 

a simultaneous slight absorbance increase [32, 74]. 

 

Fig. 13:  NIR absorption spectrum of pure water in the range 5500–8000 cm–1 for temperatures between 

298 and 338 K 

3.2 Absorption of aqueous NaCl solutions 

There is a long history of absorption studies of aqueous NaCl solutions. Lin et al. exam-

ined difference spectra to study the perturbation of water bands by NaCl solute versus tem-

perature [63, 75-77]. Gowen et al. characterized the perturbation of pure H2O absorption 

near the 1.4 µm NIR absorption feature by variations of temperature and NaCl concentra-
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tion in terms of hydrogen bonding using multivariate curve resolution-alternating least 

squares (MCR-ALS) [78]. Despite this extensive earlier research, the database needed to 

be completed for the temperature and concentration ranges envisaged in this thesis. Thus, 

FTIR measurements of absorption in the spectral range 5500–8000 cm–1 as a function of 

NaCl concentration (0–26 wt%) and temperature (298–338 K) were conducted using the 

FTIR spectrometer (cf., Section 3.1) with the quartz sample cell. As discussed in section 

2.2.3, a correction of measured transmission based on the matching of the refractive index 

is needed. Kamal et al. reported the effect of temperature on refractive index of salt solu-

tions (Fig. 14) [79]. The change of the refractive index is very small, about 0.5%, in the 

temperature range from 298 to 228 K at a constant salt solution. Therefore, neglecting the 

temperature influence, the resulting transmission correction factors of NaCl solutions in 

FTIR measurement were calculated from the refractive index relating to the concentration 

[63, 80] (Table 6). Based on the measured transmittance, the absorption coefficient of wa-

ter solutions can be found using Eq. (21) as present in Chapter 2. 

 

Fig. 14:  Refractive index against temperature for pure water and four different concentration of NaCl [79] 

Table 6:  Correction factors of NaCl solutions at different solute concentrations 

w / wt% αCal. w / wt% αCal. 

5 1.0669 20 1.0683 

10 1.0674 26 1.0687 

15 1.0679   
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3.2.1 NIR spectra of aqueous NaCl solution at fixed temperature 

Fig. 15a shows the NIR absorption coefficient of pure water (black solid line) and of aque-

ous NaCl solutions as a function of NaCl concentration (0–26 wt%, colored solid lines) at a 

fixed temperature of 298 K. The vertical error bars indicate a statistical error of 1% for two 

independent measurements on separate days. 

 

Fig. 15:  (a) NIR absorption coefficient of pure water (black solid line) and aqueous NaCl solutions (5–

26 wt%, given as w(NaCl) in the graphs) at 298 K measured via FTIR (colored solid lines), and 

their normalized absorption coefficient (with respect to pure water), Fw, (colored dashed lines). (b) 

Wavelength dependence of the derivative (with respect to NaCl mass fraction), dFw/dw (solid 

line). The vertical solid lines numbered 1–4 in panel (b) denote laser frequencies utilized in the 

present thesis and the vertical dashed lines numbered 5 and 6 in panel (b) identifies a pair of laser 

frequencies for optimized sensitivity. 

As NaCl is dissolved in water, water molecules form hydration shells around ions, and 

consequently the local hydrogen bond network is perturbed [81]. In this case, the absorp-

tion band is blue shifted by ~2 cm–1/wt% and the peak absorbance decreases due to the 
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change in the molecular interaction and the decrease in the number of water molecules per 

unit volume by changing the partial density [82], thereby changing the absorption coeffi-

cient as well (Fig. 15a). The absorption coefficient can be normalized with respect to that 

of pure water (at fixed TL): 

     0,~,~~
iiiw kwkF  , (22) 

The changes of the spectra due to the increased solute concentration are more easily ob-

served in normalized spectra, Fw, that are also plotted as colored dashed lines in Fig. 15a. 

The derivative of this ratio with respect to weight percent change of the salt, dFw/dw, is 

plotted in Fig. 15b as a solid line, and this curve is useful to select the laser wavelengths 

sensitive (or insensitive) to NaCl concentration. From Fig. 15b, wavenumber pairs at the 

minimum (5985 cm–1) and maximum (6991 cm–1) respectively of dFw/dw vs. wavenumber 

(marked as vertical line 5 and 6 respectively) are most promising for solute concentration 

measurement. The selection of a suitable combination of laser wavelengths for a multiple-

wavelength sensor will be shown in detail in chapter 4. 

3.2.2 Temperature dependence of NIR spectra of aqueous NaCl solution at fixed 

concentration 

As with pure water [32, 83], the shape and magnitude of NIR absorption spectra of aque-

ous NaCl solutions depend on temperature [84]. Because hydrogen bond formation typical-

ly involves an increase in enthalpy and decrease in entropy, increasing temperature favors 

high-energy (i.e., OH band) configurations over lower-energy configuration. When the 

effects of hydrogen bond strength on NIR spectra are also considered, it is expected that 

increased temperature causes OH overtone and combination bands to shift to higher fre-

quency, decrease in width, and increase in intensity [54]. 

The absorption coefficient of a 5 wt% aqueous NaCl solution was obtained at temperatures 

between 298 and 338 K (Fig. 16a). The absorption coefficient can be normalized with re-

spect to room temperature (at fixed w): 

FT( iν
~

) = k( iν
~

, TL) / k( iν
~

, 298 K). (23) 

The spectra show a spectral blue shift of the peak absorbance of ~5 cm-1/K with increasing 

temperature and a simultaneous slight absorbance increase [32]. Similarly, the temperature 

dependence is normalized for the 5 wt% solution in Fig. 16a by the curve for 298 K and 
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the derivative of the ratio, dFT/dTL, is plotted in Fig. 16b, which again is useful for sensor 

design. A (nearly) isosbestic point at 6937 cm–1 is identified in Fig. 16a where the absorp-

tion is almost independent of temperature; note that the position of such a point may de-

pend on the salt concentration. 

 

Fig. 16:  (a) NIR absorption coefficient of aqueous NaCl solutions at 5 wt% as a function of temperatures 

(298–338 K, colored solid lines) and corresponding normalized (with respect to the room tempera-

ture spectrum) absorption coefficient, FT (colored dashed lines). (b) Derivative of FT with respect 

to the temperature of the liquid (solid line). The vertical solid lines numbered 1–4 in panel (b) de-

note laser frequencies utilized in the present thesis. 

3.3 Absorption of aqueous urea solutions 

NIR absorption spectra have been exploited to investigate changes in hydrogen bonds in 

aqueous solutions of urea [85, 86] where a characteristic shift is observed with increasing 

solute concentration or temperature in the broad region of the overtone and combination 
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peak near 1450 nm (6896 cm–1) of the stronger hydrogen bonds. Dissolved urea provides 

additional spectral absorption in the region of the water absorption peak (~6900 cm–1) be-

cause of weak NH vibrational bands (2ν1, 2ν3, ν1+ν3) [87]. Most previous investigations of 

aqueous urea solutions have been performed at either constant temperature or solute con-

centration and not in the spectral range required in this study. Thus, absorption measure-

ments in the spectral range 5500–8000 cm–1 as a function of urea mass fraction (0–

40 wt%) and temperature (298–338 K) were conducted using the same FTIR spectrometer 

with the quartz sample cell (cf., section 3.1). Similarly, by taking the correction factors 

(Table 7) on the basis of refractive index data of water and urea solution from [69-72], the 

absorption coefficient can be accurately calculated from the measured transmission. 

Table 7:  Correction factors of urea solutions at different solute concentrations 

w / wt% αCal. w / wt% αCal. 

5 1.0668 25 1.0684 

10 1.0673 30 1.0687 

15 1.0677 35 1.0690 

20 1.0680 40 1.0692 

 

3.3.1 NIR spectra of aqueous urea solution at fixed temperature 

When temperature is constant, ),ν~( wk i  is governed by both the concentration-dependent 

transmittance  and the liquid film thickness (cf., Eq. (16)). Fig. 17a shows the NIR ab-

sorption coefficient of pure water (black solid line) and of aqueous urea solutions as a 

function of urea mass fraction (0–40 wt%, colored solid lines) at a fixed temperature of 

298 K and a 1 mm sample thickness. The spectrum of urea remaining after subtracting the 

spectrum of a solution (40% by weight) from a properly scaled spectrum of pure water is 

presented in Fig. 17a by the black dotted line. Note, however, that the background subtrac-

tion is not perfect because of the perturbation urea has on the water absorption spectrum. 

Similar to the absorption spectra of NaCl solutions (Fig. 15), the vertical error bars indicate 

a statistical error of 1% for two independent measurements on two separate days. When 

urea is dissolved in water, there are several effects that affect the absorption spectra includ-

ing (1) change in the volumetric density of water; (2) interactions between urea and water 

molecules that influence the water absorption spectra; (3) absorption by the NIR-activity of 
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the NH group near the water peak [87-91]. With increasing urea concentration, the absorp-

tion coefficient decreases and the peak absorbance is shifted to lower wavenumbers by 

~2 cm–1/wt% (Fig. 17a). The derivative, dFw/dw, of the normalized spectra Fw with respect 

to a weight percent change of urea is plotted in Fig. 17b as a solid line and serves for se-

lecting laser wavelengths sensitive (or insensitive) to urea concentration. Two (nearly) 

isosbestic points at 6626 and 6767 cm–1 are identified in the region of high absorption in 

Fig. 17b where the absorption coefficient at that temperature is almost independent of so-

lute concentration. 

 

Fig. 17:  (a) NIR absorption coefficient of pure water (black solid line) and aqueous urea solutions (5–

40 wt%, given as w(urea) in the graph, colored solid lines) at 298 K. (b) Wavelength dependence 

of the derivative (with respect to urea mass fraction), dFw/dw (solid line), where Fw is the normal-

ized absorption coefficient with respect to pure water. The vertical solid lines numbered 1–4 in 

panels (b) denote laser wavenumbers utilized in the present thesis. 
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3.3.2 Temperature dependence of NIR spectra of aqueous urea solution at fixed 

concentration 

As with pure water [32, 74, 92-94] and the case of NaCl (see Chapter 3.2.2), the shape and 

magnitude of the absorption spectra of aqueous urea solutions depends on temperature 

[90]. Temperature-dependent absorption coefficients of a 5 wt% solution are presented in 

Fig. 18a in the range 298–338 K. 

 

Fig. 18:  (a) NIR absorption coefficient of a 5 wt% aqueous urea solution as a function of temperature 

(298–338 K, colored solid lines). (b) Derivative of FT (normalized absorption coefficient with re-

spect to room temperature) with respect to the temperature of the liquid (solid line). The vertical 

solid lines numbered 1–4 in panels (b) denote laser wavenumbers utilized in the present thesis. 

Just as known for pure water (cf., Fig. 13) and the NaCl solution (cf., Fig. 16), with in-

creasing temperature the absorption feature of urea solutions shifts towards higher wave-

numbers by ~4 cm–1/K. Similarly, the derivative of the normalized spectra FT with respect 

to temperature of the liquid, dFT/dTL, is plotted in Fig. 18b as a solid line, which again is 
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useful for sensor design. A (nearly) isosbestic point near the peak of the water band in Fig. 

18b is identified at 6944 cm–1, where for this solute concentration the absorption is almost 

independent of temperature. 

3.4 Uncertainty analysis in measured absorption coefficient 

Understanding the experimental uncertainty for various optical measurements is important 

for determining the precision and accuracy of the results that have been obtained. This sec-

tion describes the general error propagation equation and its application for estimating un-

certainties in FTIR measurements. 

When a measured quantity, x, is a function of multiple independent variables u, v, …, x = 

f(u, v, …), then the propagation of uncertainty in each of the variables produces an overall 

uncertainty for x. If the independent variables are also uncorrelated, then the error propaga-

tion equation for x is given by [95] 

...
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where x is the uncertainty in x, u is the uncertainty in u, etc. 

In the FTIR data of an aqueous solution, according to Eq. (16), the measured absorption 

coefficient is a function of the solute mass fraction, liquid temperature, path length, and 

measured transmission. Using the assumption that all independent variables are uncorrelat-

ed, the uncertainty in the measured absorption coefficient can be determined by 
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and the normalized absorption coefficient uncertainty becomes 
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The first three terms are the same for all transitions with   1%, w  0.1%,   0.5%. 

The temperature measurement uncertainty ∆TL is taken from the thermocouple specifica-

tions (TC Direct) as 0.4%. The uncertainty for the measured absorption coefficient for all 

lines is then about 1.2%. 
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4 Measurement of liquid films in transmission 

The content of this chapter is derived from own publications [96, 97]. 

