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I  

ABSTRACT 

Time-resolved laser-induced incandescence (TiRe-LII) is an optical in situ diagnostics method for particle-

size determination of gas-borne nanoparticles that has been established over the last decades. Recent 

inter-laboratory comparisons have shown that there are unresolved issues concerning measurement ar-

tifacts and noise, and discrepancies exist in reported results from similar measurement conditions. Mov-

ing from the established two-color technique (for pyrometric temperatures determination) to spectrally 

resolved (and multi-color) measurements reveals additional open questions. 

The difficulty in LII science is that in literature, a wide range of different LII models and corresponding 

materials properties is available, and often, for new application cases, new models are composed from 

various published LII models to match the results from literature or ex situ determined quantities (e.g., 

particle-size distributions). In addition, signal shapes that cannot be explained by previously published LII 

models lead to the adjustment of the physical models and properties instead of focusing on technical 

issues of the LII signal acquisition. The variation in calibration, measurement and analysis procedures 

across the LII community motivates for the development towards standardization of LII signal acquisition 

and processing to increase the quality of signals that can then later be used as input for future LII model 

developments. 

This work focuses on practical aspects of multi-color TiRe-LII as detector performance/calibration, exper-

imental design, and signal acquisition and on the improvement of the robustness of the measurement 

technique using multiple detection channels. In the scope of this work, a multi-color LII device was devel-

oped along with a software solution for data acquisition and signal processing. Modular and flexible com-

ponents in the setup and the analysis help to broaden the way for the application of LII on various mate-

rials systems and processes, and can build a foundation for future inter-laboratory comparisons.  

For multi-color LII techniques, proper detector performance and calibration is essential to produce data 

that can be used as input for further processing. The detector performance is investigated for photomul-

tiplier tubes (PMT) using pulsed and continuously operated light-emitting diodes at similar light levels as 

typical LII experiments. The influence of non-linear behavior during LII measurements is demonstrated for 

different two-color ratios and the importance of linearity as detector requirement is shown. The mathe-

matical description for the calibration of PMTs in the context of LII is presented along with a detailed 

methodology for the calibration of all components within a typical LII detection system. For this purpose, 

the suitability of different calibration light sources is assessed and additional measurement issues that 

could affect the signal quality are discussed. For data acquisition and processing of LII data, a software 

solution was developed, following a modular approach, making it suitable for the application on various 

materials systems and with individual processing steps. The software is published as open-source soft-

ware to allow transparency and adjustments by other researchers. In order to improve the LII signal ac-

quisition further, a new sequential detection technique was developed that takes advantage of gated 

photomultiplier tubes and is capable to increase the dynamic range of the LII technique.  

Having resolved many of the above-mentioned issues is an important step towards harmonization of the 

experimental procedure, calibration, measurement and interpretation of data. 
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II 

ZUSAMMENFASSUNG 

Zeitaufgelöste laser-induzierte Inkandeszenz (TiRe-LII) ist eine optische In-Situ-Messmethode zur Partikel-

größenbestimmung gasgetragener Nanopartikel, die sich über die letzten Jahrzehnte bewährt hat. Labor-

vergleiche haben jedoch gezeigt, dass es bisher ungelöste Probleme in Bezug auf Messartefakte und -rau-

schen gibt, und Unstimmigkeiten zwischen publizierten Ergebnissen zu ähnlichen Messbedingungen exis-

tieren. Der Übergang von der etablierten Zweifarben-Technik (für die pyrometrische Temperaturbestim-

mung) zu spektral aufgelösten (und Mehrfarben-) Messungen führt zu zusätzlichen offenen Fragen. 

Die Schwierigkeit in der LII-Wissenschaft besteht darin, dass in der Literatur ein breites Spektrum an un-

terschiedlichen LII-Modellen und dazugehörigen Materialeigenschaften verfügbar ist und oft für neue An-

wendungsfälle neue Modelle aus verschiedenen veröffentlichten LII-Modellen zusammengestellt werden, 

um gleiche Ergebnisse wie die Literatur zu erhalten oder Ex-Situ-bestimmten Größen (z.B. Partikelgrößen-

verteilungen) zu entsprechen. Darüber hinaus führen Signalformen, die nicht durch zuvor veröffentlichte 

LII-Modelle erklärt werden können, zu einer Anpassung der physikalischen Modelle und Eigenschaften, 

anstatt sich auf technische Probleme der LII-Signalerfassung zu konzentrieren. Die unterschiedlichen Ka-

librierungs-, Mess- und Analyseverfahren motivieren zur Entwicklung einer Standardisierung der LII-Mess-

werterfassung und -verarbeitung, um die Qualität der Signale zu erhöhen, die dann später für zukünftige 

LII-Modellentwicklungen verwendet werden können. 

Diese Arbeit konzentriert sich auf die technischen Aspekte von Mehrfarben-TiRe-LII wie Detektorverhal-

ten/-kalibrierung, experimentelle Auslegung und Signalerfassung, sowie auf die Verbesserung der Stabili-

tät der Messtechnik mit mehreren Detektionskanälen. Im Rahmen dieser Arbeit wurde ein Mehrfarben-

LII-Gerät zusammen mit einer Softwarelösung zur Datenerfassung und Signalverarbeitung entwickelt. Mo-

dulare und flexible Komponenten im Setup und in der Analyse helfen, den Einsatz von LII auf unterschied-

liche Materialsysteme und -prozesse zu erweitern und eine Grundlage für zukünftige Laborvergleichsstu-

dien zu schaffen. 

Bei Mehrfarben-LII-Techniken ist ein einwandfreies Ansprechverhalten und Kalibrierung der Detektoren 

essentiell, um Daten zu erzeugen, die als Grundlage für weitere Signalverarbeitungsschritte verwendet 

werden können. Das Detektorverhalten wird für Photomultiplier-Röhren (PMT) mit gepulsten und konti-

nuierlich betriebenen Leuchtdioden bei ähnlichen Lichtstärken wie bei LII-Experimenten untersucht. Der 

Einfluss von nichtlinearem Verhalten während LII-Messungen wird für verschiedene Zweifarbenverhält-

nisse demonstriert und die Wichtigkeit von Linearität als Detektoranforderung gezeigt. Die mathemati-

sche Beschreibung für die Kalibrierung von PMTs im Zusammenhang mit LII wird zusammen mit einer 

detaillierten Methodik für die Kalibrierung aller Komponenten innerhalb eines typischen LII-Detektions-

systems präsentiert. Zu diesem Zweck wird die Eignung verschiedener Kalibrierlichtquellen bewertet und 

weitere Messprobleme werden diskutiert, die die Signalqualität beeinflussen können. Für die Signalerfas-

sung und -verarbeitung von LII-Daten wurde eine Softwarelösung nach einem modularen Ansatz entwi-

ckelt, die sich für den Einsatz für eine große Bandbreite an Materialsystemen und mit individuellen Ver-

arbeitungsschritten eignet. Die Software wurde als Open-Source-Software veröffentlicht, um Transparenz 

sowie Anpassungen durch andere Forscher zu ermöglichen. Um die LII-Signalerfassung weiter zu verbes-

sern, wurde eine neue sequenzielle Detektionstechnik entwickelt, die Photomultiplier-Röhren mit ansteu-

erbarem Detektions-Zeitfenster nutzt und in der Lage ist, den dynamischen Bereich der LII-Technik zu 

erweitern. 

Die Klärung vieler der oben genannten Themen ist ein wichtiger Schritt zur Harmonisierung des experi-

mentellen Verfahrens, der Kalibrierung, Messung und Interpretation von Daten. 
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1 INTRODUCTION 

Nanoparticles are ultrafine particles having a size below one hundred nanometers in all three spatial di-

mensions and with special physical and chemical properties that can differ from those of macroscopic 

materials. They can be found as an unwanted by-product in many practical processes (e.g., soot particles 

in combustion exhaust or metal particles in welding fumes), but they are also synthesized to take ad-

vantage of their large surface-area-to-volume ratio and their size-dependent properties [1]. Nanomateri-

als are used in the fields of electronics, biotechnology, chemistry, energy technology, and materials sci-

ence (e.g., highly efficient catalysts or storage material in high-capacity batteries). 

Nanoparticle formation processes can generally be divided into top-down processes, where the particle 

size is reduced through mechanical, chemical or thermal influence, and bottom-up processes that are 

based on formation and growth of particles from basic chemical components. Two important bottom-up 

processes are combustion and gas-phase synthesis of nanoparticles. In order to design or improve such 

processes, it is essential to understand the particle formation mechanisms and conditions that lead to a 

certain particle size. For the determination of particle sizes and size distributions, particles are usually 

sampled in or on a medium. These samples are then analyzed using ex situ techniques such as transmis-

sion electron microscopy (TEM), scanning electron microscopy (SEM), or nitrogen adsorption analysis 

(Brunauer-Emmett-Teller, BET, method). The disadvantage of ex situ approaches is that, usually, only the 

final stage of the particulate material can be assessed and, moreover, sampled particles can oxidize or 

change their structure during the sampling, and therefore, they are potentially no longer representative 

for the measurement position in the formation process. When representative information is needed, non-

intrusive in situ methods are required, where information about size, morphology, aggregation, composi-

tion, or concentration can be obtained at defined positions in the processes.  

Optical diagnostic techniques are considered as non-intrusive methods and can be used if an optical ac-

cess to the process is available. Laser-induced incandescence (LII) is one such diagnostic technique that is 

commonly used to obtain in situ information about particle size and concentration in aerosols [2, 3]. It is 

based on pulsed laser heating of gas-borne particles within a defined measurement volume and the ob-

servation of the thermal emission (incandescence) of the particles during the cooling process. Typical ap-

plications range from soot diagnostics in flames, to engine exhaust and, most recently, synthetic nano-

particle processes [3]. In the case of time-resolved LII (TiRe-LII), information about the particle size is ob-

tained through evaluation of the temporal cooling behavior of the particles (as small particles cool faster 

than large particles). While the technique is already widely used, there remain many open questions re-

lated to optical and physical properties of the investigated materials systems, influence of particle size 

distributions, chemical composition, morphology, and aggregation. Though these topics are considered 

primary research tasks within the LII community, only few studies exist that focus on practical aspects 

such as detection, calibration, and signal processing [4-11].  

The difficulty for current research is that LII signal acquisition and analysis is not standardized, and the 

calibration and processing techniques, as well as physical properties used in the data evaluation models 
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vary from study to study. In order to make the early stage of LII signal processing more reliable, it is im-

portant to improve the quality of the measured raw data and thus to provide clear definitions how signal 

acquisition and calibration can be improved. One possible improvement is to increase of the number of 

detection wavelengths. While two-color techniques are considered as standard technique for time-re-

solved LII, three- [11] and four-color techniques [12] as well as spectrally resolved measurements [12, 13] 

already showed the potential for improved quality of measurement data because they can more easily 

detect deviations from the expected spectral characteristics and thus indicate signal interference and non-

ideal detector behavior. 

This thesis deals with the questions how a measurement setup for the multi-color TiRe-LII technique 

should be designed and how it can be improved to increase the quality of LII measurements and thus the 

robustness and reproducibility of the technique. Chapter 2 introduces the basic principle of LII, explains 

how a typical experimental apparatus is structured, and summarizes typical LII applications. Chapter 3 

defines the requirements for an experimental LII setup and shows general concepts of the experimental 

design to increase the quality of the measurement. Chapter 4 deals with the response of the most com-

mon detector type in LII: photomultiplier tubes (PMT). The performance of PMTs with respect to detector 

linearity is investigated and recommendations for the design and operation are given. The detector cali-

bration methodology and common measurement issues that could occur during LII measurements are 

presented in chapter 5, including an error analysis of the calibration procedure. Chapter 6 demonstrates 

the signal processing toolbox LIISim that builds on previous experience [14, 15], but has been developed 

as a new framework during the last years as an open-source software solution for the LII community. 

Chapter 7 presents a new method for increasing the dynamic range of LII measurements that enables to 

increase the signal-to-noise ratio in the later part of the LII signal trace. The outlook and summary are 

presented in the last chapters (Chapter 8 and 9) followed by the appendices and bibliography. 
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2 LASER-INDUCED INCANDESCENCE 

Laser-induced incandescence is an optical non-intrusive in situ diagnostics technique based on laser heat-

ing of gas-borne nanoparticles and the observation of the temporal variation of radiation emitted by the 

particles to conclude on their volume fraction and particle sizes [2, 3]. 

The earliest observations that light emission of small gas-borne particles heated by a pulsed laser may be 

correlated with particle size were reported in the 1970’s by Weeks and Duley [16], and Eckbreth [17]. A 

few years later, Melton [18] published first equations describing the energy transfer between laser-heated 

particles and the surrounding gas. This model connected the magnitude and temporal variation of the 

incandescence to the particle number density and particle size, which laid a foundation for future heat-

transfer models [19]. The measurement equations are derived using an energy- and mass-balance includ-

ing the most relevant heat transfer mechanisms as summarized in Figure 2-1. 

  

Figure 2-1 Heat transfer mechanisms relevant for laser-induced incandescence. 

LII techniques can be broadly categorized as intensity-based LII to measure volume fractions, and time-

resolved LII (TiRe-LII) to measure the particle size.  

The intensity-based LII technique investigates the magnitude of the LII signal either at the signal peak (also 

known as “Prompt LII”) or with a short delay after the signal peak [20-23]. The measurement method is 

capable for making relative conclusions on volume fraction as the intensity of the heated particle cloud is 

correlated with the volume fraction of particles in the detection volume [22-24]. This technique does not 

require high temporal resolution of the LII signal, and thus gated cameras can be used to obtain spatially 

resolved measurements of volume fraction, e.g., in engines [25-31] or flames [20, 22-24, 32-35]. Some of 

these studies combine the intensity-based LII technique with the time-resolved LII technique [21, 27, 30, 

34]. 

Time-resolved LII uses information about the temporal variation of the incandescence and takes ad-

vantage of the particle-size dependent surface-to-volume ratio of the particles. For particles in the na-
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nometer range, one can assume that the laser light is absorbed throughout the entire volume of the par-

ticle, instantly heating the particle to a homogeneous temperature. While during the subsequent cooling 

process, the heat transfer rate of the particle to the surroundings depends on the surface area and thus 

can be related to the diameter of the particle. Figure 2-2 shows example particle-temperature decay 

curves for soot particles in a flame environment for various nanoparticle diameters after laser heating at 

t = 0. 

 

Figure 2-2 Simulated LII temperature decay traces for various particle diameters (soot par-

ticles in flame environment at 1700 K ambient gas temperature after heating by 

a pulsed laser to 3600 K at t = 0). 

In the early stage of LII science, single-color TiRe-LII techniques were common using only one detector. 

The first quantitative measurements of single-color TiRe-LII were published by Will et al. [36], and Roth 

and Filippov [37]. For the single-color technique, LII signals are normalized to the peak intensity and the 

slope of the intensity decay is interpreted to determine the mean particle size in the detection volume. 

For the analysis of such signals, the heating and cooling mechanisms are modeled using the laser fluence, 

absorption cross-section, and local gas temperature as variable parameters, and are then compared to 

the normalized signal. As the values of these parameters can be affected by large uncertainties, quantita-

tive interpretation is not recommended, but the technique can still be used for qualitative measurements 

(e.g., how soot primary particle size changes with location in a flame). 

Subsequently, pyrometric techniques have been developed to directly determine temperature traces 

from LII signals collected at two different detection wavelength bands. The two-color TiRe-LII technique 

was first mentioned by Rohlfing and Chandler [38] who performed 2D-imaging two-color measurements 

on laser-heated carbon-black particles. Some years later, two-color time-resolved LII was used in several 

studies and was proven to increase the robustness of the LII analysis [9, 39-42]. McManus et al. [43] pre-

sented first spectrally resolved LII measurements using a monochromator with an intensified optical mul-

tichannel array in gated operation. The drawback of this approach is that the temporal decay of the LII 

trace needs to be resolved in multiple measurements (as the gate delay with 30 ns exposure time needs 

to be shifted along the signal trace). With new technologies available, recent studies presented time-

resolved multi-color techniques by using multiple detectors at three [11] and four [12] detection wave-

length bands, or even spectrally/temporally resolved measurements using a spectrometer coupled with 

a streak camera [12, 13]. 
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The signal analysis for TiRe-LII is commonly split into two major parts: (i) the spectroscopic model that 

connects the incandescence emitted by the particles in the probe volume with their effective tempera-

ture; and (ii) the heat transfer model that simulates the temperature variation of the particles that is then 

compared against the temperature trace from the spectroscopic model. The variation of modeling param-

eters yields information about the particle size through least-squares minimization of the residual be-

tween simulated and measured data. 

In the following sections, the spectroscopic model and the basic energy and mass balances of the heat 

transfer model are described. Then, a basic experimental layout for LII measurements is presented along 

with a summary of typical components used in such a setup. The last section gives an overview of the 

wide range of application cases for the laser-induced incandescence technique. 

2.1 Spectroscopic model 

The term “pyrometry” covers all techniques that characterize the thermal radiation emitted by an object 

to determine its temperature. In the context of LII, it is used to determine the temperature of an ensemble 

of laser-heated nanoparticles in a measurement volume using two or more wavelength bands. This sec-

tion presents the derivation of the spectroscopic model for multi-color analysis that can be used to simu-

late the expected incandescence emitted by a nanoparticle for a given wavelength and temperature.  

The spectroscopic LII model is derived subject to several key assumptions:  

(i) The particle size is much smaller than the light wavelength (Rayleigh approximation) 

(ii) The temperature distribution within the particle is homogeneous. 

(iii) The particles are approximated as spherical with a monodisperse size distribution. 

(i) For sufficiently small particles, the Rayleigh limit of Mie theory can be used to describe the optical 

properties of a particle with the radius 𝑟. If the particle size is much smaller compared to the wave-

length, i.e., 𝑥 = 2πr/λ ≪  1 and |𝐦𝜆|𝑥 ≪  1, the absorption efficiency can be described as [44, 45] 

 𝑄abs,𝜆 = 4𝑥 Im{
𝐦𝜆

2 − 1

𝐦𝜆
2 + 2

} , (2-1) 

where 𝐦𝜆 = 𝑛 + i𝑘 is the complex index of refraction of the particle. Further, the absorption cross-

section 𝐶𝜆,abs is proportional to the cross-sectional area of the particle and the absorption efficiency 

𝑄abs,𝜆 

 𝐶𝜆,abs = 𝜋𝑟2𝑄abs,𝜆 . (2-2) 

For the Rayleigh approximation, light scattering can be neglected and the extinction cross-section 

𝐶𝜆,ext can be approximated by the absorption cross-section 𝐶𝜆,abs [44, 45]  

 𝐶𝜆,ext = 𝐶𝜆,scat + 𝐶𝜆,abs ≈ 𝐶𝜆,abs . (2-3) 
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Equation (2-1) and (2-2) can then be summarized as 

 𝐶𝜆,abs =
8π2𝑟3

𝜆
 Im{

𝐦𝜆
2 − 1

𝐦𝜆
2 + 2

} =
4

3
π𝑟3

6π

𝜆
 Im {

𝐦𝜆
2 − 1

𝐦𝜆
2 + 2

} . (2-4) 

The absorption function 𝐸(𝐦𝜆) is a common parameter in LII research and describes the optical ab-

sorption properties of the material that is investigated by the LII technique 

 𝐸(𝐦𝜆) = Im{
𝐦𝜆

2 − 1

𝐦𝜆
2 + 2

} =
6𝑛𝑘

(𝑛2 − 𝑘2 + 2)2 + 4𝑛2𝑘2
 . (2-5) 

𝐸(𝐦𝜆) can be calculated from the complex index of refraction 𝐦𝜆 or it is experimentally determined 

using the relationship from equation (2-3) with extinction measurements [46] or spectrally-resolved 

line-of-sight attenuation (LOSA) [12, 47, 48]. Equation (2-5) assumes the material is homogeneous 

and 𝐦𝜆 is known, which is not the case for soot. In these cases, 𝐸(𝐦𝜆) is considered an “effective” 

parameter, which is often solved for in LII analysis [39, 49, 50]. 

With the definition of the volume of the particle, 𝑉 = 4/3πr3, and the absorption function, 𝐸(𝐦𝜆), 

equation (2-4) becomes 

 𝐶𝜆,abs = 𝑉
6π

𝜆
𝐸(𝐦𝜆) . (2-6) 

The wavelength-dependent absorption cross section 𝐶𝜆,abs  can then be used in the spectroscopic 

model to account for the absorption and emission of nanoparticles within the Rayleigh regime. 

(ii) For the laser-heating process, the Rayleigh limit of Mie theory is used to describe the light–particle 

interaction allowing the assumption that the laser energy is absorbed by the total volume of the par-

ticle [44, 45] and thus the particle can be considered as instantly heated to homogeneous tempera-

tures. 

The volume effect of nanoparticles assumes that the proportion of the surface atom mass is large 

compared to the total particle mass [1]. This means that during the cooling process, which is a surface-

controlled process, the temperature gradient within the particle can be neglected and therefore the 

temperature distribution can be considered homogeneous. 

(iii) In a real system, particles are not necessary spherical, but can have a fractal structure or can be 

aggregated. Several studies have investigated the influence of aggregation and morphology on LII 

analysis [51-58]. While the influence of these effects can be significant, it also adds much to the com-

plexity of LII models and therefore further increases the uncertainty of results. As this work focuses 

on the technical aspects of the LII analysis, the following description of the spectroscopic model is 

therefore limited to spherical particles with a monodisperse size distribution. 
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Building up on the prior assumptions, the incandescence of a single nanoparticle can be described based 

on the blackbody spectral intensity 𝐼𝜆,BB, which is given by Planck’s distribution as a function of wave-

length and temperature 

 𝐼𝜆,BB(𝑇) =
2ℎ𝑐0

2

𝜆5 [exp (
ℎ 𝑐0

𝑘B𝜆𝑇
) − 1]

−1

,  (2-7) 

where ℎ denotes the Planck constant, 𝑐0 the speed of light in vacuum, 𝑘B the Boltzmann constant, 𝜆 the 

wavelength, and 𝑇 the blackbody temperature. 

The incandescence 𝐼𝜆, emitted by a single particle, can then be expressed as 

 𝐼𝜆(𝑇p) = 𝐶𝜆,abs 𝐼𝜆,BB(𝑇p) =
π2𝑑p

3

𝜆
𝐸(𝐦𝜆)𝐼𝜆,BB(𝑇p) . (2-8) 

During an LII measurement, usually the incandescence from an ensemble of nanoparticles within the de-

tection volume is measured as an incident spectral irradiance on the detector 𝐽𝜆. The irradiance is propor-

tional to the integrated intensities over the particle-size distribution using the probability density of the 

particle diameters 𝑝(𝑑p), and is scaled by the volume fraction within the detection volume 𝑓𝑉 and the 

optical efficiency of the detection system 𝐵𝜆 

 𝐽𝜆(𝑇p) ∝ 𝑓𝑉𝐵𝜆 ∫ 𝑝(𝑑p)𝐶𝜆,abs(𝑑p)𝐼𝜆,BB[𝑇p(𝑑p)] d𝑑p

∞

0

 . (2-9) 

To simplify the analysis, often a monodisperse particle-size distribution is assumed and the temperature 

in the calculations is considered being an “effective” temperature 𝑇p,eff of the particles in the detection 

volume, which simplifies equation (2-9) to 

 𝐽𝜆(𝑇p,eff) ∝ 𝑓𝑉 𝐵𝜆 𝐶𝜆,abs 𝐼𝜆,BB(𝑇p,eff) , (2-10) 

Equation (2-10) can then be further simplified by summarizing all wavelength-independent properties in 

a general scaling factor 𝛬 leading to 

 𝐽𝜆(𝑇p,eff) ∝ 𝛬
𝐸(𝐦𝜆)

𝜆

2ℎ𝑐0
2

𝜆5
[exp(

ℎ 𝑐0

𝑘B 𝜆 𝑇p,eff
) − 1]

−1

. (2-11) 

Equation (2-11) can be used as a foundation for the spectroscopic model of multi-color LII techniques. In 

case of two detection wavelengths, an analytical formula can be derived from equation (2-11), while for 

more detection wavelengths, the equation system is overdetermined and least-squares methods are 

needed. 
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Ratio pyrometry is based on the ratio of the experimentally determined spectral irradiance 𝐽𝜆,𝑖
exp

 at two 

wavelength bands 𝜆𝑖 

 
𝐽𝜆,1
exp

𝐽𝜆,2
exp =

𝐸(𝐦𝜆1
)

𝐸(𝐦𝜆2
)

𝜆2
6

𝜆1
6

[exp (
ℎ 𝑐0

𝑘B 𝜆2 𝑇p,eff
) − 1]

[exp (
ℎ 𝑐0

𝑘B 𝜆1 𝑇p,eff
) − 1]

 . (2-12) 

Using the Wien approximation for small wavelengths (< 1000 nm) and temperatures lower than 4000 K, 

i.e.,  

 exp(
ℎ 𝑐0

𝑘B 𝜆 𝑇p
) − 1 ≈exp(

ℎ 𝑐0

𝑘B 𝜆 𝑇p
) , (2-13) 

the analytical formula of the two-color pyrometry can be derived by solving equation (2-12) for 𝑇p,eff 

 𝑇p,eff =
ℎ 𝑐0

𝑘B
(
1

𝜆2
−

1

𝜆1
) [ln (

𝐽𝜆,1
exp

𝐽𝜆,2
exp

𝐸(𝐦𝜆2)

𝐸(𝐦𝜆1)
(
𝜆1

𝜆2
)
6

)]

−1

. (2-14) 

The formula is commonly used in various LII studies to determine a temperature trace from two calibrated 

LII signals collected at two different detection wavelengths [9, 40, 41]. 

When two or more detection channels are available, the experimentally determined spectral irradiance 

𝐽𝜆,𝑖
exp

 with standard deviation 𝜎𝑖 for the 𝑖th channel can be compared to the simulated irradiance 𝐽𝜆,𝑖
mod from 

equation (2-11) using least-squares minimization  

 𝑇p,eff = argmin
𝑇p,𝛬

{∑(
𝐽𝜆,𝑖
exp

− 𝐽𝜆,𝑖
mod(𝑇p, 𝛬)

𝜎𝑖
)

2

𝑖

} . (2-15) 

Theoretically, only two detection wavelengths are needed to determine the particle temperature. Practi-

cally, the signals are always affected by noise or signal bias. This is usually not a problem in ratiometric 

methods if both detection channels are equally affected, but if a single channel is biased more strongly, 

the calculation would lead to wrong temperatures (see section 4.4.3). Increasing the number of detection 

channels over-determines the calculation and adds information that can make the measurements more 

robust. A statistical analysis of the spectroscopic model is provided in chapter 5 along with the description 

of the calibration procedures for the LII signals. 
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2.2 Heat transfer model 

The pyrometrically determined temperature trace of laser-heated particles can be used to describe the 

heat exchange of the particle to the surroundings. As small particles cool faster than large particles, the 

slope of the temperature trace allows conclusions on the mean particle diameter in the detection volume. 

Two differential equations are formulated to describe the temporal change of the internal energy during 

the cooling process and the mass change due to evaporation [3, 19]. The energy balance around the par-

ticle surface can be described with  

 
d𝑈Internal

d𝑡
= �̇�Absorption − �̇�Evaporation − �̇�Conduction − �̇�Radiation , (2-16) 

where 𝑈Internal is the internal energy and �̇� the heat transfer rates for absorption, evaporation, conduc-

tion and radiation. Usually, heat transfer by radiation is small compared to the other phenomena and can 

be neglected, but it can still play a role in extreme applications with low pressure and high gas tempera-

tures. Sometimes, additional effects are incorporated in submodels such as thermionic emission [19, 43, 

59, 60], oxidation [59, 61, 62], photodesorption [62], or annealing [62]. 

For LII measurements at high laser fluences, the mass loss of the particles due to evaporation, �̇�Evaporation, 

becomes important in which case the evolving particle mass, 𝑚𝑝, must be solved using 

 
d𝑚𝑝

d𝑡
= −�̇�Evaporation . (2-17) 

The coupled energy and mass balances are usually solved using an ordinary differential equation (ODE) 

solver for given initial conditions (i.e., particle temperature, gas temperature, laser fluence) and varied 

over the parameter of interest (i.e., particle size). The key outcome from this step are simulated temper-

ature traces that can be compared with the experimentally determined temperature trace from the spec-

troscopic model. 

For single-color LII, usually the laser absorption is modeled and used to estimate the LII peak temperature. 

This approach requires accurate knowledge of laser fluence, absorption cross-section and local gas tem-

perature, which is rarely known with a high degree of certainty. 

For multi-color LII, the particle temperature can be determined without knowledge of the laser energy 

and the laser absorption is usually excluded from the modeling. The heat transfer model is solved shortly 

after the temperature peak, when the process of laser heating is finished.  

It needs to be noted that the LII signal decay can be influenced by non-homogeneous laser heating of the 

particles caused by polydispersity [51, 63-65], aggregation and morphology [52-57, 66], or by practical 

issues such as non-uniform laser-beam profiles [67-70]. 

This thesis focuses on the early stage of LII-signal processing to increase the robustness of the obtained 

temperature traces from the spectroscopic model and therefore, the heat transfer model is not discussed 

in detail. For the LIISim application cases in chapter 6, three previously published heat transfer models 

[19] have been implemented in the LIISim software and the corresponding formulas and properties are 

summarized in Appendix D.  
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2.3 Experimental layout 

Conceptually, an LII apparatus can be split into two major parts: particle excitation and signal detection. 

Figure 2-3 shows a basic setup for LII including the laser system that is used for heating the particles in 

the LII probe volume, and a detection system consisting of collection optics, a neutral density (ND) filter 

wheel, and two photomultipliers equipped with bandpass filters to detect light reflected and transmitted 

by a dichroic mirror in two different wavelength bands. 

 

Figure 2-3 Schematics of two-color laser-induced incandescence measurements with a fi-

ber-coupled detector. 

For the particle heating, a pulsed laser system, typically an Nd:YAG laser, is used, either with a wavelength 

of 532 nm, or 1064 nm and with a pulse width of several nanoseconds. The laser-beam profile is shaped 

using an aperture and then imaged into the position where the incandescence will be analyzed. For the 

detection, it is desired to spatially limit the detection volume. This is usually done using imaging lenses 

and a spatial filter as pinhole, an optical fiber, or an aperture. The cross-sectional volume of laser-beam 

and collection angle defines the probe volume. Particles in this volume are heated to incandescent tem-

peratures and the emission is then measured as the LII signal. 

