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A B S T R A C T

Laser-induced incandescence (LII) has become a workhorse of particulate measurement. Inter
preting measured signals properly, while inferring soot properties and/or physical parameters 
needed for signal simulations, however, requires developing modeling tools capable of predicting 
the radiative emission from laser-heated soot. Although significant effort has gone into gaining an 
in-depth understanding of the physical processes driving the LII phenomenon, the validity of 
current models, which are based on soot unsteady nanoscale heat and mass balances, is still 
subject to large uncertainties. The variability in the results from different simulation tools notably 
stems from their widely diverging formulations and parameterizations. Efforts must thus be 
directed at determining the critical energy and mass balance mechanisms, formulating the 
equations accounting for these mechanisms, estimating underlying parameters, and proposing 
adapted model validation protocols. To address these issues, the present work, which first pro
poses a detailed review of LII modeling approaches commonly used in the literature, aims at 
assessing the predictive capability of a series of LII simulation tools against various published 
datasets. Overall, 21 model formulations and 236 parameterizations were tested, and to the best 
of the authors’ knowledge, this benchmarking analysis ranks as the most comprehensive of its 
kind. This paper also includes sensitivity analyses focusing on the values and/or expressions used 
to represent the thermal and mass accommodation coefficients as well as the density, heat ca
pacity and absorption properties of soot, while analyzing the impact of the formulation used to 
account for the annealing, oxidation, sublimation and thermionic emission processes. To 
conclude, the predictive capability of a comprehensive model integrating terms representing the 
saturation of linear, single- and multiphoton absorption processes, non-thermal photodesorption 
of carbon clusters and corrective factors accounting for the shielding effect and multiple scat
tering within aggregates, was evaluated against data collected in laminar and turbulent spray 
flames of gaseous and liquid fuels stabilized under both atmospheric and high-pressure condi
tions. Although this work does not set out to identify a model which should be considered as 
universally valid, it still contributes to highlighting the potential strengths and weaknesses of 
particular models and sub-models, depending on targeted applications, while proposing insights 
into how to parameterize them. The detailed analysis proposed should thus be of interest for the 
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LII community, notably by paving the way for future experimental and modeling works to be 
undertaken in order to improve our understanding of the fundamental mechanisms at play during 
LII and determining the underlying parameters.

1. Introduction

The past decades have been characterized by ever-growing concern over the effects of soot on human health and the environment, 
due notably to the cytotoxicity of combustion-generated particles. The reported adverse effects of the latter on the cardiovascular and 
pulmonary systems indeed make them a serious public health risk (Arden Pope III & Dockery, 2006; Lippmann, 2014; Du et al., 2016). 
Since soot particles absorb radiation strongly in both the visible and the near-infrared (IR) spectral regions, they are also identified as 
among the greatest anthropogenic contributors to radiative forcing. Of note, they also modify the albedo of snow and ice surfaces 
(Ramanathan & Carmichael, 2008; Bond et al., 2013), while acting as cloud condensation nuclei (Jia et al., 2021). Fundamental efforts 
targeting the elucidation of soot formation are therefore required in order to allow to mitigate its emission from combustion processes. 
For over a half-century now, major progress in the field has been reported in various reviews (see Wang (2011); Michelsen et al. 
(2020); Xu, Wang, & Liu (2022); Jiaqiang et al. (2022); Martin, Salamanca, & Kraft (2022), as examples). Additional work in the 
domain is still required, however, as highlighted by Michelsen (2017), who emphasizes the need for advanced in situ techniques 
allowing probing complex reacting media.

In this context, laser-induced incandescence (LII) has proven to be one of the most powerful techniques for soot characterization in 
flames and exhaust gases (Michelsen et al., 2015). It involves heating particles to their incandescence temperature by means of a pulsed 
laser source before collecting the radiation emitted above the flame emission using an adapted detector such as a photomultiplier tube 
or an intensified camera for time- and spatially-resolved measurement approaches, respectively. Ever since Melton (1984) showed that 
the intensity of the radiative emission from laser-heated soot could be considered as proportional to its volume fraction in the probed 
medium for detection wavelengths in the visible spectral range, the laser extinction method (LEM) calibrated LII has been extensively 
used for the quantitative determination of soot volume fractions in flames (Zhang, Zhou, & He, 2023). Furthermore, LII has also been 
combined with a variety of diagnostics, including elastic light scattering and transmission electron microscopy (TEM), to infer the size 
of primary particles and aggregates (Bladh et al., 2011a; Reimann, Kuhlmann, & Will, 2009; Snelling et al., 2011; Will, Schraml, & 
Leipertz, 1995), transmittance measurements to infer information on soot optical properties (Michelsen, Schrader, & Goulay, 2010; 
Yon et al., 2011) or laser-induced fluorescence (LIF) to detect both soot and its aromatic precursors by means of the so-called mul
tiple-excitation wavelength LII-LIF approach, for example (Bejaoui, Lemaire, & Therssen, 2015; Lemaire et al., 2013). Thanks to a 
detailed examination of the theoretical background underlying the laser-induced incandescence phenomenon, progress has been 
achieved in the application of the LII technique itself as well. This includes the development of the auto-compensating approach, which 
enables the quantification of soot volume fractions without requiring any coupling with LEM (Snelling et al., 2005) or the development 
of the two-excitation wavelength LII approach to assess the relative wavelength dependence of the soot absorption function (Bejaoui 
et al., 2014; Yon et al., 2011).

Nevertheless, properly applying these techniques and correctly interpreting measured signals calls for an in-depth understanding of 
the physical mechanisms and parameters controlling the laser-induced incandescence of soot. Consequently, since the early works of 
Weeks & Duley (1974), Eckbreth (1977) and Melton (1984), significant effort has gone into developing theoretical models capable of 
predicting the radiative emission from laser-heated particles. Their predictive capabilities, however, strongly depend on the nature of 
the energy fluxes integrated within the energy and mass balance equations accounting for the temporal evolution of the soot tem
perature and diameter during the laser heating and subsequent cooling stages. In addition to the existence of wide varying sub-models 
aimed at representing laser absorption, heat conduction or soot sublimation, the parameterization of their governing equations also 
significantly differs from one study to another, thus explaining why LII models commonly used in the literature can lead to divergent 
predictions, as exemplified by Michelsen et al. (2007). A great deal of efforts must therefore be directed at determining the energy and 
mass-balance mechanisms that must be considered and how they should be formulated and parameterized, as pointed out in Michelsen 
et al. (2015).

In view of the foregoing, the present work aims at assessing the predictive capability of different LII model formulations against 
different comprehensive experimental datasets, including those provided by Goulay et al. (2013) and Bejaoui et al. (2015). It will thus 
help identify the potential strengths and weaknesses of particular sub-models while proposing avenues into how to parameterize them. 
That being said, and before detailing the contents of this research, the main progress achieved in the field of LII model development 
will be reviewed in section 2. This will allow to identify the most relevant models to consider within the context of this benchmarking 
study while highlighting the importance of various soot properties and empirical factors whose influence on simulated signals has to be 
clearly assessed, notably by conducting sensitivity analyses.

2. Recent progress in LII modeling

2.1. Review of LII models from the literature

Among the first attempts to model the radiation from laser-heated particles, one can cite the work by Weeks & Duley (1974), who 
investigated light emission from submicron carbon black particles excited by TEA CO2 laser pulses. In this pioneering work, the authors 
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computed the time-dependent temperature of aerosol particles exposed to laser irradiation by means of an energy balance, including 
terms representing absorption of the radiative flux, radiation, as well as cooling through molecular collision with the particles. 
Eckbreth (1977) subsequently introduced the concept of laser-modulated incandescence (LMI) of soot, which, back then, was 
considered as a source of significant interference during Raman scattering measurements in flames. Time-resolved incandescence 
signatures were notably analyzed therein to elucidate the dominant heat transfer mechanisms at play, with a particular emphasis on 
the sublimation process.