In this chapter a multi-wavelength near-infrared diode-laser absorption sensor is presented 

for real-time monitoring of the thickness, solution concentration, and temperature of thin 

films of water solutions. 

4.1 Measurement strategy 

In fixed-wavelength absorption measurements of liquid films, the laser light intensity de-

creases as it passes through the absorbing liquid, and Beer-Lambert’s law relates the 

amount of light absorbed by the liquid to film thickness δ, liquid temperature TL and solute 

concentration w. Additionally, non-specific transmission loss (light scattering, dirty optics, 

beam steering) must be taken into account [29]. In this case, the measured relative trans-

mission  is 

      ,δ,,ν~exp1ν~τ L

ν~0

Twku
I

I
i

t
i

i











  (27) 

where I0 and It are the incident and transmitted light intensities, respectively, and u is the 

non-specific transmission loss. One contribution to the unspecific losses is reflection from 

the surfaces and liquid-quartz interfaces. These reflection losses can potentially be wave-

length dependent due to changes in the refractive index of the liquid near an absorption 

feature [98]. However, in the case of liquid water or aqueous solutions, the real part of the 

refractive index varies by less than 0.3% from 5500 to 7500 cm–1. Therefore, we assume 

that these non-specific transmission losses are the same for all sensor wavelengths. 

 L,,ν~ Twk i  (in cm–1) is the spectral absorption coefficient of the liquid at wavenumber iν
~

 

in dependence of temperature and solute concentration. For two wavelengths ( lk ν~,ν~ ), the 

transmittance ratio     lk ν~τν~τ  reduces to a function of temperature, solute concentra-

tion, and film thickness as shown in the following equations: 

     δ,,ν~,,ν~exp
)ν~(τ

)ν~(τ
LL TwkTwk kl

l

k  . (28) 

In the work reported here, two limiting cases of thin film measurements are considered: (1) 

those with variable solute concentration at constant temperature and (2) those with variable 
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temperature at constant solute concentration. Thus, the measurement of δ, TL, and w of the 

sample for each case reduces to the measurement of three unknowns using transmission 

measurements at three wavelengths of the four lasers in the sensor suite. As the solute con-

centration or liquid temperature is known, the logarithmic ratio R(X) reduces to the ratio of 

the absorption coefficient differences of selected wavenumbers kν
~

, lν
~

, and mν
~

: 

 
 
 

   
   XkXk

XkXk
XR

km

kl

mk

lk

,ν~,ν~
,ν~,ν~

)ν~(τ)ν~(τln

)ν~(τ)ν~(τln




 . (X = w or TL) (29) 

As can be seen in the above equation, R(X) is a function of w or TL only. Therefore, one of 

the two desired parameters X can be determined from the experimentally determined 

transmittance and the absorption coefficient of aqueous solution at selected wavelengths. 

The liquid film thickness can then be determined when inserting the calculated X into 

Eq.(28): 

 
   XkXk kl

lk

,ν~,ν~
)ν~(τ)ν~(τln

δ


 . (30) 

4.2 Design of sensor to characterize aqueous solutions of NaCl 

The wavelength of individual single-mode, DFB telecommunications-style diode lasers can 

only be tuned approximately 50 cm–1. Therefore, the practical sensor design considered 

here uses only a few (four) fixed laser wavelengths. 

Table 8:  Center wavenumber of diode lasers used and fitting coefficients characterizing the respective con-

centration dependences of absorption coefficients (see text). 

Laser 

Center 

wavenumber 

/ cm–1 

Fitting coefficient 

TL = 298 K (Eq. (31)) 

Fitting coefficient 

w = 5 wt% (Eq. (32)) 

ai bi ci di ei 

1 6713 – –  52.70 –0.10 

2 7083 24.13 –0.04 –4.06×10–3 13.50 0.12 

3 7183 11.44 –0.07 –1.28×10–3 – – 

4 7390 3.65 –0.02 –8.82×10–5 0.40 0.01 

In this thesis we focus on the measurement of liquid films; thus the wavelength of each of 

these lasers is chosen to avoid absorption by gas-phase water vapor above the liquid (cf., 
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Fig. 7). In our laboratory the four laser wavelengths used previously were limited for the 

characterization of thin films of pure water [99], their center wavelengths are listed in Ta-

ble 8 and are indicated by vertical solid lines in Fig. 15b and Fig. 16b. It is important to 

note that the lasers listed in Table 8 are thus not the optimum choice for these measure-

ments. However as shown below, these laser wavelength choices were suitable for a suc-

cessful proof-of-concept demonstration of the sensor strategy. 

4.2.1 Measurement of solute concentration and film thickness at constant liquid 

temperature 

If the target of the measurement is the NaCl concentration, then the sensitivity of the ratio 

of transmission of light from a potential line pair will be large when (dFw/dw) is large. For 

example, the ratio of transmission of lasers 2 and 3 shows a significant variation with NaCl 

concentration (see Fig. 15b). The FTIR data were used to determine the transmission of 

each laser, and Fig. 19a illustrates the details of the variation in Fw with NaCl concentra-

tion. Although the normalized absorption coefficient Fw for each of the lasers decreases 

with increasing NaCl concentration there is enough variation to use this ratio to determine 

the NaCl concentration. 

 

Fig. 19:  (a) NaCl-concentration dependence (at 298 K) of the normalized (with respect to pure water) coef-

ficient Fw at the five chosen wavenumber positions (Laser 2&3&4: available diode lasers, Laser 

5&6: potential optimal wavenumbers) together with their polynomial fit. (b) Concentration de-

pendence of the absorption coefficient at 298 K for the three chosen wavenumbers of lasers 2, 3 

and 4; solid lines are second-order polynomial fits to the data points (cf., Table 8). 

The sensitivity could be optimized if the minimum absorption coefficient (5985 cm–1, line 

5 in Fig. 15b and Fig. 19a) and the maximum absorption coefficient (6991 cm–1, line 6 in 

Fig. 15b and Fig. 19a) were used instead. Fig. 19b shows the mass-fraction dependence (at 
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298 K) of the absorption coefficient for the wavenumber positions of our available lasers 

2&3&4 together with second-order polynomial fits: 

  2,ν~ wcwbawk iiii  , i = 2, 3, 4, (31) 

where ia , ib  and ic  are the respective fitting coefficients at wavenumber iν
~

 (cf., Table 8). 

 

Fig. 20:  (a) Logarithmic transmittance ratio R(w) at 298 K using combinations of lasers 2&3&4 and 

4&5&6. (b) Comparison for the sensitivity, (dR(w)/dw), of the logarithmic transmittance ratio 

R(w) (see text) used for NaCl concentration measurement when lasers 2&3&4 (open squares) and 

4&5&6 (open circles) are employed, respectively. 

By taking a ratio of the transmittance at selected wavelengths, the parameter u can be elim-

inated. From the logarithmic ratio R(X), the NaCl mass fraction w, δ, and u can be obtained 

from known fitting coefficients (ai, bi, and ci) and measured  quantities using lasers 2, 3, 

and 4 (Eq. (29) and Eq. (30)). 

A measure for the sensitivity of the measurement with respect to w is given by the deriva-

tive dR(w)/dw. Optimal wavelengths (denoted as laser 5 and 6 in Fig. 15b) near the maxi-

mum and minimum of the value dFw/dw could be combined with laser 4 to determine δ 

and w, instead of the current combination of lasers 2&3&4. The variation of (dR(w)/dw) 

with mass concentration for these two combinations is plotted in Fig. 20b. The comparison 

reveals that the use of laser 4, and the optimum laser wavelengths 5 and 6 exploit a strong-

er dependence on concentration, especially in the lower concentration range between 0 and 

10 wt%, and improved measurements of liquid film thickness and solute concentration 

would be possible. 
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4.2.2 Measurement of liquid film temperature and film thickness at constant solute 

concentration 

As in the case of a fixed temperature (Fig. 16a), ratio spectra were formed by normalizing 

with the spectrum at 298 K of the same solution, FT( iν
~ ) = k( iν

~ , TL)/k( iν
~ , 298 K), (dashed 

lines in Fig. 16a). Again, the intensity variation with respect to temperature of the 5 wt% 

solution spectrum is visualized by the derivative, dFT/dTL, presented in Fig. 16b. Laser 1, 

2, and 3 are positioned close to the two extrema of the dFT/dTL curve (at 6500 and 

7183 cm–1, respectively), and laser 2 has larger absorption than laser 3. Therefore, lasers 

1&2 were used to determine liquid film thickness and temperature. Since the wavelength 

of laser 4 coincides with a low absorption coefficient in the liquid, just as in the constant 

temperature case, the transmission at this wavelength was combined with laser 1&2 to in-

fer the unknown, non-specific transmission loss u (Eq. (27)). 

Fig. 21a shows the temperature dependence of the respective normalized spectral intensi-

ties (together with their linear fits as solid lines) as derived from the spectra presented in 

Fig. 16 for the wavenumber positions of the four available lasers 1, 2, 3, and 4. The tem-

perature dependence of the absorption coefficient at these wavelength positions is present-

ed in Fig. 21b with their linear fit: 

  LL,ν~ TedTk iii  , i = 2, 3, 4 (32) 

where di and ei are the respective fitting coefficients at wavenumber iν
~

 (cf., Table 8). 

 

Fig. 21:  (a) Liquid temperature dependence (at a given mass fraction of 5 wt%) of the normalized coeffi-

cient FT at three chosen wavenumbers together with their linear fit. (b) Temperature dependence of 

the absorption coefficient in aqueous NaCl solutions (5 wt%) at three chosen wavenumbers to-

gether with linear fits. 
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Fig. 22:  (a) Logarithmic transmittance ratio R(T) at 5 wt% using combinations of lasers 1&2&4 and 

1&3&4. (b) Comparison for the sensitivity, (dR(T)/dTL), of the ratio R(T) with respect to tempera-

ture using combinations of lasers 1&2&4 (filled squares) and 1&3&4 (open circles), respectively. 

Liquid film thickness and temperature were then determined from the measured transmit-

tance at the three chosen laser wavelengths by solving the logarithmic ratio R(X), where  

X = TL (Eq. (29) and Eq. (30)). 

The variation with temperature of this ratio, dR(T)/dTL, calculated for the combination of 

laser wavelengths 1&2&4 and plotted in Fig. 22b (open black squares), increases with the 

temperature of the liquid. The variation of (dR(T)/dTL) with temperature for the combina-

tion of wavelengths 1&3&4 is plotted in Fig. 22b as open red circles. The comparison re-

veals that the wavelength combination 1&2&4 exhibits higher magnitude, and therefore 

would be the preferred laser wavelength selection for the variable temperature case. 

4.3 Design of sensor to characterize aqueous solutions of urea 

4.3.1 Measurement of urea concentration and film thickness at constant liquid tem-

perature 

For the selection of optimum wavelengths for a multi discrete-wavelength sensor, the vari-

ation of absorption with temperature and urea concentration were measured using heated 

thin-film cuvettes and a FTIR spectrometer in the range between 5500 and 8000 cm–1 as 

described in chapter 3. 

When the temperature is fixed, it is important to select wavenumber pairs with a large dif-

ference in (dFw/dw) to achieve good sensitivity for the concentration measurement. Laser 

1, 2, and 3 are positioned around the extrema (at 6701 and 7160 cm–1) of the (dFw/dw) 

curve, and laser 2 has larger absorption than laser 3 (Fig. 17b) to provide sufficient signal-
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to-noise ratio for thin film measurements. Thus, lasers 1 and 2 were used to determine liq-

uid concentration and film thickness. Consider that laser 4 has a low absorption coefficient 

in the liquid; the transmission at this wavelength was combined with laser 1 and 2 to infer 

the unknown, non-specific transmission loss u (Eq. (27)). 

In fixed-wavelength absorption measurements, the transmittance of each laser is measured 

simultaneously with liquid temperature, concentration, and path length being the same for 

each wavelength. Fig. 23a shows the concentration dependence (at 298 K) of the absorp-

tion coefficient for the four lasers together with linear fits to the data points: 

  wbawk jjj ,ν~ , j = 1, 2, 3, 4, (33) 

where aj and bj are the respective fitting coefficient at wavenumber jν
~

 (Table 9). 

Table 9:  Center wavenumbers of the diode lasers utilized in the present experiments and fitting coefficients 

characterizing the respective temperature dependences of the absorption coefficients (see text). 