2.3.1 Excitation 

For the laser heating, it is important that the laser pulse is significantly shorter than the investigated LII 

decay duration. Typical laser systems that are used for LII experiments provide pulses with a duration of 

less than 10 ns at a repetition rate between 1 and 20 Hz. The excitation wavelengths should be selected 

according the absorption spectrum of the material. Some oxides and non-metals, e.g., SiO2, TiO2, or sul-

fates may not absorb laser light in the visible range [10]. Excitation wavelengths that can cause spectral 

interferences such as fluorescence or phosphorescence should be avoided, which makes visible or near-

infrared wavelengths preferable [10]. Common laser wavelengths are the fundamental Nd:YAG wave-

length of 1064 nm or the frequency-doubled wavelength of 532 nm. However, the latter might interact 

with LII detection wavelengths and further optics need to be included in the detection system to discrim-

inate against elastically scattered light. There are also some studies that take advantage of multiple har-

monics of Nd:YAG systems to obtain information about the optical properties of the particles. The two-

excitation-wavelength LII (TEW-LII) technique [71-73] has been used for inferring the soot absorption 

function from the ratio of measurements at different excitation wavelengths and is used in recent studies 

[57, 74, 75]. 
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To ensure equally heating of all particles in the probe volume, the spatial uniformity of the laser-beam 

profile is essential. While the standard profile of most laser systems is Gaussian, beam shaping towards a 

top-hat profile can significantly improve the LII signal quality. Various studies investigated the influence 

of spatially non-uniform laser beam profiles previously [67-69]. In applications with strongly absorbing 

media (e.g., at high pressure and high concentrations), the laser-beam profile changes as the beam prop-

agates through the medium. For these conditions, the influence of laser-beam geometry on the fluence-

dependent peak LII intensity was described by several studies [24, 76, 77]. 

The laser fluence, needed for an LII experiment, depends on the initial particle temperature and on the 

absorption efficiency of the material. This means that particles that are in a high-temperature flame en-

vironment need less energy to reach the same post-laser-pulse temperatures compared to cold soot from 

exhaust systems. It was observed that for some materials (e.g., synthesized silicon nanoparticles), a laser 

fluence ten times greater than normally used for soot measurements was necessary to achieve the same 

LII signal amplitude [13]. It also should be noted that a high excitation intensity can cause morphology 

changes of aggregates or affect the internal structure of primary particles (e.g., graphitization) as demon-

strated in double-pulse experiments by Vander Wal and Jensen [6]. 

2.3.2 Detection 

The detection system mainly consists of collection optics, optical filters, beam splitter, and the detectors. 

Different detector types are used depending on the focus of the respective study. While photomultiplier 

tubes are the most common detector type as they provide fast temporal response and high sensitivity, 

measurements using intensified cameras can achieve a higher spatial resolution at the expense of tem-

poral resolution. Gated spectrometers can provide a high spectral resolution, but multiple measurements 

are needed to resolve the full temporal decay. As such subsequent measurements can be time consuming, 

they are only applicable to perfectly stationary environments. Streak cameras provide both high spectral 

and temporal resolution, but require a strong LII signal and thus cannot be used in applications with low 

particle concentrations or low laser fluence. 

For time-resolved LII, the accuracy of the inferred aerosol parameters is predicated on obtaining an accu-

rate pyrometric temperature decay. Increasing the number of detection wavelength bands improves the 

robustness of the measurement [11, 12]. For the selection of detection wavelength bands, the sensitivity 

range of the detector as well as the potential for spectral interference from fluorescence must be consid-

ered. Liu et al. [78] presented a study investigating the sensitivity of various two-color ratios on pyromet-

ric temperature determination, suggesting to use detection wavelengths with large gaps, preferably to-

wards longer wavelengths. In the case of soot measurements, there are several studies reporting inter-

ference with C2 emission in flames at very high fluences (i.e., > 2 mJ/mm2) [4, 79-81]. For other, less inves-

tigated, materials systems, careful selection of the detection wavelength bands is essential and should be 

approved with additional spectrally resolved measurement methods (e.g., gated spectrometer, streak 

camera) [12, 82-84]. In contrast to the regular two-color approach, Flügel et al. [85] presented a broad-

band two-color LII approach in which the two bandpass filters were replaced with short and long-pass 

filters, respectively, to achieve higher sensitivity. While this approach can increase the signal-to-noise ra-

tio, accurate knowledge of wavelength dependencies of the involved experimental parameters (i.e., opti-

cal efficiencies of the detector, optical properties of the materials system, etc.) is crucial, which is only 

rarely the case for typical LII experiments.  
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Further aspects of detection and a literature review about detector performance, detector requirements, 

and calibration are presented in detail in chapter 4 and 5. 

2.4 Applications  

Traditional applications of LII focus on determining soot concentrations and particle sizes in flames. The 

technique was later applied to combustion-based processes such as engine and exhaust measurements. 

With the recently rising awareness of health, safety, and environmental risks for combustion processes, 

the research field for atmospheric or environmental measurements keeps growing. 

LII applications can be generally split into combustion-based processes and synthetic nanoparticle pro-

cesses. For the first group the particles are usually an unwanted by-product and the understanding of the 

formation processes can help to improve these processes towards a desired minimum particle concentra-

tion, certain size or morphology. The second group that summarizes applications on synthetic nanoparti-

cle processes is mostly interested in the product from these processes. The knowledge about the particle 

formation can help to design and improve such processes to yield tailor-made particle properties and to 

make the process more efficient. 

Soot particles in flame environments are a common measurement object in combustion science. Many 

flames can be operated stably and by using standardized “benchmark” flames operating at standard con-

ditions, the measurements can then be compared to those of other researchers. Several studies applied 

LII on a wide range of flames as laminar diffusion flames [23, 24, 86-89], laminar premixed flames [14, 20, 

77, 90-96], and turbulent flames [24, 32, 97, 98]. But also various other processes as droplet combustion 

[99], engines / exhaust [100-102], shock tubes [103], and atmospheric / environmental conditions [104, 

105] have been investigated in the past. 

The transition to the second group becomes smooth, when engineered carbon-black particles are inves-

tigated, synthesized by vaporization from graphite by a laser [38], in an arc discharge [106], or behind a 

shock tube [107], or in exhaust from industrial carbon black processes [108, 109]. Other studies investi-

gated synthesized carbon nanotubes and nanofibers [110], commercially available carbon nanotubes sus-

pended by a piezoelectric disk [111], or various furnace blacks that are suspended in liquids and dispersed 

by sonication [112]. 

A wide range of synthetic nanoparticles has been investigated with LII. This covers many metals, such as 

copper [12], iron [42, 82, 113-116], molybdenum [82, 83, 116-119], silver [116], titanium [82], and tungs-

ten [82] and metal oxides, such as aluminum oxide [120], iron oxide [40], manganese oxide [40], titanium 

nitride [121], and titanium dioxide [84, 122]. 

The production of semiconducting nanomaterials and the understanding of their formation mechanisms 

have become a growing research topic [123]. Silicon nanoparticles have been investigated by LII in several 

studies [12, 13, 124-126] and LII studies on germanium nanoparticles [127] is topic of ongoing research. 

The wide range of different applications demonstrates the need of flexible LII detection systems that are 

compatible with a preferably large number of materials systems and process conditions. 
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3 OBJECTIVE AND CONCEPTS 

The motivation for the present work is to enable the laser-induced incandescence measurement tech-

nique for comparative studies on various materials systems and processes and further, to increase the 

quality of the generated data. The following section describes some key attributes for LII measurements 

and the consequences on the quality of the measurement result. These points define the specifications 

for the design of the experimental setup. Some aspects are of higher importance and will be investigated 

as self-contained research articles in the following chapters. 

3.1 Design requirements for the experimental setup 

For the design of the experimental setup for multi-color time-resolved LII measurements, several specifi-

cations need to be defined. The objective is to design a mobile measurement system that is capable to 

handle flexible operation in different lab environments and on different processes. These processes could 

contain nanoparticles from different materials systems and different process conditions. Results from the 

analysis should be reproducible, comparable and it should be possible to install the experimental setup 

on any process without major modifications. In the following, some key specifications are defined that 

determine the design of an experimental setup: 

Laser beam uniformity and stability 

The shape and the stability of the laser beam profile is crucial for LII measurements. A non-uniform beam 

profile can lead to an inhomogeneous temperature distribution of the laser-heated particle ensembles 

and thus to wrong assumptions of their cooling behavior [67, 69]. The adjustment of the laser fluence 

(i.e., mean energy per area) is used to control the heat transferred to the particles. When the fluence is 

changed, the energy distribution in the beam profile should remain spatially homogeneous to ensure that 

the particles are equally heated throughout the probe volume. In some applications, averaging of signals 

from multiple laser pulses is required to improve the signal-to-noise ratio. In these cases, the laser energy 

and temporal jitter over several hundred laser pulses should not deviate too strongly from the mean to 

avoid temporal blurring effects. 

Detector sensitivity, dynamic range and linearity 

The sensitivity of the measurement system needs to be sufficiently high to generate an electrical signal 

that can be measured with an oscilloscope. The LII signal scales with the particle concentration of the 

aerosol and the laser fluence. This requires the detector to cover a wide dynamic range from weak signals 

(for low concentrations, low laser fluence) to strong signals (for high concentrations, high fluence). At the 

same time linearity must be ensured, which means that the electrical signal must be proportional to the 

optical signal during the full signal trace. If the signal response is linear, the slope of a measured LII signal 

can be connected to a physical model. 
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Multiple detection wavelengths 

The optical properties of the materials investigated by LII can vary with wavelength, but also with particle 

composition and physical state. For temperature determination, these wavelength-dependent optical 

properties are an important input for the spectroscopic model, but at the same time, there is not much 

information available in literature. Especially for emerging technologies as the formation of synthetic na-

noparticles, information about the optical properties at elevated temperatures is rarely available. This 

requires increasing the robustness of the pyrometry by additional detection wavelengths, to compensate 

for the uncertainty in the optical properties and to provide additional information that can be used for 

model validations. Another motivation for additional detection channels is the occurrence of signal inter-

ferences affecting one or more detection channels. In this case, the two-color pyrometry using two de-

tectors could still provide plausible results, but pyrometrically inferred temperatures could significantly 

deviate from the actual temperatures. Additional detection wavelength bands over-determine the pyro-

metric analysis and help to reveal deviations from the expected spectral characteristics.  

Detector calibration 

For the pyrometric determination of LII temperature traces based on ratiometric signal analysis, the de-

tectors need to be calibrated relative to each other to generate physical signals that can be used as input 

for the spectroscopic model. It needs to be validated that the calibration procedure is not affected by the 

choice of light sources and light levels. Also, variable optical components and detector parameters (i.e., 

gain) need to be calibrated, so that the same experimental conditions can be measured at different de-

tection settings and always give the same result. 

Signal quality 

Measurement noise is always present during LII measurements, but needs to be reduced to a minimum 

level. Equipment in the lab can cause signal bias and measurement artifacts that can influence the LII 

analysis. It is important to identify and avoid noise in the signal and distinguish physical effects from noise. 

This is especially important for the development of LII models that can otherwise lead to faulty and more 

complex models. Noise components can be introduced by the laser unit, power supplies, pulse generator, 

oscilloscope, or other electronics components. Careful wiring and shielding of all electrical components 

and usage of power supplies with low ripple noise needs to be considered. 

Software for data acquisition and analysis 

The processing chain from data acquisition to interpretation of the analysis result involves many steps 

from export of the data, conversion of the data format, basic signal processing, and comparison with a 

customized LII model. Usually, individual source code is developed for specific research tasks. A modular 

structure of the scripts for LII analysis should allow using the same framework for different research pro-

jects. The software should be applicable to different materials systems using various heat transfer models 

and numeric routines. 

Reproducibility and standardization 

When LII measurements are performed on different materials systems, it can be necessary to move and 

install the LII setup on another experimental table. A rigid mechanical design of the detection setup is 

important to achieve reproducible measurements when the setup is moved. Opto-mechanical mounts 

such as filter wheels with snap-in mechanisms can ensure that optical components retain in the same 
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positions and angles when they are switched. For the variation of experimental parameters, it is important 

that especially sensitive settings (i.e., laser energy and detector gain) can be reproducibly changed. This 

can be achieved by electronic control of set values using analog input/output devices. A standardized file 

format can help to exchange measurement data between researchers. 

Mobility and flexibility of the setup 

The measurement system should be portable and compact so that it can be used for the investigation of 

different particle formation processes in different laboratories. The optical access to the measurement 

position of the LII experiment is often limited and space/distances available for the collection optics can 

vary. This makes it desirable to have small collection optics with variable focal lengths that are flexibly 

connected to the detection device. The particle concentration in the aerosol for different process condi-

tions can vary and the optical properties of the investigated materials systems can influence the magni-

tude of the LII signal amplitude. Optical components with variable transmission (i.e., ND filter) and varia-

ble detector settings (i.e., PMT gain) allow the adjustment of the signal amplitude/light level for a range 

of measurement conditions. The variable experimental LII parameters (i.e., laser energy, ND filter trans-

mission, and detector gain) should be adjustable without the need for interrupting the particle formation 

process.  
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3.2 Experimental design and modifications 

This section addresses solutions for the defined requirements and gives recommendations for the exper-

imental design and customization of four major parts: (i) laser system, (ii) detection system, (iii) electron-

ics for the control of experimental parameters, and (iv) software for data acquisition and analysis.  

3.2.1 Laser system  

The laser energy stability for multiple laser pulses can only be controlled to a certain extend by the exper-

imentalist. Usually, parameters for the laser operation (e.g., flash lamp voltages, Q-switch delay) are set 

to values recommended by the laser-system manufacturer to achieve high stability of energy and pulse 

duration, but at the same time, it limits the range of possible laser energies. For many LII experiments, an 

important variable experimental parameter is the laser fluence that is used to control the particle heating 

to different peak temperatures and thus determines which heat transfer phenomena are dominant. This 

requires evaluating different options for experimental control of the laser fluence during an LII experiment 

without significantly affecting the energy stability, the beam profile, and the temporal profile. 

When Q-switched lasers are used, the laser fluence can be varied by varying the Q-switch delay time. With 

increasing delay, the energy is reduced, but at the same time, the spatial beam profile is distorted. The 

influence of Q-switch delay variation was investigated using a double pulse Nd:YAG system (Big Sky Laser 

– CFR200 PIV) for Q-switch delays and corresponding energies of 210 µs (100 mJ), 260 µs (70 mJ), and 

310 µs (25 mJ) at a repetition rate of 10 Hz. The beam profile was measured using a wedged beamsplitter 

in the optical path of the laser beam and recording the spatial energy profile of the reflection with a beam 

profiler (Coherent – LaserCam-HR). Figure 3-1 shows the measured beam profile distortion for the double-

pulse laser system with increasing Q-switch delay.  

 

Figure 3-1 Laser-beam profile distortion with increasing Q-switch delay for two identical la-

sers in a double-pulse system: 210 µs (100 mJ), 260 µs (70 mJ), and 310 µs (25 mJ). 

Instead of changing the pulse energy via the Q-switch timing, a possible other solution is using a set of ND 

filters or a variable energy attenuator. The set of ND filters has the disadvantage of being sensitive to 

overheating and it needs to be arranged in a certain angle to avoid back reflections. This limits its applica-

bility to low repetition rates and low-energy measurements. An alternative is a continuously variable at-

tenuator that consists of two opposing dielectrically coated plates. The angle between the incident laser 

beam and the plates determines the ratio of reflected and transmitted light. The symmetric design with 

a second plate corrects for the beam displacement of the first plate. If strong laser energy attenuation is 
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needed (e.g., high-power laser is used for low-fluence measurements), the angle of incidence becomes 

large, and consequently, the laser beam can be distorted.  

Variable laser pulse energy attenuator 

A well-established solution for achieving a distortion free energy variation in LII setups is the half-wave 

plate polarizer arrangement that requires linearly polarized laser light (see Figure 3-2). A common setup 

is a thin-film polarizer arranged at Brewster’s angle 𝜃, which reflects only s-polarized light, while p-polar-

ized light is transmitted. The rotation of the half-wave plate changes the polarization state and thus the 

portion of light reflected and transmitted by the polarizer. The advantage of this strategy is that the spatial 

energy distribution is not affected when the mean energy is changed. An additional, but optional, element 

is a quartz plate of the same thickness as the polarizer to compensate for beam displacement. 

 

Figure 3-2 Optical arrangement for the variable energy attenuator. The λ/2 plate is mounted 

on a rotatable mount to change the polarization state. The polarizer and quartz 

plate are placed at Brewster’s angle 𝜃 for optimal transmission. 

A very small rotation of the half-wave plate can already cause a strong change in laser energy. This com-

plicates the reproducible adjustment of the laser energy during a running experiment. To solve this issue, 

the laser-system of the Artium LII device was extended by a newly designed motorized wave-plate rota-

tion unit with a transmission ratio of 1:430. A potentiometer provides the current position and is con-

nected to an analog I/O board extended by a motor-driver board (Faulhaber MCDC3002 S) that was pro-

grammed to control the movement of the wave plate via LabVIEW or through the NI-DAQmx driver. Figure 

3-3 shows the modified laser unit (Artium/Quantel) including the motorized rotation unit, the polarizer 

and a quartz plate for beam displacement correction. Additional beam dumps are installed for ghost and 

back reflections. 

 

Figure 3-3 Laser unit (Artium modular LII system with Quantel – UL120F11 laser) modified 

with a newly designed variable laser pulse energy attenuator. 
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The laser energy can be measured prior the experiment and the wave-plate position and the correspond-

ing laser energy is saved in a lookup table that can then be used during an experiment to set the desired 

laser energy. To avoid hysteresis errors due to the backlash of the rotation unit, the positions should 

always be approached from the same direction. 

Laser beam relay imaging 

The laser beam profile at the laser output is usually of Gaussian shape, which can cause particles across 

the probe volume to be heated to different temperatures. To ensure a homogeneous energy distribution, 

an aperture in combination with relay imaging can be used. The aperture size is selected smaller than the 

original beam diameter and the most uniform area is selected by adjusting the aperture position.  

Figure 3-4 shows three possible configurations for beam shaping using (a) one convex lens, (b) two convex 

lenses and (c) a combination of three convex lenses with a diffractive optical element (DOE).  

 

Figure 3-4 Beam shaping using imaging with (a) one lens, and relay imaging with (b) two 

lenses and (c) two lenses combined with a diffractive optical element (DOE). 
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While the simplest configuration (a) produces already acceptable results (Figure 3-5), the sharpness of the 

beam profile can be further improved by using the relay configuration (b) with two lenses.  

 

Figure 3-5 Laser profile (2.4×2.4 mm2) with nearly top-hat profile, imaged into measure-

ment position using an aperture and a single lens (Quantel – UL120F11). 

The beam profile uniformity can be even further improved by diffractive elements in the beam path to 

smooth the beam profile. Diffractive optical elements (DOE) transform the laser beam into a predefined 

and uniform shape. They are usually mounted directly at the laser beam output, and are combined with 

a focusing lens. The beam profile as shown in Figure 3-1 (Laser 1, 210 µs) is used as input for this configu-

ration and Figure 3-6 shows the resulting beam profile without (left) and with (right) an aperture. The 

aperture is used to increase the sharpness of the profile edges and to select the most homogenous part 

of the laser beam profile generated by the DOE. 

 

Figure 3-6 Beam profile; relay imaged using a DOE without (left; 9.5×9.5 mm2) and with ap-

erture (right; 4×4 mm2) (Big Sky Laser – CFR200 PIV). 

The beam profile modified by a DOE imaged into the measurement position is shown in Figure 3-7 for a 

range of distances relative to the measurement position using two 450 mm focal length lenses for the 

relay imaging. 
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Figure 3-7 Laser profile (4×4 mm2) formed by a diffractive optical element (DOE) and aper-

ture, and relay imaged into the probe volume position (0 mm). Images are meas-

ured at various distances (-30 mm to 60 mm) to the actual probe volume along 

the propagation direction of the laser beam (Big Sky Laser – CFR200 PIV). 

Optical triggering using a fast photo diode 

For time-resolved measurements, the reproducible determination of t = 0 is critical. In case LII signals are 

averaged over multiple laser shots, temporal jitter caused by a variation of the electronic trigger trans-

mission can lead to temporal blurring of the LII signal trace. Depending on the laser system, the trigger 

for the signal acquisition relative to the laser pulse can be achieved on different ways. The flash lamp and 

Q-switch timing of the laser unit can be coupled with a pulse generator or with the oscilloscope trigger 

input (using the Q-switch timing is by far preferred). Alternatively, the laser pulse onset can be detected 
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by collecting scattered laser light with a fast photo diode coupled to the oscilloscope trigger input causing 

the jitter being reduced drastically. This requires pre-trigger sampling functionality, which is supported by 

most digital storage oscilloscopes and which allows recording the signal preceding the trigger moment.  

3.2.2 Detection system 

The basic design of the LII apparatus used in this work consists of four detection channels and variable 

fiber-coupled collection optics (Figure 3-8). This setup is modified for the research studies presented in 

the following chapters and detailed information about modifications and components are described in 

the corresponding chapters. 

 

Figure 3-8 Basic LII design with four detectors and fiber-coupled collection optics. 

Multiple detection channels 

The most basic detection setup for LII is a single-color arrangement, using only one PMT equipped with a 

bandpass filter. To be able to determine pyrometric temperatures, the incoming light needs to be spec-

trally separated with a dichroic mirror and then detected with at least two detectors equipped with dif-

ferent bandpass filters. Figure 3-9 shows three possible configurations for multi-color LII that are used in 

this work.  

 

Figure 3-9 Three possible LII detector configurations for (a) two-color LII, (b) three-color LII 

with four detectors and (c) four-color LII. 

The bandpass filters and dichroic mirrors in these configurations need to be selected to match the detec-

tor sensitivity range, their transmission ranges need to be sufficiently distant to each other, and the total 
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transmission should be maximized. For the selection of components, several hundred online-available 

filter transmission curves were downloaded from the website of two manufacturers (i.e., Semrock, 

Chroma) and then loaded into MATLAB. The spectral transmission curves of dichroic mirrors (DM) and 

bandpass filters (BP) were used as an input for a selection algorithm to find four bandpass filters and three 

dichroic mirrors that are most suitable as detection wavelengths. For this purpose, a MATLAB selection 

algorithm was implemented to make a pre-selection for most suitable components according several cri-

teria: 

1. Match the sensitivity range of available PMTs (i.e., between 350 and 850 nm) 

2. Full width at half maximum (FWHM) of BP between 10 and 50 nm 

3. Minimal width of the rising edge (DM) 

4. Maximal distance of BP transmission spectrum from the DM edge wavelength 

5. Maximal mean transmission (BP) 

6. Maximal mean transmission at BP spectrum (DM) 

7. Minimal mean reflection at BP spectrum (DM) 

8. Available shape, dimensions and price 

The transmission curves of the selected bandpass filters and dichroic mirrors are presented in Figure 3-10. 

At this point, it needs to be noted that the selection algorithm does not account for spectral interference 

due to fluorescence and phosphorescence, which depends on the investigated materials system (cf. sec-

tion 2.3.2).  

 

Figure 3-10 Transmissions of the selected bandpass filters and dichroic mirrors based on the 

data provided by the manufacturer. 

With the initial four-color design, the light intensity of the available calibrated light source was not suffi-

cient to calibrate channel 1. Therefore, the dichroic mirror at 458 nm was replaced by a 50%/50% beam 

splitter and the bandpass filter of channel 1 by the same type as channel 2 (i.e., 500 nm), respectively. 

This configuration has an advantage for the linearity measurements in chapter 4, as two different photo-

cathode types could be investigated at the same wavelength band and conclusions on the influence of 

the photocathode material on linearity can be made. 

Variable fiber-coupled collection optics 

In some applications, it is required to change the focal lengths of the collection optics, or to reach meas-

urement positions that are difficult to access (e.g., if the space around the optical access is limited by 

other devices or infrastructure). To achieve highest flexibility, the LII detection system is connected to the 
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collection optics by an optical fiber. This modification has two purposes: (i) the fiber acts as a spatial filter 

and limits the size of the LII probe volume, and (ii) increases flexibility of the position of the collection 

optics and the LII detection system in the lab. This means that the focal lengths of the optical tube can be 

selected according the distance and available space for the optical access and the fiber provides a flexible 

optical connection to the LII detection device that can then be placed in a free area in the lab. It is im-

portant to pay attention to chromatic aberrations introduced by the collection optics as these can strongly 

influence the spectral response (cf. chapter 5.4.1.3). Achromatic lenses as collection optics can reduce 

this influence, but they are also only designed for a limited wavelength range. 

Mobile rack for the detection setup 

A main research field of the institute is the characterization of nanoparticle formation of various materials 

systems. Usually, multiple measurement techniques are applied to a reaction system to investigate dif-

ferent particle properties. Using the LII technique as a supplementary technique to obtain information 

about particle size is therefore often desired. For this purpose, the detection setup was mounted to a 

mobile rack that can be placed directly beneath the reactor of interest. The mobile setup is shown in 

Figure 3-11. The laser unit is separated from this setup and only connected by cables for the laser trigger 

and control of the variable energy attenuator. 

   

Figure 3-11 Detection setup mounted on a mobile rack including oscilloscope, digital delay 

generator, power supply and computer.  

3.2.3 Electronic control of experimental parameters 

Most lab-scale processes used for nanomaterials synthesis are considered quasi-steady, which means the 

system can be assumed as steady within a short time period of several minutes, but on a longer time scale 

the process could change due to clogging (e.g., particle filter, piping in closed systems) or by heating-up 

of the components/environment (e.g., for high-power burners or reactors). When such a process is inves-

tigated, it is desired to change experimental parameters as the laser fluence or PMT gain within a short 

time to preset values so that the measurements are not affected by the temporal drift of the process. An 

analog I/O device is used to control various experimental parameters as for example the control voltage 

for the PMT gain or the position of the motorized laser-energy attenuator (cf. previous sections). The 

analog I/O device can be controlled by LabVIEW or using the instrument drivers with a self-written source 

code. This allows the easy implementation of automation algorithms for the LII system (i.e., automated 
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gain calibration sequences), but also process-related automation that helps to keep the process condi-

tions stable (i.e., PID controller for pressure regulation). Further advantage is that process conditions as 

pressure, flow rates, and temperature, etc. can be logged and saved together with the LII data. For com-

plex experimental matrices, the automation can further be used to predefine process conditions and per-

form a range of LII measurements for example at predefined laser fluences. 

3.2.4 Software for data acquisition and analysis† 

For data acquisition and analysis, a modular software concept (LIISim) was developed that allows flexible 

adjustment of the signal processing steps and materials systems without the need of changing the source 

code. This software concept is described in detail in a previous publication shown in chapter 6, but some 

modifications have been made since the respective paper has been published to extend the software’s 

functionalities by a data acquisition module. The module enables direct communication with the oscillo-

scope and analog I/O devices. This allows direct storage of metadata (PMT gain, ND filters, laser fluence, 

experimental conditions, comments, etc.) with the signal data, but can also be used to automate data 

collection (e.g., for the gain calibration, cf. section 5.4.1.5) or to control the laser fluence via the NI-DAQmx 

driver and the setup as shown in Figure 3-3. Usually, data collection and analysis are two independent 

processes and require different software. With the integrated solution, data analysis becomes more effi-

cient as it can be performed quickly during the experiments. Problems with the signal quality or measure-

ment artifacts can so be discovered early and the measurements can be repeated immediately. The user 

interface of the data acquisition module is shown in Figure 3-12. 

 

Figure 3-12 Graphical user interface of the data acquisition module of the LIISim software. 

  

                                                           

† The LIISim data acquisition module is not part of the official pre-compiled LIISim version as available through the LIISim website. 

Interested researchers can compile the published source code according to the instructions in the LIISim developer guide to 

obtain full functionalities. 
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3.3 Research focus 

In the following chapters, some of the aspects introduced in the previous sections are investigated in more 

detail in self-contained research tasks that have previously been published/submitted as individual peer-

reviewed journal articles. This includes linearity measurements of PMTs in typical configurations and con-

ditions for LII, detector calibration for multi-color LII using PMTs, a new software concept for LII signal 

processing and analysis (LIISim), and a new detection method to increase the dynamic range of the LII 

measurement technique. 

The study described in chapter 4 uses light-emitting diodes (LED) as reference light source that can be 

operated in pulsed and continuous mode to investigate the linearity of PMTs. The motivation is to evalu-

ate the performance of the detectors for similar light levels as they occur during LII measurements or 

detector calibration. The linearity is an important specification of the detector that can significantly bias 

the outcome of further analysis. Several strategies are presented to measure the linearity using LEDs and 

discuss the influence of light level on linearity for different PMT photocathode types and wavelengths. A 

theoretical study evaluates how non-linearity of a single detection channel in a multi-color LII detection 

setup would affect the pyrometrically determined temperature that acts as input parameter for the par-

ticle sizing. 

Chapter 5 deals with the calibration methodology of detectors for multi-color time-resolved LII. The de-

tector calibration is demonstrated using multiple light sources that can be used for the calibration of LII 

devices. The statistical description of the methodology includes a Bayesian approach to propagate the 

uncertainty from the calibration procedure into the spectroscopic model to quantify the uncertainty in 

determined temperatures. The performance of two-color pyrometry compared to multi-color analysis is 

analyzed for a reference LII measurement on a laminar diffusion flame. Measurement artifacts that could 

occur during LII measurements are summarized and strategies for identification and prevention are dis-

cussed. 

In chapter 6, a new software concept for LII signal processing and analysis is presented. The software 

features modular materials systems that enable the user to adjust materials properties for their purpose. 

The modular signal-processing concept can be used to compose a processing chain from various built-in 

processing tools, and several published heat transfer models and materials databases can be applied for 

the analysis of LII measurement data. The software functionalities are demonstrated by two application 

cases of multi-color LII and results from the analysis are discussed. The open-source software was recently 

published on a public website to build the foundation for inter-laboratory comparisons. 

Chapter 7 presents a new measurement strategy that enables increasing the dynamic range for LII meas-

urements. The sequential detection technique takes advantage of the gating circuits of PMTs that can be 

used to suppress the high-intensity part of the LII signal. The subsequent part of the LII signal trace can 

then be measured with ND filters of lower optical density and increased PMT gain. Beside the basic tech-

nique, two advanced techniques using LII devices with three or more channels are presented that can be 

applied for single-shot measurements. The method can be used to resolve the late part of LII temperature 

traces and even detect local gas heating caused by the heat exchange of the particle with the surrounding 

gas.
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4 PERFORMANCE OF PHOTOMULTIPLIERS 

IN THE CONTEXT OF LASER-INDUCED 

INCANDESCENCE 

The content of this chapter was published in Applied Optics: 

R. Mansmann, T. Dreier, C. Schulz, “Performance of photomultipliers in the context  

of laser-induced incandescence”. Appl. Optics 56(28), pp. 7849-7860 (2017). 

© 2017 Optical Society of America. Reprinted with permission. 

My own contribution included designing the experimental study, building the experimental setup, per-

forming the experiments, analyzing and visualizing the data and writing the manuscript. Thomas Dreier 

and Christof Schulz helped shaping the research study, contributed to the interpretation of the results, 

and to the manuscript. 