Notwithstanding the above, almost all LII models currently used are derived, to a certain extent, from the one proposed by Melton 
(1984). In this reference work, Melton proposed an LMI model which integrates particle heating by laser absorption and cooling by 
conduction to the surrounding atmosphere, emission of thermal radiation, and sublimation of carbon clusters at high temperatures. 
Since then, radiation from laser-heated soot has been typically computed in LII modeling tools by introducing the temporal evolution 
of the soot temperature ( Tp) and diameter ( Dp) in a Planck function, with Tp and Dp being calculated by solving a couple of dif
ferential equations accounting for particle energy and mass balances during the heating and cooling stages. Actually, the main dif
ferences between existing models are related to the nature of the energy fluxes integrated within the above-mentioned balance 
equations, the governing equations representing these fluxes, and their parameterization. This variability notably explains why 
significantly diverging LII responses can be predicted as a function of the considered model formulation (see Schulz et al. (2006) or 
Michelsen et al. (2007) for example). This variability is, moreover, exemplified in Table A1 (see Appendix 1), which summarizes the 
main features of a series of LII models issued from more than 30 studies published over the last 40 years. Although this synthesis is not 
intended to provide an exhaustive overview of the theoretical analyses of the laser heating of carbon particles (the early works by 
Weeks & Duley (1974), Eckbreth (1977), Burakov et al. (1977) or Bukatyi, Sutorikhin, & Shaiduk (1983) are indeed not reported in 
Table A1 in a bid to focus attention on the development of simulation tools following the work by Melton (1984)), it still contributes to 
highlighting the recent developments which helped refine LII models and elucidate the mechanisms at play during the laser-induced 
incandescence of soot.

Among recent contributions in the field, one can mention the works by Snelling et al. (2000) and by Smallwood et al. (2001), who 
considered the effects of multiple carbon clusters evaporating from the soot surface during sublimation. These authors also compared 
different evaporation sub-models while evidencing the significance of parameters such as the molecular weight for solid carbon 
associated with the heat of evaporation and the thermal velocity of carbon vapor. Michelsen (2003) then proposed a more refined 
treatment of the energy- and mass-balance equations underlying the LII process by adding terms representing melting, annealing and 
oxidation of the soot particles, in addition to the non-thermal photodesorption of carbon clusters from the soot surface to the fluxes 
usually considered (i.e., particle heating by absorption and cooling by sublimation, conduction and radiation). While leading to 
predicted signals matching those measured in Michelsen et al. (2003), the complementary terms added by Michelsen (2003) were 
found to be particularly relevant when it came to properly simulating the lack of fluence dependence of the peak LII signals above the 
sublimation threshold. In a subsequent work aimed at estimating the values taken by the soot absorption function E(m) and the thermal 
accommodation coefficient αT (two fundamental factors controlling the absorption and conduction fluxes, respectively), Snelling et al. 
(2004) proposed an updated version of their 2000 model (Snelling et al., 2000), which considered the fractal structure of soot ag
gregates in the calculation of the heat conduction rate, thus accounting for the so-called shielding effect (referred to as SE in the 
following). The same research team then further improved their simulation tool by incorporating the Fuchs approach to calculate the 
heat loss rate between a heat conduction equivalent sphere accounting for the mass-fractal structure of soot aggregates and the sur
rounding gas in the transition regime (Liu et al., 2006a; Liu, Smallwood, & Snelling, 2005). Furthermore, the authors also reviewed the 
conduction sub-model formulations commonly used in the LII literature and provided an overview of the physical mechanisms 
involved in heat conduction loss from a single spherical particle in the entire range of the Knudsen number (Liu et al., 2006b). The 
importance of taking into account the variation of the thermal properties of the surrounding gas between the gas temperature and the 
particle temperature was notably highlighted therein. The theoretical analysis undertaken by Liu et al. (2006b) to evaluate the ac
curacy of various models for heat conduction in the transition regime, moreover, led the authors to strongly recommend the Fuchs 
approach, which they believed, ought to be considered as the ‘default’ heat conduction model in LII applications. In a 2007 benchmark 
(Michelsen et al., 2007), Michelsen proposed an updated model derived from the one introduced in Michelsen (2003). While neglecting 
soot melting and annealing, this new formulation integrated, in an original fashion, the saturation of the linear, single- and 
multi-photon absorption leading to the photodesorption of C2 clusters at high fluences, in addition to an energy loss term representing 
cooling by thermionic emission, which involves the thermal ejection of electrons from heated particles. Bladh, Johnsson, & Bengtsson 
(2008) then led a sensitivity analysis of the impact of different factors (including the gas temperature, the pressure, the level of ag
gregation, the laser fluence, the detection wavelength, and the laser spatial profile) on the relationship between the LII signal and soot 
volume fraction. In this work, the authors considered the Fuchs approach in computing the heat loss by conduction, according to the 
conclusions from Liu et al. (2006b). The model formulation used by Bladh, Johnsson, & Bengtsson (2008) (derived from the one 
previously developed in Bladh & Bengtsson (2004)), moreover, took soot size and spatial energy distributions into account. The au
thors proceeded by implementing a linear combination routine, where the balance equations and the LII response were computed for a 
discrete number of values of the initial diameter and laser fluence before being combined to derive a time-resolved signal represen
tative of those measured in the case of polydisperse size distributions and non-uniform laser profiles. This modeling approach, which 
was subsequently used in Bladh, Johnsson, & Bengtsson (2009), was shown to be quite valuable in assessing the influence of the spatial 
distribution of laser energy on the estimation of soot size by time-resolved LII (TiRe-LII) measurements. Meanwhile, a theoretical 
analysis focusing on sub-models of the change in enthalpy during sublimation, conduction and oxidation was proposed by Michelsen 
et al. (2008). In addition to expressing the conductive cooling rate in terms of enthalpy instead of energy to account for expansion, this 
study also demonstrates the sensible effect oxidation can have on the time decays of simulated LII signals. Updated parameterizations 
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for average enthalpies of formation, molecular weights and total pressures of sublimed carbon clusters for use in LII models were, 
moreover, provided. In a subsequent work, Michelsen (2009) also proposed a temperature-dependent expression of the accommo
dation coefficient, which drives cooling by conduction, based on a compilation of data on the temperature dependence of translational, 
rotational, and vibrational energy transfer for diatomic molecules colliding with graphite surfaces.

Regarding the latest progress in LII modeling, one can cite the development of an updated thermionic emission sub-model by 
Mitrani et al. (2016), which takes into account the increased barrier to further electron emission due to a positive charge buildup. Of 
note also is the development of an open-source software application aimed at processing/analyzing LII signals and visual
izing/comparing measured and simulated results (Mansmann et al., 2018). Although representing a major contribution to the field, 
with great potential to help the LII community in evaluating and comparing data obtained by various research groups, this powerful 
tool currently only considers relatively standard model formulations which do not integrate photolytic processes such as multi-photon 
absorption or carbon cluster photodesorption (Michelsen, 2003; Michelsen et al., 2007). The importance of integrating these mech
anisms in order to reproduce LII signals over a wide range of excitation conditions was, however, illustrated in the framework of an 
inverse technique-based analysis of standard and refined LII models (Lemaire & Mobtil, 2015), which concluded that further de
velopments on the matter was still required. In a recent analysis aimed at inferring thermal accommodation coefficient values from LII 
measurements performed in a turbulent flame of Diesel, Menanteau & Lemaire (2020) analyzed the influence of the aggregate size and 
the formulation of the conduction sub-model on signals simulated by means of a comprehensive model built upon expressions rep
resenting soot heating by absorption, annealing, and oxidation as well as cooling by radiation, sublimation, conduction, and therm
ionic emission. Predictions merging on a single curve with measured data were then obtained. This work, however, also showed that 
the good ability of refined models to properly simulate LII signals increased their relative complexity, due particularly to the number of 
input parameters and empirical factors needing to be properly set as a function of the considered operating conditions (e.g., excitation 
wavelength (EW), soot maturity level, etc.). This observation motivated the authors to conduct a series of works aimed at parame
terizing refined LII model formulations against a comprehensive set of experimental data issued from the analysis of the 
above-mentioned Diesel flame (Lemaire & Menanteau, 2021, 2023a; Menanteau & Lemaire, 2022). In addition to implementing an 
advanced optimization procedure coupling design of experiments (DoE) with a genetic algorithm-based solver to infer the values taken 
by different parameters whose values were barely available in the literature for EWs of 266, 355 or 1064 nm (e.g., multiphoton ab
sorption cross-sections for C2 photodesorption (σλn), saturation coefficients for linear and multiphoton absorption (Bλ1 and Bλn), 
enthalpy required to photodesorb carbon clusters (ΔHλn), etc.), Lemaire & Menanteau also proposed a model formulation integrating 
for the first time the generalized structure factor from Yon et al. (2014, 2015) to account for the scattering behavior of fractal ag
gregates. In doing so, LII signals measured with EWs of 266, 355, 532 and 1064 nm were correctly simulated in the low-to-intermediate 
fluence regime, providing information on the impact of multiple scattering, soot maturation and the wavelength on the evolution of 
soot absorption function values (Lemaire & Menanteau, 2023a).