Laser 

Center 

wavenumber 

/ cm–1 

Fitting coefficient 

TL = 298 K (Eq. (33)) 

Fitting coefficient 

w = 5 wt% (Eq. (34)) 

aj bj cj dj 

1 6713 24.61 0.02 55.35 –0.10 

2 7083 24.32 –0.21 –15.35 0.13 

3 7183 11.45 –0.10 –8.88 0.07 

4 7390 3.66 –0.02 0.84 0.01 

 

Fig. 23:  (a) Concentration dependence of the absorption coefficient at 298 K for the four wavenumbers; 

solid lines are linear fits to the data points. (b) Temperature dependence of the absorption coeffi-

cient in urea water solution (5 wt%) at the four wavenumbers together with linear fits. 
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Following the strategy outlined in section 2, the urea mass fraction w and liquid film thick-

ness δ can be determined from the known fitting coefficients (aj and bj) and experimentally 

determined transmittance values, )ν~(τ i , using lasers 1, 2, and 4 (Eq. (29) and (30)). 

Combinations of laser wavelengths 1, 2, and 4 and 1, 3, and 4 are two choices of the cur-

rently available lasers. Fig. 24a shows the logarithmic transmittance ratio R(w) using these 

two combinations. The sensitivity of the measurement with respect to w using these two 

combinations can be evaluated through the derivative, dR(w)/dw (Fig. 24b). The compari-

son reveals that the wavelength combination 1, 2, and 4 exhibits a stronger dependence on 

concentration, and therefore would be preferred in the concentration measurements. 

 

Fig. 24:  (a) Logarithmic transmittance ratio R(w) at 298 K using combinations of lasers 1&2&4 and 

1&3&4. (b) Variation with mass fraction of the sensitivity, (dR(w)/dw), with respect to mass frac-

tion change of the logarithmic transmittance ratio R(w). 

4.3.2 Measurement of liquid temperature and film thickness at constant urea  

concentration 

Similar to the concentration measurements at a fixed temperature, ratio spectra were 

formed by normalizing the temperature-dependent spectra with the spectrum at 298 K of 

the same solution. Again, the intensity variation with respect to temperature of the 5 wt% 

solution spectrum is visualized by the derivative dFT/dTL presented in Fig. 25b. Laser 1, 2, 

and 3 are positioned close to the two extrema of the dFT/dTL curve (6500 and 7133 cm–1), 

and laser 2 is more strongly absorbed than laser 3 (cf., Fig. 18a). Therefore, lasers 1 and 2 

were used to determine liquid film thickness and temperature, and the transmission at the 

wavelength of laser 4 was again combined with lasers 1 and 2 to infer the unknown, non-

specific transmission loss u (Eq. (27)). The temperature dependence of the absorption coef-
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ficient in urea water solution (5 wt%) at these wavelength positions is presented in Fig. 23b 

with their linear fit: 

  LL,ν~ TdcTk jjj  , j = 1, 2, 3, 4, (34) 

where cj and dj are the respective fitting coefficients at wavenumber jν
~

 (cf., Table 9). 

Similar to the concentration measurement, liquid temperature and film thickness can be 

obtained from the measured transmittance at the three laser wavelengths by solving the 

temperature-dependent logarithmic ratio R(T) (Eq. (29) and (30)). 

 

Fig. 25:  (a) Logarithmic transmittance ratio R(T) (at 5 wt%) using combinations of lasers 1&2&4 and 

1&3&4. (b) Comparison for the sensitivity of the ratio R(T) with respect to temperature, 

(dR(T)/dTL), using the two combinations. 

The temperature dependence of the derivative dR(T)/dT for the two combinations of laser 

1, 2, and 4 and 1, 3, and 4 is plotted in Fig. 25b. Similarly, the comparison reveals that the 

wavelength combination 1, 2, and 4 exhibit a stronger dependence on temperature. There-

fore, this wavelength combination would be preferred in the temperature measurements. 

4.4 Experimental setup of multiplexed diode laser absorption sensor 

A four-wavelength laser absorption sensor to characterize the thickness, temperature and 

solute concentration of the film was constructed and tested for liquid thin films with known 

thickness, temperature and solute concentration using lasers1–4 in Table 8 and Table 9. 

The laser packages (14-pin butterfly) are placed in ILX Lightwave mounts (LDM-4984). 

The laser wavelength and intensity are controlled by a combination of temperature and 

injection current using a laser controller (ILX, LDC-3908). The diode laser absorption sen-

sor assembly is depicted in Fig. 26. 
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Fig. 26:  Multiplexed diode laser absorption sensor for measurement of liquid film parameters. 

The four distributed feedback (DFB) diode lasers (NEL) are wavelength-multiplexed into a 

single-mode fiber (9 µm core) using a 4×1 fused combiner (Laser 2000). Out of the fiber 

the beams are collimated, then passed vertically through the liquid film formed between 

the quartz windows of a thin cuvette (LOT, GS20510, see inset in Fig. 26) at an angle of 2° 

with respect to the plate normal to avoid etalon effects. The transmitted light is collected 

and focused into a 400 µm-core multimode fiber with a numerical aperture (NA) of 0.39 

(Thorlabs) using an aspheric lens. The collection lens is chosen such that the f-number 

matches the NA of the multi-mode fiber. Multi-mode fiber has a larger core diameter than 

single mode fiber that improves the collection efficiency. But it increases sensor noise in 

the form of fiber mode noise caused by fiber motion [100]. To reduce the fiber mode-noise 

both the single-mode pitch-fiber and the multi-mode catch-fiber were fixed to minimize 

fiber motion during the experiment. 

The multiplexed light is collimated using an aspheric lens with focus length of 25 mm 

(Edmund Optics,) and then wavelength demultiplexed by a diffraction grating with 

1200 grooves/mm (Edmund Optics) from which the individual wavelengths diffract at dif-

ferent angles in a first-order Littrow configuration (Fig. 27). The transmitted laser signals 

obtained by the four large-area (diameter: 2 mm) InGaAs photodiode detectors (Thorlabs, 

PDA10CS) are simultaneously recorded and averaged 1000 samples at a rate of 20 kHz 
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implying an effective time for data acquisition of 50 ms. The large area detectors are nec-

essary to ensure that the entire beam is focused on the active area of the detector. Control 

of the experiment and further data processing was performed in a LabVIEW environment 

running a National Instruments data acquisition (NI-DAQ) system. The NI-DAQ system 

consisted of a computer equipped with a PCI-6115 DAQ board (12-bit A/D conversion) 

and a BNC-2110 analog I/O block. 

 

Fig. 27:  Four wavelength demultiplexing setup used for transmission measurements. 

The optical cell (LOT) used in the measurement of liquid films has the following features: 

1. The thickness of the liquid layer within the cell is adjusted by PTFE spacers. 

2. The cell is fitted with a Luer-lock syringe and a capillary to supply the appropriate 

liquid from a pipette. 

3. A thermocouple is inserted through a small hole in the upper plate to monitor the 

temperature of the liquid sample. 

4. The cell is mounted in a metal heating jacket through which water from a thermo-

stat is circulated. 

5. The upper quartz could be removed and this cell would be applied for a time-

resolved measurement of an evaporating free liquid film deposited on the lower 

quartz plate. This will be discussed in section 4.6 in detail. 

Furthermore, the exact optical path length between the inner window surfaces was deter-

mined by forming an average of the fringe spacing due to multiple reflections between the 

inner window surfaces of the empty cell placed in the beam path of the FTIR instrument 

while scanning a spectrum using the relation [101] 
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fn
d




air2

1
, (35) 

where f is the mean wavenumber separation between interference maxima, and nair the 

refractive index of air. When the cell temperature was varied the fractional change in the 

path length is approximately 0.3 µm/K due to the thermal expansion of the spacer material 

and therefore can be neglected within the small temperature range investigated here. 

4.5 Demonstration of liquid-film measurements 

In order to validate the performance of the sensor, a series of experiments were performed 

first on a liquid sample cell (shown in Fig. 26) with known liquid film thickness. In the 

following section two limiting cases of the thin film measurements for NaCl and urea solu-

tions will be considered: (1) those with variable solute concentration at constant tempera-

ture and (2) those with variable temperature at constant solute concentration. 

4.5.1 Measurement of liquid-film parameters of aqueous of NaCl solutions 

The sample cell provided thin liquid films of precisely known thickness using four spacers 

(0.2, 0.5, 1.0, and 1.5 mm) and with temperature between 293 and 318 K. A variety of 

aqueous NaCl solutions were used with concentrations between 5 and 15 wt%. The path 

lengths (i.e., layer thickness) were evaluated from the transmittance ratios as outlined in 

section 4.1 under the assumption that either the temperature or concentration of the liquid 

was known. 

For a fixed temperature (TL = 298 K) the layer thickness and NaCl mass fraction were cal-

culated from measured transmittance ratios (cf., Eq. (29)) at wavelengths 2, 3, and 4, 

marked in Fig. 15b. 
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Fig. 28:  a) Measured NaCl mass fraction (filled symbols) as a function of given mass fraction with layer 

thickness as parameter. b) Measured film thickness (open symbols) as a function of the plate dis-

tance for given NaCl concentrations of 5–15 wt% at 298 K. 

Comparisons between the measurement and the given layer thickness are displayed in Fig. 

28 and summarized in Table 10. The solid straight lines in the respective graphs represent 

the one-to-one correspondence between both values and the error bars indicates one stand-

ard deviation of the data collected in two repeated measurements on two days. 

Table 10:  Standard deviations and relative uncertainty between measurement and given NaCl mass fraction 

and layer thickness (i.e., plate separation) at a temperature of 298 K. 

w(NaCl) 

/ wt% 

Standard devia-

tion max in wmeas 

/ wt% 
maxknown

knownmeas

w

ww 

/ % 

Standard devia-

tion max in meas 

/ µm 
maxknown

knownmeas

δ

δδ 

/% 

5 0.7 8.6 15.8 5.7 

10 0.8 7.7 12.6 5.0 

15 0.7 5.3 14.5 3.5 

 

The largest standard deviation of 0.8% between the known and measured NaCl mass frac-

tion occurs for the 10% sample at the sample thickness of 1000 µm. Although these data 

provide validation of the concept the available laser inventory did not provide the optimal 

sensitivity (Fig. 15b) and there were uncertainties in the NaCl concentration determined as 

large as a relative uncertainty of 10%. The measured film thickness (Fig. 28b) is in good 

agreement with the known plate separation. Due to the estimated error in the calculated 

NaCl concentration, the largest uncertainty in film thickness was 6%. 

Alternatively, if the NaCl concentration can assumed as known and fixed and the liquid 

temperature and sample thickness were calculated from the measured transmittance ratios 
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(Eq. (32)) at wavelengths 1, 2, and 4 (marked in Fig. 16b). The comparison for three salt 

concentrations is shown in Fig. 29a–c and summarized in Table 11. 

 

Fig. 29:  (a–c): Correlation between the temperatures derived from absorption measurements (filled sym-

bols) and the thermocouple readings for different layer thickness. (d–f): Correlation between the 

film thickness measured by absorption (open symbols) and the one given by the respective spacer 

at different solute concentration. 

Table 11:  Standard deviations and relative uncertainty between the measurement and the given liquid tem-

perature and layer thickness 

w(NaCl) 

/ wt% 

Standard devia-

tion max in TL,meas 

/ K 
maxknown L,

known L,measL,

T

TT 

/ % 

Standard devia-

tion max in meas  

/ µm 
maxknown

knownmeas

δ

δδ 

/% 

5 1.5 0.5 12.5 3.5 

10 1.6 0.7 14.8 4.8 

15 1.8 0.6 11.9 4.7 

 

The temperature uncertainty of the thermocouple (TC Direct, type K) is 0.4% (1.2 K at 

300 K), and the difference in temperature between the laser absorption and the thermocou-
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ple value was of order 2 K. Part of this difference might be related to the positioning of the 

thermocouple in the sample holder block. In the laser absorption temperature measure-

ment, the uncertainty of the integrated transmittance ratio R(T) is determined by the uncer-

tainty of measured absorption coefficient (Eq. (26)) and can be written 

2
4

2
2

2
1)()( kkkTRTR   , (36) 

and therefore the uncertainty of the laser sensor in retrieving a temperature can be estimat-

ed by  

2
4

2
2

2
1L

/)(

)(
kkk

dTTdR

TR
T   . (37) 

If the transmittance can be perfectly measured temperature uncertainty is about 4 K. For 

these validation measurements the largest difference in the measured liquid temperature 

was 1.8%. The measured film thicknesses (open symbols in Fig. 29d–f) were in good 

agreement with the known path lengths. Repeating the experiments on two days the largest 

standard deviation for the measurement of liquid film thickness was 15 µm or a maximum 

relative error of 4.8%. 

4.5.2 Measurement in the liquid film of urea solution 

Urea solutions were prepared similarly as detailed above to validate the sensor’s perfor-

mance for films of known thickness (0.2, 0.5, 1.0, and 1.5 mm), temperature (298–318 K), 

and solute concentration (5–15 wt%). For a fixed temperature (TL = 298 K), the layer 

thickness and urea mass fraction were inferred from the measured transmittance ratios us-

ing Eq. (29) and Eq. (30). Fig. 30 illustrated the resulting accuracy of determining the urea 

mass fraction (left) and layer thickness (right) which is also summarized in Table 12. 