Abstract 

Photomultiplier tubes (PMTs) are widely used as detectors for laser-induced incandescence (LII), a diag-

nostics method for gas-borne particles that requires signal detection over a large dynamic range with 

nanosecond time resolution around the signal peak. Especially when more than one PMT is used (i.e., for 

pyrometric temperature measurements) even small deviations from the linear detector response can lead 

to significant errors. Reasons for non-linearity observed in other PMT measurement techniques are sum-

marized and strategies to identify non-linear PMT operation in LII are outlined. To quantify the influence 

of the non-linear behavior, experiments at similar light levels as those encountered in LII measurements 

are carried out, and errors propagated in two-color pyrometry-derived temperatures are determined. As 

light sources, a calibrated broadband light source and light-emitting diodes (LEDs), centered at the band-

pass filter wavelengths of the LII detectors, were used. The LEDs were operated in continuous and pulsed 

(<300 ns) mode, respectively, to simulate DC background radiation (e.g., from sooting flames) and similar 

pulsed signal traces as in typical LII measurements. A measured linearity deviation of up to 10% could bias 

the temperature determination by several hundred Kelvin. Guidelines are given for the design and the 

operation of LII setups, which allow users to identify and prevent errors. 
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4.1 Introduction 

Time-resolved laser-induced incandescence (TiRe-LII) is a well-established in situ measurement method 

for soot particle concentration and primary particle-sizes [3, 18], that is also in development for diagnos-

tics of inorganic nanoparticles [13, 116, 124]. In this technique, gas-borne particles are heated by a pulsed 

laser to incandescent temperatures (i.e., higher than 2000 K). The magnitude of the incandescence scales 

with increasing particle volume fraction in the detection volume and the temporal variation of the particle 

temperature during cooling can be exploited to derive information about the particle size (as small parti-

cles cool more quickly than larger ones). A common technique for deriving particle temperatures is two-

color pyrometry based on the ratio of signals measured in two wavelength ranges [9, 41]. For particle size 

determination, simulated temperature traces for a set of particle sizes are then matched to the measure-

ments in an iterative procedure. The robustness of the measurement technique could be improved by 

using multiple detectors or spectrally resolved measurements as shown by Goulay et al. [11] to cope with 

signals that deviate from blackbody behavior or that are affected by interfering signals.  

To interpret the signals from the detectors correctly, linearity must be ensured and a proper sensitivity 

calibration is necessary. Usually, a known light source is used to measure the detector response for dif-

ferent instrument settings (i.e., signal amplification, variable filter transmissions, etc.) [9, 41]. These cali-

bration factors could then be used in signal analysis to refer the measured detector response to irradiance, 

which can then be used in two-color pyrometry to determine the particle temperature [9, 41]. Several 

recent studies showed that errors resulting from improper calibration and measurement noise have a 

major influence on volume fraction and particle sizing. Daun et al. [128] performed a study that examined 

measurement noise and how it can affect the inferred properties of soot. Crosland et al. [35] advanced 

the understanding of these uncertainties by performing Monte Carlo simulations propagating uncertain-

ties from the calibration source to uncertainties in the volume fraction. More recently, various studies [13, 

116, 124] have applied Bayesian analyses in an attempt to better incorporate uncertainties from meas-

urement noise into TiRe-LII analyses. Hadwin et al. [69], in particular, considered the uncertainties intro-

duced through calibration affecting the peak temperature and volume fraction. In this process, they 

showed that the inferred quantities could be highly susceptible to changes in measured incandescence, 

with variations in the temperature on the order of hundreds of Kelvin. As a result, to ensure the usefulness 

of LII for particle characterization, proper calibration is crucial. 

Detectors to be used for TiRe-LII measurements need to resolve a very short signal peak (<50 ns) and at 

the same time, they need to provide a high dynamic range to capture the following signal decay over 

several orders of magnitude. Photomultiplier tubes (PMTs) are widely used as detectors and have excel-

lent characteristics in terms of sensitivity and temporal response necessary for TiRe-LII measurements. 

However, they still need to be carefully operated to ensure linear signal response, as already noted by 

Case and Hofeldt [100]. Three general operating ranges can be distinguished by increasing light level [129, 

130]: (i) the linear range, where the detector response is proportional to the incident light flux, is generally 

assumed by practitioners [11, 131]. (ii) The over-linearity range occurs at higher light levels and results in 

a detector response that is higher than expected for the incident light flux. (iii) Finally, at even higher light 

levels, the saturation range is where the detector response is lower than expected. These non-linearity 

effects of PMTs can mainly be grouped into photocathode resistivity, voltage divider, and space charge 

density effects [132, 133].  
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When the photocathode is hit by a high number of photons, local depletion leads to a radial voltage drop 

and a certain time is needed for the photocathode to recover [132, 134]. This effect mainly occurs with 

semitransparent photocathodes and not with reflection-mode photocathodes (i.e., side-on type) [132]. If 

the electron flux from the photocathode is already biased, correction is not possible and the bias will 

overlay with non-linearity produced in the electron multiplier part of the PMT. 

The cause of non-linear behavior by the electron-multiplier part can be distinguished between pulse-

mode applications where large current, which flows in the later dynode stages, increases the space charge 

density and causes current saturation, while for longer pulses and in continuous (DC) mode, the magni-

tude of the signal current leads to a change in the voltage divider circuit [133]. These changes in the circuit 

can lead to the so-called “over-linearity range” in which the output signal is larger than the ideal level and 

if the light level further increases, the signal would be saturated [129, 130]. 

Non-linearity effects are also observed and discussed in several other applications using PMTs at high 

luminous flux, that is, scintillation [135], phosphor thermometry [133], time-resolved luminescence spec-

troscopy (TRLS) [136], and light detection and ranging (LIDAR) [137, 138]. 

Manufacturers usually do not clearly indicate the linear operating ranges for PMTs. Instead, specifications 

contain information about maximum ratings for the anode current to prevent damage. This means that 

for each application, individual linearity test procedures need to be carefully carried out by the experi-

mentalist. 

Different measurement methods for detector linearity have been examined in the past. There are more 

general methods for investigating only the PMT and its components that quantify the linear response for 

a specific light source, for example, pulsed light sources where the light intensity is varied with neutral 

density (ND) filters [138, 139] or chopper wheels [140]. Other methods are more specific for the meas-

urement application. Knappe et al. [133] developed strategies to take reference phosphorescence decays 

and identify the linear operating range of the PMT for the specific measurement case.  

For LII, PMTs are usually calibrated with continuous light sources, while the measurements deliver pulsed 

signals with high dynamic ranges and short (nanosecond) high-flux peak signals. The initial signal peak 

contains key information and any non-linearity or deviation in temporal resolution influences the result 

of the data analysis when assuming ideal detector behavior. This study deals with how PMT linearity is 

affected by the type and intensity of the light source (pulsed/continuous) and what influence the observed 

non-linearity has on derived two-color temperature measurements in LII or the calibration. For our meas-

urements, we used pulsed and continuous light-emitting diodes (LED) to illuminate the PMTs within a 

typical LII detection device and simulate irradiance that occurs during TiRe-LII experiments. Various ND 

filters are used to control the total irradiance on the PMTs. If the PMT response is linear, one would expect 

that the increase in the PMT output is proportional to the total irradiance. Deviation from that behavior 

can be identified as non-linearity. 
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4.2 Experiment 

The relevance of detector linearity in LII measurements is examined using several light sources (including 

the LII process itself) and a combination of up to four detectors. Figure 4-1 gives a schematic overview of 

the experimental setup. The central element is an integrating sphere (diameter 5 cm) with four ports 

(Thorlabs IS200-4) that ensures reproducible radiance measurements for any combination of light source 

and detector. A calibrated broadband light source and an LED array (2×3 LEDs) are connected to two ports 

(see section below). For signal attenuation, a ND-filter wheel (FW1) (100, 79, 63, 50, 40, or 32% transmis-

sion) was placed between the LED array and the integrating sphere. An optical fiber can be used for cou-

pling to an LII experiment where the light is collected via fiber-coupled collection optics. Homogenized 

light from the integrating sphere exits through a pinhole and is collimated before passing another ND-

filter wheel (FW2) (100, 79, 50, or 10% transmission), two dichroic beam splitters (FF605-Di02 and 

FF740-Di01) or a 50:50 beam splitter (Thorlabs BSW10R). The light is then focused on four gated PMTs, 

three of the multi-alkali (MA) photocathode type (Hamamatsu H11526-20) and one of the super bi-alkali 

(SBA) photocathode type (Hamamatsu H11526-110), which are arranged for simultaneous measurement 

in various wavelength regions. PMT identifiers and the respective filters and dichroic beam splitters are 

indicated in Figure 4-1. For spectral separation, bandpass filters in the spectral ranges often used for two-

color LII measurements [78] with center wavelengths of 500±13 nm (PMT1 and PMT2, Semrock 

FF01-500/24), 684±13 nm (PMT3, Semrock FF02-684/24) and 797±9 nm (PMT4, Semrock FF01-800/12) 

were attached to the PMTs. 

 

Figure 4-1 4-PMT setup with collecting integrating sphere, LED array and a broadband light 

source, and a fiber-coupled spectrometer. 

The fiber port on the integrating sphere allows the connection of further instruments (e.g., a spectrome-

ter). Here a fiber-coupled spectrometer (Ocean Optics USB-4000) is used to record spectral emission pro-

files from the attached light sources and to measure the spectral transmission profiles of the ND filters. 

The detection range is from 350 to 850 nm and it was wavelength calibrated with a pen-ray Hg(Ar) line 

source (LOT-QuantumDesign LSP035). Internal non-linearity correction of the spectrometer software was 

used and verified over the sensitivity range using a superposition technique (see section 4.3.1). 
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4.2.1 Light sources 

The reference broadband light source for the measurements consists of three halogen lamps (operated 

in series) mounted on an integrating sphere (LOT K-150WH) with a laboratory DC power supply (Gossen 

Metrawatt SLP 120-80). The spectral irradiance of the system was calibrated in the 280–1500 nm range 

by an external calibration laboratory (opto.cal, Switzerland) just before the measurements. Figure 4-2 

shows the calibration spectrum of the light source indicating the wavelength ranges of the respective 

bandpass filters in front of the PMTs. 

 

Figure 4-2 Calibration spectrum of the broadband light source. The spectral detection 

ranges of the bandpass filters in the detection device are also plotted based on 

the data provided by the manufacturer. 

Six LEDs with three different peak emission wavelengths (500, 690, and 819 nm) were selected to match 

the bandpass filter ranges used in the 4-PMT setup for the LII experiments. The intensity of each LED was 

adjusted with series resistors to ensure approximately equal intensity levels between the channels. Since 

the variation of the supply voltage and the resistors could cause a spectral drift of the LED peak wave-

length, the operating conditions were maintained as constant throughout all measurements. Long-term 

measurements of the LED output revealed variations below 0.5% over six hours that were also reproduc-

ible on different days. Figure 4-3 shows the spectral intensity of the three continuously operated LEDs 

measured with the fiber-coupled spectrometer. 
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Figure 4-3 Spectra of the continuously operated LEDs. 

For pulsed operation, a second set of LEDs (same types as used for cw operation above) can be operated 

independently or together with the continuously operated LEDs to generate different temporal signal 

shapes. An electronic circuit as suggested for particle image velocimetry (PIV) measurements by Willert 

et al. [141] was slightly modified and optimized to generate a stable temporal profile of the LED emission 

with variable pulse durations in the >100 ns range. The continuous and pulsed LEDs were connected to 

different power supplies to protect them from interference during high-speed switching. The intensities 

of the pulsed LEDs were kept 6–8 times higher than for the continuously operated LEDs. Figure 4-4 shows 

the signal waveform for the pulsed 500-nm LED with a full width at half maximum (FWHM) of 160 ns 

averaged over 200 pulses measured with PMT 1. The reproducibility of the pulsed operation was observed 

during several hours and fluctuations in the averaged signals have been less than 0.5%. All light sources 

are operated for at least 30 min before the experiment to ensure that thermal equilibrium is reached. 

 

Figure 4-4 Temporal intensity profile (FWHM = 160 ns) of the 500-nm LED measured with 

PMT 1. 
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4.2.2 Detection 

The rather unconventional usage of an integrating sphere within an LII setup helps to overcome the prob-

lem of alignment errors and thus variations in the intensity of the attached light sources. Furthermore, it 

allows comparing and combining different light sources and detection devices without introducing addi-

tional optical elements that could bias the spatial intensity distribution. When the device is used for LII 

measurements, the LEDs can be used as a permanent inline calibration source with perfect combination 

of both signal contributions on the detectors. The integrating sphere, however, attenuates the light by a 

factor of 250–300, compared to direct coupling of the light sources to the detectors, which prevents the 

application to LII in low-signal situations.  

Table 4-1 shows the maximum ratings for the PMT modules used in our experiment. The experimental 

conditions were chosen, so that half of the maximum rating values indicated by the manufacturer are 

never exceeded. 

Table 4-1 Maximum anode current ratings of Hamamatsu – H11526 PMT modules‡ 

Illumination 

time 

Max. anode 

output 

current 

Max. output 

voltage 

(50 Ω coupling) 

Max. 

repetition 

frequency 

DC 100 µA 5 mV ̶ 

100 µs 1 mA 50 mV 100 Hz 

1 µs 10 mA 500 mV 10 Hz 

10 ns 100 mA 5 V 1 Hz 

 

For the continuous wave experiments, the PMT gate was opened for 8 µs while never exceeding an anode 

current of 500 µA. During pulsed operation (FWHM 160 ns; 10 Hz), the anode peak current was kept below 

3.2 mA. 

  

                                                           

‡ Personal communication with Hamamatsu Photonics (13 July 2015): “The following data shows the rough indication of light 

amount (by output current) for which the PMT will not be damaged. (The following data is not guaranteed value).” 



CHAPTER 4 

 

 

34 

4.3 Methodology 

Two different methods for assessing the linearity of the detector response were used in this study: (i) light 

superposition of different light sources, which is independent of ND-filter transmissions; and (ii) ND-filter 

variation, which is independent of the light source, but requires calibrated ND filters. 

4.3.1 Linearity measurements using light superposition 

The linearity of the fiber spectrometer is validated using a light superposition technique with stable con-

tinuous light sources. The spectral transmissions of the ND filters were measured using the validated spec-

trometer. For measuring the PMT linearity during a pulsed signal in the presence of background radiation, 

this method can be applied without knowing the ND-filter transmissions. 

4.3.1.1 Spectrometer validation 

When two light sources are superposed, the expected intensity can be calculated by summing the indi-

vidual intensities. Linearity is given when the following equation is fulfilled: 

 𝐼B + 𝐼LED = 𝐼B+LED, (4-1) 

where 𝐼B is the intensity from the broadband light source, 𝐼LED is the intensity from the LEDs, and 𝐼B+LED 

is the intensity from both light sources at the same time. Figure 4-5 shows the intensities of the continu-

ously operated LEDs (blue line), the broadband light source (orange line), and both (green line) measured 

with the spectrometer. The ratio between the calculated (black line) and the measured combined inten-

sities (green line) represents the linearity error of the spectrometer (bottom), which could be thus deter-

mined to be below 1% within the wavelength ranges of the PMT bandpass filters (see Figure 4-2 and 4-3). 

 

Figure 4-5 (Top) Superposition of the broadband light source (𝐼B) and the continuous LEDs 

(𝐼LED) measured with the spectrometer. (Bottom) Deviation between the calcu-

lated and measured intensities, indicating non-linear detector behavior. 
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4.3.1.2 Linearity of pulsed signals in presence of background radiation 

In LII measurements performed on particles in a cold gas environment (e.g., aerosols or exhaust gas), the 

generated signal waveform can be assumed as pulsed-shaped and background free. In contrast, LII signals 

obtained in hot gases (e.g., in flames) are usually accompanied with continuous background radiation 

arising from thermal radiation of the particles at the surrounding gas temperature independent of the 

laser pulse. The background light level during LII measurements is mainly influenced by the temperature 

and the size of the probe-volume, and its relative contribution to the laser-induced signal varies strongly 

from experiment to experiment. The combination of continuous and pulsed LED signals (Figure 4-6) was 

used to simulate a pulsed signal in the presence of continuous background radiation. 

 

Figure 4-6 Superposition of pulsed and continuous LEDs for PMT 1, both filter wheels at 50% 

transmission. 

For this experiment, the signal of the pulsed LED alone (𝑆pulsed) and the combination of both pulsed and 

continuous LEDs (𝑆pulsed+cw ) was measured for various ND-filter wheel combinations (𝜏𝑖). After subtract-

ing the continuous light level signal (𝑆cw ), the difference in the signal amplitude of both LED pulses (Δ𝑆p) 

provides information about how the background radiation additionally affects the linearity of the pulse 

detection: 

 ∆𝑆p = (
𝑆pulsed+cw (𝜏𝑖) − 𝑆cw(𝜏𝑖)

𝑆pulsed(𝜏𝑖)
− 1) ∙ 100%. (4-2) 

This method is independent of accurate ND-filter transmission values, but two independent stable light 

sources are needed. Due to the design of our experiment, we could not vary the intensity ratio between 

the continuous and pulsed LED while keeping the LED supply voltage constant (because changes in supply 

voltage would bias the spectral and temporal intensity profile of the LED). Instead, we kept the intensity 

ratio constant and operated the LEDs at the same light levels as for the linearity measurements using the 

ND-filter variation. 
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4.3.2 Linearity measurements using ND filters 

The strategy in this experiment is to determine how the temporal shape of light sources (i.e., continuous 

or pulsed) and the light intensity would affect the PMTs in a typical LII setup. Deviation from linearity can 

then be used to estimate the error of two-color pyrometry for selected signal ratios. 

4.3.2.1 ND-filter calibration 

Knowing the ND-filter transmission is very important for these linearity measurements, because errors in 

the transmission values would lead to under- or overestimation of the linearity. To ensure accurate values, 

an inline calibration method for filter transmission was chosen, where the PMTs are removed from the 

setup and a spectrometer was placed at the respective PMT position. The broadband light source was 

then used to provide a stable reference spectrum. While the spectrometer was mounted at the specific 

PMT position, the filter wheel (FW2) was rotated, and the intensity for every filter was measured. Refer-

ring to the measurements without an ND filter (100% transmission) then provides spectrally resolved 

transmission values for each ND filter. The procedure was then repeated for the ND-filter wheel (FW1) in 

front of the LED array with the spectrometer coupled to the integrating sphere as shown in Figure 1. The 

variation of the spectral filter transmission over the bandpass wavelength range was less than 1%, and 

therefore, an averaged value over the bandpass filter range could be used in the calculations in this study. 

In this context, it should be noted that variable ND filters with very low transmissions (i.e., <10%) could 

introduce a significant error in the LII analysis and should be avoided or be included in the sensitivity 

calibration by placing them permanently in the LII setup. 

In the following experiment, 24 different light levels could be obtained by combining the two ND-filter 

wheel positions (FW1 and FW2). Figure 4-7 visualizes the resulting 6 × 4 matrix of overall transmission 

values for the 500-nm bandpass filter for any ND-filter wheel combination in a linearly interpolated con-

tour plot. The following contour plots were generated from matrices using the built-in functionality of 

OriginPro2017. 

 

Figure 4-7 Combined transmission of both ND-filter wheels (500-nm bandpass filter). 
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4.3.2.2 Linearity measurements using the calibrated ND filters 

The PMT response for different light levels was measured using continuous and pulsed LEDs. During the 

experiments, the PMT gain voltage is kept constant at similar values as for LII experiments (400 mV for all 

PMTs). The inline calibrated ND filters are varied to expose the PMTs to variable light levels. The PMT 

response was measured at 10 Hz, and 200 signals were collected and averaged for each ND-filter wheel 

combination. Figure 4-8 indicates the temporal sections of the collected PMT signals, which are used for 

the analysis. Signal processing was limited to baseline correction (A) before opening the PMT gate and 

inverting the (negative) signal trace. Deviation from linearity is expressed using the term 

 (
𝑆(𝜏𝑖) 

𝑆(𝜏ref)

𝜏ref 

𝜏𝑖
− 1) ∙ 100%, (4-3) 

where the temporally averaged signal 𝑆(𝜏𝑖) from the continuous (B) and pulsed (C) LEDs is corrected for 

the ND-filter transmission using the transmission values 𝜏𝑖 from the previous paragraph and then normal-

ized to the lowest light level 𝑆(𝜏ref). The widths of the temporal sections were arbitrarily chosen as 200 ns 

(A), 350 ns (B), and 20 ns (C). 

  

Figure 4-8 Three sections of the PMT response are used in the analysis for the continuous 

(blue) and pulsed (orange) operation: baseline correction (A) before PMT gate is 

opened (−1000 ns), and the signal for the continuous (B) and pulsed (C) light 

sources. 
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4.4 Results 

4.4.1 Linearity measurements for continuous and pulsed light 

In this experiment, both ND-filter wheels are varied, while all other parameters (i.e., LED light level and 

gain voltage) were kept constant. These variations result in 24 ND-filter wheel combinations with different 

light levels. Figure 4-9 visualizes the measured anode current 𝑆(𝜏𝑖) and the corresponding deviation from 

linearity (Equation (4-3)) for PMT 1 for continuous operation in a linearly interpolated contour plot. Plots 

for all PMTs can be found in Appendix A in Figure A-1 for continuous operation and in Figure A-2 for pulsed 

operation. 

 

Figure 4-9 ND-filter variation for the continuously operated LEDs; measured anode cur-

rent (a) and deviation from linearity (b) for PMT 1. For other PMTs and for pulsed 

operation, see Appendix A. 

One dimension of the plots shown in Figure 4-9 can be reduced by calculating the relative light intensity 

for any ND-filter combination (see Figure 4-7). For every measurement, the deviation from linearity can 

then be shown as a function of relative light intensity. Results for all PMTs for continuous and pulsed 

operation are presented in Figure 4-10 and the corresponding anode currents and voltages measured on 

a 50-Ω-terminated oscilloscope in Figure 4-11. The repeatability error of the linearity measurements could 

be determined as less than 2% over several days and could explain some of the fluctuations in the meas-

urements. 
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Figure 4-10 Deviation from linearity as a function of light level for continuous (a) and 

pulsed (b) LED measurements. Lines are added to guide the eye. 

    

Figure 4-11 Anode current and corresponding voltage (50 Ω-coupling) for continuous (a) and 

pulsed (b) LED measurements; maximum ratings from the PMT specification 

sheet are indicated by a horizontal line. 

The following conclusions on detector linearity can be drawn from these figures: 

 PMT 1 (SBA type) shows under-linear behavior for DC measurements (up to 14%), while for pulsed 

measurements, a slight over-linearity could be observed. 

 For DC measurements, PMT 1 (SBA type) deviates much stronger from linearity than PMT 2 

(MA type) equipped with the same bandpass filter (500 nm) and similar light levels. 

 PMT 2 operated at moderate light levels is least affected during DC and pulsed operation (±2%). 

 PMT 3 (high anode current) and PMT 4 (moderate anode current) (MA type) show similar behavior 

during continuous and pulsed experiments. The deviation increases with the light level and was 

below 8% for all light levels. 

 All PMTs show non-linear behavior much earlier than the maximum anode current indicated by 

the manufacturer (i.e., at 1 mA for 100-µs pulse duration and 10 mA for 1-µs pulse duration). For 
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the DC measurements (gated operation with 8 µs gate width), non-linearity in the anode current 

starts at a factor 10 lower and at a factor 20 lower for the pulsed operation. 

Reducing the gate opening time showed no effect on linearity. This could be explained by non-linearity 

induced mainly by the photocathode, because the PMT gate interrupts only the electron multiplier circuit, 

not the incident light exposure of the photocathode. 

This shows that experimentalists need to be very careful when using a DC light source for gain or sensitiv-

ity calibration. Even when the (pulsed) LII measurements are taken under linear conditions, biased cali-

bration factors would systematically affect the determination of temperatures from signal ratios. 

4.4.2 Linearity of pulsed operation in presence of background radiation 

The same experiment as in the previous section was repeated with the PMTs exposed to a combination 

of continuous and pulsed LEDs (see Figure 4-6). Every combination of the ND-filter wheels is now com-

pared individually and not normalized on the lowest intensity. Figure 4-12 shows the ratio of the meas-

ured signal from pulsed LEDs without and with continuous background for the methodology described in 

section 4.3.1. Note that this presentation focuses on the (additional) influence of continuous background. 

Additional non-linearity that might be connected to the detection of the pulsed signal at high light inten-

sities (as measured in section 4.4.1) occurs on top. 

 

Figure 4-12 Deviation from linearity of the detection of pulsed signal induced by continuous 

background for various signal levels. Lines are added to guide the eye. 

For PMTs 2, 3, and 4 (MA type), a nearly constant deviation for all light levels of the continuous back-

ground is observed, while PMT 1 (SBA type) already starts to leave the linear range when exceeding the 

level of 10% relative light intensity. For LII measurements of soot at high laser fluences, the background 

radiation light level is usually several orders of magnitude lower than the LII signal, while for measure-

ments with low laser fluences, with materials with low evaporation temperature, and measurements in a 

hot environment with strong continuous thermal emission, the ratio between the background and signal 

increases, and the described effects can occur. A strategy to identify the influence of background radiation 

in a specific experiment would be the repetition of LII measurements with a series of different ND filters. 

With increasing ND-filter transmission, the signal-to-noise ratio increases, but the deviation from linearity 

also becomes more likely. The comparison of measurements using multiple ND filters covering a range of 

10% 100%

-14%

-12%

-10%

-8%

-6%

-4%

-2%

0%

 PMT 1 (500 nm)

 PMT 2 (500 nm)

 PMT 3 (684 nm)

 PMT 4 (797 nm)

D
e

v
ia

ti
o
n
 f
ro

m
 l
in

e
a

ri
ty

Relative light intensity

2%



PERFORMANCE OF PHOTOMULTIPLIERS 

 

 

41  

optical densities allows the user to identify the maximum allowable signal intensity that provides the 

highest signal-to-noise ratio while ensuring linearity. 

4.4.3 Quantifying the influence of non-linearity on two-color pyrometric temperature 

measurements 

For the determination of pyrometric temperatures, usually the signals at two or more wavelengths are 

related to Planck’s law. If one of the signals is biased by wrong calibration factors or non-linear detection, 

this method results in wrong temperatures. 

As an example, Figure 4-13 shows the temperatures resulting from the least squares fit of Planck’s law for 

any combination of two PMTs for unbiased data at 3200 K (black) and for a −10% bias of the 500-nm PMT 

(a) or the 684-nm PMT (b). 

 

Figure 4-13 Least-squares Planck fit for unbiased intensities (black) and for −10% bias of 500-

nm channel (a) and 684-nm channel (b). 

At high temperatures around 3200 K or higher, as they occur in LII, the peak of Planck’s law could move 

between the two detection wavelengths, as can be seen in Figure 4-13. In this case, the error introduced 

by non-linearity of one of the adjacent channels is maximal. Therefore, non-linearity effects during the LII 

measurements are more likely to occur in the signal peak region and become less so when after the laser 

pulse, the particle temperature approaches the gas temperature. It can also be seen that the deviation 

becomes stronger for detection wavelengths that are closer together. Liu et al. [78] already showed that 

the proper selection of detection wavelengths could achieve better accuracy for measurements of the 

particle temperature and the volume fraction. 

In order to quantify the influence of the PMT non-linearity on two-color pyrometry, temperatures were 

calculated using unbiased intensity ratios. The intensities are then biased by a range of expected non-

linearity deviations of (−15% to +5%) to visualize the influence on the initially calculated temperature. For 

further systematic analysis, the two-color equation according to De Iuliis et al. [41] was used: 

 𝑇p =
ℎ 𝑐0

𝑘B
(

1

𝜆2
−

1

𝜆1
) [ln (

𝐼𝜆(𝜆1, 𝑇p)

𝐼𝜆(𝜆2, 𝑇p)

𝐸(𝐦𝜆2)

𝐸(𝐦𝜆1)
(
𝜆1

𝜆2
)
6

)]

−1

, (4-4) 

with the particle temperature 𝑇p, the Planck constant ℎ, the speed of light in vacuum 𝑐0, the Boltzmann 

constant 𝑘B, the detection wavelengths 𝜆 (i.e., the center wavelengths of the detector bandpass filters), 

and the absolute spectral intensity 𝐼𝜆.  

200 400 600 800 1000 1200

0.0

0.2

0.3

0.5

0.7

0.8

1.0

(a)

Planck spectrum

  T = 3200 K 

  T = 3065 K 

  T = 3100 K

 500 nm (10% bias)

In
te

n
s
it
y
 /

 a
rb

. 
u
.

Wavelength / nm

200 400 600 800 1000 1200

0.0

0.2

0.3

0.5

0.7

0.8

1.0

(b)

Planck spectrum

  T = 3200 K 

  T = 3344 K 

  T = 2876 K

 684 nm (10% bias)

In
te

n
s
it
y
 /

 a
rb

. 
u
.

Wavelength / nm



CHAPTER 4 

 

 

42 

Figure 4-14 shows the absolute temperature error caused when the absolute spectral intensities 𝐼𝜆(𝜆𝑖, 𝑇p) 

are biased by −15% to 5% for a typical LII peak temperature of 𝑇p = 3200 K for the center wavelengths 𝜆𝑖 

of our detectors compared to a temperature calculated from unbiased intensities.  

 

 

Figure 4-14 Calculated temperature errors for three different combinations of bandpass-fil-

tered signals (2C-ratios) resulting from non-linear PMT behavior between −15% 

and 5%. 

The systematic analysis in Figure 4-14 shows that deviations become stronger if the detection wave-

lengths are closer together and closer to the Planck’s law peak region (c) and less if the gap between the 

detection wavelengths increases (a and b). The influence of non-linearity during the LII signal decay there-

fore decreases with decreasing temperature when the peak moves according to Wien’s displacement law. 

This study comes to the same conclusion as Liu et al. [78]: for two-color detection, a larger gap between 

the detection wavelengths reduces the error in the derived temperature. It needs to be noted that the 

photocathode material of a PMT usually determines which detection wavelengths can be chosen. While 

SBA photocathode PMTs are sensitive between 250 and 550 nm, MA photocathode PMTs could be used 

as detectors between 450 and 800 nm. This causes a dilemma, because the SBA type, which is most af-

fected by linearity errors, would be needed to increase the gap between detection wavelengths to wave-

lengths below 500 nm. 

0

50

-50

100

-100

150

-150

-15% -10% -5% 0% 5%
-15%

-10%

-5%

0%

5%

(a) 3200 K

800 nm channel non-linearity

5
0
0
 n

m
 c

h
a
n
n
e
l 
n
o
n
-l
in

e
a
ri
ty

-600

-500

-400

-300

-200

-100

0

100

200

300

400

500

600

Temperature error / K

0
50

-50

100

-100

150

-150

200

-200

250

-15% -10% -5% 0% 5%
-15%

-10%

-5%

0%

5%

(b)

684 nm channel non-linearity

5
0
0
 n

m
 c

h
a
n
n
e
l 
n
o
n
-l
in

e
a
ri
ty

-600

-500

-400

-300

-200

-100

0

100

200

300

400

500

600

Temperature error / K3200 K

0
100

-100

200

-200

300

-300

400

500

-400

600

-500

-15% -10% -5% 0% 5%
-15%

-10%

-5%

0%

5%

(c) 3200 K

800 nm channel non-linearity

6
8
4
 n

m
 c

h
a
n
n
e
l 
n
o
n
-l
in

e
a
ri
ty

-600

-500

-400

-300

-200

-100

0

100

200

300

400

500

600

Temperature error / K



PERFORMANCE OF PHOTOMULTIPLIERS 

 

 

43  

4.5 Conclusions 

This study showed that PMTs can be affected by non-linear behavior of more than 10% during calibration 

and measurements for typical LII conditions at light levels that lead to detector currents well below the 

limiting values reported in the manufacturers’ specifications. The resulting error propagates from the cal-

ibration to the temperature derived from two-color pyrometry measurements. It is influenced by the ex-

perimental setup, the calibration light source, the presence of background light, and the light level during 

the LII measurement.  