To conclude, and notwithstanding the good agreement between measured and predicted LII signals in different studies (see 
Michelsen (2003), Snelling et al. (2004), Hofmann et al. (2008), Hadef et al. (2010, 2013), López-Yglesias, Schrader, & Michelsen 
(2014), and Lemaire & Menanteau (2023a) for instance), simulation results diverging more or less significantly from their experi
mental counterparts were alternatively reported, depending on the model formulation considered and on its parameterization (Bejaoui 
et al., 2015; Betrancourt et al., 2017; Lemaire & Mobtil, 2015; Mansmann et al., 2018; Menanteau & Lemaire, 2022). This observation 
particularly illustrates that despite the significant progress that has been made in refining LII modeling tools, their predictive character 
still depends on numerous factors, including the nature of the energy fluxes considered in the energy and mass balance equations, as 
mentioned above, as well as on the formulation and parameterization of the sub-models accounting for these fluxes, whether or not the 
behavior and properties of fractal aggregates are taken into account, the nature of the investigated medium, the selected operating 
conditions (wavelength and fluence range, among others), etc. Furthermore, it is rather difficult to distinguish whether the discrep
ancies sometimes observed between measured and simulated data are dependent on the specific experiment or on the implemented 
models since most LII modeling studies (with the exception of those by Mansmann et al. (2018) and Lemaire & Menanteau (2021) and 
(2023a)) consider a more or less customized model to simulate just one dataset, without verifying the validity of the implemented 
model against theoretical and/or measured results from other studies. Properly assessing the predictive capability of current LII 
modeling tools therefore prompts the need for systematic comparisons between signals predicted with different models and various 
datasets from the literature, which is the core of the present paper. As a consequence, and before detailing the work which has been 
carried out as part of this research, section 2.2 will review the few comparison studies and benchmarks of LII models that have been 
undertaken to date.

2.2. Benchmarks of LII models

A description of the sub-models commonly used in LII modeling, together with a presentation of their governing equations can be 
found in Michelsen et al. (2015). The assessment of the predictive capability of current LII models was, however, out of the scope of this 
general review. As far as benchmarks are concerned, one can first refer to the above-cited work by Smallwood et al. (2001). Different 
sublimation sub-models were indeed tested therein to obtain simulated signals, which were notably compared with data measured by 
Ni et al. (1995). Liu et al. (2006b) then thoroughly reviewed the sub-model formations used to represent conduction in LII while 
investigating the influence of various parameters, such as the pressure and the temperature, on obtained predictions. No comparison 
with experimental data was, however, done in Liu et al. (2006b). Furthermore, the focus in these studies was solely on specific 
sub-models (sublimation in Smallwood et al. (2001) and conduction in Liu et al. (2006b)). Actually, the first comprehensive bench
mark of LII models was proposed in Schulz et al. (2006), where predictions from nine models were compared. As highlights, the paper 
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showed that signals calculated with different models spanned several orders of magnitude, with major variations in signal decay rates 
at low fluence and in both rise and decay times at high fluence. The most exhaustive benchmark to date is still the one proposed by 
Michelsen et al. (2007). The results from a fully constrained model implemented by 10 research groups were first compared in this 
study. LII signals calculated while considering the same set of equations and input parameters were then shown to converge, thus 
evidencing the consistency in the way simulated signals were computed by the different teams while ensuring that similar treatments 
of mechanisms gave similar answers. As such, this exercise allowed highlighting the fact that the discrepancies between the predictions 
from the various models from the literature were apparently not related to implementation issues and/or problems in terms of 
calculation approaches (a point raised in the wake of the benchmark from Schulz et al. (2006)). Besides, predictions from ten un
constrained models were also compared, and showed a considerable variability in obtained results. This variability was attributed, 
among other things, to the range of values selected for important input parameters (e.g., E(m) and αT) at low fluence and to the 
differences in the treatment of heat and mass loss by sublimation at high fluence. Although the work from Michelsen et al. (2007) was 
highly valuable when it came to identifying the most important differences between tested models while highlighting the aspects of the 
physical description of the LII phenomenon that led to the greatest uncertainties in signal prediction and analysis, no comparison with 
experimental databases was, however, proposed, thus removing the predictive capability of the considered models to be assessed. To 
address this issue, some case studies were undertaken by Lemaire & Mobtil (2015) and Bejaoui et al. (2015), among others. Signals 
measured in atmospheric flames were notably compared in these works with predictions from standard and refined models derived 
from the formulations proposed by Melton (1984), Michelsen (2003) and Michelsen et al. (2007). Only two models and one experi
mental dataset were nonetheless considered in both these studies. Furthermore, and although the paper from Lemaire & Mobtil (2015)
provided brief sensitivity analyses of E(m) and αT values, the impact of other crucial parameters driving the absorption and sublimation 
fluxes, including σλn, Bλ1, Bλn and ΔHλn, was not assessed, thus limiting the scope of this specific work.

In accordance with the conclusions from previous benchmarks (Michelsen et al., 2007; Schulz et al., 2006), the above survey of the 
literature confirmed that given the large differences between the results from different LII modeling tools, considerable work still needs 
to be done to compare wide varying model formulations, in order to perform detailed sensitivity analyses focusing on parameters 
known to significantly influence the LII response while assessing the predictive capability of each tested model against detailed 
experimental data. Within this context, the present work, which follows recent preliminary analyses (Lemaire & Menanteau, 2023b, 
2024), sets out to compare the ability of four commonly implemented LII models drawn from the literature to simulate results obtained 
from various comprehensive datasets notably composed of signals measured in an ethylene diffusion flame (Goulay et al., 2013) and in 
a CH4/O2/N2 premixed one (Bejaoui et al., 2015). To that end, two relatively standard model formulations, referred to as models 1 and 
2, are first considered. They are drawn from Melton (1984) for model 1 and Hofmann, Kock, & Schulz (2007) for model 2, and integrate 
mechanisms representing heating by absorption of the laser energy and cooling by radiation, sublimation and conduction. Supported 
by the conclusions from Lemaire & Mobtil (2015), which showed the importance of integrating additional mechanisms, such as 
photolytic ones, two refined models issued from Michelsen (2003) and Michelsen et al. (2007) are also considered. The first one 
(referred to as model 3) integrates the above-listed energy fluxes with terms representing soot annealing and oxidation (Michelsen, 
2003). The second one (referred to as model 4) neglects annealing, but includes terms standing for saturation of linear, single- and 
multi-photon absorption processes and cooling by thermionic emission (Michelsen et al., 2007). In addition to systematically 
comparing predictions from these four simulation tools with the signals from Goulay et al. (2013) and Bejaoui et al. (2015), sensitivity 
analyses focusing on key parameters influencing the LII response (e.g., soot absorption function, thermal accommodation coefficients, 
etc.) will be carried out. Given that parameterizing refined models is, moreover, far from trivial, as exemplified in Bejaoui et al. (2015), 
where factors proposed by Michelsen (2003) for an EW of 532 nm were used to simulate signals collected using a laser source 
functioning at 1064 nm, detailed sensitivity analyses focusing on σλn, Bλ1, Bλn and ΔHλn, among others, will be provided as well. This 
should enable a better understanding of the influence of these parameters on computed LII responses, noting that this is the first time, 
to the best of the authors’ knowledge, that a comprehensive analysis focusing on the impact of all these input parameters is proposed 
within a same work. Conclusions will then be drawn, although it should be noted that the aim of this paper is not to state that some 
models should be preferred over others. Furthermore, this study does not intend to provide a series of parameters that should be 
imperatively selected for the correct simulation of LII signals. Rather, it aims at identifying the potential strengths of particular models 
and sub-models, depending on the targeted applications, while proposing insights into how to parameterize them, given the relative 
impact of each input property and/or factor, and considering the related range of plausible values, as identified in the literature, 
depending on the investigated reacting media and operating conditions. Within this context, and in addition to the above-mentioned 
sensitivity analyses, basic optimization calculations will also be proposed to infer the values that must be set for some parameters in 
order to minimize the deviation between measured and simulated signals. Reiterating that the objective here is not to provide turnkey 
model formulations integrating time-tested must-use parameter sets, one should thus note that these calculations only aim at helping to 
get an overview of the impact of these factors on the LII responses. Furthermore, and since some soot properties and/or physical factors 
embedded within the equations composing the energy- and mass-balance equations underlying the LII process are already relatively 
well documented in the literature, the focus will be solely on soot properties (e.g., the absorption function) and thermal/photolytic 
parameters (e.g., the thermal accommodation coefficient, cross-section for the removal of C2 clusters by photodesorption, saturation 
coefficient for multi-photon absorption, etc.), which are subject to large uncertainties and/or for which data are quite rare, if not 
inexistent, depending on the considered excitation wavelength. As such, this benchmark should be useful to the LII community by 
providing basic guidelines aimed at aiding the selection and implementation of suitable simulation tools for the analysis and char
acterization of in-flame generated soot.
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3. Experimental databases