The solid straight lines in the respective graphs represent the one-to-one correspondence 

between both values and the error bars represent one standard deviation of the data meas-

ured in two repeated measurements on separate days. The largest error of measured urea 

mass fractions was 1.8 wt% (for the 30 wt% sample at a sample thickness of 1000 µm). 

The maximum relative uncertainty in the concentration measurements was 7% (cf., residu-

als in the upper part of each graph). The measured film thicknesses (Fig. 30b) were in good 

agreement with the known plate separation leading to a corresponding largest uncertainty 

of 5%. 
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Fig. 30:  (a) Correlation between measured and given urea mass fraction with layer thickness as parameter. 

(b) Measured film thickness as a function of the plate separation for given urea concentrations be-

tween 5 and 40 wt% at 298 K. The upper panel in each graph indicates the respective residuals be-

tween measured and given parameter values. 

Table 12:  Standard deviations and relative uncertainties between measurement and given urea mass fraction 

and layer thickness (i.e., plate separation) at a temperature of 298 K. 

w(urea) 

/ wt% 

Standard devi-

ation max in 

wmeas / wt% 
maxknown

knownmeas

w

ww 

/ % 

Standard de-

viation max in 

meas / µm 
maxknown

knownmeas

δ

δδ 

/% 

5 0.4 7.0 64.6 4.9 

10 0.4 5.4 40.1 4.5 

20 0.9 5.4 40.8 4.4 

30 1.8 6.5 28.2 4.7 

40 1.2 4.9 24.1 3.5 

 

Similarly, if the urea concentration was known, the liquid temperature and sample thick-

ness were calculated simultaneously from the measured transmittance ratios (Eq. (29) and 

(30)) at wavelengths 1, 2, and 4 (marked in Fig. 17b). In Fig. 31a–b calculated tempera-

tures for two urea mass fractions (5 and 40 wt%) are plotted versus temperatures measured 

by the thermocouple. The comparison for all five urea concentrations is summarized in 

Table 13. For all tests, the temperature uncertainty of the thermocouple is 0.4%. 
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Fig. 31:  (a–b) Correlation between temperatures derived from absorption measurements and thermocouple 

readings for different layer thickness and two urea concentrations. (c–d): Correlation between film 

thickness measured by absorption and the one given by the respective spacer at different tempera-

tures and two solute concentrations. 

Table 13:  Standard deviations and relative uncertainty between the measurement and the given liquid tem-

perature and layer thickness. 

TL 

/ K 

Standard devi-

ation max in 

TL,meas / K 
maxknown L,

known L,measL,

T

TT 

/ % 

Standard devi-

ation max in 

meas / µm 
maxknown

knownmeas

δ

δδ 

/% 

298 2.1 0.9 60.0 6.7 

303 2.8 1.0 36.8 6.1 

308 1.6 1.2 41.9 6.1 

313 2.6 0.8 35.6 5.9 

318 2.6 0.8 48.8 6.2 

 

Furthermore, for 80% of the experiments, the difference in temperature derived from the 

laser absorption and measured from the thermocouple was up to 3 K partly due to the posi-
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tioning of the thermocouple in the sample holder block. In the laser absorption temperature 

measurement, the uncertainty of the integrated transmittance ratio R(T) is determined from 

the uncertainty of measured absorption coefficients. If the transmittance could be perfectly 

measured, the temperature uncertainty would be about 4 K. The largest deviation of the 

evaluated temperatures from temperatures measured by the thermocouple was 2.8 K. The 

measured film thicknesses (Fig. 31c–d) were in good agreement with the known path 

lengths. It is noteworthy that the largest standard deviation for two independent measure-

ments of film thickness was 60 µm (error bars in Fig. 31), or a maximum relative error of 

6.7%. 

4.6 Time-resolved measurements of film properties 

Further experiments were performed for time-resolved simultaneous measurements of liq-

uid film thickness, liquid-phase temperature, and non-specific background of an evaporat-

ing free aqueous film deposited on a quartz plate. The whole setup is similar to the one 

described before for the calibration measurement, but with three lasers in this system in 

order to measure the solute concentration and film thickness at a fixed temperature. A film 

of aqueous NaCl or urea solution (5 wt%) was prepared by dripping and stirring small 

droplets using a glass pipette onto the lower quartz plate of the heatable cuvette and the 

upper quartz was removed (Fig. 32). 

 

Fig. 32:  Multiplexed diode-laser absorption sensor for liquid film measurements during evaporation. 
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NaCl solution 

The liquid film was heated from room temperature up to a desired steady-state temperature 

by using the metal heating jacket of the cell. The layer thickness and the concentration 

were then measured via fixed-wavelength absorption with diode lasers 2, 3, and 4. Fig. 33 

shows the film thickness (solid symbols) and the NaCl concentration (open symbols) for 

evaporating films at 318 (blue points) and 323 K (red points). 

 

Fig. 33:  Time-resolved measurement of film thickness (filled symbols) and concentration (open symbols) 

during film evaporation of NaCl solution at 318 K (blue squares) and 323 K (red circles) with ex-

ponential fit. 

A constant evaporation rate produces a straight line on the film-thickness-versus-time plot. 

Note that at both temperatures a slower evaporation rate was observed until a film thick-

ness of ~900 µm, which increased to a faster constant rate until the film completely evapo-

rated (Table 14). 
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Table 14:  Evaporation rate of NaCl solutions at different temperatures 

Temperature / K 
Evaporation rate / µm/min 

> ~900 µm < ~900 µm 

318 20 37 

323 21 61 

 

During the evaporation, the change of the evaporation rate may be caused by several fac-

tors, namely, the vapor pressure above the film, interaction at the liquid-vapor interface, 

and the instability in water [102]. The inflection point in the evaporation rate near 900 µm 

corresponds to quite different NaCl concentrations. The time-dependent NaCl concentra-

tion was well described by a single exponential increase based on an empirical observation. 

The NaCl concentration-time histories at 318 (blue line) and 323 K (red line) are described 

by single exponentials as shown in Fig. 33 by the solid lines through the data points: 

w(318 K) = 6.07 + 0.25 exp(0.14t), (38) 

w(323 K) = 5.41 + 0.006 exp(0.12t), (39) 

where t is the time. 

Urea solution 

The sensor was also demonstrated for simultaneous time-resolved measurement of layer 

thickness and urea concentration during film evaporation at constant temperature. Liquid 

layers of aqueous urea solution (5 wt%) were prepared on the lower quartz plate of the 

heatable cuvette while the upper quartz plate was removed. The liquid was distributed on 

the plate surface by spreading the deposited liquid through gentle mechanical stirring. To 

speed up the liquid film evaporation the liquid was brought to a desired steady-state tem-

perature using the thermostatic metal heating jacket of the cell (see section 4.4). Layer 

thickness and urea concentration were then measured as a function of time via absorption 

of radiation from lasers 1, 2, and 4 (cf., Table 9). Fig. 34 shows the variations of film 

thickness (solid symbols) and urea mass fraction (open symbols) as a function of time for 

evaporating films at 318 (blue points) and 328 K (red points). 

Fig. 34 shows that the two urea solutions with approximately the same initial solute mass 

fractions display the expected evaporation behavior with temperature. The film-thickness-
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versus-time plots at both 318 and 328 K exhibit almost linear history. The thickness reduc-

tion rate at the two temperatures was calculated from the slope of fitted lines to the data 

points and was approximately 15, and 56 µm/min for the two temperatures, respectively. 

The hypothetical thermolysis of solid urea into gaseous NH3 and HNCO takes place at 

about 403 K [103]. Therefore, it is expected that predominantly water evaporates initially 

from the film. After achieving the saturated state in the liquid, water evaporation and urea 

crystallization occur simultaneously under our evaporation condition. 

 

Fig. 34:  Temporal variation of film thickness (filled symbols) and urea mass fraction (open symbols) dur-

ing evaporation of films of aqueous urea solution at 318 K (blue squares) and 328 K (red circles) 

with exponential fit. Calculated mass fraction based on the measured film thickness at 318 K (open 

light blue squares) and 328 K (open green circles). 

Note that the time-dependent urea concentrations at 318 (blue line) and 328 K (red line) 

are well described by a single exponential growth as shown in Fig. 34 by the solid lines 

through the data points: 

w(318 K) = 7.13 + 0.005 exp(0.33 t), (40) 

w(328 K) = 5.92 + 0.65 exp(0.04 t). (41) 
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Moreover, when the temperature is constant, the density of the urea solution (ρ) is related 

to the concentration (w) according to [104, 105], 

  wBAw jj  , (42) 

where A and B are fitting constants. Therefore, a urea concentration increase due to a de-

creased film thickness can be estimated as: 

 
VB

VmBVAVA
w

j

jjj

2

4 urea
2


 . (43) 

In this equation, the volume V is given as the product s, where s is the area of the deposit-

ed liquid on the window. In addition, murea is the mass of urea in the solution, which is im-

mutable in the evaporating aqueous urea solution. In Fig. 34 the calculated urea concentra-

tions at both 318 K (open light blue squares) and 328 K (open green circles) show good 

agreement with the measured concentrations until the film thickness reaches ~600 µm, 

above which the calculated concentration becomes higher than the measured one. This 

could be due to concentration gradients in the partially evaporated film and potentially 

precipitation of solid urea, which could cause the calculated volume of the liquid and even 

the urea concentration to deviate from the assumption of perfectly homogeneous evapora-

tion and mixture composition (Eq. (43)). Even with this uncertainty, the data illustrate the 

potential use of laser absorption to monitor dynamic behavior of evaporating films of 

aqueous solutions. 

4.7 Summary 

In this chapter, a wavelength-multiplexed NIR diode laser absorption sensor has been in-

vestigated for measuring the layer thickness, solute concentration, and liquid temperature 

of aqueous NaCl and urea solutions. The temperature and solute concentration dependence 

of the NIR absorption of aqueous thin films from our FTIR measurements (chapter 3) pro-

vided the spectral database needed to design the multiplexed laser sensor. 

Validation measurements of films of varying solute concentration at constant temperature 

and of varying temperature at constant solute concentration provide a proof-of-concept 

demonstration of the sensor. These tests were performed using a temperature-controlled 

cuvette with adjustable window separation. In the constant temperature limit, only three 

lasers are needed and the validation measurements found maximum difference between 

known and measured liquid film thickness and solute concentration of 6 and 10% (NaCl 
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solutions), and of 5 and 7% (urea solutions), respectively. Alternatively, when the concen-

tration is known, the sensor validation measurements found a maximum difference for the 

liquid temperature of 2% (NaCl solutions), and 6.7% (urea solutions) and liquid film 

thickness of 5% (NaCl solutions), and of 1.2% (urea solutions), respectively. 

To demonstrate the sensor potential to study the dynamics of evaporating liquid thin films, 

film thickness and solute concentration were determined during time-resolved measure-

ments of evaporating aqueous NaCl and urea solution films (w = 5 wt%) on a transparent 

quartz plate at two steady-state temperatures. The method provides empirical data of milli-

second time resolution, which could enable rapid measurement of the dynamics of evapo-

rating liquid thin films, e.g., in the spray-based introduction of urea for ammonia produc-

tion in SCR process for exhaust gas after treatment. 

However, it should be noted that the present study provides measurement strategies for 

aqueous solutions where at least one of the two desired parameters (temperature or concen-

tration) is known. In many practical systems, the liquid temperature and solute concentra-

tion are unknown, and a diagnostic that measures all three properties of the investigated 

liquid sample simultaneously would be preferred. The development of schemes for simul-

taneous monitoring of liquid film thickness, liquid temperature, and urea concentration, 

and demonstration measurements will be discussed in the next chapter. 
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5 Uncertainty quantification and design-of-experiment using 

Bayesian inference 

The content of this chapter is derived from the own publication [106].  

Diode laser-based multi-wavelength near-infrared (NIR) absorption in aqueous films is a 

promising diagnostic for making temporally-resolved measurements of layer thickness, 

temperature and concentration of a solute. Chapter 4 aimed at simultaneously determining 

two of these system parameters, while the third one (liquid temperature or solute concen-

tration) needed to be specified. However, liquid temperature and solute concentration are 

unknown parameters and change independently over time. In this chapter an extension on 

measurements in aqueous urea solution films will be introduced, where simultaneous de-

termination of multiple thin-film parameters (i.e., liquid temperature, solute concentration, 

and film thickness) from transmission measurements is presented coupled with the Bayesi-

an methodology that is used to infer probability densities for the obtained data. 