The photocathode material of the PMT is a critical factor for these kinds of applications. For the same light 

level, we observed that the super bi-alkali PMT was much more affected by non-linearity than the multi-

alkali PMT. The design of the LII apparatus could be optimized by using PMTs with photocathode material 

that is less sensitive to non-linearity (i.e., multi-alkali) and choosing a wavelength combination with a 

larger gap between the center wavelengths. This ensures that even if non-linearity occurs, the error in 

two-color derived temperatures can be minimized already by the design of the apparatus. 

For sensitivity calibration of PMTs, normally continuous light sources are used. We showed that PMT sig-

nals could already be biased at anode currents much lower than recommended by the manufacturer. In 

the case of gated PMTs, higher anode currents could be used during the measurements, but still this 

would not protect the photocathode from depletion and thus cause deviations from linearity. When a 

calibration factor is biased, multiple experiments can be influenced, even when the actual measurements 

are performed in the linear operating range. It is recommended to verify the sensitivity calibration by 

using multiple ND filters covering a range of optical densities. 

Two main reasons for non-linear PMT behavior during LII measurements can be identified: too strong LII 

signal-peak intensities and too high continuous background light levels. A careful design of the LII appa-

ratus should ensure that the general light level is kept low. Signal detection over wide solid angles might 

therefore be counterproductive. In these cases, a remedy is introducing of ND filters or using a collecting 

integrating sphere within the setup to artificially reduce the sensitivity of the system.  

A comparison of different two-color ratios, from which pyrometric temperatures can be deduced using 

multispectral LII devices with three or more wavelengths, will help to identify significant deviation from 

linearity of a single channel. The integration of redundant PMTs of different photocathodes with high and 

low sensitivity for non-linear behavior within the setup allows the user to recognize early when entering 

the non-linear regime. 

It needs to be noted that the influence of the gain variation was not included in this study due to reasons 

of complexity and could lead to further linearity problems. 
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Abstract 

Time-resolved laser-induced incandescence (TiRe-LII) is used to infer the size distribution of gas-borne 

nanoparticles from time-resolved pyrometric measurements of the particle temperature after pulsed la-

ser heating. This study describes a calibration procedure for LII systems, and quantifies the uncertainty in 

pyrometric temperatures introduced by this procedure. Calibration steps include corrections for: (i) signal 

baseline, (ii) variable transmission through optical components, and (iii) detector characteristics (i.e., gain 

and spectral sensitivity). Candidate light sources are assessed for their suitability as a calibration reference 

and the uncertainty in calculated calibration factors is determined. The error analysis is demonstrated 

using LII measurements made on a sooting laminar diffusion flame. We present results for temperature 

traces of laser-heated particles determined using two- and multi-color detection techniques and discuss 

the temperature differences for various combinations of spectral detection channels. We also summarize 

measurement artifacts that could bias the LII signal processing and present strategies for error identifica-

tion and prevention.  
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5.1 Introduction 

Laser-induced incandescence (LII) is a diagnostic for in situ nanoparticle size and volume fraction meas-

urements of both soot [2, 3, 142] and inorganic aerosols [13, 40, 82, 84, 116, 118, 121, 124, 143]. The 

measurement principle is based on pulsed laser-heating of gas-borne nanoparticles within a sample vol-

ume. At incandescent temperatures (typically higher than 2,000 K) the spectral incandescence emitted by 

the nanoparticles at two or more discrete wavelength bands is used to define an instantaneous effective 

temperature of the ensemble through pyrometry. The particle volume fraction can be inferred from the 

signal intensity, while the temporal variation of the spectral incandescence (and thus particle tempera-

ture) yields the nanoparticle size because small nanoparticles cool more quickly than large ones. Meas-

urements of the decaying incandescence is commonly called time-resolved LII (TiRe-LII) and focuses on 

the determination of nanoparticle size [9, 40, 144] along with other parameters associated with the heat 

transfer model. The analysis of TiRe-LII signals is typically split into two major parts: (i) modeling of the 

spectral characteristics, which describes the nanoparticle–light interaction both for absorption and emis-

sion, and relates the observed spectral incandescence to the effective temperature, and (ii) heat transfer 

modeling, which uses the effective temperature decay to infer the mean nanoparticle diameter.  

The incandescence signal is usually measured with fast photomultiplier tubes (PMT) or gated cameras 

equipped with bandpass filters, gated spectrometers, or streak cameras. The measurement strategy can 

be classified based on the number of detected discrete wavelength bands, or, in the case of spectrometers 

and streak cameras, the detection of a nearly continuous emission spectrum. For single-color LII, one PMT 

equipped with a bandpass filter is used to measure the incandescence decay rate of the laser-heated 

nanoparticles, which is then compared with simulated incandescence traces generated using a heat trans-

fer model to recover the nanoparticle size. While this approach can be used to make comparative meas-

urements (e.g., how soot primary particle sizes vary within a flame) it is insufficient for absolute size meas-

urements since the peak nanoparticle temperature needed for this calculation must be inferred from the 

absorption cross-section and the local gas temperature, which are rarely known with a high degree of 

certainty.  

More robust results can be obtained by incorporating additional spectral detection bands, which provides 

direct access to the particle temperature. For this, at least two detectors equipped with different band-

pass filters [9, 40, 41, 101] are required, while more recent work has used three or more wavelengths [11, 

145] or a nearly continuous spectra obtained with a spectrometer coupled to a streak camera [12, 13].  

All these approaches require the detectors to be calibrated with respect to their relative spectral sensitiv-

ity, and to also account for issues of linearity, measurement artifacts, and suppression of interference 

from other light sources (particularly within flames). Poor calibration practices and poor signal quality can 

lead to large errors in quantities inferred from LII. This is highlighted by the fact that discrepancies in the 

temperatures inferred using various two-color LII channel combinations have been reported and that the 

analysis of temperature traces using different previously published LII models yielded very different par-

ticle sizes [145]. Moreover, these errors can also easily be confused as “physical” processes caused by 

changing thermophysical properties or spectroscopic/transport phenomena, which in turn lead to the 

development of faulty measurement models.  

Discussions during the biennial LII workshop series [146-148] revealed that strategies for detector calibra-

tion/operation and signal processing vary widely and, despite their fundamental importance, these topics 

are rarely addressed in a rigorous manner. This motivates the development of recommended practices 
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for detector selection, detector calibration, and LII signal processing, as well as a procedure for the early 

processing steps for LII signal analysis to increase the quality and reproducibility of calibrated LII data 

across research laboratories. 

This work proceeds by defining the requirements for the detection setup and a summary of measurement 

artifacts that may affect LII signals. This is followed by an overview of photomultiplier characteristics and 

a mathematical description of the calibration procedures for PMT sensitivity, PMT gain, and variable op-

tical components within an LII setup. The LII signal-processing steps and the spectroscopic model used to 

determine the temperature are described along with their implementation within the Bayesian frame-

work, which provides an estimate of the uncertainty introduced by the calibration procedures and the 

measurement.  

The subsequent section gives an overview of the experimental apparatus, which consists of four calibra-

tion light sources, the LII detection setup and a laminar diffusion flame that is used as a target. The cali-

bration procedures are shown for this setup, and the suitability of various light sources for calibration is 

evaluated. For the uncertainty analysis, reference measurements are carried out on an ethene-fueled 

laminar diffusion flame and the inferred temperatures for two-color and multi-color pyrometry are dis-

cussed within the context of the Bayesian framework. Finally, important measurement artifacts that can 

cause a bias during LII signal acquisition are presented along with strategies for error identification and 

prevention. 

5.2 Theory 

5.2.1 Detector requirements and measurement issues in LII 

The TiRe-LII detection system should be designed, and components should be selected, according to sev-

eral criteria: (i) absolute and spectral sensitivity; (ii) linearity, gain and dynamic range; (iii) rise- and fall-

time characteristics; (iv) reproducibility/drift; and (v) chromatic aberrations of the focusing optics and ap-

ertures. Problems with any of these aspects will cause measurement errors that bias the signals and their 

temporal variation, and consequently the pyrometrically inferred temperature, and thus can strongly in-

fluence the derived quantities (e.g., nanoparticle size).  

Most detectors exploit the photoelectric effect, through which a material irradiated with photons emits 

photoelectrons. The number of incident photons reaching the detector depends on the optical collection 

efficiency, the particle volume fraction within the probe volume, the spectral absorption cross-section of 

the particulate material, the laser fluence, and the nanoparticle temperature. The detector sensitivity 

must be high enough to generate a sufficient number of electrons such that amplification within subse-

quent multiplier stages (i.e., dynode stages, micro channel plate, etc.) results in an adequate signal-to-

noise ratio. The signal-to-noise ratio can also be enhanced by improving the collection efficiency, e.g., by 

using optical components with high optical transmittance and ensuring precise alignment, which is espe-

cially important for applications involving weak LII signals (i.e., low fluence, low particle concentrations). 

On the other hand, in applications with strong LII signals, it is sometimes necessary to reduce the collec-

tion efficiency, e.g., via neutral density filters, to avoid detector overload and saturation effects. In the 

case that the temperature is determined by multi-color pyrometry, the spectral transmittance of the 

bandpass filters and spectral sensitivity of the photosensitive parts of the detector (e.g., photocathode, 

photodiode) must also be taken into account.  
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Linearity of the detection system ensures that the electronic signal generated by the detector is propor-

tional to the irradiance incident on the detector. While most LII studies presume linearity, nonlinear PMT 

behavior has been reported in some experiments [100, 149] as well as in other applications like laser-

induced luminescence [136] and phosphor thermometry [133]. Nonlinear detector behavior biases the 

signal, consequently introducing large errors into the ratio-based pyrometric temperature. This is partic-

ularly challenging for LII experiments since the incandescence signal strength varies by several orders-of-

magnitude over a single measurement trace (e.g., five orders of magnitude between 1500 and 4000 K in 

the visible range). Therefore, the detector must have a large dynamic range to maximize the range of 

measureable temperatures, which is needed to obtain robust estimates of the aerosol attributes. The 

dynamic range is limited by the combination of a large temporal signal variation with the finite linear 

vertical resolution of the oscilloscope, the latter being constrained by the digitization depth of the analog-

to-digital converter (usually between 8 and 12 bit). The detector gain can be reduced to prevent dam-

age/saturation or increased to improve the signal-to-noise ratio. The detectors can also be gated by tem-

porally-disabling the gain circuit to avoid saturation by background flame radiation or damage caused by 

strong excitation light as in the case of double pulse LII [82, 150]. Gated operation can also be used to 

block a part of the initial LII signal and increase the dynamic range by a sequential detection of parts of 

the signal trace with adapted gain settings and ND filters [151].  

The rise- and fall-time characteristics of the detectors need to be sufficiently fast (< 2 ns rise-time) to 

resolve the rapidly-varying LII signal. Slow detector response, either caused by a slow detection technol-

ogy or built-in low-bandwidth electronic components (e.g., low-bandwidth amplifiers), can falsely suggest 

larger particle sizes in cases with fast signal decay. Bougie et al. [27] introduced a deconvolution algorithm 

to compensate for slow PMT signal response in fast-decaying LII applications. Charwath et al. [7] investi-

gated the influence of the temporal response of the detector using a streak camera and concluded that 

parameters inferred through single-color TiRe-LII can be significantly biased by limited temporal response, 

while those found using two-color TiRe-LII are more robust to this phenomenon. Luo et al. [152] investi-

gated the overshooting behavior of PMTs that can occur for steep signal gradients, as can happen in LII 

measurements carried out at elevated pressure or with small particles (< 10 nm). 

In order to obtain an unbiased pyrometric temperature estimate, multiple detectors (working in different 

wavelength ranges) must operate reproducibly and must be drift-free. Additionally, the detection system 

must be calibrated for relative spectral sensitivity. Absolute sensitivity calibration is not required for time-

resolved LII but is essential for determining the soot volume fraction using the auto-compensating LII 

technique [9]. 

Other detection system issues include chromatic errors through focusing optics and apertures [87], which 

can be particularly important when using low f-number optics [153]. Will et al. [154] noted that a short-

pass filter could still show significant transmission in the near IR, which can cause unexpected interference 

from background radiation.  

In summary, it is important to correctly identify common measurement artifacts to distinguish signal bias 

from effects associated with incandescence from the laser-heated nanoparticles. 
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5.2.2 Photomultiplier tubes 

Most LII detection systems are based on photomultiplier tubes (PMTs). Figure 5-1 shows the schematics 

of a PMT, consisting of three major parts: photocathode, electron multiplier, and anode. When photons 

are absorbed by the photosensitive surface of the photocathode, photoelectrons are released and accel-

erated towards the focusing electrode. Multiple dynode stages generate secondary electrons that amplify 

the original signal. The electron cloud arriving at the anode induces a current signal that can be measured 

as a voltage using the internal impedance of the oscilloscope (typically 50 ). 

 

Figure 5-1 Schematics of a photomultiplier tube. 

Photocathode materials are chosen based on their cathode quantum efficiency (QE), i.e., the ratio of emit-

ted photoelectrons to incident photons, which is strongly wavelength-dependent. It has been previously 

observed that bi-alkali photocathodes (SbKCs) are more prone to non-linear behavior than multi-alkali 

(SbNa2KCs) photocathodes [149], particularly at high incident light levels. In a PMT, the primary emission 

(photocathode) and secondary emissions (dynodes) of electrons can both be subject to non-linearity: the 

photocathode resistivity increases with increasing incident photon flux and thus releases less photoelec-

trons, while if the electron multiplier gain is too high, space-charge effects at the last dynode stages limit 

the anode current [129, 130]. The first effect is most likely for semi-transparent photocathodes [130] 

while the latter effect is most likely to occur at low light levels with high gain [129, 155]. The photon flux 

during the LII signal peak is usually much higher compared to measurements at lower light levels and non-

linearity has been reported for anode current levels lower than the manufacturer-specified limit [149]. It 

is important to keep this in mind when using gated PMTs as the electrical gate circuit only interrupts the 

high-voltage power supply of the dynode stages rather than preventing the photocathode from primary 

photoelectron emissions. Consequently, even when the gate is inactive, the photocathode can be de-

pleted and will affect the linearity of the measurement or calibration.  

This study focuses on compact PMT modules with a built-in high-voltage power supply, voltage-divider 

circuit and gate circuit, which have recently become commercially-available. This leaves the experimen-

talist with three adjustable operating parameters: (i) the incident light flux, via variable neutral density 

(ND) filters, (ii) the electron gain by changing the control voltage of the voltage-divider circuit, and (iii) the 

gate-opening time and duration. The PMT gain characteristics depend on the number and type of dynode 

stages, the voltage-divider circuit design, and the applied gain voltage. It can be experimentally-deter-

mined and approximated by plotting the gain and gain voltage on logarithmic axes [129, 156]. An addi-

tional advantage of gated PMTs is that the signal baseline (dark current) can be determined immediately 



CHAPTER 5 

 

 

50 

before the gate opening of each individual signal trace, while for ungated operation the baseline needs to 

be determined prior the experiment. 

5.2.3 Calibration procedures 

Calibration can be done directly or indirectly [3, 10]. The indirect approach calibrates an LII-inferred aer-

osol attribute (e.g., particle volume fraction or particle size) against values obtained from independent 

measurement techniques, most often extinction measurements [5, 86, 90, 92, 157], gravimetric sampling 

[158, 159], or transmission electron microscopy (TEM) [13, 160]. Reproducible calibration aerosol sources 

with properties reported in literature [46, 55, 121, 161], or commercially-available and pre-characterized 

powders suspended in an aerosol [112, 121, 162] may also be used. For direct calibration, the spectral 

emission is measured from a known radiance source and the relative instrument sensitivity is obtained 

from the ratio of the measured spectrum and the reference spectrum. The relative sensitivity calibration 

of the measurement system is essential when determining the pyrometric temperature from the response 

of two or more detectors. Through direct calibration the measured signals are directly relatable to a phys-

ical quantity (i.e., spectral incandescence), which in turn can be used as input for the LII model, while the 

indirect approaches simply scale the measured signal to match the expected particle size or volume frac-

tion. The indirect approach has the disadvantage that the calibrated aerosol properties tend to be uncer-

tain (e.g., varying with process condition or time), which can introduce significant uncertainty into the 

calibration. The remaining discussion therefore focuses on the direct calibration procedure. 

Typically, direct calibration is carried out by placing a well-characterized light source at the LII probe-vol-

ume position so as to include all optical components in the sensitivity calibration. The most common 

source is the calibrated tungsten filament lamp [8, 9, 11, 49, 87, 115], which can be approximated as a 

greybody at temperatures between 2000 and 4000 K, depending on the lamp current, but cannot be mod-

eled as spatially-uniform or diffuse (i.e., the emitted intensity varies with angle and location). Conse-

quently, calibration accuracy depends strongly on the ratio of filament size and LII probe volume, and 

further optical elements (e.g., a pinhole, a diffuser, or an integrating sphere) may be introduced to ac-

count for a non-Lambertian intensity distribution. Ryer et al. [163] used an integrating sphere in combi-

nation with a halogen lamp to homogenize the intensity distribution. Smallwood [8] used a calibrated 

spectrometer attached to an integrating sphere to trace the lamp performance and calculate a reference 

spectrum. Irradiance standards are light-source systems that are calibrated against an independent stand-

ard and optimized for homogeneity and reproducibility with various optical elements. Recent studies used 

irradiance standards with a calibrated tungsten/halogen lamp with a diffuser system [11, 164] or a quartz 

halogen lamp scattered off the surface of a Lambertian surface [8]. In contrast, Cenker and Roberts [165] 

calibrated their detectors for relative sensitivity using incandescence from a well-characterized reference 

flame. A drawback of this approach is that variations in process conditions could affect the temperature 

profile of the flame and thus directly affect the calibration. Spectral incandescence at typical flame tem-

peratures (~1600 K) is also quite weak at the shorter detection wavelengths typical in most LII measure-

ments. 
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Figure 5-2 Schematics of a typical LII setup indicating the components affected by the indi-

vidual calibrations. The calibration light source is usually placed at the LII probe-

volume position. 

The following sections demonstrate the optical sensitivity calibration procedures and error calculation for 

a multi-wavelength LII device. Before the signals from multiple PMTs can be used for LII signal processing, 

four calibration steps need to be performed to account for: (i) signal baseline, (ii) relative channel sensi-

tivity, (iii) PMT gain characteristic, and (iv) variable optical components (i.e., neutral-density (ND) filter, 

collection optics). Figure 5-2 shows the schematics of a typical LII setup and indicates the components 

affected by the individual calibration steps. The following calibration procedures can be applied to any LII 

system with two or more PMTs. 

5.2.3.1 Baseline correction and signal range 

The baseline signal, 𝑉𝑖
baseline, is related to the PMT signal measured in a dark environment and represents 

the reference zero line for all subsequent processing steps. The baseline can be nonzero if thermal noise 

in the PMT produces a dark current or if the oscilloscope offset is nonzero. Baseline drift can occur if the 

electronics are not in thermal equilibrium with the surrounding (see section 5.5). The baseline should not 

be confused with the bias caused by background illumination, e.g., flame radiation along the optical path. 

For ungated PMTs, the baseline signal level is found using an independent dark measurement, which is 

later subtracted from the measured signal, while for gated PMTs the signal before the gate opening can 

be used to obtain a mean baseline signal level. Figure 5-3 illustrates a typical signal obtained from gated 

PMTs, along with the corresponding signal sections used for various calibration procedures.  

 

Figure 5-3 Signal trace of a gated PMT. Signal sections A and B are used for the calibration 

procedure. 
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Section A is used for baseline correction and section B is averaged to calculate a mean signal and its stand-

ard deviation from sufficient large number of signals (> 100). Section B needs to be sufficiently distant 

(> 1 µs) from the PMT gating to avoid any biases introduced by the gating characteristics. 

5.2.3.2 Relative PMT-sensitivity calibration 

In two- or multi-color LII measurement systems, the PMTs making up the different channels must be cal-

ibrated relative to one another. For this purpose, the irradiance of a spectrally-known light source is meas-

ured at constant gain voltage, which defines a reference point, 𝑉g,ref, that is discussed in section 5.2.3.3. 

The PMT signal response of all LII channels can then be used to calculate the relative spectral sensitivity 

of the PMT at this gain voltage. Depending on the light level of the calibration light source or LII signals, it 

may also be necessary to reduce the light intensity using calibrated ND filters. The spectral transmittance 

of the ND filter is usually sufficiently flat over the bandpass filter widths so that it can be approximated by 

a mean transmittance 𝜏𝑖,𝑗 for the 𝑖th channel and 𝑗th filter. Repeating the sensitivity calibration at various 

light levels using different ND filters will determine if a PMT and its calibration are affected by non-linear-

ity [149]. 

Figure 5-4 shows a reference spectrum of an integrating sphere light source and the transmission spectra 

of the bandpass filters in front of the individual PMTs.  

 

Figure 5-4 Reference spectrum of the integrating sphere broadband light source and the 

transmission curves of the bandpass filters used in this study. 

Let 𝐸𝑖𝑘  represent the irradiance detected by the 𝑖th sensor due to emission from the 𝑘th light source. If the 

detector is equipped with a bandpass filter with center wavelength 𝜆c,𝑖 and bandwidth 2𝛿𝑖, 𝐸𝑖𝑘  can be 

approximated by integrating the product of the reference spectral irradiance, 𝐸𝜆,𝑘
ref(𝜆), and the spectral 

sensitivity of the LII system, 𝛩(𝜆), over the spectral width of the bandpass filter. Assuming that the spec-

tral transmittance of the bandpass filter and the spectral sensitivity of the detectors is constant over the 

narrow filter bandwidth, the spectral sensitivity of the LII system can be approximated at the center wave-

lengths of the detectors [9, 11], 𝛩𝑖 = 𝛩(𝜆𝑐,𝑖), to give  

 𝐸𝑖𝑘 = ∫ 𝛩(𝜆)𝐸𝜆,𝑘
ref(𝜆)d𝜆

𝜆c,𝑖+𝛿𝑖

𝜆c,𝑖−𝛿𝑖

≈ 𝛩𝑖𝐸𝑖𝑘
ref, (5-1) 
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where 

 𝐸𝑖𝑘
ref = ∫ 𝐸𝜆,𝑘

ref(𝜆)d𝜆
𝜆𝑐,𝑖+δ𝑖

𝜆𝑐,𝑖−δ𝑖

. (5-2) 

The irradiance 𝐸𝑖𝑘, can be related to the measured PMT voltage with an additional instrument calibration 

factor 𝜂𝑖  that scales the irradiance measured with a detector to a voltage:  

 𝑉𝑖𝑘
meas − 𝑉𝑖

baseline = 𝜂𝑖𝐸𝑖𝑘 = 𝜂𝑖𝛩𝑖𝐸𝑖𝑘
ref. (5-3) 

Knowledge of the exact value of 𝜂𝑖𝛩𝑖 is only needed to measure the particle volume fraction and requires 

an absolute calibrated light source (see Ref. [9]). For light sources that are only calibrated for relative 

sensitivity, the true value of 𝜂𝑖𝛩𝑖 is unknown and a relative sensitivity calibration factor can be defined 

according to 

 𝐷𝑖
∗ ∝ 

1

𝜂𝑖𝛩𝑖
. (5-4) 

For the present analysis, the relative sensitivity calibration factor 𝐷𝑖𝑗𝑘
∗  for the 𝑖th PMT channel, 𝑗th ND filter, 

and 𝑘th light source is defined from the measured mean signal voltage, the baseline voltage, the ND-filter 

transmittance, and the reference spectrum: 

 𝐷𝑖𝑗𝑘
∗ ≡

𝜏𝑖𝑗𝐸𝑖𝑘
ref

𝑉𝑖𝑗𝑘
meas − 𝑉𝑖

baseline
 . (5-5) 

The calibration sets, resulting from multiple measurements of different light sources and ND filters, can 

be scaled by their mean value for each light source to allow for comparison between light sources of 

different intensities: 

 𝐷𝑖𝑗𝑘 =
𝑛𝑚

∑ ∑ 𝐷𝑖𝑗𝑘
∗𝑛

𝑗
𝑚
𝑖

 𝐷𝑖𝑗𝑘
∗  . (5-6) 

In general, the calibration factors can be envisioned as normally-distributed random variables due to im-

perfect knowledge of the reference spectra and variations in measured quantities for which a mean and 

standard deviation are often known. Consequently, the calibrated LII signals will also follow a normal dis-

tribution. In order to quantify the uncertainty associated with the calibration factors, the mean, �̅�𝑖, and 

standard deviation, 𝜎𝐷𝑖
, of 𝐷𝑖𝑗𝑘 over the various light sources and ND filters are incorporated in a Bayesian 

approach within the signal processing presented in the following sections. 

5.2.3.3 PMT-gain calibration 

The gain of a PMT is the ratio of the incident photon flux to the generated anode current, which can be 

controlled by varying the gain voltage of the high-voltage divider circuit in the PMT. Variation of this 

quantity increases the dynamic range of PMTs and allows measurements over a wide range of light levels. 

The anode current is usually measured as a voltage signal using the internal impedance of the oscilloscope 

(typically 50 ). While neutral density filters reduce the light level only by a fixed factor, the gain can be 
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used to increase the PMT signal to match the vertical resolution of the oscilloscope in order to make full 

use of the digitization depth, thereby maximizing the signal-to-noise ratio. In cases where PMT measure-

ments are taken at a range of gain voltages, the calibration coefficient of each channel must additionally 

be multiplied by a gain correction factor. 

The mean baseline-corrected anode current, 𝑖𝑖
a, produced by a PMT can be related to the actual gain 

voltage, 𝑉𝑖
gain

, in the linear range of the PMT by 

 ln(𝑖𝑖
a) = 𝐴𝑖 ln (𝑉𝑖

gain
) + 𝐵𝑖 . (5-7) 

The coefficient 𝐵 can be eliminated by normalizing about a reference gain voltage, 𝑉𝑖
g,ref

, and the corre-

sponding anode current, 𝑖𝑖
a,ref 

 
𝑖𝑖
a

𝑖𝑖
a,ref

= exp [𝐴𝑖 ln (
𝑉𝑖

gain

𝑉𝑖
g,ref

)] = (
𝑉𝑖

gain

𝑉𝑖
g,ref

)

𝐴𝑖

 . (5-8) 

This relationship can be rewritten in terms of the gain correction function, 

 𝐺𝑖 (𝑉𝑖
gain

) ≡ (𝑉𝑖
gain

/ 𝑉𝑖
g,ref

)
−𝐴𝑖

 , (5-9) 

such that the anode current that would be expected at the reference gain voltage can be calculated from 

the anode current at any other gain voltage, 

 𝑖𝑖
a,ref = 𝑖𝑖

a𝐺𝑖 (𝑉𝑖
gain

).  (5-10) 

The value of 𝐴𝑖  can be determined by applying weighted-least squares to Eq. (5-8) using anode currents 

measured at a range of gain voltages, 

 𝐴𝑖 = arg min
𝐴

{‖
𝑖𝑖
a − 𝑖𝑖

a,ref(𝑉𝑖
gain

/𝑉𝑖
g,ref

)𝐴

𝜎𝑖𝑖
a

‖

2

2

}, (5-11) 

where 𝜎𝑖𝑖
a  is the standard deviation of 𝑖𝑖

a, which can be estimated by making multiple measurements of 

the anode current. By approximating the problem as locally-linear, uncertainties in 𝐴𝑖  can be determined 

using traditional statistical techniques and propagated through to 𝐺 using the propagation-of-error for-

mula [166]: 

 𝜎𝐺𝑖
= 𝜎𝐴 |

d𝐺𝑖

d𝐴
| = 𝜎𝐴 |−(

𝑉𝑖
gain

𝑉𝑖
g,ref

)

−𝐴

 ln (
𝑉𝑖

gain

𝑉𝑖
g,ref

)|. (5-12) 

It should be noted that 𝜎𝐺𝑖
 goes towards zero when measurements are made at the reference gain voltage 

(e.g., for the channel-sensitivity calibration described in the previous section). The gain calibration should 

be repeated with various ND filters to ensure linear operation over the entire range of signal intensities 

relevant for the experiment [149] and that gain voltages and anode currents remain within the specifica-

tions of the manufacturer. Sample PMT signals generated following this procedure are shown in Figure 
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5-5, including an indication of the temporal range over which the PMT signal is averaged to obtain 𝑖𝑖
a and 

for which the variance is used to estimate 𝜎𝑖𝑖
a . The increase in noise for higher signals is consistent with 

the standard Poisson-Gaussian noise model [167].  

 

Figure 5-5 Gated PMT signals for 50- coupling and corresponding anode currents for a var-

iation of gain voltages. 

5.2.3.4 Correction for variable optical components 

For some LII experiments, additional optical components must be introduced to adapt to experimental 

conditions. For example, variable ND filters may be used to attenuate the light/signal intensity or the 

collection optics may be adjusted to alter the collection solid angle. Usually, the calibration light source is 

placed at the LII probe volume position and the efficiency of collection optics is included in the PMT sen-

sitivity calibration. In this study, we use an arrangement based around a collecting integrating sphere in 

order to separate the collection optics calibration from the PMT sensitivity calibration. The efficiency of 

the collection optics 𝜙 and the transmittance of ND filters 𝜏 are therefore incorporated as additional fac-

tors in the signal processing.  