For the purposes of the present comparison work, we first considered the dataset for LII model validation proposed by Goulay et al. 
(2013). The latter provides spectrally and temporally resolved signals measured in an atmospheric co-flow ethylene diffusion flame 
stabilized on a Santoro burner. To that end, soot was irradiated with both the 1064- and 532-nm output from an injection-seeded Nd: 
YAG laser producing spatially homogeneous beams, and pulses with a smooth temporal profile (spatial beam profiles and laser 
temporal profiles being provided at both 532 and 1064 nm in Goulay et al. (2013)). Time-resolved LII signals were recorded with 
fluences ranging from 0.01 to 3.5 J cm− 2 using a fast-gated photomultiplier tube (rise time shorter than 800 ps) with a bandpass filter 
centered at 681.8 nm (10.0-nm bandwidth). Time-resolved emission spectra were used to identify and avoid spectral interferences and 
to infer soot temperatures over the entire LII signal evolution by fitting a Planck function to collected spectra, noting that soot tem
perature profiles were also obtained by means of three-color time-resolved LII measurements. Data were recorded at 50 mm height 
above the burner (HAB) in the annular high-soot region at the edge of the flame, where fits to flame luminosity yielded a temperature 
value of 1676 ± 40 K. According to previously reported transmission electron microscopy (TEM) data from Dobbins & Megaridis 
(1987), Megaridis & Dobbins (1989), Puri et al. (1993), and Vander Wal, Ticich, & Stephens (1999), soot is expected to have a primary 
particle size of 33 nm and an aggregate size of ⁓135 nm at this specific HAB. The reader is referred to Goulay et al. (2013) for more 
information on the experimental setup used and the measurement procedure implemented.

The second database considered was derived from Bejaoui et al. (2015). It includes a series of LII time decays collected using a 
photomultiplier tube having a rise time of 2 ns at different HAB in an atmospheric CH4/O2/N2 premixed flat flame stabilized on a 
McKenna burner. Signals were measured using a 1064-nm nearly top-hat laser beam and a detection wavelength of 610 nm (full width 
at half maximum (FWHM) of 20 nm), with laser fluences between 0.03 and 0.56 J cm− 2. In addition to providing the spatial and 
temporal profiles of the laser beam energy, this thorough experimental effort also reports averaged temperatures of soot over a 10-ns 
period shortly after the peak of the laser pulse estimated based on an analysis of spectrally-resolved LII radiation collected in a spectral 
range of 500-630-nm. Flame gas temperatures were, moreover, measured using NO-laser-induced fluorescence thermometry, while 
information regarding primary particle and aggregate sizes were assessed by transmission electron microscopy. Signals measured at 
two specific HAB (9 and 15 mm) in the CH4/O2/N2 flame were considered herein in order to cover different soot maturation stages. 
Mean aggregate size (i.e., the number of particles per aggregate) and primary particle diameter of 2.3 and 11.5 nm at 9 mm HAB versus 
9.6 and 12.4 nm at 15 mm HAB were especially assessed at these locations for which flame temperatures of 1835 ± 100 K and 1542 ±
100 K were estimated.

Of note, three additional datasets were considered in section 5.3.2 to provide some perspectives regarding the development and the 
predictive capability of comprehensive LII modeling tools operating under widely varying conditions. These consist of the experi
mental results collected by Lemaire et al. in an atmospheric turbulent spray flame of Diesel (Bejaoui, Lemaire, & Therssen, 2015; 
Lemaire, Bejaoui, & Therssen, 2013; Lemaire & Menanteau, 2021, 2023a) using EWs of 532 and 1064 nm in addition to the LII decay 
times measured with an EW of 1064 nm by Mi et al. (2021) and Zheng et al. (2023) in laminar premixed ethylene/air flames at pressure 
ranging from 1 to 10 bar and in a jet-A flame stabilized in a pressurized combustor functioning at a pressure of between 1 and 3.8 bar, 
respectively. These complementary databases were especially considered in the final analysis proposed in section 5.3.2, since they 
allow to simulate data collected within both laminar/turbulent and atmospheric/high-pressure flames, noting that the information 
required to simulate obtained signals, including the laser profiles, the particle size (issued from TEM images), etc., is fully provided in 
the above-cited references.

Note, to conclude, that even though LII measurements are generally performed using laser fluences significantly lower than the 
upper values considered in the above-described datasets (especially when it comes to assessing the soot size through TiRe-LII (a point 
notably discussed in section 5.1.3)), we still considered the whole range of operating conditions reported in the works by Goulay et al. 
(2013), Bejaoui et al. (2015) or Lemaire & Menanteau (2021, 2023a) in the following. The aim was, indeed, to rule on the predictive 
ability of the different LII models tested in section 5 over an extended range of laser fluences, further noting that doing so can also be of 
high interest in elucidating the detailed heat and mass transfer processes involved during the laser heating of soot particles above the 
sublimation threshold.

4. LII signal modeling

4.1. Governing equations used for the implementation of each model

The core of each implemented model is based on the following system of coupled differential equations depicting the variations of 
the internal energy rate (dUint/dt) and mass (dMp/dt) of soot particles as a function of time (t): 

⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

dUint

dt
= Q̇abs − Q̇sub − Q̇cond − Q̇rad + Q̇ann + Q̇ox − Q̇th

dMp

dt
=

∑jtot

j=1

(
dMp

dt

)

sub,j
+

(
dMp

dt

)

ox

(1) 

where Q̇abs stands for the rate of energy gained by absorption of the laser energy, Q̇ann and Q̇ox depict the rates of energy production by 
soot annealing and oxidation, respectively, Q̇rad, Q̇th, Q̇sub and Q̇cond represent the rates of energy loss by radiation, thermionic 
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emission, sublimation and conduction, while subscripts ‘sub’ and ‘ox’ respectively denote the contributions of the sublimation and 
oxidation mechanisms to the mass loss, ‘j’ stands for the contribution of each vaporized carbon cluster Cj to the particle mass loss and 
jtot corresponds to the total number of vaporized carbon clusters. Of course, and depending on the considered model formulation, the 
nature of the energy fluxes considered or neglected and their related governing equations significantly diverge, as will be illustrated in 
the following sections. As for the primary particle mass Mp, it is expressed as a function of the diameter Dp as follows: 

Mp =
π⋅Dp

3

6

/(
1 − Xa

ρs
+

Xa

ρa

)

(2) 

where Xa represents the soot annealed fraction (set to 0 in the models in which annealing is neglected), while ρs and ρa are the density 
of the unannealed (denoted with a subscript ‘s’ in the following) and annealed (denoted with a subscript ‘a’) soot fractions, respec
tively. One should finally note that although the expressions accounting for the different terms integrated in Eq. (1) depend on the 
spatial domain (x,y) delimited by the dimensions of the laser beams, the time t and the number Np of primary particles contained in 
soot aggregates, for clarity, the actual identification of this dependence through a “(x,y,t, Np)” notation will not be realized.