5.1 Introduction 

In contrast with the method of absorbance ratios for the measurement of film parameters 

discussed in chapter 4, the actual measured transmissions are used to infer the actual values 

of the parameters by nonlinear regression within a model, which is a mathematically in-

verse problem. In general, the parameters are found by naïve minimizing of a sum-of-

squares residual between measured and modeled data, which, under certain circumstances, 

produces the most probable set of parameters conditional on the observed data [107]. The 

principal limitation of the least-squares approach is that it only yields point estimates of the 

underlying parameter values, without providing a meaningful description of parameter 

uncertainty; this is particularly important for mathematically ill-posed inference problems, 

in which a large range of candidate parameter values can be substituted into the measure-

ment equations to reproduce the data. In addition, the estimated parameter values are usu-

ally only local optima of the fitting metric, although methods that base model comparison 

on global optima do also exist [108]. 

Bayesian analysis overcomes these limitations by providing a rigorous method for using 

available experimental data with prior knowledge, to yield a more complete description of 

model and parameter uncertainties [109-112]. In addition, a database of temperature- and 
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concentration-dependent absorption coefficient for liquid water and aqueous urea solution 

was obtained using a FTIR spectrometer in the range between 5500 and 8000 cm–1 (chapter 

3), and the absorption coefficient derived from there for the four laser wavelengths is re-

ferred to as a database model.  

In this chapter, a Bayesian inference framework is presented for the determination of prop-

erties and uncertainty quantification of the thin film of urea-water solution. The Bayesian 

approach conceives the transmission measurements as random variables that obey proba-

bility densities, and the prior and measurement densities are propagated through Bayes’ 

equation to obtain the posterior densities. Using this method, the sensor was first validated 

using a calibration cell presented in chapter 4. Uncertainty distributions in the measured 

parameters caused by measurement noise were modeled using a Markov-chain Monte-

Carlo (MCMC) algorithm in the Bayesian framework. MCMC enables exploration of 

complex multi-dimensional probability distributions using an easily-sampled proposal dis-

tribution coupled with an accept-reject step [113]. Finally, as an application the temporal 

variation of film thickness, urea concentration, and liquid temperature were recorded dur-

ing evaporation of a liquid film deposited on a transparent heated quartz flat. 

5.2 Sensor strategy and Bayes’ model 

Bayesian inference provides a framework for combining experimental data with prior 

knowledge to physical model and quantify the associated uncertainties in parameter values 

[110]. There are several applications of Bayesian method in various areas of physics and 

we apply this method here in absorption spectroscopy. The following section briefly sum-

marizes the theory on which the methodology is constructed and outlines the main steps of 

procedure. 

5.2.1 Theoretical framework and algorithm 

In the transmission measurement, τ( iν
~

) is contained in b
mR  and unknowns (, TL, w, 

and u) are contained in x
nR , where m = n = 4. Generally, these vectors hold fixed val-

ues; however, in the Bayesian inference, b and x are considered random variables that fea-

ture probability densities, and the objective is to infer the probability density of x by prop-

agating the probability density determining b through uncertainties affecting the measure-

ment process. This is done through Bayes’ equation: 
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, (44) 

where  bxπ  is the posterior probability density of x conditioned on the measurement vec-

tor, b,  xbπ  is the likelihood of the observed measurements occurring for a hypothetical x 

in the context of measurement noise and model error, πpr(x)is prior information about the 

unknowns (e.g., assumed liquid layer thickness, temperature, solute concentration), and 

π(b) is the evidence. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 35:  Flow chart of the Bayesian inference [110]. 
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The flow chart of Bayesian inference is shown in Fig. 35. In the present case, the observed 

transmission can be modeled as a function of the unknowns (, TL, w, and u) from Eq. (27). 

In the transmission measurements the measurement noise contaminating b is assumed 

normally distributed; then π(b) is multivariate normal (MVN) and can be written as 

   bb ,~π Nb , where b  is the mean value, and b  is the covariance matrix. If no pri-

or information is assumed about x (i.e.,  xprπ  = 1), it can be shown that    xbbx ππ  . 

To describe the distribution of b given x, a statistical model is required will be introduced 

in the next section. 

5.2.2 Bayes’ model 

As stated before, in the laser absorption measurement of liquid films, the transmittance of 

the sample, ( iν
~

), at frequency iν
~

 is given by Beer-Lambert’s law (Eq. (27)). In the ex-

periments presented here, we used four diode lasers used previously for the characteriza-

tion of thin liquid film (see chapter 3), with their center wavelengths listed in Table 9 and 

marked in Fig. 17b. 

A database of temperature- and urea concentration-dependent spectral absorption coeffi-

cient was created using a temperature stabilized quartz cuvette and a FTIR spectrometer 

(cf., chapter 3) in the range between 5500 and 8000 cm–1. This database was used to gener-

ate 2nd order polynomial function to describe  wTk
i

,Lν~  for each of the four laser wave-

lengths  

  2

20L11

2

L0210L0100Lν~ ,
i

wawTaTawaTaawTk iiiiii  , i = 1, 2, 3, 4, (45) 

where a is the respective fitting coefficient at wavenumber iν
~

 (Table 15). The variation of 

the absorption coefficient of urea solutions with temperature and urea concentration is de-

picted in Fig. 36 and provides the basis of the sensor strategy investigated here. 
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Fig. 36:  Temperature- and concentration-dependent absorption coefficient of pure water and aqueous urea 

solutions (5–40 wt%) at different temperatures (298–338 K) for the four diode laser wavelengths 

employed in the current experiments. Black points: experiment; colored surfaces: polynomial fit 

(for the fitting coefficients, see Table 15). 

 

Table 15:  Center wavenumber of the diode lasers utilized in the present experiments and polynomial fitting 

coefficients for respective absorption coefficients as a function of temperature and solute concen-

tration (cf., Eq. (45)). 

Laser #i 
iν

~
  

/ cm–1 

Fitting coefficient 

ia00  
ia01  

ia10  
ia02  

ia11  
ia20  

1 6713 86.78 −0.30 −0.42 2.97×10−4 1.50×10−3 −1.62×10−5 

2 7083 −57.16 0.39 0.27 −4.00×10−4 −1.60×10−3 −5.91×10−4 

3 7183 −29.93 0.20 0.14 −2.04×10−4 −8.20×10−4 −7.65×10−6 

4 7390 43.62 −0.27 −0.04 4.59×10−4 −2.02×10−4 −5.21×10−5 
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The choice of a bi-quadratic function to interpolate the FTIR measurements reflects a bal-

ance between sufficient degree-of-freedom to capture the trends of the absorption coeffi-

cient with temperature and solute concentration, but not so many as to “over-tune”, i.e., 

capture non-physical variations caused by measurement error. Accordingly, assessing the 

uncertainty associated with this interpolating function is not straightforward. Therefore, 

this error will be treated heuristically by folding it into the likelihood function as described 

later in this chapter. 

The multi-wavelength sensor design strategy for absorption measurements of films of liq-

uid solutions is similar to the sensor design introduced in chapter 4. Four DFB diode lasers 

were multiplexed into a single-mode fiber by a fiber combiner, and the light was collimat-

ed and transmitted through a liquid film. Films with controlled thickness were formed by 

filling the space between two optically-polished quartz windows of a cuvette (cf., Fig. 26) 

mounted in a stainless steel cell holder, and its thickness can be varied with a set of PTFE 

spacers. Alternatively, the front window can be removed to measure film open to the at-

mosphere. The transmitted light was collected into a multi-mode fiber and wavelength-

demultiplexed by a diffraction grating; each separated wavelength beam was then focused 

onto four appropriately positioned InGaAs detectors. The cell was mounted in a metal 

heating jacket through which water from a thermostat was circulated. A thermocouple was 

inserted into the cell for monitoring the temperature of the liquid sample. 

5.3 Error modeling 

As discussed in section 5.1, Bayes’s theorem can be expressed as    xbbx ππ   under the 

constraint conditions in the presented work. Furthermore, if the measurement noise is in-

dependent and modeled as a centered normal distribution, the likelihood can be written as 
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where |b| is the determinant of the measurement covariance matrix [114-116]. Since the 

measurements are independent, π(b) integrates to unity (i.e., π(b) = 1). To evaluate the 

likelihood, π(b|x), the covariance of measurement data b is required, due to the measure-

ment noise and uncertainty in the calibration procedure. The noises in the output voltage 

consist of process noise caused by fluctuations in laser intensities and electronic noise, 

which are assumed to be normally distributed (Fig. 37). The measurement noise variance is 

reduced through time averaging, and it can be shown that: 
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where Ns is the number of samples. 

 

 

Fig. 37:  Measured signal intensities and noise standard deviation (illustrated as expanded version at the 

right figure margin) obtained from analyzing the output voltage of the four diode lasers during a 1-

hour time span. The noise consists of process noise caused by fluctuations in laser output and elec-

tronic noise. 

Since the measurement model is imperfect, it includes some unknown uncertainties that we 

treat as random, e.g., systematic issues with the FTIR measurement and the interpolation 

error from the coarse parameter variation when taking FTIR data. In absence of exact in-

formation, the perturbation in the data is assumed to be white (or uncorrelated) and pre-

scribe a standard deviation of 1% of the measurement at a given estimate to mask the over-

all error. 

The most probable set of x, i.e., the quantities that maximize the posterior probabilities 

π(x|b), is found by maximizing π(b|x). The maximum likelihood estimate xMLE, is equiva-

lent to weighed least-squares minimization, 
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In this case, the maximum a posterior (MAP) and maximum likelihood (MLE) estimates 

coincide, i.e., xMAP = xMLE. An advantage of Bayesian inference over least-squares minimi-
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zation is that one can also estimate the uncertainty from the posterior density via Eq.(44). 

The marginalized probabilities can be reported by “integrating out” all the other variables, 

e.g., 

    












 ndxdxdxx 321 ππ bxb . (49) 

The uncertainty associated with each variable is reflected by the width of the correspond-

ing marginalized posterior probability, which can be summarized by a credibility interval 

that contains a specified probability. Here, a 90% equal-tailed interval is used, where the 

probability densities at the lower and higher interval limits both 5% [117]. 

As shown in Eq. (44), the evidence, π(b), is needed to normalize the posterior probability 

that is essential for calculating uncertainty estimates through credibility intervals. Since x 

is four dimensional, to compute such integral Bayesian analyses it is typically carried out 

using MCMC, which generate a sequence of random samples starting from an initial point. 

At each set of parameters xk, a candidate point xk+1,c is generated, often by sampling a nor-

mal distribution centered on the current point. The candidate point is accepted or rejected 

based on the relative posterior probabilities, (xk+1,c|b) and (xk|b), using the Metropolis-

Hastings criterion [112, 116]. After an initial burn-in period, the samples become ergodic 

with the target distribution, (x|b). Finally, marginalized probabilities can be estimated 

from a counting procedure (e.g., histograms). 

5.4 Results and discussion 

5.4.1 Validation experiments 

To validate the sensor’s performance a sample of aqueous urea solution (w = 10 wt%) was 

prepared in the sample cell with a known thickness of 1 mm. The exact optical path length 

of 942 µm was determined by forming an average of the fringe spacing due to multiple 

reflections between the inner window surfaces of the empty cell placed in the beam path of 

the FTIR spectrometer (chapter 4). The liquid film was heated from room temperature up 

to a steady-state temperature of 308 K by raising the water temperature circulating inside 

the metal heating jacket of the cell. Since the thermocouple was positioned in the sample 

holder block the measurements were started roughly one minute after setting the tempera-

ture value such that the liquid film attained the same temperature as the holder block. 
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To visualize Bayesian inference and the marginalization of posterior densities, a set of 

2 million samples,  nxxxX ,,, 21  , is generated using a MCMC algorithm [118]; these 

samples are then used to form marginalized posterior distributions for film thickness, liq-

uid temperature, and solute concentration through kernel density estimation [119]. Fig. 38 

shows the marginalized likelihood and posterior probability densities for TL, w, and  in-

ferred from the transmission data. 

 

Fig. 38:  Marginalized likelihood (blue) and posterior (red) densities for (a):TL, (b): w, and (c):  inferred 

from the transmission data. In all cases the MLE are equal to MAP (vertical black line). The verti-

cal green line corresponds to the respective known quantity. 90% credibility intervals for these dis-

tributions (blue) are summarized in Table 16. 

Table 16:  90% credibility intervals for the likelihood shown in Fig. 38, which surround xMLE. 

 Test conditions xMLE 90% credible interval 

TL / K 308 305.8 [302.9, 309.2] 

w / wt% 10 11.2 [7.7, 15.2] 

 / µm 942 912 [899, 924] 
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The vertical green lines represent the known test conditions. Uninformative priors are 

specified for the parameters (e.g., TL, w, , and u), thus    xbbx ππ   and xMLE = xMAP. 