 

5.2.3.5 Summary of LII signal calibration 

By combining the various calibration procedures in the preceding sections, the calibrated relative irradi-

ance 𝐽𝜆,𝑖
exp

 can be calculated from the measured signal response 𝑉𝑖
meas of the 𝑖th channel at time 𝑡 accord-

ing to 

 𝐽𝜆,𝑖
exp(𝑡) =  

�̅�𝑖𝐺𝑖

𝜏𝑖,𝑗𝜙𝑖
[𝑉𝑖

meas(𝑡) − 𝑉𝑖
baseline]. (5-13) 

This can act as input to subsequent signal processing.  
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5.2.4 Spectroscopic model 

Following calibration, LII signal processing proceeds with two consecutive steps: (i) calculation of a tem-

perature trace from calibrated LII signals using a spectroscopic model and (ii) inferring the quantities-of-

interest (e.g., particle size) by comparing the measured temperature traces to those obtained using a heat 

transfer model. The spectroscopic model is given by 

 𝐽𝜆,𝑖
mod(𝑇p) ∝ 𝑓𝑉𝐵𝜆 ∫ 𝑝(𝑑p)𝐶𝜆,abs(𝑑p)𝐼𝜆,BB[𝑇p(𝑑p)] d𝑑p

∞

0

, (5-14) 

where 𝐼𝜆,BB and 𝐶𝜆,abs are the blackbody spectral intensity and wavelength-dependent absorption cross-

section of a particular particle diameter, respectively, which is integrated over the particle size distribution 

using the probability density of the particle diameter 𝑝(𝑑p), and then scaled by the volume fraction of 

particles in the measurement volume during the given laser pulse 𝑓𝑉, and the geometry and optical effi-

ciencies of the detection system 𝐵𝜆 . For spherical nanoparticles the spectral absorption cross-section 

𝐶𝜆,abs is often calculated assuming the Rayleigh limit of Mie theory [44], 

 𝐶𝜆,abs(𝑑p) =
π2 𝑑p

3

𝜆
𝐸(𝑚𝜆), (5-15) 

provided that π𝑑p 𝜆⁄ ≪ 1 and |𝑚𝜆|π𝑑p 𝜆⁄ < 1, where 𝐸(𝑚𝜆) is the absorption function and 𝑚𝜆  is the 

complex index of refraction. In the current work, a monodisperse particle size distribution is assumed and 

the temperature is considered as an “effective” temperature of an ensemble of nanoparticles of the same 

size that is a biased estimate of the true mean particle temperature. Accordingly, equation (5-14) can be 

written as 

 𝐽𝜆,𝑖
mod(𝑇p,eff) ∝ 𝑓𝑉𝐵𝜆𝐶𝜆,abs

2ℎ𝑐0
2

𝜆𝑖
5 [exp (

ℎ 𝑐0

𝑘B𝜆𝑖 𝑇p,eff
) − 1]

−1

. (5-16) 

The wavelength-independent properties of equation (5-15) and (5-16) (i.e., the particle diameter, the par-

ticle volume fraction, and the detection efficiency) are combined into 𝛬, which further simplifies equation 

(5-15) and (5-16) to 

 

𝐽𝜆,𝑖
mod(𝑇p,eff, 𝛬) ∝ 𝛬

𝐸(𝑚𝜆𝑖
)

𝜆𝑖
𝐼𝜆,BB[𝑇p(𝑑p)]

= 𝛬
𝐸(𝑚𝜆𝑖

)

𝜆𝑖

2ℎ𝑐0
2

𝜆𝑖
5 [exp(

ℎ 𝑐0

𝑘B𝜆𝑖𝑇p,eff
) − 1]

−1

. 

(5-17) 

For the calculation of temperature traces from measured irradiances, two methods are widely used: (i) 

two-color pyrometry and (ii) fitting of the spectral incandescence to two or more spectral measurements 

bands or to full spectra. The temperature calculation is repeated at each measurement time in order to 

obtain a temporally-resolved temperature trace that serves as an input to the heat transfer model used 

in determining the nanoparticle size and other attributes of the aerosol. 
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Two-color pyrometry (e.g., [9, 40, 41, 101]) requires calibrated LII signals at two independent wavelengths 

and involves taking the ratio of the spectral irradiance at both wavelengths 

 𝑇p,eff =
ℎ 𝑐0

𝑘B
(
1

𝜆2
−

1

𝜆1
) [ln(

𝐽𝜆,1
exp(𝑡) 

𝐽𝜆,2
exp(𝑡)

𝐸(𝑚𝜆2)

𝐸(𝑚𝜆1)
(
𝜆1

𝜆2
)
6

)]

−1

, (5-18) 

where 𝑇p,eff is the effective particle temperature, ℎ is the Planck constant, 𝑐0 the speed of light in vacuum, 

𝑘B the Boltzmann constant, and 𝜆𝑖 the center wavelength of the detector bandpass filter. This is the de-

fault method used by practitioners.  

When two or more spectral detection channels are available, the temperature can be inferred through 

nonlinear least-squares regression to the experimentally-determined calibrated irradiances, 𝐽𝜆,𝑖
exp

: 

 𝑇p,eff = arg min
𝑇p,𝛬

{∑[
𝐽𝜆,𝑖
exp

(𝑡) − 𝐽𝜆,𝑖
mod(𝑇p, 𝛬)

𝜎𝑖
]

2

𝑖

} . (5-19) 

For multiwavelength pyrometry using more than two channels, the variance of different channels needs 

to be considered as standard deviation of the measurement data 𝜎𝑖. The magnitude of the variance of 

each channel is related to detector noise, detector sensitivity, and the measured signal intensity and can 

vary significantly between channels. It can be experimentally determined by pooling the results of multi-

ple laser shots, or estimated using a noise model as outlined in Ref. [167]. Assigning equal influence of all 

channels by assuming 𝜎𝑖 = 1 would falsely give more influence to a channel that is affected by higher 

uncertainty and thus biases the inferred temperatures. 

5.2.5 Statistical considerations 

There is an increasing trend in the LII community to account for how measurement noise and model-

parameter uncertainty affect quantities derived from LII measurements [13, 69, 116, 124, 168]. In this 

study, the Bayesian approach was used to investigate the influence of calibration parameters and meas-

urement noise on pyrometrically determined temperatures from multi-color LII detection using photo-

multiplier tubes. The Bayesian approach treats the various quantities as random variables that follow 

some distribution [169]. The observations contained in 𝐛 and the quantities-of-interest (QoI, which is the 

effective temperature in the current work) are then related by way of a likelihood, 𝑝like(𝐛|𝑇p,eff), which 

defines the likelihood of the observed data (spectral incandescence, or, more fundamentally, PMT volt-

ages) occuring for a hypothetical temperature. Assuming that the noise and model errors in 𝐛 are inde-

pendent and normally-distributed, the likelihood can be phrased as a multivariate normal distribution 

 𝑝like(𝐛|𝑇p,eff) =
1

∏ (2𝜋)1 2⁄ σ𝑏,𝑖𝑖

exp(−
1

2
∑[

𝑏𝑖(𝑡) − 𝑏𝑖
mod(𝑇p,eff, 𝛬)

σ𝑏,𝑖
]

2

𝑖

) , (5-20) 

where 𝑏𝑖
mod is a model of the measured quantity and σ𝑏,𝑖 is the standard deviation of the measurement 

data for the 𝑖th channel. Moreover, the maximum of this distribution corresponds to the weighted least-

squares solution, that is 

 𝑇p,eff = arg max
𝑇p,eff,𝛬

[𝑝like(𝐛|𝑇p,eff)] = arg min
𝑇p,eff,𝛬

∑[
𝑏𝑖(𝑡) − 𝑏𝑖

mod(𝑇p,eff, 𝛬)

σ𝑏,𝑖
]

2

𝑖

 . (5-21) 
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In the current study, the data is taken as the average signal measured by the PMTs, corrected for the 

baseline, the transmittance of the ND filters, and the efficiency of the collection optics, which are consid-

ered deterministic parameters, 

 𝑏𝑖(𝑡) =
1

𝜏𝑗,𝑖𝜙𝑖
(�̅�𝑖

meas(𝑡) − 𝑉𝑖
baseline), (5-22) 

where the overbar indicates an average over multiple shots and 𝑖 denotes the 𝑖th channel. This quantity is 

normally-distributed according to the central limit theorem, justifying the form chosen for the likelihood. 

Moreover, in this case, 𝜎b,𝑖 is the standard deviation of the mean signal, corresponding to the standard 

deviation over multiple shots reduced by the square root of the number of shots and by 𝜏𝑗,𝑖  and 𝜙𝑖. By 

this definition, 𝑏𝑖
mod is the modeled data evaluated at some hypothetical 𝑇p,eff, which incorporates the 

gain correction function 𝐺𝑖  and the relative PMT sensitivity calibration factor 𝐷𝑖. In this study, we focus 

on the PMT sensitivity calibration and consider only measurements at the gain reference voltage, so that 

𝐺𝑖 = 1. The expected signal for the 𝑖th channel is then 

 𝑏𝑖
mod(𝑇p,eff, 𝛬) =

1

𝐷𝑖𝐺𝑖
𝛬

𝐸(𝑚𝜆𝑖
)

𝜆𝑖

2ℎ𝑐0
2

𝜆𝑖
5 [exp(

ℎ 𝑐0

𝑘B𝜆𝑖 𝑇p,eff
) − 1]

−1

. (5-23) 

Unfortunately, this approach neglects the uncertainty introduced through the calibration procedure de-

scribed above. This can be incorporated by defining the calibration factors as additional nuisance param-

eters to be solved along with the unknown pyrometric temperature, 𝛉 =  [𝐷1, 𝐷2, …𝐷𝑛]T. These can be 

incorporated into the likelihood by adding a conditional, such that  

 𝑝like(𝐛|𝑇p,eff, 𝛉) =
1

∏ (2𝜋)1 2⁄ σ𝑏,𝑖𝑖

exp (−
1

2
∑[

𝑏𝑖(𝑡) − 𝑏𝑖
mod(𝑇p,eff, 𝛬, 𝛉)

σ𝑏,𝑖
]

2

𝑖

) , (5-24) 

where 𝑏𝑖
mod becomes a function of both 𝑇p,eff and 𝛉. In considering the nuisance parameters, it is crucial 

to incorporate prior information known about the nuisance parameters and QoI before a measurement, 

via the prior probability, 𝑝pri(𝛉), in addition to information extracted from the data [169]. The result is 

the posterior probability, 𝑝(𝑇p,eff, 𝛉|𝐛), which is described by Bayes’ equation. If the nuisance parameters 

and QoI are statistically independent before the measurement [69] and no prior information is known 

about 𝑇p,eff a priori, the posterior is given by  

 𝑝(𝑇p,eff, 𝛉|𝐛) = 
𝑝like(𝐛|𝑇p,eff, 𝛉)𝑝pri(𝛉)

𝑝(𝐛)
, (5-25) 

where 𝑝(𝐛) is the evidence that acts to scale the product of the priors and likelihood so that the Law of 

Total Probability is satisfied. Information known about the nuisance parameters are also encoded in a 

normal distribution,  

 𝑝pri(𝛉) ∝ exp {−
1

2
∑[

𝜃𝑖 − 𝜇𝜃,𝑖

𝜎𝜃,𝑖
]

2

𝑖

}. (5-26) 

where 𝜇𝜃,𝑖  and 𝜎𝜃,𝑖  are the expected value and standard deviation of each calibration coefficient. 
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The distribution of the effective temperature alone can then be derived by marginalizing over the nui-

sance parameters 

 𝑝(𝑇p,eff|𝐛) =  
1

𝑝(𝐛)
∫𝑝like(𝐛|𝑇p,eff, 𝛉)𝑝pri(𝛉)d𝛉. (5-27) 

Moreover, the maximum of the posterior distribution, called the maximum a posteriori (MAP) estimate, 

 

[𝑇p,eff, 𝛉]
MAP

= arg max
𝑇p,eff,𝛬,𝛉

[𝑝(𝑇p,eff, 𝛉|𝐛)]

= arg min
𝑇p,eff,𝛬,𝛉

{∑[
𝑏𝑖(𝑡) − 𝑏𝑖

mod(𝑇p,eff, 𝛬, 𝛉)

σ𝑏,𝑖
]

2

𝑖

+ ∑[
𝜃𝑖 − 𝜇𝜃,𝑖

𝜎𝜃,𝑖
]

2

𝑖

} 

, (5-28) 

represents the most probable value of 𝑇p,eff and 𝛉 based on the observed data and priors. The posterior 

distribution also carries information about how widely the inferred temperatures are spread. This infor-

mation can then be compared for various channel combinations to evaluate the combined uncertainty 

introduced by the calibration coefficients and measurement noise. 

5.3 Experiment 

The presented calibration procedure is applied using a multi-color LII detection setup and various calibra-

tion light sources. The derived calibration factors from this procedure and the associated uncertainty are 

then used for multi-color LII measurements performed on a laminar diffusion flame. 

5.3.1 Calibration light sources 

For this study, four different light sources are used: (i) halogen lamps built into an integrating sphere (IS), 

(ii) a laser-driven light source (LDLS), (iii) a stabilized tungsten halogen light source (SLS), and (iv) light-

emitting diodes (LED). The IS and the LDLS have been calibrated previously for spectral irradiance by ex-

ternal certified calibration laboratories. The key parameters for all light sources are summarized in Table 

5-1. The center wavelengths of the LEDs closely match the detector’s bandpass center wavelengths and 

were used in a previous study to investigate the linearity of PMTs [149]. The characterization procedure 

of the light sources is described in section 5.4.1.4. 
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Table 5-1 Light sources used for the calibration procedure in this paper 

 IS LDLS SLS LED 

Type Halogen lamps 

built into an 

integrating sphere  

Laser-driven light 

source 

Stabilized 

tungsten halogen 

light source 

Light-emitting 

diodes 

Model K-150WH 

(LOT-Oriel) 

EQ-99X LDLS 

(Energetiq) 

SLS201L 

(Thorlabs) 

EOLD-505-534 

EOLD-685-524 

EOLD-810-525 

(EPIGAP) 

Power supply SLP120-80 

(Gossen-

Metrawatt) 

Internal Internal GPS-2303 

(GW Instek) 

Calibration Dec. 2016 

opto.cal 

(Switzerland) 

Sept. 2017 

PTB(Germany) 

– – 

Spectrum Broadband Broadband Broadband Narrow band 

around center 

wavelength 

Spatial intensity 

profile 

Homogeneous  Spatial intensity profile not homogeneous, coupling with 

diffuser optics/ integrating sphere recommended 
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5.3.2 Detector arrangement 

Figure 5-6 gives a schematic overview of the experimental setup. The central element is an integrating 

sphere (diameter 5 cm, Thorlabs IS200-4) with four ports that ensures reproducible radiance measure-

ments for any attached light source and detector. The broadband light sources and the LED array (3 LEDs) 

are connected to two ports and the spectral emission profiles can be observed with a fiber-coupled spec-

trometer (Ocean Optics USB-4000). As an alternative, an optical fiber (core diameter: 1000 µm) is used 

for coupling to an LII experiment where the light is collected via fiber-coupled collection optics. The col-

lection optics consists of two achromatic doublets with 100 mm and 150 mm focal lengths. Homogenized 

light from the integrating sphere exits through a pinhole and is collimated before passing an ND-filter 

wheel (100, 79, 50, or 10% transmission) and two dichroic beam splitters with edge wavelengths of 

605 nm (FF605-Di02) and 740 nm (FF740-Di01), or a 50∶50 beam splitter (Thorlabs BSW10R). The light is 

then focused on four gated PMTs: three with a multi-alkali (MA) photocathode (Hamamatsu H11526-20) 

and one with a super bi-alkali (SBA) photocathode (Hamamatsu H11526-110). 

 

Figure 5-6 Four-PMT setup with collecting integrating sphere, LED array, broadband light 

source, and a fiber-coupled spectrometer. 

For spectral separation, bandpass filters are attached to the PMTs that are specified for the spectral 

ranges often used for two-color LII measurements [78] with center wavelengths and bandwidths (FWHM) 

of 500±13 nm (PMT1 and PMT2, Semrock FF01-500/24), 684±13 nm (PMT3, Semrock FF02-684/24), and 

797±9 nm (PMT4, Semrock FF01-800/12). For the LII measurements, soot particles are heated by a pulsed 

(10 ns FWHM) Nd:YAG laser at 1064 nm (Continuum, Powerlite 7000). A circular 3.2-mm aperture is used 

to shape the laser profile. Signals are collected with a 500-MHz oscilloscope (PicoScope 6404C) with a 

vertical resolution of 8 bit and 0.8-ns sampling intervals. 

The use of an integrating sphere within the LII detection optics makes the system more robust to align-

ment errors and thus variations in the intensity of the attached light sources. Furthermore, it allows su-

perimposing the light from various sources for linearity measurements and facilitates comparison of de-

tection devices without introducing additional optical elements that could bias the spatial intensity distri-

bution. However, the integrating sphere could introduce a distortion in the temporal intensity measure-

ment that needs to be considered [170]. Multiple reflections within the sphere result in a long light path 

compared to the nanosecond time-resolution of the detector, which temporally-stretches the signal. This 

effect can be identified as temporal blurring and the FWHM was determined for this sphere as below 

12 ns. 
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5.3.3 Laminar diffusion flame 

Validation measurements were performed using a laminar non-premixed flame [171] that has been the 

subject of numerous TiRe-LII studies [2]. The burner is operated at its standard conditions of 0.194 stand-

ard liters per minute (slm) ethene (C2H4) and 284 slm air, and measurements were performed at the stand-

ard reference position of 42 mm height above burner (HAB). For this position the gas temperature was 

previously determined to be 1730±25 K [171] and 1740 K [172], respectively, using Coherent Anti-Stokes 

Raman Spectroscopy (CARS). 

5.4 Methodology and results 

The calibration procedure as outlined above is demonstrated with the presented detector arrangement 

and light sources. The acquired set of calibration factors is then used to calibrate LII signal traces obtained 

from in-flame measurements and the uncertainty of the calibration factors is propagated through the 

analysis to evaluate the uncertainty in the inferred temperatures for different channel combinations. 

5.4.1 Calibration 

The comparison of the calibration procedures can be divided into five steps: (i) spectrometer validation, 

to ensure linearity and a correct wavelength calibration, (ii) calibration of the transmission through ND 

filters, (iii) measurement of the spectral transmission through collection optics and sensitivity to chro-

matic aberration, (iv) light-source characterization for spectral irradiance, and (v) PMT gain and sensitivity 

calibration.  

All light sources are operated for at least 60 minutes before the experiment to ensure thermal equilibra-

tion. The intensity of each LED is adjusted with series resistors to ensure approximately equal intensity 

levels for all channels. 

5.4.1.1 Spectrometer validation 

A fiber-coupled spectrometer (Ocean Optics USB-4000) is used to record the spectral emission from the 

attached light sources and to measure the spectral transmission through optical components. The detec-

tion range is from 350 to 850 nm, and it is wavelength calibrated with a pen-ray Hg(Ar) line source (LOT-

QuantumDesign LSP035). Internal non-linearity correction of the spectrometer software is used and ver-

ified over the sensitivity range using a linearity measurement technique as described in Ref. [149]. 

5.4.1.2 ND-filter calibration 

There are two options to account for the ND-filter spectral transmittance within the setup. When the ND-

filter transmittance is not known, the ND filter is included in the sensitivity calibration as any other optical 

element. However, this requires to determine an individual set of sensitivity calibration factors for each 

ND filter. Alternatively, when the ND-filter transmittances are known, the spectral transmittance for each 

detection channel can be included as an additional correction factor during LII signal processing. The ND-

filter calibration for this setup was described previously in [149]. 
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5.4.1.3 Characterization of collection optics 

A configuration of the collection optics with achromatic doublets is compared to the configuration with 

uncoated plano-convex lenses to investigate the influence of chromatic aberration. For the alignment/fo-

cusing of the collection optics, a fiber-coupled diode laser (635 nm) was used. The influence of chromatic 

aberration is investigated relative to this wavelength. 

The spectrometer is attached to the fiber port of the integrating sphere broadband light source (IS) (Figure 

5-7 – Position A) and the calibrated spectrum of the light source is recorded as a reference. The spectrom-

eter is then attached to Position B to measure the transmitted light through the collection optics. Dividing 

the reference spectrum by the attenuated spectrum gives then the spectrally resolved transmittance of 

the collection optics. To experimentally-identify the influence of chromatic aberration, a variable aper-

ture (VA) is mounted in front of the IS light source and a fiber-coupled diode alignment laser is attached 

to Position B. The opening diameter of the VA is then reduced to match the fiber core diameter (1000 µm) 

as visualized by the diode laser.  

 

Figure 5-7 Setup for spectrometer calibration and characterization of the collection optics. 

Figure 5-8 shows the measured spectra at Position A (blue) and Position B with the variable aperture 

opened 1 mm (yellow) and opened 4 mm (red) for achromatic doublets (a) and uncoated plano-convex 

lenses (b).  

 

Figure 5-8 Measured spectra of the reference light source at Position A (blue) and Position 

B with the variable aperture 1 mm opened (yellow) and 4 mm opened (red) for 

(a) achromatic doublets and (b) uncoated plano-convex lenses. 
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While the spectra measured with the achromatic lenses show almost no differences between the aperture 

opening diameters, the normal lenses reveal significant influence of chromatic aberration with decreasing 

opening diameters. This means that, for wavelengths longer and shorter than the alignment wavelength, 

the focal length shifts, resulting in less light collected by the fiber. Similar effects are expected when fo-

cusing light on the entrance slit of a spectrometer or a pinhole for spatial filtering. For the achromatic 

lenses, the reduced intensity, measured for wavelengths longer than 700 nm can be explained by the 

reduced spectral transmittance of the lenses as specified by the manufacturer.  

For LII measurements, it is often desired to spatially-limit the detection volume by imaging the signal light 

through a pinhole, a slit, or by focusing the signal light on the entrance face of a fiber (which then acts as 

a pinhole). The resulting detection solid angle, combined with the spatial laser profile, defines the probe 

volume. When these components are used without achromatic optics, chromatic aberration can strongly 

bias pyrometrically determined temperatures. The comparison of two-color peak temperatures at detec-

tion wavelengths of 500 and 800 nm for the conditions described in section 5.4.2, revealed a 500 K lower 

peak temperature for the lenses affected by chromatic aberration compared to the achromatic doublets. 

In several recent LII studies, achromatic lenses are already standard components for the collection optics 

[11, 68, 73]. To account for the transmission through collection optics, a correction for the collection effi-

ciency 𝜙𝑖  for each channel 𝑖 is included in the signal processing. The values for 𝜙𝑖 for the achromatic 

lenses used in this study are 1.0, 0.98, and 0.87 for the 500-, 684-, and 797-nm channel, respectively; they 

are included in equation (5-13) and (5-22).  

5.4.1.4 Characterization of the calibration light sources 

The arrangement shown in Figure 5-6 can be used to characterize various light sources and calibrate the 

PMT setup. For these measurements, the spectral reflectivity of the collecting integrating sphere (IS200-

4) was assumed as sufficiently flat (99±0.2%) between 350 and 850 nm as specified by the manufacturer. 

For the analysis, the fiber-coupled spectrometer is attached to the fiber port to collect spectra of various 

light sources (i.e., halogen lamps built into an integrating sphere (IS), laser-driven light source (LDLS), sta-

bilized tungsten halogen lamp (SLS), and the three continuously operated LEDs).  

 

Figure 5-9 Measured uncorrected light source emission intensities convolved with the in-

strument function of the fiber-coupled spectrometer. 
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The spectra collected with the spectrometer (Figure 5-9) must be corrected for the dark signal. The spectra 

of the light sources with known calibration (IS and LDLS) are then used to calculate two independent 

instrument-sensitivity spectra (Figure 5-10) that can then be used to calibrate other light sources. 

 

Figure 5-10 (a) Instrument sensitivity calculated from the calibration spectrum of the halogen 

lamp/integrating sphere light source (IS) and the laser-driven light source (LDLS). 

(b) Absolute deviation between the two calibrations methods. 

The spectrometer sensitivity peaks at 518 nm. The instrument sensitivity spectrum becomes noisier at 

shorter wavelengths due to the low intensity of the IS below 450 nm, combined with low sensitivity of the 

spectrometer at these wavelengths. The stronger intensity of the LDLS results in a smoother instrument 

sensitivity spectrum, particularly at lower wavelengths. Unfortunately, the fluctuating intensity of atomic 

emission lines from the xenon plasma also results in narrow wavelength-specific anomalies that lead to 

errors in the LDLS calibration spectrum. 

Figure 5-11 shows the relative intensities of all light sources, calculated from the calibration spectra of the 

IS (a) or the LDLS (b).  

 

Figure 5-11 Calibrated light source intensity spectra, calculated from (a) the IS calibration and 

(b) the LDLS calibration. 

The intensity of the IS decreases continuously towards the UV and can thus introduce errors in the cali-

bration of shorter wavelengths. The LDLS intensity spectrum is stronger in the near-UV and is therefore 

suitable for calibration at short detection wavelengths (< 450 nm); however, for wavelengths longer than 

820 nm, measurements can be biased by strong atomic emissions caused by the plasma source. The error 

between the two calibration sources is smaller than 1% for the detection wavelengths used in this study. 
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Therefore, the IS calibration spectrum is used to calibrate the spectrometer sensitivity in subsequent sec-

tions. 

The light exiting the pinhole from the collecting integrating sphere is now characterized and can be used 

for the relative sensitivity calibration of the PMTs. The characterization of the LEDs revealed that the LED 

peak wavelengths differed slightly from the manufacturer specification and were determined as 500, 689, 

and 820 nm. 

5.4.1.5 PMT calibration 

The arrangement shown in Figure 5-6 is used to calibrate the PMTs. The gain correction and sensitivity 

calibration are related to the same reference voltage (i.e., 450 mV). 200 signals were collected at 10 Hz 

with a PMT gate time of 8 µs (same as for the LII measurements). The widths of the temporal sections 

were arbitrarily chosen as 400 ns (A) and 3000 ns (B) according to Figure 5-3. 

PMT-gain calibration 

Any stable light source can be used for calibrating the PMT gain. The measurements in this section are 

performed using the LDLS as its spectral intensity is nearly uniform over the detection spectrum. The gain 

calibration was performed for gain control voltages between 300 and 550 mV. The maximum gain voltage 

for each channel was determined so as to ensure that the measured signal does not exceed the vertical 

range of the oscilloscope. To determine the gain characteristics, the gain voltage was set to the maximum 

value and decreased in 2 mV steps until reaching a minimum value of 300 mV. The signal response for 

each voltage was measured after 5 s of stabilization. This sequence was then repeated with 1 mV offset 

and 2 mV steps to achieve 1 mV total resolution. In case of temporal drifting of the light source, an offset 

in the data from the two sequences could be identified. To increase reproducibility, a LABVIEW algorithm 

was used for the automation of the calibration sequence. Figure 5-12 shows the ND-filter-corrected re-

sults for PMT 1 and 2 for three ND filters (i.e., 10, 50, and 79% transmission). For PMT 1 (a), the offset 

between the filter curves can be interpreted as non-linearity for various light levels. 

 

Figure 5-12 Mean signal as a function of gain voltage for (a) PMT 1 and (b) PMT 2 corrected 

for the respective ND-filter transmission. 

The gain correction function is determined for three ND filters and is shown for PMT 2 in Figure 5-13. The 
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section 5.2.3.3. The wide spread in signal data for gain voltages below 400 mV indicates unstable behavior 

of the PMTs and should be avoided. 

 

Figure 5-13 Gain-correction function with best fitting coefficient A = 8.866±0.025 for PMT 2 

and the residual between the experimentally determined gain correction func-

tion and the measurements. The dashed line indicates the gain reference voltage 

used for the normalization. 

Relative PMT-sensitivity calibration 

The light sources described in section 5.3.1 are used for the relative PMT-sensitivity calibration. The PMT 

response is recorded for various ND-filter transmissions and for a constant gain control voltage (i.e., 

450 mV) (Figure 5-14). Calibration factors for all channels and light sources can then be calculated accord-

ing section 5.2.3.2 and the standard deviation from the complete set can be used for the uncertainty 

analysis of the calibration. 

 

Figure 5-14 Measured anode currents and corresponding signal voltages for 50- coupling 

for various ND-filter transmissions for IS, LDLS, SLS, and LEDs. 
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The calculated calibration factors are summarized in Figure 5-15. PMT 1 shows strong non-linear behavior 

with increasing light level. This causes the calibration factor to increase with increasing light level, while 

PMT 2 measured at the same wavelength is not affected. This can be traced back to the photocathode 

material of PMT 1, which is more sensitive to non-linearities [149]. The non-linear behavior can also be 

observed for PMT 3 and PMT 4 but to a lesser extent. 

 

Figure 5-15 Comparison of sensitivity calibration factors from different light sources for vari-

ous ND-filter transmissions. 

For the calibration of PMT 4, an offset between the signal detected with the LEDs and the other light 

sources is visible. This is attributed to the fact that the detection center wavelength of PMT 4 (i.e., 

7979 nm) is offset from the LED center wavelength (820 nm) by more than the bandpass filter FWHM. 

The integral calculation method (cf. eq. (5-2)) is more sensitive to intensity fluctuations or wavelength 

errors when the edge of a narrowband spectrum is analyzed compared to the center region. The mean 

calibration factors used for the further analysis according section 5.4.1.5 are summarized in Table 5-2.  

Table 5-2 Mean calibration factors with standard deviation. 

 Channel 1 (500 nm) Channel 2 (500 nm) Channel 3 (684 nm) Channel 4 (797 nm) 

�̅�𝑖 1.166 1.490 0.548 0.796 

𝜎𝐷 0.045 0.015 0.012 0.025 
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5.4.2 Reference LII experiment 

The uncertainty in the calibration is incorporated into the signal processing of the measured data from an 

LII experiment to determine the uncertainty in the temperature trace. For the present analysis we assume 

𝐸(𝑚𝜆) to be wavelength-independent [168]. Measurements are carried out at the gain reference voltage 

of all PMTs (i.e., 450 mV) to neglect the error introduced by the gain correction function. The laser energy 

is adjusted to obtain a fluence of 1 mJ/mm2, and LII signals for 100 laser shots are acquired. Figure 5-16 

shows the baseline-corrected LII signal traces for all four channels. Four data points are selected for fur-

ther analysis: (A) flame emission without laser interaction, (B) LII signal peak, and the LII signal at (C) 1 µs, 

and (D) 2.5 µs after the peak. 

 

Figure 5-16 LII signal traces for 1 mJ/mm2; Letters A–D indicate points in time used for further 

analysis. 

The spectral fitting is investigated using various channel combinations with regard to uncertainty from 

the detector calibration and measurement noise. Table 5-3 shows the channel combinations used for the 

spectral fitting. While T1 represents the spectral fitting of all channels, T2–T6 represent all possible two-

color combinations from this configuration. 

Table 5-3 LII signal channels used for the calculation of the particle-temperature traces. 
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The standard deviations of the calibration factors, as calculated in section 5.4.1.5, are used as a prior for 

the uncertainty analysis and the standard deviation from the multi-shot averaging is incorporated in the 

calculation of the likelihood (cf. section 5.2.5). The credibility intervals in this section represent the inter-

val in which the measurement values lie with a probability of 95%. 

 

 

Figure 5-17 Spectral fits of data as indicated in Figure 5-16 for all temperature traces (T1 to 

T6). Error bars indicate the standard deviation of the measurement for each data 

point 𝜎b. (A) flame emission without laser interaction, (B) LII signal peak, and the 

LII signal at (C) 1 µs and (D) 2.5 µs after the peak. 

Figure 5-17 shows the spectral fits for all channel combinations for the temporal sections A to D. The 

temperature differences between the channel combinations cannot be explained by the uncertainty in-

troduced by measurement noise and the calibration. This could indicate that the soot absorption function 
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PMT 1 is strongly affected by non-linearities, which leads to overestimation of the signals in the experi-

ment. This could lead to differences in the evaluated temperatures of 100–200 K. Weak signals (i.e., 

A and D) are affected by high uncertainty due to the low signal-to-noise ratio and show large discrepancies 

between the channel combinations.  