4.1.1. Internal energy
Models 1, 3 and 4 use Eq. (3) to express the rate of change of energy stored by soot: 

dUint

dt
=Np ⋅

π
6

⋅Dp
3 ⋅ [ρs⋅cs ⋅ (1 − Xa)+ ρa ⋅ ca⋅Xa] ⋅

d Tp

dt
(3) 

where Tp represents the particle temperature, while cs and ca stand for the heat capacity of the unannealed and annealed soot fractions, 
respectively, noting that Xa is set to 0 in models 1 and 4. As for model 2, it also neglects annealing, but alternatively uses Eq. (4) to 
represent the particle energy variation rate: 

dUint

dt
=

d
dt

(
Np ⋅ Mp ⋅ cs ⋅ Tp

)
=Np ⋅

(

Mp ⋅ cs +Mp ⋅ Tp ⋅
dcs

d Tp

)

⋅
d Tp

dt
+Np ⋅ cs ⋅ Tp ⋅

dMp

dt
(4) 

Although the use of Eq. (4) has been subject to debate in the LII community (Liu & Snelling, 2007; Michelsen et al., 2008), we still 
considered this expression in implementing model 2 exactly as originally proposed in Hofmann, Kock, & Schulz (2007). In addition, a 
discussion, along with a sensitivity analysis dealing with the formulation of this term, will be proposed in section 5.1.1. Regarding soot 
properties, constant or temperature-dependent expressions of ρs and cs are considered as a function of the selected model. More 
specifically, the soot density and heat capacity are set to 2.26 g cm− 3 and 1.9 J g− 1⋅K− 1 in model 1. Alternatively, model 2 considers a 
value of 1.86 g cm− 3 for ρs, while cs is expressed as a function of Tp as follows: 

cs =1.878 + 1.082 × 10− 4 ⋅Tp − 1.5149 × 105/Tp
2 (5) 

Finally, models 3 and 4 compute ρs and cs based on Eqs. (6) and (7), respectively: 

ρs =2.3031 − 7.3106 × 10− 5 ⋅Tp (6) 

cs =
R

12.01
⋅
{

1.115
(

597
Tp

)2

⋅ exp
(

597
Tp

)

⋅
[

exp
(

597
Tp

)

− 1
]− 2

+1.789⋅
(

1739
Tp

)2

⋅ exp
(

1739
Tp

)

⋅
[

exp
(

1739
Tp

)

− 1
]− 2

+
Tp

8620

}

(7) 

noting that model 3 additionally requires to define the density of the annealed soot fraction, which is calculated based on Eq. (8), while 
ca is considered equal to cs (Michelsen, 2003). 

ρa =2.6 − 1.0 × 10− 4 ⋅Tp (8) 

4.1.2. Absorption
Each tested model is based on the Rayleigh-Debye-Gans approximation applied to fractal aggregates, which considers that the light 

absorption of soot aggregates corresponds to the product of the absorption cross-section of a single primary particle by the number Np 

of individual primary particles composing the aggregates. Based on this, the rate of energy change by absorption of the laser pulse is 
expressed in models 1 to 3 following Eq. (9): 

Q̇abs =Np ⋅
[
Cabs,s +Cabs,a

]
⋅

F ⋅ qexp(t)
∫ tl

0 qexp(t)dt
(9) 

with qexp, tl and F respectively denoting the normalized laser irradiance, the pulse duration and the pulse energy density. As for Cabs,s 

and Cabs,a, they represent the absorption cross-section of unannealed and annealed soot fractions, respectively, so that: 

Cabs,s =(1 − Xa) ⋅
π2 ⋅Dp

3

λl
⋅ E(m) (10) 
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and 

Cabs,a =Xa ⋅
π2 ⋅Dp

3

λl
⋅ fa ⋅ Ea(m) (11) 

with λl being the excitation wavelength, fa an absorption empirical scaling factor related to annealed soot while E(m) and Ea(m) stand 
for the refractive index functions of unannealed and annealed soot. Of note, the subscript ‘s’ is intentionally omitted for unannealed 
soot to allow consistency with the formalism generally adopted in the literature. Regarding model 4, it expresses the absorption rates 
considering the saturation of linear, single-photon and multi-photon absorption processes following Eq. (12): 

Q̇abs =Np ⋅ Cabs,s ⋅
f1 ⋅ Bλ1

∫ tl
0 qexp(t)dt

⋅
{

1 − exp
[

−
F ⋅ qexp(t)

Bλ1

]}

+Np ⋅ kλn (12) 

where f1 is an empirical scaling factor for linear absorption, Bλ1 corresponds to an empirical saturation factor related to single-photon 
absorption, while kλn is a rate constant for removal of C2 clusters by nonthermal photodesorption defined as follows: 

kλn = σλn ⋅
π ⋅ Dp

3 ⋅ Nss

6
⋅

Bn
λn

∫tl

0

(
qexp(t)

)n
dt

⋅
{

1 − exp
[

−

(
F ⋅ qexp(t)

Bλn

)n]}

(13) 

where σλn is defined in the work by Michelsen as a cross-section for removal of C2 clusters by photodesorption (see Michelsen et al. 
(2007)), n represents the number of photons to be absorbed to photodesorb C2 clusters ,Nss stands for the density of carbon atoms at the 
soot surface, and Bλn is an empirical saturation factor related to multi-photon absorption process.

4.1.3. Sublimation
The evaporative cooling rate in the two standard models tested herein is expressed based on the following equation: 

Q̇sub =Np ⋅
− ΔHv

ωv
⋅
dMp

dt
(14) 

where ΔHv represents the enthalpy of formation of sublimed carbon clusters and ωv denotes their molecular weight. Model 1 assumes 
that sublimation only generates C3 clusters and considers constant values for ΔHv (7.78 × 105 J mol− 1) and ωv (36 g mol− 1). On the 
other hand, and although Hofmann, Kock, & Schulz (2007) consider that the dominant species generated by sublimation above 
⁓2000 K is C3, model 2 still computes the sublimation flux by taking into account C1 to C7 clusters, which can be present in different 
concentrations in the vapor phase. Their molecular weight and enthalpy of vaporization are computed as a function of the particle 
temperature based on polynomial fits to data from Leider, Krikorian, & Young (1973) (see details in Hofmann, Kock, & Schulz (2007)). 
As far as the mass lost through sublimation is concerned, it is calculated in models 1 and 2 using Eqs. (15) and (16), respectively: 

dMp

dt
= −

π ⋅ Dp
2 ⋅ wv ⋅ αM ⋅ pv

Rp ⋅ Tp
⋅

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
Rm ⋅ Tp

2 ⋅ wv

√

(15) 

dMp

dt
= −

π ⋅ Dp
2 ⋅ wv ⋅ αM ⋅ pv

Rp ⋅ Tp
⋅

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
Rm ⋅ Tp

2 ⋅ wv

√

⋅
f ⋅ kp ⋅ Tp

̅̅̅
2

√
⋅ σ ⋅ pg ⋅ Dp ⋅ αM + f ⋅ kp ⋅ Tp

(16) 

where αM is the mass accommodation coefficient of vaporized carbon clusters, Rp and Rm are the universal gas constants expressed in 
effective pressure and mass units, kp is the Boltzmann constant, σ stands for the average molecular cross-section for subliming species, 
pg represents the ambient pressure and f denotes the dimensionless Eucken correction to the thermal conductivity of polyatomic gas. 
Note that the value of the mass accommodation coefficient can be comprised between 0 and 1 to account for the relative efficiency of 
the evaporation. It is notably mentioned in Hofmann, Kock, & Schulz (2007) that this factor is usually set to 1, as was the case in Melton 
(1984). We still considered a default value of 0.8 to be consistent with the αM selected in a large number of LII modeling studies 
(Snelling et al., 2000; Bladh & Bengtsson, 2004; Michelsen et al., 2007; Bladh, Johnsson, & Bengtsson, 2008; Lemaire & Mobtil, 2015, 
etc.), further noting that a sensitivity analysis focusing on this specific parameter will be proposed in section 5.1.2. Finally, pv rep
resents the partial pressure of the sublimed carbon species, which is determined according to Eqs. (17) and (18) for models 1 and 2, 
respectively: 

pv = exp
[
− ΔHv

R
⋅
(

1
Tp

−
1

3915

)]