The xMLE (vertical black line) was found by Eq. (48) using a least squares Levenberg-

Marquardt algorithm. The 90% credible intervals (blue area in ) and xMLE are given in Ta-

ble 16. Note that the known solution (vertical green line) for  is outside the 90% credibil-

ity intervals. This could be due to uncertainty calculated through error propagation of the 

variation of determined liquid temperature and urea mass fraction based on the tempera-

ture- and concentration-dependent absorption coefficient k measured in the FTIR experi-

ments, as well as uncertainty of the angle of incidence. Since the MCMC chains are often 

slow to converge it is often reasonable to approximate π(x|b) by its asymptotic normal 

form around xMLE. If the measurement noise is Gaussian, then 

  1

x

MLE ,N


Γx~x , (50) 

    T-

b

T MLE1MLE

x xJΓxJΓ   (51) 

where    nmMLE
xJ  is the Jacobian matrix with elements qppq xbJ   [110] that 

can be found by differentiating Eq. (27) with respect to xj. In this context, the marginalized 

distribution for the jth variable is simply a normal distribution with j
jµ MLEx  and 

  21
,x jj   (red curve in Fig. 38). 

5.4.2 Temporal variation of film evaporation  

To demonstrate the time-resolved simultaneous measurement of film thickness, liquid 

temperature, and concentration a film of aqueous urea solution (5 wt%) was placed on the 

lower quartz plate of the cuvette (cf., Fig. 32) with the upper quartz plate removed. The 

liquid was spread out on the plate surface gentle mechanical stirring. To speed up the 

evaporation process, the liquid film was continuously heated up to a steady-state tempera-

ture (~320 K) by again using the metal heating jacket of the cell. 

Fig. 39 shows the variations of film thickness (blue squares), liquid temperature (green 

triangles), and urea mass fraction (red circles) as a function of time. The error on δ corre-

sponds to the sum of the uncertainty relative to the angle of incidence (2°), the uncertainty 

calculated through error propagation of the variation of determined liquid temperature and 

urea mass fraction based on the temperature (relative variation of 0.64%/K) and concentra-

tion (0.93%/wt%) dependence on the absorption coefficient k measured in the FTIR exper-

iments (chapter 3), and the uncertainty quantified using Bayesian inference (Fig. 38). At 
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the start of the experiment, the liquid is at room temperature, and the temperature then in-

creases during the first 3 minutes before plateauing around 320 K for the following 41 

minutes. During this initial period the film thickness slightly decreases. Note that the den-

sity of the urea solution changes by 0.38%/K in the 298–320 K temperature range inde-

pendent on the urea concentration [120]. This density variation is covered by the way the 

calibration data has been determined, and thus by the measurement model. 

 

Fig. 39:  Temporal variation of film thickness (blue squares), liquid temperature (green triangles), and urea 

mass fraction (red circles) during evaporation of an aqueous urea solution. The mass fraction data 

were fitted phenomenologically by an exponential function (red line) and calculated from a simple 

theory (black circles). 

In the constant-temperature phase, the film thickness decreases steadily with time. The 

thickness reduction rate of urea solution film was calculated from the slope of a fitted line 

to the data points and was approximately 17 µm/min, which is similar to previous meas-

urements of an evaporating aqueous urea solution film at 318 K (15 µm/min) (cf., chapter 

4). Under the evaporation condition presented here, the urea concentration-time history can 

reasonably be described by a single exponential as shown in Fig. 39 by the red line through 

the data points: 

 tw 05.0exp32.380.3  , (52) 
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where t is the time. During the evaporation, the exponential change of the urea concentra-

tion may be caused by the vapor pressure at the prevailing temperature and the rate of dif-

fusion of the vapor away from the surface. Furthermore, when the temperature is known, a 

urea concentration increase due to a decreased film thickness can be estimated with the 

algorithm used in chapter 4, and results of this calculation are depicted in Fig. 39 by black 

circles. 

5.5 Summary 

In this chapter, a Bayesian methodology that analyzes experimental data from four-color 

NIR transmission measurements in a thin liquid film of aqueous urea solution to simulta-

neously infer multi-parameters (film thickness, concentration, liquid temperature, and non-

specific losses) as random variables defined by probability densities has been discussed. 

The spectroscopic model was derived from FTIR measurements of the temperature and 

urea concentration dependence of the NIR absorption spectra of aqueous solutions. Valida-

tion tests were performed using a temperature-controlled cuvette with adjustable window 

spacing. To determine four parameters of interest simultaneously four laser wavelengths 

are needed. Maximum likelihood estimates of distribution parameters were found through 

Bayesian analysis. The MCMC algorithm was used to visualize Bayesian inference and the 

marginalization of posterior densities for the multi-parameters and 90% credibility inter-

vals were computed. To study the steady evaporation behavior of a liquid thin film, film 

thickness, urea concentration, and liquid temperature were determined simultaneously dur-

ing time-resolved measurements of a spread-out liquid layer on a transparent quartz plate 

for a stationary scenario. 
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6 Measurement of liquid films in retro-reflection 

This chapter is derived from the own publication [121].  

6.1 Motivation and overview 

The measurement strategy of liquid film, as illustrated by the applications discussed in 

chapter 4 and 5, requires two-side optical access. In all of these measurements, laser light 

is transmitted through the sample in a single-pass line-of-sight fashion with a fiber (i.e., the 

transmitter) on one side of the film and a photodetector (i.e., receiver) on the other. In 

many practical applications, the liquid film is deposited onto opaque surfaces where optical 

access is only possible from one side and double-ended measurements are not feasible. 

When light hits an opaque surface, there are three types of light reflection: specular reflec-

tion, diffuse reflection, and retro-reflection (Fig. 40). In specular reflection the incident and 

reflected light from a smooth surface of a mirror are at identical angles but on opposite 

sides. Light is not returned to the source. In diffuse reflection, light is scattered as it hits the 

surface and very little is returned to the source. In retro-reflection a large amount of the 

reflected light is returned directly to the original light source. 

 

Fig. 40:  Reflective images of a visible light beam (635 nm) on different surfaces: a) specular reflection on 

a mirror, b) diffuse reflection on a metal plate, c) retro-reflection on a retro-reflecting foil. 

Several researchers have applied these different types of light reflection to infer gas-phase 

temperature or/and concentration. Gas-phase absorption measurements have been per-

formed collecting light backscattered from a retro-reflector: Chen et al. [122] developed a 

VCSEL-based oxygen sensor for combustion optimization in gas furnaces collecting dif-

fuse light from an anodized aluminum reflector. Seidel et al. [123] demonstrated a single-

ended tunable diode laser absorption (TDLAS)-based open-path laser hygrometer for de-

tection of water vapor with up to 2 m standoff distance. Wang and Sanders [124] utilized 

an off-axis diode laser sensor with wavelength-modulation spectroscopy (WMS) to meas-
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ure H2O vapor spectra near 1350 nm with SNR > 400 using backscatter from rough surfac-

es and Goldenstein et al. [125] demonstrated a single-ended transmitter/receiver for stand-

off measurements of gas temperature, pressure, and composition by collecting wavelength-

modulated laser light backscattered from native surfaces. 

In this thesis, this concept is extended to absorption-based measurements of liquid-water-

film thickness collecting light scattered from retro-reflecting foils that support the liquid 

films. Retro-reflecting foils are readily available as they are routinely used to enhance the 

visibility of objects, such as traffic signs or safety clothing by enhancing the reflection in 

the visible and NIR [123, 126]. 

6.2 Characterization of retro-reflecting foils 

As discussed in section 6.1, retro-reflection (RR) uses a surface as retro-reflector designed 

to direct light back towards the light source. Since the retro-reflection with a retro-

reflecting foil is not perfect, the impinging light beam is partially absorbed and partially 

diffusely and specularly reflected (see Fig. 40). The distribution of this retro-reflected light 

depends on the type of retro-reflecting material (glass beads or prismatic elements). In or-

der to select the suitable foil for the application various foils (Table 17) were characterized 

with regard to the reflective foil performance. Due to their cat-eye-like surface structure 

the foils reflect incoming radiation into the direction of the incoming beam for angled inci-

dence of light. The angular dependence of the reflectivity of these foils therefore was de-

termined beforehand. 

Table 17:  Retro-reflecting foils with different properties from 3M 

Example of 

sheeting 

    

Name Diamond grade High intensity Engineer grade EG 3210 

Technology Microprismatic  Microprismatic  Glass bead Glass bead 

 

The optical setup for the characterization of retro-reflecting foils is depicted in Fig. 41. 

Light from a DFB diode laser emitting near 1.4 µm was directed through the central hole 

of an off-axis parabolic mirror (Thorlabs, reflected focal length (RFL) = 152.4 mm) onto 

the retro-reflecting foil. To eliminate unwanted linear beam translation during adjustment 
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of incident angle on retro-reflecting foil, the foil was pasted on a gimbal mount, and its 

distance from the parabolic mirror was adjusted to one RFL. The retro-reflected and/or 

specularly reflected light was collected by the same parabolic mirror, directed towards a 

second off-axis parabolic mirror and focused on a thermal power sensor (Thorlabs, 

S302C). Although infrared-sensitive cards are commercially available near 1.4 µm, the 

laser beam is not easily observed due to the low power of the laser. The laser beam was co-

aligned with a HeNe visible laser beam for alignment purposes. The incident light intensity 

I0 and the reflected light intensity IR were measured for rotation angles from 0° to 30°. The 

main purpose of the retro-reflecting foil is to spatially separate the (partial) specular reflec-

tion (SR) of the incoming beam by the liquid surface from the beam that carries the desired 

information from absorption by traversing the film twice. Due to the finite aperture of the 

collection optics the direct reflection needs to be blocked from hitting the detector. 

 

Fig. 41:  Optical setup of the characterization of retro-reflecting foils. FC: fiber combiner, GM: Gimbal 

mount, RR: retro-reflection, SR: specular reflection, DR: Diffuse reflection, PM: Power meter. 
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The angular reflection properties of three commercial retro-reflecting foils (3M) are shown 

in Fig. 42. With the optical arrangement (Fig. 41), the measured reflectivity, (IR/I0) × 

100%, decreased abruptly as soon as the angle changed from 5° to 6°, which is the limiting 

angle where the SR and RR beams were separated enough that the SR beam was no longer 

captured by the detector (Fig. 41). The Diamond Grade (DG) series foil with anti-fog coat-

ing that is equipped with a micro-prismatic array structure showed the highest reflectivity 

of 47% (at  = 7°) and was best suited for the present purpose, since the small contact an-

gle (11°) of the “anti-fog” coating causes water to be more easily spread out into films and 

thus reduces the tendency of droplet formation during film evaporation (Fig. 43). All 

measurements presented in this chapter were carried out with this foil. 

 

Fig. 42:  Angular dependence of the relative intensity of retro-reflecting foils (Commercial materials from 

3M): (a) Four standard foils (cf., Table 17); (b) Standard DG foil and foil with anti-fog coating. 

 

 

Fig. 43:  Water (V = 5 µl) contact angle on (a) DG foil with anti-fog coating: 11° and (b) normal DG foil: 

80°. 



Measurement of liquid film in retro-reflection 

 

   

77 

 

6.3 Measurement strategy and sensor design 

The basic concept for two-color near-infrared sensing of liquid water-film thickness was 

demonstrated earlier using traditional line-of-sight (LOS) transmission of two lasers with a 

wavelength-division multiplexing (WDM) approach [29, 32]. On the contrary, on opaque 

or partially reflecting surfaces the detection of the specular surface reflection from the liq-

uid layer which bears no absorption information needs to be avoided, but the comparative-

ly small fraction of the beam backscattered from the support and having experienced bulk 

absorption needs to be collected. For this to achieve, a novel technique is presented in this 

thesis for the single-ended optical measurement of water film thickness using time division 

multiplexing (TDM) of two near-infrared laser wavelengths. The two interleaving pulse 

sequences are combined to a single pulse train and transmitted/retro-reflected through the 

absorption medium, which enables measurements using a single detector. The primary 

advantage of TDM compared to WDM is the simplification of the optical setup that avoids 

the additional large signal loss when the emerging beams are diffracted off the grating for 

angular wavelength separation; TDM therefore improves the signal-to-noise ratio (SNR) in 

the measurements. In this section, the design and initial demonstration of this sensor with 

measurements of water film thickness at a fixed temperature will be presented. 