It can be seen that the temperatures determined by two-color ratios, Eq. (5-17), (T2–T6) are very sensitive 

to calibration errors. In principle, these estimates can be made more robust by increasing the number of 

detection wavelengths (T1). However, further error sources should also be considered that can addition-

ally affect the analysis and are not covered within this study. For example, the calibration light source 

spectrum could have changed due to lifetime drift (i.e., bulb coating, deposits on optical components). 

Polydispersity [51, 63] or non-uniform laser heating [67, 68] can cause the particles in the probe volume 

being heated to different temperatures, so that the measured incandescence spectrum is not representa-

tive for the mean particle temperature. Probably the leading source of uncertainty remains the radiative 

properties of the nanoparticles, which, especially in the case of soot, vary with respect to wavelength in 

an uncertain way. 

5.5 Additional measurement issues 

Several other commonly-encountered issues, in addition to the calibration errors described above, can 

introduce errors when interpreting LII measurements. This section therefore summarizes the observed 

effects and identifies strategies to avoid these anomalies. Further effects are reported in the Appendix B. 

Baseline drift 

In the first 30 minutes of operation of the PMTs/oscilloscope, the baseline was observed to drift by up to 

2% of the oscilloscope vertical range before stabilizing, due to thermal stabilization of the electronics. 

Meaningful measurements and calibrations should therefore only be carried out after sufficient warm-up 

times. The manufacturers of the PMTs used in this study recommend allowing a warm-up time of 30 to 

60 minutes at similar gain supply voltages and anode currents of several µA [129].  

Rise-time differences between channels 

Differences in the rise-time of different PMT channels can be caused by different cable lengths, but also 

by different photocathode materials, gain voltages, and PMT gates. The wavelength-dependence of the 

photocathode material can only account for rise-time differences of less than 1 ns [173-175]. A more im-

portant factor is the PMT gate characteristics, which caused an observable rise-time delay between PMTs 

containing different photocathode materials. Figure 5-18 shows the PMT gate-opening characteristics for 

a continuous light source with a 10-ns rise-time difference (A), and for the PMT gate opened 1 µs before 

a pulsed LED showing no rise-time difference (B). These rise-time differences could strongly influence 

ratio-pyrometry and lead to nonphysical temperatures, particularly near the peak signal. In this scenario, 

temporal-alignment of the LII signal peaks or the rising edge of two channels, which is a common proce-

dure among LII practitioners, may introduce a strong bias of calculated temperatures. Instead, it is rec-

ommended to use other signal artifacts for alignment (i.e., Q-switch noise patterns, spikes, or PMT gate 

opening noise) that do not coincide with the peak signal. 
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Figure 5-18 Rise-time difference measured with PMTs of different photocathode materials: 

(A) continuously operated LED and (B) pulsed LED. For the pulsed LED, the rise-

time difference was negligible (< 1 ns), while for the continuously operated LED, 

the gate-opening characteristics lead to a difference of 11 ns. 

PMT gain stability/reproducibility 

In many PMT configurations, the gain can be controlled by an external control voltage. If this voltage is 

not set and measured precisely, the resulting error strongly affects the gain-correction calibration. Unsta-

ble power supplies for the PMTs/gain control can introduce ripple noise that propagates to the measured 

LII signal. Setting the gain voltages below the minimum value recommended by the manufacturer can also 

decrease the reproducibility of the measurements. In case the gain is set too high, the noise component 

can increase and the measured signals can exceed the vertical range of the oscilloscope. This can cause a 

bias for very low (i.e., baseline) and high (i.e., LII signal peak) signal levels. 

Oscilloscope vertical range overflow 

Single-shot LII signals are usually affected by a strong noise component, and, consequently, signals must 

be averaged over several hundred laser shots to obtain a sufficient signal-to-noise. When the LII signal 

peak intensity is close to the maximum of the vertical range of the oscilloscope, clipping of single signal 

maxima can occur, which biases the average. This effect may not be obvious when examining the aver-

aged traces. 

  

1000 1200 1400 1600 1800 2000 2200 2400

0

10

20

30

40

50

 PMT 1 (SBA)

 PMT 2 (MA) B

A

S
ig

n
a
l 
v
o
lt
a
g
e
 /
 m

V

Time / ns

Gate

on

1100 1125 1150 1175 1200

0

10

20

30

40

A

S
ig

n
a
l 
v
o
lt
a
g
e
 /
 m

V

Time / ns

11 ns

2050 2075 2100 2125 2150

0

10

20

30

B

Time / ns

< 1 ns



DETECTOR CALIBRATION AND MEASUREMENT ISSUES 

 

 

73  

Signal overshooting 

Signal overshooting (i.e., the signal falls below the baseline) can be caused by the charging of the capaci-

tors in the high-voltage divider circuit of the PMT [152]. The overshooting increases with increasing gain 

voltages and can be detected by repeating the measurement at various gain voltages. Figure 5-19 (a) 

shows a PMT signal measured for a pulsed LED while the gain voltage is increased. At the end of the light 

pulse the signal drops rapidly and the PMT signal becomes negative (b).Figure 5-19 (c) shows the depend-

ence on gain voltage for the section before the signal (A), immediately after the signal (B), and 2 µs 

later (C). The bias increases with gain voltage and can persist for several microseconds. This effect can 

occur for fast-decaying LII signals and significantly biases the temperature determination at later decay 

times. 

 

 

 

Figure 5-19 PMT signals measured for pulsed LED light for increasing gain voltages (a) and (b). 

Signal sections A–C are averaged and plotted for all gain voltages in (c). 
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5.6 Conclusions 

This study demonstrates the detector calibration methodology for multi-color time-resolved LII measure-

ments. The calibration procedure consists of: (i) baseline correction, (ii) sensitivity calibration, (iii) gain 

calibration, and (iv) calibration of variable optical components. Multiple light sources are compared and 

calibration factors at various light levels were determined. A reference LII experiment is performed on a 

laminar diffusion flame to quantify the uncertainty introduced by the calibration. A Bayesian approach is 

used to estimate the uncertainty in LII temperature traces by propagating the uncertainty from the calcu-

lation of the calibration factors and the measurement noise to the spectral fitting of LII traces.  

When using a light source for calibration, the spectral profile should be compared with the detection 

wavelength band for lamp artifacts (i.e., atomic plasma emission). For the LEDs, proper selection of the 

peak wavelengths and bandwidths according the bandpass filter ranges is essential. 

PMTs are normally assumed to behave linearly, but, due to the strong dynamic variation of LII signals, the 

linearity range can easily be exceeded in the initial phase of the signal trace. It was shown that nonlinearity 

can affect the calibration and this can cause biased calibration factors that can lead to a larger signal 

amplitude and thus influence the pyrometrically determined temperature. Repeated measurements at 

different light levels using multiple ND filters can be used to diagnose nonlinear detector response. 

Chromatic aberration of the detection optics can introduce significant errors into the detector calibration 

and the measurement data used in the spectroscopic model. If the system is affected by chromatic aber-

ration, this effect cannot be easily identified during calibration. A fiber-coupled measurement arrange-

ment was presented to identify chromatic errors in the collection optics. This effect can be avoided using 

achromatic lenses, although these are often optimized over a limited wavelength range.  

Apparent particle temperatures were determined for all possible two-color channel combinations and for 

all four channels using a spectral fit. The temperature values determined from the various two-color ratios 

differed by up to several hundred Kelvin, highlighting the weakness of two-color ratio pyrometry. The 

uncertainties were the lowest for spectral fitting using all detection channels and the highest for the two-

color ratio using the two longest detection wavelengths (i.e., 684 and 800 nm). Spectral fitting using more 

than two detection channels improved the robustness of the temperature determination by reducing the 

uncertainty significantly and are thus recommended. However, additional aspects that can affect the anal-

ysis need to be considered such as polydispersity, non-uniform particle heating, and wavelength-depend-

ent optical properties.
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6 LIISim – A MODULAR SIGNAL PROCESSING TOOLBOX 

FOR LASER-INDUCED INCANDESCENCE 

MEASUREMENTS 

The content of this chapter was published in Applied Physics B: 

R. Mansmann, T. Terheiden, P. Schmidt, J. Menser, T. Dreier, T. Endres, C. Schulz,  

“LIISim: a modular signal processing toolbox for laser-induced incandescence meas-

urements”. Appl. Phys. B 124(4), p. 69 (2018).  

© Springer-Verlag GmbH Germany, part of Springer Nature 2018. Reprinted with per-

mission. 

For this paper, I designed the software concept and the main software architecture, managed the soft-

ware development project, implemented the numerical algorithms and LII models, performed the valida-

tion experiments and wrote the manuscript. In the programming of the software, I was assisted by Tobias 

Terheiden and Philip Schmidt. Jan Menser contributed to the discussion of the software concept and the 

user interface. Thomas Dreier, Torsten Endres, and Christof Schulz provided feedback for the software 

concept and contributed to the manuscript. 

Abstract 

Evaluation of measurement data for laser-induced incandescence (LII) is a complex process, which in-

volves many processing steps starting with import of data in various formats from the oscilloscope, signal 

processing for converting the raw signals to calibrated signals, application of models for spectros-

copy/heat transfer and finally visualization, comparison, and extraction of data. We developed a software 

tool for the LII community that helps to evaluate, exchange, and compare measurement data among re-

search groups and facilitate the application of this technique by providing powerful tools for signal pro-

cessing, data analysis, and visualization of experimental results. A common file format for experimental 

data and settings simplifies inter-laboratory comparisons. It can be further used to establish a public 

measurement database for standardized flames or other soot/synthetic nanoparticle sources. The open-

source concept and public access to the software development should encourage other scientists to vali-

date and further improve the implemented algorithms and thus contribute to the project. In this paper, 

we present the structure of the LIISim software including the materials database concept, signal-pro-

cessing algorithms, and the implemented models for spectroscopy and heat transfer. With two applica-

tion cases, we show the operation of the software how data can be analyzed and evaluated. 
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6.1 Introduction 

6.1.1 Laser-induced incandescence 

Laser-induced incandescence (LII) is well-established for in situ measurements of gas-borne soot particles 

[2, 3, 142], which is also used in an increasing number of applications for the investigation of gas-borne 

inorganic nanoparticles [12, 13, 40, 82-84, 116, 121, 124, 143]. In LII, particles are heated by a pulsed laser 

to incandescent temperatures (i.e., higher than 2000 K). The magnitude of the incandescence at a given 

heat-up temperature scales with the particle volume fraction in the detection volume and the temporal 

variation of the particle temperature during cooling can be exploited to derive information about the 

particle size (as small particles cool more quickly than larger ones). The latter approach is commonly called 

time-resolved LII (TiRe-LII). Both the integral signal intensity and the temporal decay strongly depend on 

the heat-up temperature of the particles as well as the temperature of the bath gas. The temperature of 

the laser-heated particles is commonly determined by pyrometry. Often, two-color pyrometry is used 

based on the time-resolved signal measured with two fast photomultipliers [9, 144, 176] assuming black- 

or grey-body characteristics of the particles. If more than two detection wavelengths are available (either 

through the combination of more than two detectors with respective bandpass filters [11, 149] or through 

detection with spectrometers and streak-camera systems [11-13, 49]), the measured intensities can be 

related to spectroscopic models that can incorporate a more complex spectral response. 

6.1.2 Models 

In LII history, model development is an ongoing process and many research groups have been using their 

own models. It is a common practice to relate the measured (electrical) signal from a fast detector to 

another physical quantity using a model that describes the signal generation and detection based on phys-

ical principles. This “spectroscopic model” usually consists of a temperature-dependent equation derived 

from Planck’s law corrected for deviation from blackbody behavior, which relates the measured signal to 

a temperature. In the early stage of LII, only the normalized signal of a single channel was related to that 

equation and the absorption of laser energy was used to estimate the LII peak temperature [18]. Later, 

two detectors were used to increase the robustness of the measurements using two-color pyrometry for 

the determination of the LII peak temperature [9, 101] or the complete temperature trace [40]. Most 

recent studies use three or more detectors [11, 149] or streak cameras [12, 13, 176] and apply spectral 

fitting. The result from the spectroscopic model is usually a temperature trace during and after the laser 

pulse, which can then be interpreted with a “heat transfer model”. The first effort of model standardiza-

tion was made in 2007 by ten research groups that published a comparison of their models [19]. All LII 

models share the same energy- and mass-balance equations, but the submodels describing the heat trans-

fer phenomena and the selected physical properties varied widely. 

6.1.3 Software 

For the processing of LII signals, usually unpublished source code is used by each research group. They 

target various purposes. Some software allows familiarizing students and beginning researchers with the 

complex dependences of LII signals – often with the opportunity to select competing models and submod-

els. Additionally, there are several in-house codes that are often not published in detail. In a few cases, 

models (with limited documentation) are incorporated in commercial devices. Within the LII-workshop 

series (e.g., [146-148]) there has been a continuous effort to provide model data sets to compare the 
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models in a series of test cases with increasing hierarchy [2, 19]. This led to the desire to make consoli-

dated models available to the entire community. We are aware of two such approaches: (i) The Commu-

nity Laser-Induced Incandescence Modeling Environment (CLiiME) project, started in 2013, aimed at 

providing a collaborative model infrastructure for researchers. The concept was based on an agile soft-

ware development process between scientists and scientific software developers [177, 178]. After the 

release of the open-source software, different research groups should have been able to extend the 

CLiiME’s functionalities by adding physical models based on new available data. The software is based on 

FORTRAN and Java; at the time of writing this manuscript, it has not yet been published. (ii) LIISim has 

been introduced in 2001 as a console application (LIISim 1.5) and has been provided via a web interface 

(http://web.liisim.com) [15]. The console application was written in C and the web interface was based 

on Perl. Modeling settings and file names for experimental data could be defined in DAT files and after 

execution of the console application, DAT output files containing the modeling results are created. Later, 

the console application was extended by a C++ based graphical user interface (GUI) by Tobias Terheiden 

and Martin Leschowski that allows also the visualization of the modeling results from the DAT files 

(LIISim Desktop 1.02 and Console 2.14). While the console application was distributed among the com-

munity, the desktop version was not published and was only internally used. The software was previously 

used for soot diagnostics on laminar premixed high-pressure flames [14, 94, 96, 179], on atmospheric 

pressure laminar non-premixed flames [65] and at Diesel engine conditions [28]. The LIISim web interface 

has been referenced in recent publications [50, 180]. 

The new version of LIISim 3.0 presented in this paper, builds on the previous experience but follows a 

fundamentally different approach: Data analysis in the past has been a static and iterative process starting 

with modification and execution of processing settings following processing, visualization, interpretation, 

and extraction of results. The new approach is based on a dynamic evaluation concept using a graphical 

user interface and modular tools for processing and visualization to get a deeper insight into the data. 

While in previous versions the processing chain and physical properties were hard-coded, the new con-

cept allows flexible combination and configuration of processing steps within the graphical user interface. 

Physical properties are now not limited to a single materials system anymore (i.e., soot), but can be pro-

vided as any constant or temperature-dependent equation through standardized text files. This allows 

easy switching between materials systems while keeping the same processing chain. This opens the way 

for various synthetic nanoparticle applications, such as already available for silicon [13, 124]. Researchers 

could provide their experimental data from their publications in the LIISim-compatible format including 

various meta-data (i.e., laser fluence, process pressure, measurement position, etc.). This would be the 

foundation for a public reference measurement database for standardized flames or synthetic nanoparti-

cle applications, which will simplify the comparison of data and evaluation strategies among research 

groups. Particularly with regard to the biennial LII workshop, the LIISim format could be used for exchange 

of data for inter-laboratory comparisons. The new LIISim source code is published under the GNU General 

Public License (GPL) to provide transparency in all implemented algorithms and allows other researchers 

to review and modify the source code or add new heat-transfer models. 

In this paper, the new LIISim software is presented and its application is demonstrated by two test cases. 

First, we discuss the implemented spectroscopic and heat transfer models, then the software architecture, 

data structure, and materials database concept are explained. After describing the main modules for sig-

nal processing, data analysis and fitting, we show some of the functionalities by using a published valida-

tion data set [11] and recently measured data using a standardized laminar diffusion flame. 

http://web.liisim.com/
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6.2 Models implemented in LIISim 

Signal processing of experimental LII data can be separated in three consecutive steps: (i) basic signal 

processing (i.e., baseline correction, calibration, simple arithmetics, etc.); (ii) spectroscopic modeling for 

calculation of temperature trace from signal data, and (iii) heat transfer modeling for fitting modeled 

temperature traces to the experimentally determined temperature traces. 

6.2.1 Spectroscopic models 

For the calculation of temperature traces, two methods are implemented in LIISim: two-color pyrometry 

and spectral fitting of Planck’s law. The two-color pyrometry is commonly used in recent studies [9, 40, 

41, 101] and requires calibrated LII signals at two independent wavelengths: 

 𝑇p =
ℎ 𝑐0

𝑘B
(

1

𝜆2
−

1

𝜆1
) [ln (

𝐼𝜆(𝜆1, 𝑇p)

𝐼𝜆(𝜆2, 𝑇p)

𝐸(𝐦𝜆2)

𝐸(𝐦𝜆1)
(
𝜆1

𝜆2
)
6

)]

−1

, (6-1) 

where 𝑇p  is the particle temperature, ℎ the Planck’s constant, 𝑐0 the speed of light in vacuum, 𝑘B  the 

Boltzmann constant, 𝜆𝑖 the bandpass center-wavelength of the detector, 𝐼𝜆 the calibrated intensity, and 

𝐸(𝐦𝜆) the absorption function. It needs to be noted that this formula is derived using the Wien approxi-

mation and differentiates in this aspect from a spectral fitting. 

When two or more spectral detection channels are available, a spectral fit including all channels can be 

performed. For this analysis, Planck’s law corrected for deviation from blackbody behavior is fitted to the 

data points of all selected channels. A detailed description of the equation can be found in [167]: 

 𝐼𝜆(𝜆, 𝑇p) = 𝑓𝑉𝐺𝜆𝐶𝜆,abs

2ℎ𝑐0
2

𝜆5
[exp (

ℎ 𝑐0

𝑘B𝜆 𝑇p
) − 1]

−1

, (6-2) 

where 𝑓𝑉 is the volume fraction during the given laser shot, 𝐺𝜆 scales the emitted intensity based on the 

geometry and optical efficiencies of the detector, and 𝐶𝜆,abs is the wavelength-dependent absorption 

cross-section given by the Rayleigh limit of Mie theory [44] 

 𝐶𝜆,abs(𝑑p) =
π2 𝑑p

3

4

𝐸(𝐦𝜆)

𝜆
. (6-3) 

In LIISim, wavelength-independent properties of equation (6-2) and (6-3) are summarized in a general 

scaling factor 𝐶, which simplifies equation (6-2) to: 

 𝐼𝜆(λ, 𝑇p) = 𝐶
𝐸(𝐦𝜆)

𝜆

2ℎ𝑐0
2

𝜆5
[exp(

ℎ 𝑐0

𝑘B𝜆 𝑇p
) − 1]

−1

. (6-4) 
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6.2.2 Heat transfer models 

The LII technique is based on particle heating by a pulsed laser and the investigation of the subsequent 

energy transfer to the surroundings. The energy transfer rates depend on the particle size and can be 

incorporated in heat transfer models. The particle diameter can then be used as a fitting parameter and 

the residual between the simulated and the measured temperature decay is minimized in a least-squares 

fitting algorithm. 

For determination of particle sizes, various heat transfer models from literature are implemented that 

share the same equations for the energy- and mass balance. The individual heat transfer rates from pub-

lished models are described in Appendix D. For the description of particle cooling, the following energy 

balance is used: 

 
d

d𝑡
(𝑚p 𝑐p 𝑇p) = −�̇�evap −  �̇�cond − �̇�rad, (6-5) 

where 𝑚p  is the particle mass, 𝑐p  the specific heat capacity, and 𝑇p  the particle temperature. �̇�evap , 

�̇�cond, and �̇�rad represent cooling rates for evaporation, heat conduction, and radiation, respectively. 

These cooling rates are re-implemented in each individual heat transfer model. It needs to be noted that 

the LIISim energy balance is limited to particle cooling and does not include heat transfer by laser absorp-

tion. The mass balance is simplified to 

 
d 𝑚p

d𝑡
= − �̇�evap, (6-6) 

which includes only �̇�evap, the mass loss due to evaporation, which is also re-implemented in the individ-

ual heat transfer models. Michelsen et al. [19] summarized different heat transfer models and the physical 

properties used by various research groups. The following models from this publication are implemented: 

“Kock”, “Liu” and “Melton (workshop)”. A detailed description of the implemented models and the cor-

responding physical properties can be found in Appendix D. 
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6.3 Implementation 

6.3.1 Software architecture 

The LIISim software is written in object-oriented C++ using the Qt-framework (5.5.0) [181] for the graph-

ical user interface (GUI). For mathematical operations like ordinary differential equation (ODE) stepper 

and complex data container, the Boost library (1.55) [182] and for visualization of data the Qwt li-

brary (6.1.3) [183] was used. The source code can be compiled for 64-bit computer architecture to over-

come the 4-GB memory limitation or in case older computers are used for 32-bit architecture. Multi-

threading using more than one CPU kernel at a time is implemented for parallel signal processing and 

fitting, which reduces processing time. 

In addition to the C++ software, a model development kit (MDK) was written in MATLAB for comparison 

and validation of the integrity of the implemented algorithms. For the MDK the same class structure is 

used and the functionalities are limited to simulation of temperature traces using the previously discussed 

heat transfer models. The MDK can be used for testing new models before they are integrated in the 

LIISim framework. The source code of LIISim-MDK can be found on the LIISim project page and is not 

discussed further. 

6.3.2 Data structure 

The import of LII signals supports comma-separated values (CSV) or plain text files. File structure and file 

names are documented within the import tools. For data export, additionally the MATLAB file format can 

be chosen. The data visualized in every plot can be copied to the clipboard and can so be directly used in 

any spreadsheet compatible software. Experimental data are stored in a hierarchical data model, which 

is shown in Figure 6-1.  

 

Figure 6-1 Data structure used within the LIISim software. 
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Three data container classes (i.e., MRun, MPoint, and Signal) connect the single LII signal traces. MRun 

represents a series of LII signals collected at identical experimental conditions (i.e., laser fluence, PMT 

gain, flame position, etc.). MPoint stores all signals related to the same laser shot. This means for the 

same laser shot there could be a “Raw Signal”, a calibrated “Absolute Signal”, and the “Temperature Trace” 

calculated from the respective signals. 

6.3.3 Materials database 

Physical properties for materials or gases are usually defined in the source code prior to execution. In 

LIISim, a modular database approach was chosen that allows to change or to switch properties during 

runtime. An unlimited number of user-defined database objects (material, gas, gas mixtures, LII settings) 

can be saved within plain text files that are automatically imported from a database folder. The properties 

can be defined as constant or as functions of temperature or wavelength according to Table 6-1. The 

database files can then be selected and combined for heat transfer modeling. The most recent list of 

available properties and guidelines to create customized property files can be found in the user guide of 

the respective LIISim version. 

6.3.4 Numerical procedures 

For data evaluation, the residual between simulated and experimental data is minimized by varying the 

model parameters using the Levenberg–Marquardt nonlinear least-squares method [184]. The imple-

mented algorithm is loosely based on Numerical Recipes 3rd Edition [185] and is described in detail in 

Appendix C. All numerical procedures for matrix transformation, integration, solving ordinary differential 

equations (ODEs) and fitting are summarized in the Numeric Class of the LIISim source code. 
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Table 6-1 List of available property types and the corresponding temperature- or wave-

length-dependent formulae. 

LIISim Type Function Equation (temperature T, parameter 𝒂𝟎 …𝒂𝟖) 

const Constant value 𝑓(𝑇) = 𝑎0 

case Piecewise-defined 𝑓(𝑇) = {
𝑎1, 𝑇 ≤ 𝑎0

𝑎2, 𝑇 > 𝑎0
 

poly Polynomial 
𝑓(𝑇) = 𝑎0 + 𝑎1𝑇 + 𝑎2𝑇

2 + 𝑎3𝑇
3+𝑎4𝑇

4 + 𝑎5𝑇
5

+ 𝑎6𝑇
6 + 𝑎7𝑇

7 + 𝑎8𝑇
8 

poly2 Polynomial 
𝑓(𝑇) = 𝑎0 + 𝑎1𝑇 + 𝑎2𝑇

2 + 𝑎3𝑇
3+𝑎4𝑇

−1

+ 𝑎5𝑇
−2 

polycase 
Piecewise-defined  

polynomial 
𝑓(𝑇) = {

𝑎1 + 𝑎2𝑇 + 𝑎3𝑇
2 + 𝑎4𝑇

3, 𝑇 ≤ 𝑎0

𝑎5 + 𝑎6𝑇 + 𝑎7𝑇
2 + 𝑎8𝑇

3, 𝑇 > 𝑎0
 

exp 
Exponential  

with Euler number as base 
𝑓(𝑇) = 𝑎0 + 𝑎1exp (𝑎2 + 𝑎3𝑇

−1 + 𝑎4𝑇) 

exppoly 
Exponential  

with polynomial exponent 

𝑓(𝑇) = 𝑎0 + 𝑎1exp (𝑎2 + 𝑎3𝑇 + 𝑎4𝑇
2 + 𝑎5𝑇

3

+ 𝑎6𝑇
4 + 𝑎7𝑇

5) 

powx 
Exponential  

with parameter as base 
𝑓(𝑇) = 𝑎0 + 𝑎1𝑎2

(𝑎3+𝑎4𝑇−1+𝑎5𝑇) 

optics_temp 

Wavelength-dependent  

polynomial provided for each 

wavelength 

𝑓(λ, 𝑇) = 𝑓(𝑎0,  𝑇) = 𝑎1 + 𝑎2𝑇 + 𝑎3𝑇
2 + 𝑎4𝑇

3 

optics_case 
Wavelength-dependent  

piecewise-defined polynomial 
𝑓(λ, 𝑇) = 𝑓(𝑎0,  𝑇) = {

𝑎2, 𝑇 ≤ 𝑎1

𝑎3, 𝑇 > 𝑎1
 

optics_lambda 
Wavelength-dependent  

polynomial 

𝑓(λ) = 𝑎0 + 𝑎1λ + 𝑎2λ
2 + 𝑎3λ

3 + 𝑎4λ
4 + 𝑎5λ

5

+ 𝑎6λ
6 + 𝑎7λ

7 + 𝑎8λ
8 

optics_exp 
Wavelength-dependent 

exponential 
𝑓(λ) = 𝑎0𝜆

(1−𝑎1) 
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6.3.5 Modules 

The software is structured in four main modules: Database, Signal Processing, Analysis Tools and Fit Tools, 

which can be accessed through a tab menu. Database visualizes the previously described materials data-

bases and also provides some tools for modifications. Signal Processing is the main module, which allows 

the processing of raw signals, absolute signals and temperature traces. Analysis Tools provides only visu-

alization functionalities for deeper insight into the processed data and for comparison of multiple meas-

urement runs. Finally, the Fit Tools use the calculated temperature traces for fitting the data to pre-im-

plemented heat transfer models. The graphical user interface for the Signal Processing module is exem-

plarily shown in Figure 6-2. A detailed description of all functionalities can be found in the user guide. 

 

Figure 6-2 Graphical user interface (GUI) for “Signal Processing”. 
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6.3.5.1 Signal processing 

Within the “Signal Processing” module, processing steps can be individually ordered and parameters can 

be set individually for every measurement run, for a group or globally. This allows the systematic pro-

cessing of all loaded measurement data. Each signal type (i.e., raw, absolute, temperature) has its own 

processing chain, which is consecutively executed in the order: raw, absolute, temperature. The following 

processing plugins are available and can be applied multiple times in a signal processing chain: 

 “Baseline” provides two options for signal-offset correction. (i) For gated PMTs: the signal before 

the gate opening can be used to calculate the offset. This is done by averaging a user-defined 

signal range and subtract this from the signal. (ii) For ungated PMTs, the baseline offset for each 

channel can be defined in the LIISettings file. During processing, these values are automatically 

retrieved and subtracted from the signal trace. 

 “Arithmetic” operations (addition, subtraction, multiplication, and division) can be applied on 

each data point for all or a single channel. Applicable, for example for signal inversion, scaling, 

offset correction.  

 “Normalization” scales the signal according to the signal peak or a user-defined value. The oper-

ation can be applied on all or a single channel. 

 “Neutral-density (ND) filter correction” uses the transmission values from the current LIISettings 

according to the selected filter identifier. The identifier can be automatically selected from the 

measurement run settings file or manually chosen. Each signal trace is divided by the respective 

filter transmission values. 

 “Calibration (gain, channel sensitivity)” takes the channel calibration values for detector gain and 

sensitivity from the current LIISettings. The gain correction factor 𝑦𝑖  for channel 𝑖 is calculated for 

“gain (exp)” according to 

 𝑦𝑖 = exp (−𝐴𝑖  ln (
𝑥𝑖

𝑥𝑖,ref
)), (6-7) 

and for “gain (log10)“ as 

 𝑦𝑖 = 10
(−𝐴𝑖  log(

𝑥𝑖
𝑥𝑖,ref

))
, (6-8) 

where 𝑥𝑖 is the channel gain voltage, 𝑥𝑖,ref the gain reference voltage and 𝐴𝑖  the gain calibration 

value for the respective channel. The gain correction factor and channel-sensitivity calibration 

values are multiplied with the signal traces giving calibrated signal traces. 

 “Multi-signal average” calculates an averaged signal from multiple single signals within a meas-

urement run. Subsequent processing steps are then applied only to the averaged signal. 

The absolute signal, which is corrected for spectral sensitivity of the detectors, can then be used in the 

temperature processing chain to calculate temperature traces with the “Two-Color” and “Spectrum” 

method as described in section 6.2.1. When the “Spectrum” method is used, the fitted spectrum for each 

iteration and time step can be visualized using the Analysis Tool “Temperature Fit” (see next section). 
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6.3.5.2 Analysis tools 

The analysis tools allow the systematic analysis and comparison of multiple measurement runs. Three 

tools are available: “Plotter”, “Temperature Fit”, and “Parameter Analysis”. The simplest tool “Plotter” 

visualizes selected measurement runs and allows comparison of the signal traces.  

“Temperature Fit” (Figure 6-3) requires previously calculated temperature traces using the “Spectrum” 

method in the “TemperatureCalculator“-processing step. This tool allows the comparison of different 

temperature calculation settings (i.e., spectral fit with various numbers of channels, different initial con-

ditions, or optical properties) and helps making assumptions of the quality of the fitting result or identify 

any errors within the processing iterations. Figure 6-3 illustrates the GUI with the temperature trace plot 

(top left) for data point selection, the fitting result at the selected position (top right) and visualization of 

the fitting iterations with plots (bottom left) and tables (bottom right). 