(17) 

pv = exp
(
− 122.96+9.0558× 10− 2 ⋅ Tp − 2.7637× 10− 5 ⋅ T2

p +4.1754×10− 9 ⋅ T3
p − 2.4875×10− 13 ⋅ T4

p

)
(18) 

with R denoting the universal gas constant expressed in standard unit.
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For models 3 and 4, they integrate a more refined treatment of the evaporative cooling rate, which can be presented in equation 
form as follows: 

Q̇sub = − Np ⋅
∑jtot

j=1

1
wj

⋅
(

dMp

dt

)

sub,j
⋅

[
ΔHj ⋅

(
PCj

sat − Pλs − Pdiss − Pλa

)
+ ΔHλs ⋅ Pλs + ΔHdiss ⋅ Pdiss + ΔHλa ⋅ Pλa

PCj
sat

]

(19) 

where wj (12.011 × j g⋅mol− 1) and ΔHj stand for the molecular weight and enthalpy of formation of each Cj cluster (with jtot set to 10 
and 5 for models 3 and 4, respectively), PCj

sat refers to the partial saturation pressure of vaporized clusters Cj, Pdiss is the effective 
pressure issued from the rate of thermal photodesorption from annealed soot, ΔHλs and ΔHλa are the energies required to photodesorb 
Cj clusters from the unannealed and annealed soot fractions, and ΔHdiss is the enthalpy of formation of Cj clusters by thermal subli
mation of annealed soot. As for Pλs and Pλa which are expressed following Eq. (20), they represent the effective pressures calculated 
based on the rate constant for removal of carbon clusters by nonthermal photodesorption (denoted kλi) from the annealed (i = a) and 
unannealed (i = s) soot fractions: 

Pλi =
kp ⋅ Tp

π ⋅ Dp
2 ⋅ αj ⋅ Uj

⋅ kλi (20) 

where αj is the mass accommodation coefficient of the vaporized species Cj (parameterized as detailed in Michelsen (2003) and 
Michelsen et al. (2007)), while Uj corresponds to the ejection speed of Cj away from the particle surface (see Michelsen (2003) for 
information on the calculation procedure of this term). Of note, kλs and kλa in model 3 are calculated using Eqs. (21) and (22), 
respectively: 

kλs = σλs ⋅
π ⋅ Dp

3 ⋅ Nss ⋅ (1 − Xa)

6
⋅
[
1 − exp

(
− Bλs ⋅ Fn ⋅ qexp(t)n

)]
(21) 

kλa = σλa ⋅
π ⋅ Dp

3 ⋅ Nsa ⋅ Xa

6
⋅
[
1 − exp

(
− Bλa ⋅ Fn ⋅ qexp(t)n

)]
(22) 

where Nsa stands for the density of carbon atoms at the annealed soot surface, Bλs and Bλa correspond to empirical saturation factors 
related to the removal of carbon clusters from the unannealed and annealed particles by photodesorption, while the terms σλs and σλa 
are defined based on the nomenclature proposed in Michelsen (2003) as cross-sections for the photodesorption of carbon clusters (C1 to 
C3 when i = s and C2 when i = a) of unannealed and annealed soot, respectively. Note also that kλn (defined as per Eq. (13)) is used in 
model 4 instead of kλs. It does not take into account the annealing process, however. Finally, models 3 and 4 compute the mass lost by 
sublimation independently for each Cj species following Eq. (23): 

(
dMp

dt

)

sub,j
=
− π ⋅ Dp

2 ⋅ wj ⋅ αj

Rp ⋅ Tp
⋅ Uj ⋅ Bj (23) 

where Bj is a parameter representing the influence of diffusive and convective mass and heat transfers during sublimation (Michelsen, 
2003).

4.1.4. Radiation
The radiative emission from laser-heated soot is calculated in each model by integrating the Planck function over the wavelength 

while considering the reabsorption of background emission as done by Charwath, Michelsen or Will in Michelsen et al. (2007): 

Q̇rad =8 ⋅ π ⋅ h ⋅ c2 ⋅ Np ⋅
∫λ∞

0

Cabs,s + Cabs,a

λ5 ⋅

⎡

⎢
⎢
⎣

1

exp
(

h ⋅ c/λ ⋅ kB⋅Tp

)

− 1
−

1

exp
(

h ⋅ c/λ ⋅ kB ⋅ Tg

)

− 1

⎤

⎥
⎥
⎦dλ (24) 

where h is the Planck constant, c stands for the speed of light, while kB represents the Boltzmann constant.

4.1.5. Conduction
According to Liu et al. (2006b), heat conduction between soot particles and the surrounding gases is expected to occur in the free 

molecular regime during LII experiments conducted in flames at atmospheric pressure, as is the case herein. This statement is, 
moreover, corroborated by the fact the Knudsen numbers calculated based on the equations provided in Liu et al. (2006b), while 
integrating the parameters (particle size, thermal conductivity and heat capacity of the surrounding gases, ambient pressure and 
temperature) related to the experimental conditions investigated in Goulay et al. (2013) and Bejaoui et al. (2015), are significantly 
higher than 10 regardless of the flame locations for which LII signals are simulated in the present work. In this context, the rate of 
energy loss by conduction can be calculated using Eq. (25), which is especially embedded within each tested model formulation: 
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Q̇cond =Np ⋅
π⋅D2

p ⋅ pg

Rp ⋅ Tg
⋅ αT ⋅

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
Rm ⋅ Tg

2 ⋅ π ⋅ ωa

√

⋅
(

Cp −
R
2

)

⋅
(
Tp − Tg

)
(25) 

where Tg stands for the temperature of the surrounding gaseous species, ωa denotes the average molecular weight of air considered as a 
surrogate for flame gases, and Cp is the molar heat capacity of the ambient gases at constant pressure, which is expressed as a function 
of Tg based on the expression proposed by Michelsen et al. (2007). Finally, αT is the thermal accommodation coefficient which rep
resents the probability of a surrounding gas molecule of undergoing energy exchange with a soot particle during a collision.

4.1.6. Annealing
When being laser-heated to temperatures above ⁓2500 K (Michelsen, 2003), soot may experience an annealing process leading to 

significant modifications of its structure likely to impact its intrinsic properties, and hence its LII response. According to Michelsen 
(2003), the rate of energy increase by annealing (embedded solely in model 3) is expressed as per Eq. (26): 

Q̇ann =Np ⋅
− ΔHimig⋅kimig⋅Nd − ΔHvmig ⋅ kvmig⋅Nd

NA
(26) 

with NA being the number of Avogadro, ΔHimig and ΔHvmig the enthalpy for interstitial and vacancy migrations, respectively, while 
kimig and kvmig stand for the interstitial and vacancy migration rates. As for Nd, it stands for the number of Frenkel or Schottky defects, 
which can be calculated by solving the following ordinary differential equation: 

dNd

dt
=Xa ⋅

Nc

2
⋅kdiss − kimig ⋅ Nd − kvmig ⋅Nd (27) 

in which kdiss represents the rate constant of pyrolysis of annealed soot, while the annealed fraction Xa can be calculated based on Eq. 
(28): 

Xa =1 −
Nd

Xd ⋅Nc
(28) 

with Xd being the initial defect density estimated from electron spin resonance measurements on soot (Dunne et al., 1997) and Nc the 
number of atoms in primary particles (the reader is referred to Michelsen (2003) for more details regarding the implementation of the 
annealing flux).