The optical setup of the absorption-based film thickness sensor is shown in Fig. 44. The 

output of two DFB diode lasers operating at 1353 and 1412 nm was combined in a single-

mode fiber. Light exiting the fiber was collimated into a free-space beam and 10% of its 

intensity was split onto a reference (IR) InGaAs photodiode detector (Thorlabs, 

PDA10CS). The remaining 90% was directed through the central hole of an off-axis para-

bolic mirror onto the liquid film spread on the retro-reflecting foil. The foil was placed 

onto the lower window (as a support) of a temperature-controlled cuvette (LOT), and its 

distance from the parabolic mirror was adjusted to one RFL. Without a liquid film, the 

light impinges on the foil were it undergoes diffuse and specular reflection in addition to 

some absorption by the coated foil. The retro-reflected light was collected by the first par-

abolic reflector, directed towards a second off axis paraboloid and focused on a second 

photodetector. A beam dump was arranged to block the specular reflection. All the optical 

component was mounted an aluminum breadboard (grey rectangle in Fig. 44). In this case, 

the board was vertically fixed on the optical table. In order to eliminate the specular reflec-

tion after reflection of foil (SR, thin solid line in Fig. 44) the incident light was adjusted of 

an angle of 7° by rotating the aluminum board. 
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Fig. 44:  Optical layout of the “retro-reflection” thin-film absorption measurement. Through rotation of the 

beam optics mounted on the vertical optical plate (grey rectangle) by an angle  of approx. 7°, the 

fraction of retro-reflected signal (shaded red light path) can be discriminated against specular re-

flection from the film surface. The inset at the lower right of the figure shows a detailed view of 

the incoming and outgoing (RR and SR) beams when the water-filled calibration cuvette is in 

place. FC: fiber combiner, SMF: single-mode fiber, BS: beam splitter, D: detector, M: mirror, P: 

parabolic mirror, RR: retro-reflection, DR: Diffuse reflection, SR: specular reflection. 

Two different types of experiments were performed: (i) to validate the technique, absorp-

tion ratios were determined in a situation with well-defined liquid layers using PTFE spac-

ers (0.1, 0.2, 0.5, and 1 mm) between the foil and a quartz cover plate (inset in Fig. 44); (ii) 

with the quartz plate removed, free standing evaporating water films were supported on the 

RR foil and the film thickness was measured as a function of time during evaporation. The 

temperature of the cell was controlled by a thermostat. During the experiment the film 

temperature was measured by an optical pyrometer (Raytek). 
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Fig. 45 illustrates the effect of injection-current switching of the two lasers for time-

division multiplexing at a 100 Hz repetition rate with a 1-ms off-time between each laser to 

monitor the detector dark current (i.e., each laser is on for 4 ms). The black lines illustrate 

the reference signal and the red lines the retro-reflected signal for an empty (Fig. 45a) and 

a water filled (Fig. 45b) cuvette. Note the much larger absorption by liquid water of the 

1412 nm light compared to the 1353 nm light. The two independent waveforms are gener-

ated using LabVIEW codes running a National Instruments data acquisition (NI-DAQ) 

system. The NI-DAQ system consists of a PC equipped with a PCI-6115 DAQ board (12-

bit A/D conversion) and a BNC-2110 analog I/O block. 

 

Fig. 45:  Measured raw signals in time-division multiplexing: Reference IR (detector 1, black lines) and 

film-transmitted retro-reflected laser intensities IM (detector 2, red lines) through an empty cell (a) 

and a cell filled with a 500 µm water layer (b). 

Background subtraction removes the small DC offset due to ambient light striking the de-

tectors. This is accomplished by subtracting the voltage reading from each detector when 

all lasers are off. Fluctuations and drifts in the intensity of the lasers are corrected for by 

taking the ratio at each wavelength of the measured detector signal, IM, over the reference 

detector signal, IR: IM/IR. For the RR beam passing twice through the liquid, the laser inten-

sity at wavelength  can be represented by Beer-Lambert’s law as: 
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where 

tM,I  and 

M,0I  are the measured laser intensities at the detector 2 (Fig. 44), in the 

presence and absence of the liquid, λ

tR,I  and λ

R,0I  are the corresponding intensities detected 

by the reference detector 1 (Fig. 44), respectively, u takes into account the non-specific 

losses (partial detection of the retro-reflected light, losses through reflection off surfaces, 
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dirty optics),  is the film thickness,  is the angle of incidence, and k is the spectral ab-

sorption coefficient of water at wavelength  in dependence on the temperature TL of the 

liquid. In the chapter 3, a database of wavelength- and temperature-dependent absorption 

coefficients for liquid water was acquired by FTIR measurements. Note that Eq. (53) has 

two unknowns ( and u) and therefore two laser wavelengths are needed for the detection 

of  in a robust calibration-free manner. The liquid-water absorption cross-sections at the 

two wavelengths of the sensor differ by a factor of ~7. In the case of liquid water, the real 

part of the refractive index varies by less than 0.3% from 5500 to 7500 cm–1 [29]. There-

fore, we assume that these non-specific transmission losses u are the same for both wave-

lengths. By taking the ratio of equations (53) for both wavelengths, the parameter u can 

thus be eliminated and the film thickness at a fixed temperature can be determined: 
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6.4 Results and discussion 

6.4.1 Demonstration of liquid-film measurements 

Initially, the liquid was enclosed in the cell covered with a quartz plate to validate the sen-

sor’s performance for films of known thickness at room temperature (TL = 293.5 K). In 

Fig. 46, the film thickness evaluated from the absorbance measurements is plotted versus 

the given separation between the upper quartz plate and the retro-reflecting foil. The 

dashed straight line represents the one-to-one correspondence between both values. The 

maximum relative uncertainty in the measured film thickness was 7.5% for a sample thick-

ness of 100 µm (residual in the upper part of Fig. 46a). 

Compared to the cuvette used in the transmission measurements there is only one upper 

window so that a precise determination of the optical path length using the FTIR spectrom-

eter is not possible. In this case, at first the surface roughness of the DG foil with anti-fog 

coating was quantified by using a profilometer (accuracy approx. 15 µm). Then the thick-

ness variation was determined when the different PTFE spacers are pressurized manually 

using a micrometer, resulting in uncertainties for the various spacer thicknesses of 1005, 

2009, 5007, and 100012 µm, respectively. The roughness of the foil and the thickness 

variation of the PTFE spacers enter into the error estimation of the plate –foil distance; this 
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appears as error bars along the x-axis for each data point. The uncertainty of each meas-

urement in Fig. 46 is calculated through error propagation based on the following parame-

ters in Eq. (54): The uncertainty of the measured liquid temperature using the pyrometer 

(3 K), the temperature-dependent absorption coefficient k measured in FTIR experiments 

(a relative variation of 0.62%/K), the angle of incidence (2°), the standard deviation of the 

average laser intensities (1%), and the standard deviation of all the voltage reading used in 

the measurement (0.1%). 

 

Fig. 46:  Measured water film thickness as a function of distance between RR foil and upper quartz window 

in a calibration cuvette kept at 293.5 K. The upper panel indicates the respective residuals between 

the measured and nominal layer thickness.  

6.4.2 Time-resolved measurements of an evaporating thin film  

at constant temperature 

Further experiments were performed to study the temporal thickness variation of free-

standing evaporating water films at constant temperature. The experiment was initiated by 

dosing and mechanically spreading a proper amount of water onto the retro-reflecting foil 

such that the initial film thickness was about 700 µm, which for the present foil dimension 

was accomplished with 0.175 ml. Temperature (as defined by the temperature regulated 
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cuvette holder) was kept constant and relative humidity in the lab was measured to be 

511%. Fig. 47 shows the measured variation of film thickness (solid symbols) as a func-

tion of time for evaporating films at 298, 306.4, and 316 K. 

As shown in the upper panel in Fig. 47, an estimate of the water temperature (assumed to 

be close to the temperature of the supporting retro-reflecting foil) was provided by the 

reading of a pyrometer (pointing towards the foil from above, cf., Fig. 44) during the 

measurements. It is observed that except for the beginning of the experiment, the film 

thickness decreases almost linearly with time at all three temperatures, which is in accord 

with previous experiments where aqueous water films were probed at the same wave-

lengths in transmission (chapter 4). The thickness reduction rate at the three temperatures 

was calculated from the slope of fitted lines to the data points and was approximately 7, 11, 

and 23 µm/min, respectively, for the three temperatures. Note that the thickness reduction 

rate of pure water film at 316 K (23 µm/min) in this present work is evidently slower than 

the previous measurement of an evaporating water film at around 332 K (50 µm/min) [29]. 

In addition, the reduction rate is similar to previous measurement of an evaporating aque-

ous salt solution film at 318 K (25 µm/min) and obviously higher than the measurement of 

an evaporating aqueous urea solution film at 318 K (15 µm/min) (chapter 4). 

 



Measurement of liquid film in retro-reflection 

 

   

83 

 

Fig. 47:  Temporal variation of film thickness (solid symbols) during evaporation of water films at 298 K 

(black points), 306.4 K (blue points) and 316 K (red points). The upper panel indicates the varia-

tion in water temperature during the experiment measured pyrometrically. 

Moreover, when the exposed surface area of the deposited liquid and the liquid tempera-

ture are known, the amount of the evaporated water can be estimated as [127]: 

 xxAgh  sL , (55) 

where gh (in kg/h) is the mass flux of liquid water leaving the surface area AL (in m2) of the 

liquid as vapor, and  (in kg/m2h) is the evaporation coefficient, which for an assumed 

quiescent atmosphere above the liquid takes on a constant value of 25. xs (in kg/kg) repre-

sents the humidity ratio in saturated air at the same temperature as the water surface, and x 

(in kg/kg) is the given humidity ratio of the surrounding air. The thickness reduction rate at 

the three temperatures was calculated from Eq. (55) and was approximately 5, 10, and 

21 µm/min for the three temperatures (i.e., 298, 306.4, and 316 K), respectively. The ob-

served deviations from the measured values could be due to the variation in water tempera-

ture during the experiment (upper panel in Fig. 47) and the fact that in the experiment the 

air above the surface was not fully quiescent. 

During the measurement of evaporating films, local de-wetting can occur that can influ-

ence the measurement. To record the variation in the film contour, a machine-vision cam-

era (Basler ace acA645-100 gm) was positioned above the setup and images were taken to 

monitor the water film simultaneously during the evaporation process (shown in Fig. 48 for 

a 314.8 K case with higher time resolution than in Fig. 47). A filament lamp was used as 

an illumination source. 

It is observed that the film thickness decreases at a constant rate of 21 µm/min during the 

first 28 min after the start of the experiment, after which it decreased with a faster rate of 

36 µm/min until the film completely evaporated. For nine specific instances in time (blue 

arrows in Fig. 48), camera images where recorded and are presented in Fig. 49. 
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Fig. 48:  Absorption-based measurement of the temporal thickness variation during water film evaporation 

at 314.8 K. Blue arrows: nine specific instances where images were taken with a machine-vision 

camera in Fig. 49. Black and green solid lines: linear fit to the data points for retrieving the aver-

age thickness reduction rate. The upper panel indicates the variation in water temperature during 

the experiment measured via an optical pyrometer. 

The red circle in each image marks the impingement point (IP, ~1 mm diameter) of the 

NIR laser beams on the film. Up to at least 25 min after the start of the experiment (SOE) 

there is no visible change of the liquid around the IP. Again, the film thickness reduction 

rate calculated from Eq. (55) of a planar surface is 20 µm/min, which is nearly the same as 

the measurement data. For later times we speculate that the surface topology at that loca-

tion may be affected by the retracting fluid boundary approaching the IP, as can be de-

duced from the partial reflections of the lab ceiling lamps in Fig. 49 (bright areas near the 

IP). This may in turn affect the evaporation behavior due to a change in surface curvature 

and lead in course to a speed-up in the evaporation rate at and around 28 min after SOE 

(Fig. 48). From t = ~33 min, the film was fractured and retracted from the position where 

the laser beam retro-reflected from the foil surface. 
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Fig. 49:  Photographs at twelve instants (between 0 and 32 min., as marked by arrows in Fig. 48) until the 

film completely evaporated within the laser beam impingement area. Red circle diode laser im-

pingement point; Green arrow: reflection from room lightings on water surface; Blue lines: bound-

aries of the water film in the field of view. 

6.5 Summary 

A single-ended two-color absorption sensor in the NIR spectral range was developed and 

demonstrated for film-thickness measurements of liquid water on opaque support surfaces. 

A retro-reflecting foil with anti-fog coating was used as backscattering target. Two off-axis 

parabolic mirrors were used through one of which the incident laser beam is pointed to-

wards the film and which also served to capture and collimate the retro-reflected or dif-

fuse-reflected beam traversing the film twice. A second off-axis paraboloid then focused 

the collimated light onto the detector. Time-division multiplexing (TDM) was used as a 

method more robust (a single detector is sufficient at the receiving end) and with higher 

optical throughput than, e.g., wavelength-division de-multiplexing. 