 

Figure 6-3 GUI for the “Temperature Fit” analysis tool showing the temperature trace and 

for the selected position, the iterations and the final result of the spectral tem-

perature fit. 
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For each measurement run, experimental parameters (i.e., laser fluence, ND-filter, PMT gain voltages, 

etc.) can be stored in the measurement run settings that are accessible in every module. These parame-

ters can be used to compare selected measurement runs in the “Parameter Analysis” tool (Figure 6-4). 

Available built-in parameters are for example laser fluence, PMT gain, ND-filter, average of signal range, 

but also user-defined parameters can be added. The GUI shows the signal traces of the selected measure-

ment runs (top left), the experimental parameters curves to be visualized (bottom left) and the result in 

graphical (top right) and tabular format (bottom right). 

 

Figure 6-4 GUI for the “Parameter Analysis” tool showing multiple measurement runs with 

varying laser fluence. 
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6.3.5.3 Fit tools 

After signal processing and analysis of the temperature traces, pre-implemented heat transfer models 

and materials databases can be used to perform a fit to the data. For this, temperature traces or sections 

of temperature traces can be selected as data range for the fit. Three fit parameters (i.e., initial particle 

diameter, gas temperature, and peak temperature) can be set as free or fixed parameters. For solving the 

ordinary differential equation (ODE) of the selected heat transfer model, the type of ODE solver and the 

accuracy can be selected. The result of the fit and each iteration can be analyzed using various plots (i.e., 

heat transfer rates, particle diameter history, fit error, etc.). The GUI of the “Fit Creator” (Figure 6-5) shows 

the data to be fitted (top left), settings for the fitting (top right), and an overview of the meta data for the 

performed fitting runs (bottom right). The experimental temperature trace is overlaid with the modeled 

temperature trace (bottom left). Additional plots provide information about the temporally resolved heat 

transfer rates, particle size, and fitting parameter changes during the fitting iterations. 

 

Figure 6-5 GUI for the “Fit Creator” tool showing fits for multiple temperature traces. 
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6.4 Application cases 

Two example cases are used to demonstrate the main functionalities of LIISim. First, the recently pub-

lished validation dataset by Goulay et al. [11] and second, recently collected own unpublished data using 

the same apparatus as in [149] on a standardized laminar diffusion flame [171]. Both data sets are avail-

able online as electronic supplementary material and can be imported within LIISim as benchmark data 

(for details refer to the user guide on www.liisim.com). For both application cases, the materials database 

combinations as summarized in Table 6-2 were used. 

Table 6-2 Materials database combinations used for the simulations. 

 Model 1 Model 2 Model 3 

Heat transfer model Kock Liu Melton 

Gas mixture Kock-Nitrogen-100% Liu-Flame Melton-Nitrogen-100% 

Material Soot_Kock Soot_Liu Soot_Melton 

(Workshop) 

6.4.1 Application 1 

We selected the three-channel LII dataset for the Santoro burner [23] provided by Goulay et al. [11] to 

visualize the spectral fitting and heat transfer modeling. The signals are collected at center wavelengths 

of 451, 682, and 855 nm. The wavelength information is stored in the LIISettings file and is automatically 

used during analysis. Basic signal processing was not necessary, because the data have already been cor-

rected for background, PMT sensitivity, and neutral-density filter characteristics. To overcome fitting con-

vergence difficulties the data were scaled by a factor of 109. The imported signal traces for a laser fluence 

of 0.986 mJ/mm2 and an excitation wavelength of 1064 nm are shown in Figure 6-6. 

 

Figure 6-6 Original LII signal traces for three spectral detection channels at a laser fluence 

of 0.986 mJ/mm2 (1064 nm). 

  

http://www.liisim.com/
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For the temperature calculation, spectral fits according to equation (6-4) have been performed using the 

absorption function 𝐸(𝐦𝜆) suggested by the original publication 

 𝐸(𝐦𝜆) =
𝜆1−𝜉𝛽

6π
, (6-9) 

which simplifies with the provided values of 𝜉 = 0.83 and 𝛽 = 28.72 cm−0.17 to 

 𝐸(𝐦𝜆) = 𝑎0𝜆
𝑎1, (6-10) 

with 𝑎0 = 3.333 m−0.17 and 𝑎1 = 0.17 and 𝜆 in meter. These two parameters are then used within the 

“optics_exp” equation type (see Table 6-1) through the spectroscopic materials database file. 

In a multi-wavelength measurement, temperatures can be derived from various combinations of two (or 

three) spectral detection channels. If the spectroscopic model is correct and no measurement errors are 

present, all combinations should lead to the same result. For this dataset, four different temperature 

traces (T1–T4) have been investigated. The LII signal channels used for the analysis are shown in  

Table 6-3: 

Table 6-3 LII-signal channels used for the calculation of the temperature traces. 

Temperature trace Channel 1 (445 nm) Channel 2 (682 nm) Channel 3 (855 nm) 

T 1 x x x 

T 2 x x  

T 3 x  x 

T 4  x x 

After processing, the temperature traces are compared in the same plot. Figure 6-7 shows the calculated 

temperature traces using the “Spectrum” mode, which reveals some disagreement within the first micro-

second after the laser pulse. For further investigation, the analysis tools can be used on the temperature 

fit to look into the single iteration steps during temperature fitting. 

 

Figure 6-7 Temperature traces calculated using the “Spectrum” method. 
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In the “Temperature Fit” tool, single data points can be picked from the signal to visualize the fitted tem-

perature spectrum for all four temperature traces (Figure 6-8). It can be seen that for example at 60 ns 

the solution of the spectral fits approximately matches the data from the selected signal channels, but 

the temperatures vary from 3527 to 3797 K for different temperature traces (T1–T4). Possible reasons for 

this discrepancy could be non-linearity affecting one or more of the three channels as demonstrated 

in [149] or the change of optical properties during particle cooling. To trace down the cause of this effect, 

further measurements using the same setup would be required. 

 

Figure 6-8 Fit for different channel combinations T1–T4 at 60 ns. 

For presentation of the particle-sizing feature, we use temperature trace T1 in the FitCreator module, for 

comparison of selected heat transfer models (Kock, Liu and Melton [19]). For the fitting, the process pres-

sure was set to 1.013 bar (1 atm) and the gas temperature to 1676 K according to the original publication. 

The range for the fit was set from 60 to 1560 ns and the ODE solver “Dormand-Prince 5” was used (accu-

racy same as data) [186]. The initial particle diameter and the peak temperature are free parameters and 

the gas temperature was kept constant. For comparison, the same procedure was applied to the 

0.495 mJ/mm2 data. The simulated temperature traces for each heat transfer model and the fitting results 

are displayed in Figure 6-9. 
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Figure 6-9 Comparison of fitting results from three heat transfer models (range 60 to 

1560 ns) for 0.495 mJ/mm2 (a) and 0.986 mJ/mm2 (b). 

The three modeled traces for the low fluence data (0.495 mJ/mm2) fit the measured data, but gave initial 

particle sizes much higher than previously reported values of 33 nm [2]. For the 0.986 mJ/mm2 data, the 

Melton model predicted higher values for the particle diameter as the LIISim upper boundary value of 

150 nm. This upper boundary should ensure that the range of validity of the physical equations is not 

exceeded. The fitted values for the particle diameter using the other two pre-implemented models differ 

also widely from previously reported values. To our knowledge, the only publication using this validation 

data set for model development was Lemaire and Mobtil [59], who stated they could not find any agree-

ment between their modeled data and the validation data set. With further publications of LII data on this 

particular flame, data from different groups could be compared to investigate the origin of these discrep-

ancies. This helps to distinguish whether this effect is dependent on the specific experiment or the imple-

mented models. 
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6.4.2 Application 2 

Data have been collected using a four-channel LII device with bandpass center-wavelengths at 500, 684, 

and 797 nm. A detailed description of the detection device can be found in [149]. A laminar non-premixed 

flame (Gülder burner), which has been investigated by TiRe-LII previously [2, 9, 151], was operated at its 

standard conditions of 0.194 slm (standard liters per minute) ethene and 284 slm air and the soot particles 

are heated by pulses (8 ns FWHM) from an Nd:YAG laser at 1064 nm with a fluence of 0.5 and 1 mJ/mm2. 

Raw LII signals are collected for 200 laser shots and then processed using the following processing chain 

to generate calibrated averaged signal traces: 

1. Baseline correction (using the signal detected before the PMT gate opening averaged for 200 ns) 

2. Arithmetic multiplication with –1 for inversion of the signal trace 

3. Multi-signal average 

4. ND-filter correction 

5. Calibration (PMT gain) 

6. Calibration (channel sensitivity)  

7. Get section (1500 to 6000 ns). 

 

Figure 6-10 Raw LII signals (single shot) collected from the oscilloscope (top row), calibrated 

and averaged signals (center row), calculated temperature traces from calibrated 

signals (bottom row) for 0.5 mJ/mm2 (a) and 1 mJ/mm2 (b). 

After signal processing, the calibrated and averaged signals (Figure 6-10 center row) can be used within 

the temperature processing chain to calculate temperature traces (Figure 6-10 bottom row). 
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With four available channels at three different wavelengths one temperature trace (T1) was calculated 

using a spectral fit of all four channels, and for comparison with two-color pyrometry, five temperature 

traces (T2–T6) were calculated using all possible pairs at independent wavelengths according to Table 6-4. 

For this analysis, a constant 𝐸(𝑚𝜆) value was used for all channels (using the spectroscopic materials data 

“Blackbody_Particle”). 

Table 6-4 LII signal channels used for the calculation of the temperature traces. 

Temperature trace 
Channel 1 

(500 nm) 

Channel 2 

(500 nm) 

Channel 3 

(684 nm) 

Channel 4 

(797 nm) 

T 1 x x x x 

T 2 x  x  

T 3 x   x 

T 4  x x  

T 5  x  x 

T 6   x x 

Figure 6-10 (bottom row) shows the result of the temperature processing for all six temperature traces, 

which show good agreement. The spectral fit at 2060 ns was visualized using the temperature fit tool (see 

Figure 6-11) giving temperatures between 2901 and 2945 K for 0.5 mJ/mm2 and between 3637 and 3680 K 

for 1 mJ/mm2. 

 

Figure 6-11 Fit for channel combinations T1–T6 at 2060 ns for 0.5 mJ/mm2 (a) and 

1 mJ/mm2 (b). 
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The same settings as in Application 1 were used except for the gas temperature, which was reported for 

this laminar diffusion flame as 1730 K [187]. For evaluation, a 1.5-µs range was selected starting 30 ns 

after the signal peak to avoid interference with the signal variation during laser heating. The comparison 

of the fitting results is summarized in Figure 6-12. 

 

  

Figure 6-12 Comparison of fitting results from three heat transfer models (2060 to 3560 ns) 

for 0.5 mJ/mm2 (a) and 1 mJ/mm2 (b). 

All fits for the low fluence of 0.5 mJ/mm2 show a good agreement between modeled and calculated tem-

peratures traces and initial particle sizes from the Kock model agree with previously reported values of 29 

to 32 nm using LII and TEM [2]. The Liu and Melton model yielded higher particle sizes of 52.9 and 48.4 nm, 

respectively. For the 1 mJ/mm2 fits, the modeled temperature trace shows a much stepper gradient in the 

beginning of the signal, which indicates over-prediction of the evaporation cooling. Comparison with 

measurements of the same flame from other groups could help to trace down, whether this is a LII model 

problem or related to the specific experimental setup. 
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6.5 Software availability and documentation 

As the new LIISim version is a complete rebuild, we want to avoid confusion with earlier LIISim versions 

and have chosen the version number 3.0 for the first release. For tracking changes of the source code, we 

are using the public version-control service GitHub (www.github.com/LIISim). Documentation, software 

releases and further announcements are available through www.liisim.com. 

6.6 Summary 

The new LIISim is the first open and public software toolbox for signal processing and data analysis of 

laser-induced incandescence measurement data. It was designed to be user-friendly, freely available for 

the scientific community, with transparent algorithms and versatile tools for data processing and evalua-

tion. The software targets newcomers in the LII technique, but also experienced researchers who want to 

compare their signal processing procedures to an open standard. The toolbox provides an easy entrance 

in this measurement technique with simple and transparent algorithms, built-in example databases and 

pre-implemented published heat transfer models. Modular materials databases in a standardized file for-

mat allow switching physical properties without changing the processing algorithms and allow applica-

tions of both, soot and synthetic nanoparticle sources. A common file format can act as a foundation for 

public reference measurement databases for standardized flames and synthetic nanoparticle source and 

should enable future inter-laboratory comparison studies in the context of the biennial LII workshop. The 

source code of the software is published under the GNU General Public License (GPL) to allow further 

development by all interested researchers within the scientific community. 

 

http://www.github.com/LIISim
http://www.liisim.com/
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7 SEQUENTIAL SIGNAL DETECTION FOR 

HIGH DYNAMIC RANGE TIME-RESOLVED 

LASER-INDUCED INCANDESCENCE 

The content of this chapter was published in Optics Express: 

R. Mansmann, K. Thomson, G. Smallwood, T. Dreier, C. Schulz, “Sequential signal de-

tection for high dynamic range time-resolved laser-induced incandescence”. 

Opt. Express 25(3), p. 2413 (2017). 

© 2017 Optical Society of America. Reprinted with permission. 

The paper is based on an idea that has occurred to me during my 2014 research visit at the National 

Research Council of Canada. I was working in the Black Carbon Metrology group lead by Kevin Thompson 

on a soot LII project using a multi-color LII device with gated photomultiplier tubes. I developed the meas-

urement concept and the methodology, performed the validation experiments and wrote the manuscript. 

All authors discussed the results and contributed to the manuscript. 

Abstract 

A new method for collecting time-resolved laser-induced incandescence (TiRe-LII) signals with high dy-

namic range is presented. Gated photomultiplier tubes (PMT) are used to detect temporal sections of the 

LII signal. This helps to overcome the limitations of PMTs caused by restricted maximum signal current at 

the strong initial signal and poor signal-to-noise ratios when the signal intensity approaches the noise 

level. We present a simple method for increasing the accuracy of two-color pyrometry at later decay times 

and two advanced strategies for getting high accuracy over the complete temperature trace or even 

achieve single-shot capability with high dynamic range. Validation measurements in a standardized flame 

show that the method is sensitive enough to even resolve the local increase in gas temperature as a con-

sequence of heating the soot particles with a laser pulse. 
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7.1 Introduction 

Time-resolved laser-induced incandescence (TiRe-LII) is a well-established in situ measurement method 

for soot particle concentration and primary particle-sizes [3, 18, 176]. Two-color (2C) pyrometry is fre-

quently used for detecting the particle temperature by measuring the ratio of LII signals in two wavelength 

bands [3, 36, 41, 128, 176]. The signal-to-noise ratio (SNR) of LII measurements strongly decreases with 

signal duration because of the exponential decay of the signal intensity following the initial heat-up of the 

gas-borne particles with a pulsed laser. For fast decaying LII signals (e.g., very small particles, elevated 

pressure, large differences between particle peak temperature and local gas temperature) the dynamic 

range of the detection system is important for retrieving a temperature trace that can be used for com-

parison with LII models.  

Figure 7-1 gives an example of the strongly varying temperature results at the end of the signal decay 

period due to low signal levels (middle) and the deviation from a double exponential fit (bottom). The 

temperature trace was calculated from averaged LII signals (top) over 100 laser shots, further averaging 

does not provide significant improvement. Analog digital converter (ADC) quantization resolution for 8 bit 

and 12 bit is indicated for the 800 nm and 500 nm channels, respectively, to demonstrate the limits for 

single-shot acquisition. 

 

Figure 7-1 Example for a typical temperature trace of LII in-flame measurements starting 

from the signal peak. Temperatures (blue) are calculated from the ratio of two 

LII signals in two different wavelength ranges (orange/green) using a relative 

channel calibration, double exponential regression (red) and the residual be-

tween fit and measured data (black). 



SEQUENTIAL SIGNAL DETECTION 

 

 

99  

In TiRe-LII, signals are detected with fast photomultiplier tubes (PMTs, typically < 1 ns response time). The 

dynamic range relevant in this application needs to be distinguished between the dynamic range for a 

fixed detector setting and the total dynamic range of the LII setup with detector settings adjusted to the 

respective signal levels.  

When measuring LII signals, the signal peak represents the upper limit of the dynamic range. Due to non-

linear behavior and saturation effects, the maximum PMT anode current needs to be limited at this max-

imum signal value. This can be achieved by attenuation of light by appropriate neutral density filters and 

adjustment of the PMT gain control voltage. 

The lower limit of the dynamic range is the vertical resolution of the analog digital converter of the oscil-

loscope. As a result, the decreasing signal-to-noise ratio during the (approximately exponential) signal 

decay limits the detection time despite the fact that the signal intensity at later times is still on a level that 

could be detected with PMTs. The PMT gain control voltage, however, requires a settling time of 100 ms 

to 2 s (specified by the manufacturer) and thus cannot be adjusted to the varying signal level during a 

single signal trace; the same applies for the neutral density filter. 

Thus, in the conventional arrangement, only a fraction of the total dynamic range of PMTs can be used. 

Here, we show that the combination of gated photomultipliers with switching of neutral density filters 

and gain voltage variation allows one to overcome this limitation, and thus dramatically improve the qual-

ity of TiRe-LII measurements. 

Tosi et al. [188] presented a method to increase the dynamic range in time-correlated single-photon 

counting (TCSPC) with time-gated single-photon avalanche diodes (SPAD). There, delayed gating of the 

SPAD was used to prevent the detection of unwanted photons in the initial part of the signal trace thus 

prolonging the signal recording to later times. There is a fundamental difference compared to the inten-

sity-based measurements presented in the present paper. Single-photon counting techniques rely on high 

repetition frequencies and large numbers of samples and can work with ultra-low laser powers. LII in 

contrast requires a minimum laser fluence in the range of 0.5 to 1 mJ/mm2 to generate measurable signals 

and has a long signal lifetime in the range of up to several microseconds. LII is thus not suitable for the 

high-repetition-rate lasers usually used for TCSPC. 
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7.2 Method 

Gated photomultiplier tubes (PMT) can be triggered with variable delay with respect to the laser pulse to 

discard the high-intensity portion of the LII signal trace. The low-intensity portion of the signal can then 

be measured with reduced or no optical signal attenuation and at increased gain, resulting in dramatically 

increased SNR. The various sections of the LII signal can thus be measured taking advantage of the full 

dynamic range of the LII setup.  

Figure 7-2 (left) illustrates the method starting from the typical LII signal (trace a). From trace b to d (i.e., 

2nd to 4th sequence), the PMT gate delay is increased by 500 ns increments and therefore the initial part 

of the LII signal is suppressed. For each sequence, appropriate neutral density (ND) filters are selected and 

the gain is adjusted to ensure similar peak signal intensities at the beginning of each signal trace to max-

imize the SNR. Additional delays can be used until optical signal attenuation is not required anymore and 

the PMT gain cannot be further increased. The absolute signals (Figure 7-2, right) can then be calculated 

for each sequence using an absolute light-intensity calibration and gain correction [9]. With this approach, 

called high-dynamic range TiRe-LII (or HDR-TiRe-LII), the LII signal is detected in multiple segments result-

ing in a much improved signal quality (Figure 7-2, right). 

 

Figure 7-2 Principle of the basic sequential detection technique: Raw signals (left) are used 

to calculate absolute signals (right); (a) typical LII signal, (b–d) Sequential detec-

tion technique applied three times. 

Table 1 shows various possible configurations of this detection technique. The basic principle (Table 7-1-A) 

uses one gated PMT for each of the two colors that are required for two-color LII. A series of subsequent 

experiments provides the high dynamic range. For each single experiment, the evaluation of signal ratios 

yields particle temperature traces for a limited part of the decay curve that then can be combined to 

reconstruct the full temperature trace.  

This method can be extended by increasing the number of gated PMTs to provide improved accuracy 

while maintaining single-shot capability. The scanning and interpolation technique (Table 7-1-B) uses 

three or more gated photomultipliers in different wavelength bands, which result from the combination 

of dichroic and bandpass filter transmissions. Two PMTs are used to collect the entire LII signal trace and 

any additional PMT is delayed to an appropriate later time. The signal of two PMT channels must overlap 

to allow for temperature detection. Sections where only a single channel is collected can be interpolated 
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with high fidelity because of the near-exponential characteristics of the LII decay at later times. The wave-

length bands should be selected to detect shorter wavelengths at the beginning and longer wavelengths 

at the later section of the signal according to Wien’s displacement law causing a red-shift of the signal 

with time during particle cooling. 

Table 7-1 Schematic comparison of basic (A) and two advanced (B and C) sequential detec-

tion techniques: circled numbers denote respective PMT detectors and gener-

ated signal (and temperature) traces. 

 
The delayed double detection strategy (Table 7-1-C) requires four gated PMTs, two at each of the two 

detection wavelengths. The LII signal is split by a dichroic mirror and then by two beam splitters on the 

four detectors. Each wavelength channel is detected by two PMTs with different gate delays. The temper-

ature trace can be collected for two sections and the missing section in between can be interpolated. The 

beam splitter should be selected so that the PMT with the early gate starting time receives a smaller 

fraction of the signal, while the PMTs with the later gate starting time capture a larger fraction of the 

signal (e.g., 10:90 split ratio). 
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While technique A can only be applied on a steady source where particle size and morphology does not 

change between laser pulses, such as in steady laminar flames, techniques B and C are instantaneous, and 

suitable for all sources, including those that are unsteady or turbulent. 

When using this technique in flames where the flame temperature is still in the range that can be detected 

with two-color pyrometry (i.e., >1500 K), the pulsed LII signal is accompanied by a DC signal resulting from 

flame radiation. Snelling et al. [187] presented a method to correct for this bias by splitting the measured 

radiation into flame radiation and radiation from the probe volume. Because the fraction of the soot ra-

diation that comes from the unheated soot in the probe volume is unknown, an iterative correction pro-

cedure is used. In our case with gated PMT detection, the baseline before the gate opening (zero-level) 

and after gate opening 𝑆flame (flame radiation) can be measured. Eq. (7-1) shows how the DC corrected 

signal 𝑆probe can be estimated, which can then be used to determine the unbiased two-color temperature 

trace. The contribution from flame radiation is subtracted from the measured signal 𝑆total and the con-

tributing part from the probe volume 𝑆probe is added again. 

 𝑆probe(𝜆, 𝑇) = 𝑆total(𝜆, 𝑇) − 𝑆flame(𝜆) + 𝑆probe(𝜆, 𝑇gas) (7-1) 

Since 𝑆probe(𝜆, 𝑇gas) is unknown, we estimate the radiation from the probe volume through the geomet-

rically defined ratio of probe volume to total measurement volume 𝑥. 

 𝑆probe(𝜆, 𝑇gas) = 𝑥 𝑆flame(𝜆) (7-2) 

Figure 7-3 shows temperature traces calculated by sequential signal detection and corrected for different 

ratios of probe volume and total measurement volume.  

 

Figure 7-3 Temperature trace (log scale) calculated from two sequences and corrected for 

flame radiation (1750 K) as a function of probe volume to total measurement 

volume ratio 𝑥. 

The strongest deviation occurs for very small probe-volume-to-total-volume ratios and high flame tem-

peratures. For example, when the probe volume is only 1% of the total measurement volume and the 

flame temperature is 1750 K, the temperature is underestimated up to a maximum of 85 K at later decay 

times. 
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7.3 Experiment 

Validation measurements were performed using a laminar non-premixed flame (Gülder burner) which has 

been investigated by TiRe-LII previously [2, 9]. The burner is operated at its standard conditions of 

0.194 slm ethene and 284 slm air. The soot particles are heated by pulses (8 ns FWHM) from an Nd:YAG 

laser at 1064 nm. A square (2.4×2.4 mm2) laser beam profile was produced by an aperture and relay-

imaged to the measurement position. For all measurements, the laser fluence was set to 1.5 mJ/mm2. 

Two plano-convex lenses were used to image the cylindrical probe volume (1 mm diameter, 2.4 mm 

length) into a 1-mm diameter fiber. The light exiting the fiber was collimated, split by a dichroic 

beamsplitter (Semrock FF605-Di02), and focused on two gated PMTs (Hamamatsu H11526-20). Bandpass 

filters with a center wavelength of 500 nm (Semrock FF01-500/24) and 800 nm (Semrock FF01-800/12) 

were attached to the two PMTs, respectively. To avoid saturation for the initial high-intensity signals, 

neutral-density filters were used to attenuate the signal. Signals were collected with a 500-MHz 

oscilloscope (PicoScope 6404C) with a vertical resolution of 8 bit and 0.8-ns sampling intervals. The 

triggering of laser and PMT gate time was controlled by a digital delay/pulse generator. 

7.4 Results 

The basic sequential detection technique (Table 7-1-A) was applied with three gating time steps in the 

flame at a height above burner of 42 mm. Laser fluence, measurement position and PMT gain were kept 

constant and the PMT delay was varied. For each sequence, appropriate neutral density filters (transmis-

sion of 1, 10, and 79%) were used to prevent saturation of the detectors.  

The temperature trace was calculated by applying Eq. (7-3) [187, 189] for each data point assuming a 

constant ratio of the absorption function 𝐸(𝐦𝜆1
)/𝐸(𝐦𝜆2

) = 1, 

 𝑇p =
ℎ𝑐0

𝑘B
(
1

𝜆2
−

1

𝜆1
) [ln (

𝐼𝜆(𝜆1, 𝑇p)

𝐼𝜆(𝜆2, 𝑇p)

𝐸(𝐦𝜆2
)

𝐸(𝐦𝜆1
)
(
𝜆1

𝜆2
)
6

)]

−1

, (7-3) 

with the particle temperature 𝑇p, the Planck constant ℎ, the speed of light in vacuum 𝑐0, the Boltzmann 

constant 𝑘B, the detection wavelengths 𝜆 (i.e., the center wavelengths of the 500 and 800 nm bandpass 

filters), and the absolute spectral intensity 𝐼𝜆. The sensitivity and error analyses of soot temperature de-

termined by two-color LII were previously published by Liu et al. [78]. 

Figure 7-4 shows a comparison of signal processing results between single-shot (left) and multi-signal av-

erage of 100 laser shots (right) starting from the raw signals for three different gate delay times (top). 

Absolute signals are calculated using the instrument and filter calibrations (middle). The temperature 

trace (bottom) is calculated by two-color pyrometry using Eq. (7-3). Particles reach a maximum tempera-

ture of 3820 K and approach the local gas temperature of 1790 K at about 7 µs after the signal peak. 

For the single-shot signals, quantization noise caused by the restricted vertical resolution of the ADC can 

already be seen after 1 µs in the absolute signals as multiple horizontal lines (blue curve). By using the 

detector arrangement of technique C (Table 7-1), a full temperature trace can even be measured for a 

single laser shot. 
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Figure 7-4 Comparison of single-shot (left) and multi-shot analysis (right) (100 laser shots); 

Absolute signals (middle graphs) are calculated from raw signals (upper graphs) 

using spectral calibration and gain settings; Temperature (lower graphs) calcu-

lated by two-color pyrometry; the portion covered by the rectangle is enlarged 

in Figure 5. The following ND filters were used: (blue: 1%, orange: 10%, red: 79%). 

The improved capability of this technique is demonstrated by measuring the gas heat-up as a conse-

quence of laser-induced particle heating. While LII is considered a non-intrusive technique, recent studies 

have demonstrated that energy deposition in the probe volume due to laser heating of particles is not 

negligible and influences the simulation of conduction cooling of the particles [172, 187]. Complex meas-

urements using CARS [172] and extrapolation/modeling techniques [187] confirm evidence of local gas 

heating. This effect strongly depends on the soot volume fraction and varies with the laser fluence. 

HDR-TiRe-LII for the first time allows determination of the temperatures even at very late times when 

particles are in thermal equilibrium with the surrounding gas. Comparing two-color pyrometry without 

and with laser heating allows one to measure the heat-up effect (see Figure 7-5). At 6.5 µs after the laser 

pulse, the typical LII signals lead to a temperature of 1840±268 K (blue) while the first sequential detection 

gives 1795±30 K (orange) and the second 1790±10 K (red). The error bars represent the 2σ standard de-

viation from the mean. For comparison of the (laser-induced) temperature increase, the incandescence 

was measured for a gate duration of 2 µs. For the selected measurement position the local gas tempera-

ture (without laser-heating) was determined as 1760±10 K (green), which is very close to the previously 

reported CARS temperatures of 1730±25 K [171] and 1740 K [172]. 
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Figure 7-5 Enlarged portion of the temperature trace from Figure 7-3: Temperature traces 

from the conventional analysis of full LII decays (blue) and results of the sequen-

tial detection technique (orange and red) show the dramatic improvement in 

data quality that now allows to determine the effect of local gas heating (red) 

compared to measurements without laser heating (green). Residual of least 

square fit of measured data (bottom). After DC flame radiation correction (x = 

0.24), local gas heating could be determined as 80 K for these laser settings and 

flame conditions. 

This demonstrates that HDR-TiRe-LII can detect particle temperatures in atmospheric pressure flames 

even 8 µs after the laser pulse. As mentioned previously, the asymptotic temperature decay after laser 

heating and subsequent cooling leads to a particle temperature of 1790 K at 7 µs after the signal peak. 

For the DC flame radiation correction, the probe-volume-to-total-measurement-volume ratio in our 

measurements was geometrically determined as 0.24 that leads to a corrected local gas temperature of 

1840 K, indicating an increase in the local gas temperature of 80 K. 

7.5 Conclusions 

We presented a new method for collecting LII signals with high dynamic range using delayed sequential 

detection. The suggested two-step approach of gate-delayed voltage switching for blocking the beginning 

of a LII signal and adjustment of filter/gain settings to an optimum level can be applied in different ways. 

We have suggested three techniques using gated PMTs to get detailed information of the later tempera-

ture decay, two of which provide single shot capability. The method is sensitive enough to measure local 

gas-heating during LII, which is an uncertainty in research that until now needed to be determined by 

other—much more complex—measurement techniques (e.g., CARS). Particularly advantageous for very 

short LII signals such as with small particles or high pressures, this method can be used to collect a 

larger/longer temperature range and therefore improve data accuracy and model-based evaluation. 
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8 OUTLOOK 

The research presented in this thesis defines guidelines for the experimental design of LII setups and in-

troduces new measurement strategies that should be further explored in the future.  

Multi-color time-resolved LII. As part of this work, a multi-color LII device was build that allows measure-

ments with improved spectral quality. Measurements at multiple wavelength bands showed that pyro-

metrically inferred temperatures are subject to large uncertainties and improvements to this technique 

should be prioritized. Although measurements at more than two colors over-determine the analysis, it 

was found that different two-color ratios do not yield the same temperatures as expected. This could be 

explained by false optical properties, but also by measurement issues as underestimated polydispersity 

or non-uniform laser-heating. With increased spectral quality of multi-color LII measurements, future 

spectroscopic models should be extended to cover these effects.  

The presented multi-color device was initially equipped with four different bandpass filters, but due to 

the weak signal intensity in the near-UV of the calibration light sources available at that time, a 390-nm 

bandpass filter of the first channel was replaced by a 500-nm bandpass filter. The recent availability of 

new calibrated light sources as the laser-driven light source (LDLS) now enables us to perform a calibration 

also at wavelengths below 450 nm. This change in design was too late in the advance of this work, but the 

higher spectral resolution can be beneficial for future LII studies on synthetic nanoparticle applications, 

for which optical properties are often not available in literature.  