4.1.7. Oxidation
The oxidation of soot induced by the oxygen molecules available in the surrounding atmosphere is considered in both models 3 and 

4. According to Michelsen (2003), the enhancement in the particle energy by oxidation can be estimated using the following relation: 

Q̇ox =Np ⋅

(
ΔHox + 2 ⋅ αT ⋅ CCO

p ⋅ Tp

)

2 ⋅ ω1
⋅
(

dMp

dt

)

ox
(29) 

where ΔHox is the enthalpy of formation of CO (set to − 2.215 × 105 J mol− 1), CCO
p is the heat capacity of CO (calculated using a fitted 

polynomial function based on the NIST-JANAF database (Chase, 1998)) while the rate of mass loss caused by oxidation is estimated as 
follows: 

(
dMp

dt

)

ox
=
− 2 ⋅ π ⋅ Dp

2 ⋅ ω1 ⋅
(
kox,s + kox,a

)

NA
(30) 

where kox,s and kox,a (set to 0 in model 4) represent the oxidation rate constants of unannealed and annealed soot, respectively, whose 
calculation procedure is detailed in Michelsen (2003). Although models 3 and 4 originally considered Eq. (29) in Michelsen (2003) and 
Michelsen et al. (2007), we still looked at the alternative formulation proposed in Michelsen et al. (2008) (see Eq. (31)) in section 5.2.2
for the purposes of a sensitivity analysis dealing with the expression of the oxidation flux: 

Q̇ox =Np ⋅
1
ω1

⋅

[∫ TCO
f

Tref

CCO
p (T)dT −

1
2

⋅
∫ Tg

Tref

CO2
p (T)dT+

R
2

⋅
(

TCO
f − Tg

)
+ΔHox

]

⋅
(

dMp

dt

)

ox
(31) 

with Tref (0 K) and TCO
f (790 K) being a reference temperature and the temperature at which CO molecules exit from oxidizing particles, 

respectively.

4.1.8. Thermionic emission
The energy loss induced by the thermal ejection of electrons from heated soot is expressed in model 4 following Eq. (32): 
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Q̇th =Np ⋅
4 ⋅ ϕ ⋅ mel ⋅

(
π ⋅ Dp ⋅ kB ⋅ Tp

)2

h3 ⋅ exp
[

−
ϕ

kB ⋅ Tp

]

(32) 

where ϕ represents a constant work function and mel stands for the mass of an electron. As with the oxidation flux, a sensitivity analysis 
focusing on the formulation of the thermionic flux was conducted as part of this work (see section 5.2.1). To that end, the refined sub- 
model proposed by Mitrani et al. (2016) was also considered. The latter is notably based on Eq. (33), in which Δϕ denotes the increased 
barrier to further electron emission due to a positive charge buildup, whose evaluation is supposed to better represent the energy loss 
of the soot particle: 

Q̇th =Np ⋅
4 ⋅ (ϕ + Δϕ) ⋅ mel ⋅

(
π ⋅ Dp ⋅ kB ⋅ Tp

)2

h3 ⋅ exp
[

−
(ϕ + Δϕ)

kB ⋅ Tp

]

(33) 

with Δϕ being obtained by solving Eq. (34) at each time step t: 

Δϕ(t)= 8 ⋅ π ⋅ mel ⋅ kel ⋅ Dp ⋅
∫ t

0

(
π ⋅ cel ⋅ kB ⋅ Tp

)2

h3 ⋅ exp
[

−
(ϕ + Δϕ)

kB ⋅ Tp

]

dt (34) 

where kel and cel are the Coulomb constant and the charge of an electron, respectively.

4.2. Numerical procedure

The same numerical procedure was used regardless of the considered model. In short, the different terms composing Eq. (1) were 
expressed using the proper equations, as summarized in Table 1. Contrary to what was done in Lemaire & Menanteau (2021, 2023a), 
where laser sources exhibiting a non-uniform spatial distribution of the laser irradiance were used, no specific effort was expended 
herein on spatially discretizing the laser beams used in Goulay et al. (2013) and Bejaoui et al. (2015), since both studies considered 
spatially homogeneous top hat profiles. We notably proceeded as such since very few works in which this type of profiles is used, 
consider discretizing the spatial distribution of the energy in the laser excitation domain during LII modeling calculations, despite the 
existence of inhomogeneities in any laser profile (a point whose influence will be commented on in section 6). The system of coupled 
differential equations summarized in Eq. (1) was solved using the ‘ode15s’ multistep variable order solver of MATLAB® (Shampine & 
Reichelt, 1997). Furthermore, the ‘ode45’ solver was also used to determine the rate of defects and annihilation needed to obtain the 
annealed soot fraction in model 3 (see Eq. (27)), while the ‘fsolve’ function incorporating the default ‘trust-region-dogleg’ algorithm 
(MathWorks, 2013) was selected to compute Δϕ in the thermionic flux derived from the work by Mitrani et al. (2016) (see Eq. (34)). 
This led to an inference of the evolution of Tp and Dp as a function of time, which was then introduced into a Planck function integrated 
over the spectral ranges of the detection systems used by Goulay et al. (2013) and Bejaoui et al. (2015) to generate theoretical LII 
signals. To conclude, the surrounding gas temperature as well as the soot aggregate and primary particle size were set as detailed in 
section 3.

5. Results and discussion

5.1. Assessment of the predictive capabilities of standard model formulations

5.1.1. Comparison of measured LII fluence curves with modeled ones and sensitivity analysis dealing with the expressions used to represent the 
density, the heat capacity and the rate of change of the internal energy of soot

Fig. 1 compares a series of fluence curves issued from the works of Goulay et al. (2013) and Bejaoui et al. (2015) with theoretical 
results obtained from the implementation of model 1. To obtain these plots, we reported the evolution of the maximum of the LII 
temporal profiles (referred to as “peak LII signal”) as a function of the laser fluence. To ease the comparison between measured and 
computed data, the LII intensity was, moreover, normalized to 1 for fluences above which the LII responses show a relative lack of 
fluence dependence or undergo no further increase, as has been done in various works (see Michelsen (2003) or Lemaire & Mobtil 
(2015) as examples). To that end, a fluence of 0.29 J cm− 2 was used for an EW of 1064 nm at both 50 mm HAB in the C2H4 flame 
(Fig. 1b) and 15 mm HAB in the CH4/O2/N2 flame (Fig. 1d). Alternatively, a value of 0.40 J cm− 2 was considered at 9 mm HAB in the 
CH4/O2/N2 flame, where soot is still “young”, according to Yon et al. (2015) (Fig. 1c). It is indeed well documented that the lower the 
soot maturity, the lower the absorption of the laser energy (which is especially due to a lower E(m), as exemplified by Bladh et al. 

Table 1 
Summary of equations used in each LII model.

Model dUint/dt Q̇abs Q̇sub Q̇rad Q̇cond Q̇ann Q̇ox Q̇th

1 Eq. (3) - Xa = 0 Eq. (9) Eq. (14) Eq. (24) Eq. (25) – – –
2 Eq. (4) Eq. (9) Eq. (14) Eq. (24) Eq. (25) – – –
3 Eq. (3) Eq. (9) Eq. (19) - jtot = 10 Eq. (24) Eq. (25) Eq. (26) Eq. (29) or (31) –
4 Eq. (3) - Xa = 0 Eq. (12) Eq. (19) - jtot = 5 Eq. (24) Eq. (25) – Eq. (29) Eq. (32) or (33)
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(2011a), Bejaoui et al. (2015), or Lemaire & Menanteau (2021 and 2023a)), and the higher the fluence for which the sublimation 
threshold is reached. Finally, a fluence of 0.15 J cm− 2 was set to process the data collected in the C2H4 flame with an EW of 532 nm 
(Fig. 1b), which, here again, is in line with the fact that the shorter the wavelength, the higher the absorption cross-section (Lemaire & 
Menanteau, 2023a), and the lower the fluence for which soot sublimes. Note also that the above-defined normalization points were 
retained to plot all the fluence curves reported throughout this paper. Calculations were performed considering a default αT of 0.37, as 
was done by Bejaoui et al. (2015). Such a preliminary hypothesis is, however, not an issue of concern at this stage as the peak LII signals 
(and consequently, the shape of the fluence curves) fundamentally depend on the absorption flux. They are therefore not influenced by 
the value of the thermal accommodation coefficient, which drives the cooling by conduction (see section 5.1.2), and whose influence is 
only significant when the time t exceeds the laser pulse duration (Menanteau & Lemaire, 2020). As for the tested soot absorption 
functions (reported in the legends of Fig. 1a–d), they were set based on the review of recent literature by Liu et al. (2020), who reported 
a minimum and maximum E(m) of 0.29 and 0.52 in the visible and near-infrared for freshly emitted and mature soot, respectively, with 
a more likely range falling between 0.35 and 0.45. In addition to these values, which were used to obtain the curves plotted in gray 
lines, optimized E(m) were also tested. To that end, the procedure described in Lemaire & Menanteau (2021, 2023a), which is based on 
the use of a genetic algorithm-based optimizer (the ga function of MATLAB®), was implemented to infer soot absorption functions 
allowing to minimize an objective function defined as a least square sum between experimental and numerical data for fluences up to 
the normalization points. Doing so allowed obtaining the theoretical curves plotted in full black lines (the black dashed and dot-dash 
lines being for their part commented on further below in this section).