Validation tests were performed using a temperature-controlled cuvette with known sepa-

rations between cover window and retro-reflecting foil. The sensor was also demonstrated 

by recording the time-varying thickness of evaporating water films at known temperatures 

(298, 306.4, 314.8, and 316 K), where the liquid temperatures were deduced from optical 
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pyrometry during the measurements. The reduction of the film thickness as a function of 

time was measured down to approx. 50 µm. The technique may be applied to diverse fields 

of film diagnostics, e.g., monitoring the evaporation of thin films from smooth or struc-

tured surface, such as heat pipes and capillary pumped loops [128], spray and jet impinge-

ment cooling [129], falling film evaporation [130] and others. 
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7 Conclusions and future work 

7.1 Conclusions 

The objective of this thesis was to investigate liquid thin film sensing in transmission and 

retro-reflection based on the laser-absorption spectroscopy. For this purpose, Fourier trans-

form infrared (FTIR) measurements of the temperature and solute concentration depend-

ence of the thin films provided the spectral database needed to design the wavelength-

multiplexed laser sensor. The spectral database was recorded with a spectral resolution of 

2 cm–1 in the range 8000–5500 cm–1 (1.25–1.82 µm). From the variation of the normalized 

spectra with either solute concentration (dF/dw) or temperature (dF/dT), spectral regions 

can be identified that are most sensitive to changes in respective parameters. 

In this thesis, a wavelength-multiplexed NIR diode laser absorption sensor was developed 

to measure the layer thickness, solute concentration, and liquid temperature of aqueous 

NaCl and urea solutions from the evaluation of the absorbance ratios at multiple laser 

wavelengths. In this study, at least one of the two desired parameters (temperature or solute 

concentration) is assumed to be known. Validation tests were performed using a tempera-

ture-controlled cuvette consisting of two parallel quartz plates providing liquid layers of 

variable thickness (200–1500 µm). Validation measurements of films of varying solute 

concentration at constant temperature and of varying temperature at constant solute con-

centration provided a proof-of-concept demonstration of the sensor concept. The sensor 

was successfully applied for simultaneous measurements of liquid-film thickness and so-

lute concentration during time-resolved measurements of evaporating aqueous solution 

films on a transparent quartz plate at steady temperatures. The faster evaporation at the 

higher temperature as well as the linear decrease in film thickness and the exponential in-

crease in solute concentration with time were observable from these experiments demon-

strating the capabilities of the technique. Furthermore, this study highlighted the need for 

making this technique more robust and quantitative when applied to practical systems, 

where the analyzing radiation may pass through spatial regions of strong variation in re-

fractive index or flow-induced surface modifications of liquid films. 

The liquid-film temperature and the solute concentration are typically unknown parameters 

in many practical applications, and diagnostics that recovers the solute concentration and 

liquid temperature in addition to the film thickness would be preferred. Therefore, a 

scheme was developed that enables simultaneous monitoring of liquid film thickness, liq-
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uid temperature, and solute concentration of aqueous urea solution, based on a Bayesian 

methodology. The Bayesian analysis was based on the available temperature- and concen-

tration-dependent spectral database measured by a FTIR spectrometer in the range 5500–

8000 cm–1 for aqueous urea solutions. This concept was validated with measurements us-

ing a calibration cell. Uncertainty in the distribution parameters caused by measurement 

noise was quantified using Markov-chain Monte-Carlo (MCMC) algorithms, which were 

used to derive credibility intervals. As a practical demonstration, the temporal variations of 

film thickness, urea concentration, and liquid temperature were then recorded simultane-

ously during evaporation of a liquid film deposited on a transparent heated quartz plate. 

In addition, a single-ended two-wavelength NIR laser-based absorption sensor was devel-

oped and applied for film thickness measurements of liquid water on an opaque support 

surface using a retro-reflecting foil with anti-fog coating. Laser wavelengths at 1412 and 

1353 nm were used where the temperature dependence of the liquid water absorption cross 

section was known. The lasers were fiber coupled and the detection of the retro-reflected 

light was accomplished through a multimode fiber and a single photodiode using time-

division multiplexing (TDM). This absorption method relies on the measurement of the 

light that has been attenuated by traveling twice through the liquid layer (e.g., reflected 

diffusely or directional from the supporting solid surface). Therefore, the partial reflection 

from the front surface must be suppressed. In the approach reported in this thesis these 

signals were separated geometrically (cf., Fig. 44). The water-film thickness at a given 

temperature was determined from measured transmittance ratios at the two laser wave-

lengths. This technique was demonstrated using a temperature controlled cell providing 

liquid layers of variable and known thickness between 100 and 1000 µm using PTFE spac-

ers. Furthermore, the sensor was successfully applied to record the time-varying thickness 

of evaporating water films at three known temperatures. Liquid films down to approx. 

50 µm were measured in the presence of water vapor above the liquid during the evapora-

tion. 

7.2 Future work 

Several ideas of further research remain for extending the current work, which are de-

scribed below. 

In the present work, the film thickness was recorded down to 50 µm using the diode laser-

based absorption sensor. To extend the sensitivity range for measuring small film thickness 

(below 50 µm), absorption in the ~2 µm wavelength range (in which still the convenient 
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fiber-based handling of sender and receiver is possible) could be explored where liquid 

water/aqueous solutions exhibits larger absorption cross sections by approximately a factor 

of 4.5, compared to the spectral region (~1.4 µm) used in this thesis. The selection of new 

wavelengths would require an extended database, and new FTIR measurements need to be 

performed to provide the necessary information for the variation of the absorption spec-

trum in this new wavelength region as a function of temperature and solute concentration. 

In practical applications of liquid film diagnostics, double-ended transmission measure-

ments are not feasible since optical access is often possible from one side only. We already 

demonstrated the feasibility of a single-ended two-color absorption sensor using a retro-

reflecting foil with anti-fog coating as backscattering target (chapter 6). Furthermore, many 

practical situations feature liquid films that vary dynamically, such as a wavy surface to-

pology due to boundary layer effects between gas and liquid phase, film breakup, wave 

formation during and after film deposition. In these cases, beam steering, defocusing, or 

even breakup of the analysis beam might take place due to the difference in the index of 

refraction of the liquid versus vapor media. Future work could extend this measurement 

strategy to the more challenging situation of films deposited on opaque rough surfaces 

(e.g., stainless steel, ceramic) with diffuse scattering instead of retro-reflecting behavior, 

and dynamic measurements in flow channels. 

Liquid films have broad unstructured absorption features and tunable narrow-band light 

sources are not required for their measurement. Therefore, at least some of the lasers could 

be replaced by cheaper light sources (e.g., light-emitting diode (LED)) [131-134]. Fig. 50 

shows three examples of NIR-LEDs (IBSG) emitting at around 1100, 1530, and 1950 nm 

with half widths of about 100 nm, which overlap part of the wavelength region around the 

broad liquid water absorption peak. The Table 18 below summarizes some of the manufac-

turer’s specified operating characteristics. The divergence angle of the LED output light is 

around 15° and the optical power is much lower than diode laser. Therefore, the standoff 

distance for these units in the film measurement is limited. 

Table 18:  Specified optical-electrical characteristics of the LEDs 

Model 
Wavelength / µm FWHM / nm Optical power / mW 

Min Typ Max Min Max Min Max 

LED11HP 1.09 1.10 1.15 60 80 4.5 9 

LED15HP 1.51 1.53 1.55 90 150 2.5 5 

LED19HP 1.92 1.95 1.97 100 200 0.8 1.2 
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Furthermore, the influence of water vapor interference absorption on the total absorption 

signal in these wavelength ranges needs to be considered (red lines in Fig. 50). These limi-

tations need to be further investigated and the devices could then be tested for fluid phase 

measurements in beam transmission and backscattering arrangements. 

 

Fig. 50:  Absorption spectrum of water vapor in the NIR region based on HITRAN 2012 (red lines), emis-

sion spectra of the LEDs (light blue, pink, and violet shaded spectra), and liquid water absorption 

spectrum (green curve). 
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concentration and temperature of aqueous NaCl solution by NIR absorption spectros-

copy", Appl. Phys. B 120, 397(2015) 

2. R. Pan, J.B. Jeffries, T. Dreier, and C. Schulz, "Measurements of liquid film thickness, 
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py", Appl. Phys. B 122, 4 (2016) 

3. R. Pan, C. Brocksieper, J.B. Jeffries, T. Dreier, and C. Schulz, "Diode laser-based 
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Phys. B 122, 249 (2016) 
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8.2 Non peer-reviewed articles and conference presentations 

1. R. Pan, J.B. Jeffries, T. Dreier, and C. Schulz, "Measurements of liquid film thickness 

and solute concentration of aqueous NaCl solution by absorption spectroscopy", (Laser 

Applications to Chemical, Security, and Environment Analysis (LACSEA), conference 

paper, Seattle, Washington, USA, 2014) 

2. R. Pan, J.B. Jeffries, T. Dreier, and C. Schulz, "Measurements of liquid film thickness 

and solute concentration of aqueous NaCl solution by absorption spectroscopy", (Laser 

Applications to Chemical, Security, and Environment Analysis (LACSEA), Poster, Se-

attle, Washington, USA, 2014) 
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10 List of abbreviations 

Latin symbol 

 

A Amplitude 

~A  Spectral absorbance 

Aj Fitting constant 

AL Surface area of the liquid 

Am Maximum amplitude in the electric or magnetic field 

At Amplitude of the electric or magnetic field at time t 

B Rotational constant 

Bj Fitting constant 

c Speed of light 

d Distance between two parallel plates 

E Total energy  

Eel Electronic energy 

Evib Vibrational energy 

Erot Rotational energy 

∆E Energy difference at two quantum states 

Fw normalized absorption coefficient with respect to pure water 

FT normalized absorption coefficient with respect to room tempera-

ture 

∆f Mean wavenumber separation between interference maxima 

G() Vibrational energy 

gh Mass flux of liquid 

h Planck’s constant 

ħ Reduced Planck’s constant 
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H Hamiltonian operator 

I0 Initial intensity 

It Transmitted light intensity 

J Jacobian matrix 

J Rotational quantum number 

J’ Quantum number for the upper state 

J” Quantum number for the lower state 

k Boltzmann constant 

k(i) Absorption coefficient 

L Distance 

m Mass  

N Total number of molecules  

nL Molar density of absorption species 

n Refractive index  

R Ratio 

TL Liquid temperature 

u Non-specific background attenuation 

V Volume 

w Mass fraction 

X Known quantity 

X Samples 

xs Humidity ratio in saturated air 

x Humidity ratio of the surrounding air 

z Path length 
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BS Beam splitter 

CCD Charge-coupled device 

DLAS Diode laser absorption spectroscopy 

DFB Distributed feedback 

DG Diamond Grade 

DR Diffuse reflection 

EG Engineer Grad 

FC Fiber combiner 

FDM Frequency-division multiplexing 

FTIR Fourier transform infrared 

GM Gimbal mount 

HI High Intensity 

HPD Highest posterior density 

IC Internal combustion 

IP Impingement point 

IR Infrared 

LIF Laser-induced fluorescence 

LCI Low-coherence interferometry 

LED Light-emitting diode 

MAP Maximum a posterior 

MCMC Markov chain Monte Carlo 

MCR-ALS Multivariate curve resolution-alternating least squares 

MLE Maximum likelihood 

MVN Multivariate normal 

NA Numerical aperture 

NI-DAQ National Instruments data acquisition 
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NIR Near infrared 

PTFE Polytetrafluoroethene 

RFL Reflected focal length 

RR Retro-reflecting 

SCR Selective catalytic reduction 

SHO Simple harmonic oscillator 

SLED Super luminescent light emitting diode 

SI Spark Ignition 

SMF Single-mode-fiber 

SNR Signal-to-noise 

SOE Start of the experiment 

SR Specular reflection 

TDLAS Tunable diode laser absorption 

TDM Time-division multiplexing 

TIR Total internal reflection 

UV Ultraviolet 

WDM Wavelength-division multiplexing 

WMS Wavelength-modulation spectroscopy 
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Greek symbol 

 

 Incident angle 

αCal. Transmission correction factor  

 Covariance matrix 

 Liquid film thickness 

 Evaporation coefficient 

 Wavelength 

μ Mean value 

 Frequency 

 Vibrational quantum number 

ν̃ Wavenumber 

π Probability density 

ρ Density 

L Absorption cross section 

x Uncertainty in x 

τ Transmission 

 Wave function of quantum system 

 Classical oscillator frequency 
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