LII heat transfer model developments. Parameter studies at multiple detection wavelengths on various 

measurement targets can help to identify next steps for the development of basic heat transfer models 

that can be used as the foundation for future model development. With the apparatus and measurement 

strategies presented in this work, reproducible LII measurements with high signal quality can be per-

formed and, using the LIISim software, these signals can be recorded in a standardized file format includ-

ing various metadata (i.e., process conditions, laser fluence and detection settings). Screening of the data 

in respect of parameter variation using the built-in analysis tools of the LIISim software can help to identify 

potential parameter dependencies that are important for the modeling. The data can be exported from 

the LIISim software as MATLAB datasets that can then be used in the LIISim-MDK that is written in MATLAB 

code, or in other customized MATLAB scripts. Having both the raw data and metadata available in the 

MATLAB environment, facilitates the application of advanced data analysis techniques such as data fusion 

with supplementary measurement techniques (e.g., laser-induced breakdown spectroscopy (LIBS) [190] 

or wide-angle light scattering (WALS) [191]) within the Bayesian framework, as well as fluence curve anal-

ysis [13, 192], or Bayesian model selection [193]. 

Combination of LII with other techniques. Comparison of multi-color LII with spectrally- and temporally-

resolved LII using a streak camera can be an important and promising approach to gain more information 

about the temporal blurring and rise-time behavior of different detector types. As the temporal variation 

is the key parameter in LII analysis, insight into these effects can be very helpful for the understanding of 

discrepancies between models and data.  
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Optical properties of many materials are unknown, or the reference conditions in literature (e.g., low 

temperature, solid) are far away from the conditions during the LII measurement (e.g., high temperature, 

liquid). Simultaneous measurements with spectrally resolved line-of-sight attenuation (LOSA) or heated-

LOSA (i.e., during the LII signal) will help to gain more information to resolve these issues. 

LIISim software development. The open-source concept and public availability of the software/source 

code enables other researcher to implement new heat transfer models. The implementation of heat trans-

fer models is outlined in Appendix E and in the developer guide available through the LIISim website. 

Extension of the materials databases, especially in regard to engineered nanoparticles, can facilitate com-

parative studies on reactors that can be operated with different precursor materials. Further modules and 

functionalities could be implemented in the current framework such as combined solution of spectro-

scopic models and heat-transfer models, but also statistical tools for the systematic analysis of parameter 

studies. 

Standardization and inter-laboratory comparisons. Best-practice guidelines for performing LII experi-

ments are mostly only internally communicated within a research group. The biennial international work-

shop on LII can act as a platform to establish best-practice standards, increasing the reliability of published 

data, and enabling comparisons across research groups. Standardization of materials databases and es-

tablishing a public database could help to make the best choice of materials properties for the LII modeling. 

Publically available lists of published experimental conditions could help identify similar studies that could 

be used to benchmark ongoing experiments. When databases or conditions are provided, the units of the 

quantities should be always expressed in base units (i.e., m, kg, K, s, etc.) according the International 

System of Units (SI) to simplify comparisons and the model implementation. Sharing of calibrated LII sig-

nals from various conditions on public platforms could enable open inter-laboratory comparisons that are 

not linked to a specified timeframe. 
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9 SUMMARY 

Time-resolved laser-induced incandescence (TiRe-LII) is an important optical diagnostics tool for in situ 

measurements of nanoparticle size and volume fraction in aerosols. It can be used to characterize for-

mation processes of nanoparticles and provides valuable information to support simulations or for the 

design of such processes.  

Major challenges for LII science concern the signal acquisition and early stage of signal processing. The LII 

signals resulting from these two steps are used as input for all subsequent processing and analysis steps. 

Thus, it is important to achieve a high initial signal quality in order to increase the quality of the analysis. 

Detector performance and measurement errors have hardly been investigated in the context of LII, but 

can significantly affect the signal quality. State-of-the-art techniques as two-color pyrometry can be very 

sensitive to these signal biases and large errors in derived particle temperatures might remain unnoticed. 

This makes it even more important to have best-practice guidelines for practical procedures as detector 

calibration and signal acquisition, and further, to investigate new innovative detection and data evalua-

tion concepts that can contribute to establish high-quality measurements. Furthermore, variations in ex-

perimental procedures between different research studies reduce the comparability of scientific results. 

The harmonization of the experimental procedure, calibration, measurement, and interpretation of data 

is therefore strongly needed. 

This work advances in the direction of standardization of the experimental processes and focuses on tech-

nical and practical aspects of the multi-color time-resolved LII technique related to the design of an LII 

setup, detector performance, calibration, and data acquisition/processing. This contributes to a high sig-

nal quality for various application cases that can then be used as input for LII model development research. 

The first chapters of this work outline the technical and theoretical framework of the LII technique and 

specify design requirements for a typical LII setup. It was demonstrated that the variation of the laser Q-

switch delay, to control the laser fluence in an LII experiment, could affect the spatial intensity profile. A 

variable laser-energy attenuator can help to keep the spatial energy distribution uniform while the laser 

energy can be varied. With relatively simple optical arrangements for laser-beam shaping, the beam pro-

file can be conditioned to achieve homogeneous heating of all particles in the measurement volume. 

Other concepts presented in this thesis address the selection of detection wavelengths, electronic control 

of experimental parameters, and modifications towards flexibility and mobility of such a setup. 

In the context of this work, a multi-color LII detection device was designed and built including four detec-

tors that can be equipped with individual bandpass filters. The extension from two-color to multi-color 

analysis lowers the degrees of freedom in the spectroscopic modeling of LII signals and yields more relia-

ble particle temperature traces. An additional data acquisition module, implemented in the presented 

LIISim software, can be used to control experimental parameters of the LII setup (i.e., laser fluence, PMT 

gain, oscilloscope settings) and record LII signals in a standardized file format. The setup is used in several 

research tasks and technical aspects concerning detector performance and calibration are investigated. 



CHAPTER 9 

 

 

110 

Photomultiplier tubes that are the most common detector types in LII research have been investigated in 

the context of linearity and experiments using continuously and pulsed operated LEDs have been per-

formed at similar light levels as they occur during LII calibration and measurements. It was shown that in 

the context of LII, the photocathode is the most sensitive part of a PMT that can be affected by non-

linearity. The super bi-alkali (SBA) photocathode showed significant non-linear behavior when exposed to 

high light levels, while the multi-alkali (MA) type was less affected. In a theoretical study, it was demon-

strated that two-color temperature determination could be affected by a bias of a single detection chan-

nel. This can cause errors in LII temperature traces of several hundreds of Kelvin. 

The calibration of the detectors is essential for multi-color LII analysis, as any subsequent analysis step is 

based on proper calibrated signals. A detailed study on the methodology of the calibration procedure of 

the LII detector for individual components within the detection setup was presented. The technical back-

ground of detector requirements was explained and a mathematical description of the calibration proce-

dure and error analysis was established. Multiple light sources were investigated for their suitability as 

calibration light source and, in a comparative study, they have been combined with various neutral-den-

sity (ND) filters to achieve different calibration light levels. It was found that the calibration factors have 

been biased with increasing light levels, especially with the SBA photocathode. Biased calibration factors 

are usually not questioned in later analysis steps and could systematically affect all subsequent signal-

processing steps. Repeating the calibration and measurements at multiple light levels helps to identify 

operational regimes, which can yield reproducible results. The simplest and fastest method to ensure 

reproducibility is to measure LII signals twice, with two different ND-filter transmissions. 

The new software concept for the LIISim software was presented, building on previous experience from 

a predecessor software, but following a fundamentally different approach. The motivation was to provide 

a software solution that can accommodate LII measurements for various materials systems, and allows 

flexible usage on various processes and conditions. For the software structure, a modular approach was 

chosen, to increase the flexibility by allowing the assembling of individual processing chains from prede-

fined signal-processing steps. The new materials-database concept enables switching between materials 

systems or different sets of physical properties during the LII analysis. For the data fitting, three published 

heat transfer models were implemented with the corresponding sets of physical properties. The graphical 

user interface (GUI) of the software provides flexible tools for data visualization and analysis and enables 

systematic data comparison for large data sets and parameter studies. In the context of inter-laboratory 

comparisons, the software can help to analyze and compare data across research labs and the open-

source concept allows further developments by the LII community. The object-oriented software archi-

tecture helps in this process, as modifications of LII related source code are limited to small parts of the 

entire source code. 

The presented sequential detection technique increases the dynamic range of LII measurements by taking 

advantage of the detector gate and multi-color detection. The method is demonstrated on a laminar dif-

fusion flame allowing identification of local gas heating by heat exchange of the particles with the sur-

rounding gas. This technique can yield high-resolution LII signal traces that are invaluable for LII model 

development. 

The research presented in this work helps to resolve many questions related to the practical and technical 

aspects of LII signal acquisition and demonstrates measurement strategies that are a major step towards 

robust LII measurements. The applicability was demonstrated with a newly built multi-color LII device that 
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combines reproducible high-quality measurements with flexibility for a wide range of materials and pro-

cesses. Researchers can adapt the concepts to establish and communicate best-practice procedures and 

achieve a harmonization of the experimental processes within the community. This significantly increases 

the comparability of research results between laboratories and the improved data quality will be invalu-

able for modeling experts for the development of reliable LII models. The open-source software LIISim 

developed within this thesis integrates this knowledge and provides an important service to the commu-

nity. 
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APPENDIX 

Appendix A  Linearity measurements 

The measured anode current and the corresponding deviation from linearity, as described in section 4.4.1, 

are visualized for all PMTs in an interpolated contour plot. Figure A-1 presents the data for the continu-

ously operated LEDs and Figure A-2 shows that for pulsed LEDs. 
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Figure A-1 Linearity measurements with continuously operated LEDs: ND-filter variation; 

measured anode current (left) and deviation from linearity (right). 
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Figure A-2 Linearity measurements with pulsed LEDs: ND-filter variation; measured anode 

current (left) and deviation from linearity (right).
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Appendix B  Signal bias and artifacts 

Several general measurement artifacts have been observed that are not directly connected to the LII tech-

nique, but may also lead to nonphysical results or low signal quality: 

i) Signal ringing can be caused by signal reflection due to an impedance mismatch [194, 195]. 

ii) Q-switch noise of the laser-unit can interfere with the LII signal trace and bias the result  

(Figure B-1). Proper shielding of the electronics or increasing the distance between detection elec-

tronics and laser can help to prevent this.  

 

Figure B-1 Q-switch noise interfering with the measured LII signal. 

iii) Crosstalk with other devices connected to the same power circuit can introduce measurement 

artifacts in the LII traces. Fast-switching electronic circuits (e.g., transistor circuit for shutter, 

pulsed light sources) for example, often appear as small spikes within the PMT signal traces.  

iv) Incorrect coupling of trigger/timing circuits could induce crosstalk between the oscilloscope chan-

nels. Figure B-2 shows the crosstalk between the oscilloscope trigger channel and the oscilloscope 

signal input for two different coupling settings on the pulse/delay generator. While the spike in 

the beginning of the LII signal can be neglected (due to high SNR), the drift in the later part of the 

LII signal could bias temperature determination. 

 

Figure B-2 Signal biased by false coupling of timing circuit (pulse/delay generator). 
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v) Low-bandwidth integrated amplifier circuits within the PMT may limit the bandwidth of the meas-

ured temporal LII signal profile. Figure B-3 shows the signal response of a pulsed LED (500 nm, 

3 µs FWHM) for a commercially-available PMT system (PMT A) with integrated amplifier circuit 

(SMT MEA 1030 V8DA with Hamamatsu R7400U) and a directly coupled PMT (PMT B) from this 

study (Hamamatsu H11526), recorded with the same oscilloscope. The integrated amplifier circuit 

influences the rise and fall characteristic, which can also bias the LII signal by limiting the temporal 

resolution.  

 

Figure B-3 Comparison of pulsed LED signal response for PMTs with (A) and without (B) in-

tegrated amplifier circuit and the difference in percent of the full vertical oscillo-

scope scale. 
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Appendix C  LIISim – Levenberg–Marquardt algorithm 

This section describes the Levenberg–Marquardt algorithm as it is implemented in the LIISim numerical 

classes. 

For a given data vector 𝑦 of the length 𝑚 and for 𝑛 parameters 𝐚 and a vector of standard deviations 𝜎𝑖, 

the residuals for a given model 𝑦mod(𝑥𝑖, 𝐚) (spectroscopic or heat transfer model) can be described as 

 𝑓𝑖(𝐚) = 
𝑦𝑖 − 𝑦mod(𝑥𝑖 , 𝐚)

σ𝑖
   𝑖 = 1,2… ,𝑚, (C-1) 

and 

 𝐅(𝐚) =  [
𝑓1(𝐚)

⋮
𝑓𝑚(𝐚)

] ∈ ℝ𝑚. (C-2) 

The goal is now to minimize the nonlinear least squares problem for the parameters 𝐚 

 argmin
𝐚

𝑓(𝐚) (C-3) 

with 

 𝑓(𝐚) = ∑𝑓𝑖(𝐚)2

𝑚

𝑖=1

. (C-4) 

The gradient of 𝑓(𝐚) can be written in matrix notation as 

 ∇𝑓(𝐚) = 2𝐉(𝐚)T𝐅(𝐚) ∈ ℝ𝑚 , (C-5) 

where 𝐉(𝐚) is the Jacobian 

 𝐉(𝐚) =  

[
 
 
 
 
𝜕𝑓𝑖
𝜕𝑎1

⋯
𝜕𝑓1
𝜕𝑎𝑛

⋮ ⋱ ⋮
𝜕𝑓𝑚
𝜕𝑎1

⋯
𝜕𝑓𝑚
𝜕𝑎𝑛]

 
 
 
 

∈ ℝ𝑚×𝑛 , (C-6) 

and 𝐃 half of the Hessian matrix: 

 ∇2𝑓(𝐚) ≈ 2𝐉(𝐚)T𝐉(𝐚) = 2𝐃 . (C-7) 

For each iteration, the gradient of the parameters 𝐚 can be found by solving [196]: 

 (𝐉(𝐚)T𝐉(𝐚) + 𝜆𝐈)Δ𝐚 =  −𝐉(𝐚𝑘)
T
𝐅(𝐚𝑘) , (C-8) 
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which can be transformed using the Cholesky decomposition to the form 𝐋𝐋T𝐱 = 𝐛 with 

 

𝐋𝐋T = (𝐃 + 𝜆𝐈) 

𝐱 = Δ𝐚 

𝐛 = −𝐉(𝐚𝑘)
T
𝐅(𝐚𝑘) . 

(C-9) 

Now 𝐱 can be found by forward 𝐋𝐲 = 𝐛 and backward substitution 𝐋T𝐱 = 𝒚, which gives the new param-

eter approximation for the next iteration 𝑘: 

 𝐚𝑘+1 = 𝐚𝑘 + ∆𝐚 . (C-10) 

In LIISim, the parameters 𝐚𝑘 are visualized for the temperature fit in “AnalysisTools Temperature Fit” and 

for the heat transfer modeling in the FitCreator module. 
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Appendix D  LIISim – Implemented heat transfer models 

This appendix describes the heat transfer models from literature [19] implemented in LIISim. The heat 

transfer rates are defined in the HeatTransferModel child classes in the calculations/models/ folder of the 

source code.  

Further detailed information for the implementation of heat transfer models can be found in the LIISim 

developer guide on www.liisim.com. 

Summary of available parameters 

Property 
LIISim 

variable 
Unit Description 

𝛼T alpha_T_eff – Thermal accommodation coefficient (conduction) 

휀 eps – Total emissivity for radiation heat transfer 

𝛾 gamma – Heat capacity ratio calculated from heat capacity 

𝜅a therm_cond W m⁻1 K⁻1 Thermal conductivity of gas molecules 

𝜌p rho_p kg m⁻³ Particle density 

𝜃e theta_e – Thermal accommodation coefficient (evaporation) 

    

𝐶p,mol C_p_mol J mol⁻1 K⁻1 Molar heat capacity 

𝑐p c_p_kg J kg⁻1 K⁻1 Specific heat capacity 

𝐸(𝑚) Em – 𝐸(𝑚) absorption function value at wavelength 𝜆 

𝐸(𝑚) Em_func – 𝐸(𝑚) absorption function 

Δ𝐻v H_v J mol⁻1 Enthalpy of evaporation 

𝐿 L m Mean free path of gas molecules 

𝑀 molar_mass kg mol⁻1 Molar mass 

𝑀v molar_mass_v kg mol⁻1 Molar mass of vapor species 

𝑝v p_v Pa Vapor pressure function 

𝑝v
∗ p_v_ref Pa Reference pressure for Clausius-Clapeyron 

𝑇v
∗ T_v_ref K Reference temperature for Clausius-Clapeyron 

  

http://www.liisim.com/
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Summary of constants 

Constant 
LIISim 

variable 
Unit Value (LIISim/NIST) Description 

𝑐0 c0 m s⁻1 2.99792458 × 108 Speed of light in vacuum 

ℎ h Js 6.62607004 × 10⁻34 Planck constant 

𝑘B k_B J K⁻1 1.38064852 × 10⁻23 Boltzmann constant 

𝑁A N_A mol⁻1 6.02214085 × 1023 Avogadro constant 

𝑅 R J mol⁻1 K⁻1 8.3144598 Molar gas constant 

π pi - 3.14159265359 Pi 

𝜎 sigma W m⁻2 K⁻4 5.670367 × 10⁻8 Stefan-Boltzmann constant 

     

𝑐1 c_1 W m2 𝑐1 = 2ℎ𝑐0
2 

First radiation constant 

for spectral radiance 

𝑐2 c_2 K m 𝑐2 = ℎ𝑐0/𝑘B Second radiation constant 

Summary of general properties 

The following materials and gas mixture properties are calculated for all models according: 

Name 
LIISim 

variable 

Symbol 

(original) 

Symbol 

(LIISim) 
Equation Unit 

Specific heat capacity 

of the particle 
c_p_kg 𝑐𝑠 𝑐𝑝 𝑐𝑝 = 𝐶𝑝,mol/𝑀p J kg⁻1 K⁻1 

Thermal velocity of 

gas molecules 
c_tg 𝑐tg(𝑇g) 𝑐tg(𝑇g) 𝑐tg =  (

8 𝑘B𝑁A𝑇g

𝜋𝑀𝑚𝑖𝑥

)

1
2

 m s⁻1 

Molar heat capacity 

of gas mixture 
C_p_mol – 𝐶𝑝,mix 𝐶𝑝,mix = ∑ 𝑥𝑖𝐶𝑝,g,𝑖

𝑛

𝑖

 
J mol⁻1 

K⁻1 

Heat capacity ratio gamma γ(𝑇g) γ(𝑇g) γ(𝑇𝑔) =
𝐶𝑝,mix

𝐶𝑝,mix − 𝑅
 – 

Molar mass of gas 

mixture 
molar_mass – 𝑀mix 𝑀mix = ∑ 𝑥𝑖𝑀g,𝑖

𝑛

𝑖

 kg mol⁻1 
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Gas mixture properties (Kock-Nitrogen-100%) 

Composition 

Gas Variable Symbol Fraction 

Nitrogen_Kock x 𝑥 1.0 

 

Gas properties (Nitrogen_Kock) 

Name Variable Type 
Symbol 

(original) 

Symbol 

(LIISim) 
a0 a1 a2 a3 a4 a5 Unit 

Molar mass molar_mass const 𝑀g 𝑀g 0.028014 – – – – – 
kg 

mol⁻1 

Molar heat 

capacitya 
C_p_mol poly2b 𝐶mp,g 𝐶𝑝,g 28.58 0.00377 – – – –50,000 

J mol⁻1 

K⁻1 

a For nitrogen from [102] 

b 𝑓(𝑇) = 𝑎0 + 𝑎1𝑇 + 𝑎2𝑇
2 + 𝑎3𝑇

3+𝑎4𝑇
−1 + 𝑎5𝑇

−2 
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Heat transfer model (HTM_KockSoot) 

Evaporation  

 �̇�evap = −
Δ𝐻v

𝑀v
�̇�evap (D-1) 

 �̇�evap = −𝜃e

1

4
π 𝑑p

2 𝑐tv𝜌v (D-2) 

 𝑐tv =  (
8 𝑘B𝑁A𝑇p

π𝑀v
)

1
2

 (D-3) 

 𝜌v =
𝑝v  𝑀v

𝑅 𝑇p
 (D-4) 

 𝑝v = 𝑝v
∗ exp(−

Δ𝐻v 

𝑅
 (

1

𝑇p
−

1

𝑇v
∗)) (D-5) 

Conduction 

 �̇�cond,fm =
𝛼T π 𝑑p 

2 𝑝g 𝑐tg

8
 (

𝛾 + 1

𝛾 − 1
)(

𝑇p

𝑇g
− 1) (D-6) 

 𝑐tg =  (
8 𝑘B𝑁A𝑇g

π𝑀mix
)

1
2

 (D-7) 

Radiation 

 �̇�rad = π 𝑑p
2 휀 𝜎(𝑇p

4 − 𝑇g
4)  (D-8) 
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Gas mixture properties (Liu_Flame) 

Composition 

Gas Variable Symbol Fraction 

FlameAir_Liu x 𝑥 1.0 

 

Properties (manually set for this composition) 

Name Variable Type 

Symbol 

(original/ 

LIISim) 

a0 a1 a2 a3 a4 Unit 

Heat 

capacity 

ratioa 

gamma_eqn polyb 𝛾 
1.4221163

416 

– 1.863600

2383 

× 10⁻4 

8.0783894

569 

× 10⁻8 

– 1.642508

2302 

× 10⁻11 

1.2750021

975 

× 10⁻15 

– 

a For flame mixture from [197] 

b 𝑓(𝑇) = 𝑎0 + 𝑎1𝑇 + 𝑎2𝑇
2 + 𝑎3𝑇

3+𝑎4𝑇
4 + 𝑎5𝑇

5 + 𝑎6𝑇
6 + 𝑎7𝑇

7 + 𝑎8𝑇
8 

Gas properties (FlameAir_Liu) 

Name Variable Type 
Symbol 

(original) 

Symbol 

(LIISim) 
a0 Unit 

Molar mass molar_mass const – 𝑀g 0.02874 kg mol⁻1 
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Heat transfer model (HTM_Liu) 

Evaporation 

 �̇�evap = −
Δ𝐻v

𝑀v
�̇�evap (D-9) 

 �̇�evap = −
π𝑑p

2𝑀v𝜃e𝑝v

𝑅𝑇p
(

𝑅𝑇p

2π𝑀v
)
𝐾

 (D-10) 

 with 𝐾 = 0.5  

Conduction 

 �̇�cond =
π𝑑p

2𝛼T𝑝0

2𝑇g
 √

𝑅𝑇g

2π𝑀mix
(
𝛾∗ + 1

𝛾∗ − 1
) (𝑇p − 𝑇g) (D-11) 

 
1

γ∗ − 1
=

1

𝑇 − 𝑇0
∫

1

γ(𝑇′) − 1
𝑑𝑇′

𝑇

𝑇0

 (D-12) 

This heat transfer model uses polynomial fitting coefficients for the calculation of γ(𝑇). These are pro-

vided through the “gamma_eqn” property of the LIISim implementation in the GasMixture database. 

If γ(𝑇) is not defined, the heat capacity of the gas mixture 𝐶𝑝,mix(𝑇) is used to calculate γ(𝑇) according 

to 

 𝛾(𝑇) =
𝐶𝑝,mix(𝑇)

𝐶𝑝,mix(𝑇) − 𝑅
. (D-13) 

Radiation 

 �̇�rad =
199π3𝑑p

3(𝑘B𝑇)5휀

ℎ(ℎ𝑐)3
 (D-14) 
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Melton model 

Materials properties (Soot_Melton(Workshop)) 

Name Variable Type 
Symbol 

(original) 

Symbol 

(LIISim) 
a0 Unit 

Accommodation 

coefficient 
alpha_T_eff const 𝛼T 𝛼T 0.3 – 

Accommodation 

coefficient 
theta_e const 𝛼M 𝜃e 1.0 – 

Molar heat  

capacitya 
C_p_mol const – 𝐶𝑝,mol 22.8 J mol⁻1 K⁻1 

Molar mass molar_mass const 𝑊𝑠 𝑀p 0.012 kg mol⁻1 

Molar mass  

of vapor 
molar_mass_v const 𝑊v 𝑀v 0.036 kg mol⁻1 

Density rho_p const 𝜌s 𝜌p 2260 kg m⁻3 

Enthalpy of 

evaporation 
H_v const Δ𝐻v Δ𝐻v 7.78 × 105 J mol⁻1 

Reference 

pressureb 
p_v_ref const 𝑝ref 𝑝v

∗ 100000 Pa 

Reference 

temperatureb 
T_v_ref const 𝑇ref 𝑇v

∗ 3915 K 

a calculated from given 𝑐s: 𝐶𝑝,mol = 𝑐𝑠,Melton 𝑀p 

b Clausius-Clapeyron 
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Gas mixture properties (Melton-Nitrogen-100%) 

Composition 

Gas Variable Symbol Fraction 

Nitrogen_Melton x 𝑥 1.0 

 

Properties (manually set for this composition) 

Name Variable Type 

Symbol 

(original/ 

LIISim) 

a0 a1 
Unit 

(original) 

Unit 

(LIISim) 

Thermal 

conductivity 
therm_cond const 𝜅𝑎 0.1068 – W cm⁻1 K⁻1 W m⁻1 K⁻1 

Mean free 

path 
L polya 𝐿 – 2.355 × 10⁻10 cm m 

a 𝑓(𝑇) = 𝑎0 + 𝑎1𝑇 + 𝑎2𝑇
2 + 𝑎3𝑇

3+𝑎4𝑇
4 + 𝑎5𝑇

5 + 𝑎6𝑇
6 + 𝑎7𝑇

7 + 𝑎8𝑇
8 

Gas properties (Nitrogen_Melton) 

Name Variable Type 
Symbol 

(original) 

Symbol 

(LIISim) 
a0 Unit 

Molar heat 

capacitya 
C_p_mol const – 𝐶𝑝,g 36.0295 J mol⁻1 K⁻1 

a calculated from given γ(1800𝐾) = 1.3 =
𝐶𝑝

𝐶𝑝−𝑅
⇒ 𝐶𝑝 =

1.3

0.3
𝑅 
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Heat transfer model (HTM_Melton) 

Evaporation 

 �̇�evap = − 
𝛥𝐻v

𝑀p
 �̇�evap (D-15) 

This model uses molar mass of solid species in equation (D-18). 

 �̇�evap = −
π 𝑑p

2𝑀v𝜃e𝑝v 

𝑅𝑇p
(
𝑅𝑇p

2𝑀v
)
0.5

 (D-16) 

 𝑝v = 𝑝v
∗ exp(−

𝛥𝐻v

𝑅
 (

1

𝑇p
−

1

𝑇v
∗)) (D-17) 

Conduction 

 �̇�cond =
2𝜅aπ𝑑p

2

𝑑p + 𝐺 𝐿(𝑇g)
 (𝑇p − 𝑇g) (D-18) 

 𝐺 = 
8𝑓

𝛼T(𝛾 + 1)
 (D-19) 

 𝑓 =  
9𝛾 − 5

4
 (D-20) 

Radiation 

Not included in this model. 
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Appendix E  LIISim – Example for heat transfer model implementation 

This section demonstrates the simplicity of the implementation or modification of heat transfer models 

in the LIISim software. While the databases can be easily edited within the graphical user interface, the 

heat transfer models are individually implemented as subclasses of the “HeatTransferModel” class. The 

subclass has access to the selected databases through the material, or gasmixture objects (as a func-

tion of temperature) or to the process conditions (e.g., gas temperature and pressure) through process. 

The heat transfer rates can be implemented as functions of particle temperature and diameter, which are 

used in the heat transfer model main class to solve the system of ordinary differential equations. 

A detailed description of all steps and file locations is summarized in the developer guide available through 

www.liisim.com.  

Materials database 

 

Figure E-1 Graphical user interface for editing database properties (Materials). 

 

http://www.liisim.com/
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Figure E-2 Graphical user interface for editing database properties (Gases). 

 

 

Figure E-3 Graphical user interface for editing database properties (GasMixture). 
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HeatTransferModel subclass functions (Kock model) 

/** 

 * @brief  HTM_ KockSoot::calculateEvaporation Heat transfer by evaporation  
 * @param  T     Particle temperature [K] 

 * @param  dp    Particle diameter [m] 

 * @return q     Heat transfer rate [J/s] 

 */ 

double HTM_ KockSoot::calculateEvaporation(double T, double dp) 
{ 

    if(!useEvaporation) return 0.0; 

 

    return -1.0 * material.H_v(T) / material.molar_mass_v(T)  

                * calculateMassLossEvap(T, dp); 

} 
 

 

/** 

 * @brief  HTM_KockSoot::calculateMassLoss Mass loss by evaporation 

 * @param  T      Particle temperature [K] 

 * @param  dp     Particle diameter [m] 

 * @return u_evap Mass loss due to evaporation [kg/s] 

 */ 
double HTM_KockSoot::calculateMassLossEvap(double T, double dp)  

{ 

    if(!useEvaporation) return 0.0; 

 

   // Calculate vapor pressure by Clausius-Clapeyron equation 

   // Uses molar mass of vapor species (C3) 

 

   double vapor_density = material.vapor_pressure(T) 

           * material.molar_mass_v(T) 

           / Constants::R 

           / T; 

 

   return -0.25 * Constants::pi 

           * material.theta_e(T) 

           * dp * dp 

           * material.c_tv(T) 

           * vapor_density; 

} 
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/** 

 * @brief HTM_KockSoot::calculateConduction Heat transfer by conduction  

 * @param  T     Particle temperature [K] 

 * @param  dp    Particle diameter [m] 

 * @return q     Heat transfer rate [J/s] 

 */ 

double HTM_KockSoot::calculateConduction(double T, double dp) 

{ 

    if(!useConduction) return 0.0; 

 

    double T_g = process.T_g; 

 

    return material.alpha_T_eff(T) 

            * Constants::pi 

            * dp * dp 

            * process.p_g / 8.0 

            * gasmixture.c_tg(T_g) 

            * (gasmixture.gamma(T_g) + 1.0) 

            / (gasmixture.gamma(T_g) - 1.0) 

            * (T / T_g - 1.0); 

} 

 

 

/** 

 * @brief HTM_KockSoot::calculateRadiation Heat transfer by thermal radiation 

 * @param  T     Particle temperature [K] 

 * @param  dp    Particle diameter [m] 

 * @return q     Heat transfer rate [J/s] 

 */ 

double HTM_KockSoot::calculateRadiation(double T, double dp) 

{ 

    if(!useRadiation) return 0.0; 

 

    return Constants::pi 

            * dp * dp 

            * material.eps(T) 

            * Constants::sigma 

            * (pow(T,4) - pow(process.T_g,4)); 

}
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