As can be seen by looking at the results obtained with the C2H4 flame (see Fig. 1a and b), simulated results merging on a single curve 
with their experimental counterparts can be obtained in the low and intermediate fluence ranges, provided E(m) values around 0.50 
are set (⁓0.46 at 532 nm versus ⁓0.53 at 1064 nm). Although exceeding the more likely range of E(m) recommended by Liu et al. 
(2020), these values remain globally in line with the upper range of soot absorption functions reported in the literature (i.e., ⁓0.52). It 
is, moreover, noteworthy that the ⁓15 % increase in the soot absorption function observed when the EW goes from 532 to 1064 nm 
contrasts with the conclusion drawn in the majority of studies, which evidence no significant variation of the E(m) for excitation 
wavelengths between the visible and the IR (see Lemaire & Menanteau (2023a) and references therein). It is still consistent with the 
trend reported by Johansson et al. (2017), who observed increases of up to ⁓8.6 % in the soot absorption function when the EW goes 
from the visible (i.e., 532 nm) to the IR (i.e., 1064 nm) during analyses conducted with soot exhibiting different maturity levels in an 
atmospheric ethylene-air diffusion flame. As far as the results relating to the CH4/O2/N2 flame are concerned (see Fig. 1c and d), the 
E(m) needs to be increased from 0.29 to 0.43 for an EW of 1064 nm when the HAB (and thus the soot maturation level) goes from 9 to 
15 mm. These values, which allow a good match between measured and simulated fluence curves for low and intermediate fluences fall 
within the range of soot absorption functions reported in Liu et al. (2020). Furthermore, the E(m) estimated for a HAB of 9 mm (i.e., 
0.29) is identical to the value derived in Bejaoui et al. (2015) by means of an energy balance equation derived from Snelling et al. 
(2004) and Bladh et al. (2011a), in which sublimation was neglected while considering soot temperatures determined from spectrally 
resolved LII signals and local gas temperatures measured by NO-LIF thermometry. On the other hand, the simulation results from 
Bejaoui et al. (2015) (depicted by a black dot-dash line in Fig. 1c) diverge from measured data as well as from the fluence curve we 
obtained when setting the E(m) to 0.29 (see the black solid line in Fig. 1c). This discrepancy is noteworthy since identical LII models 
and E(m) values were used in both cases. Actually, this observation may be related to the selection of different soot density and heat 
capacity values (set to 1.90 g cm− 3 and 2.10 J g− 1⋅K− 1 in Bejaoui et al. (2015) versus 2.26 g cm− 3 and 1.90 J g− 1⋅K− 1 herein). Since the 
evolution of the peak soot temperatures (and consequently, of the peak LII signals) intrinsically depends on the E(m)/ (ρs ⋅cs) ratio in 
the low-to-intermediate fluence regime, the thermophysical properties selected by Bejaoui et al. (2015) induce an increase in this term, 
which thus explains why their fluence curve overpredicts the one computed in this work. To complete the analysis of Fig. 1, one can 
add that even though model 1 globally allows to reproduce measured data at low and intermediate fluences (provided suitable E(m) are 
selected as a function of the EW and soot maturity), none of the theoretical LII fluence curves, however, match their experimental 
counterparts for fluences above the sublimation threshold for which simulated peak LII signals keep increasing. As illustrated by Schulz 
et al. (2006) among others, this behavior is typical of the use of standard LII model formulations. This trend is, moreover, consistent 
with the temperature profiles obtained in the case of the C2H4 flame and depicted in Fig. 2a and b. The curves plotted therein indeed 
show that the peak soot temperatures computed while considering optimized E(m) of 0.46 and 0.53 for EWs of 532 and 1064 nm, 
respectively, continuously increase to eventually exceed measured ones for fluences above 0.15 (Fig. 2a) and 0.29 J cm− 2 (Fig. 2b). 
Below the sublimation threshold, calculated peak temperatures, however, merge on a single curve with experimentally monitored ones 

Fig. 1. Comparison of LII fluence curves simulated using model 1 with experimental results (referred to as “exp.”) measured at 50 mm HAB in the 
C2H4 diffusion flame using EWs of 532 (a) and 1064 nm (b), as well as with the data collected with an EW of 1064 nm at 9 (c) and 15 mm HAB (d) in 
the CH4/O2/N2 premixed flat flame.
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(see Fig. 2a and b), which is consistent with the fact that the simulated and measured fluence curves depicted in Fig. 1a and b were also 
superimposed before the so-called plateau region. As for the CH4/O2/N2 flame (see Fig. 2c and d), using the E(m) previously identified 
as being the best suited to properly reproduce measured fluence curves (i.e., 0.29 and 0.43 at 9 and 15 mm HAB, respectively) leads to 
predicted peak temperatures profiles which underestimate their experimental counterparts, contrary to what would be anticipated. 
Actually, obtaining computed Tp matching measured ones in the low-to-intermediate fluence regime would require increasing the soot 
absorption functions to ⁓0.42 and ⁓0.54, as illustrated by the black dashed lines in Fig. 2c and d. The fluence curves issued from the 
use of these E(m), however, diverge from measured ones, as can be seen by looking at the black dashed lines plotted in Fig. 1c and d. 
This unexpected trend (not observed in the case of the C2H4 diffusion flame) could possibly be related to the existence of uncertainties 
encompassing either measured temperatures, LII signals, or both. In such a situation, using an E(m) of around 0.48 at 15 mm HAB could 
still represent an acceptable option to obtain computed fluence curves and temperature profiles, which both roughly approximate their 
experimental counterparts in the low-to-intermediate fluence range (see the black dotted lines in Figs. 1d and 2d). That being said, the 
results reported in Fig. 1 clearly show that model 1 fails to capture experimentally monitored trends above the sublimation threshold, 
regardless of the selected soot absorption function.

Regarding the results issued from the implementation of model 2 (which integrates different values for the soot density and heat 
capacity, as well as distinct expressions of dUint/dt and dMp/dt (see section 4)), they are summarized in Table 2, where the E(m)

allowing to obtain the best fit between measured and predicted fluence curves in the low-to-intermediate fluence range (as illustrated 
in Fig. 3) are listed and compared with those derived from the implementation of model 1. As can be seen from Fig. 3, the agreement 
between measured and predicted fluence curves is quite similar below the sublimation threshold whether considering model 1 or 2, 
provided the soot absorption functions listed in Table 2 are used. Of note, the E(m) inferred when using model 2 exceed those pre
viously derived from the implementation of model 1, with a mean relative difference of 7.0 %. The E(m) assessed with model 2 for 
mature soot (i.e., at 50 mm HAB in the C2H4 flame and at 15 mm HAB in the CH4/O2/N2 one) notably exceed the more likely range of 
values defined by Liu et al. (2020) (i.e., between 0.35 and 0.45).

Furthermore, the soot absorption function derived for an EW of 1064 nm in the case of the C2H4 flame is even higher than the upper 
limit of the extended range reported by Liu et al. (2020), based on a review of the recent literature (i.e., 0.52). The fact that higher E(m)

have to be set when implementing model 2 is attributable to the use of different ρs and cs together with the implementation of a 
different expression of the rate of soot internal energy change. To illustrate this statement, in Fig. 3, we plotted the fluence curves 
obtained while parameterizing model 2 with the ρs, cs and E(m) used during the calculations performed with model 1 (see the light gray 
dashed line referred to as “model 2*”). One can then see that the predictions from model 1 and model 2* are identical in the 
low-to-intermediate fluence range, which is consistent with the fact that the dcs/d Tp term in Eq. (4) becomes zero due to the use of a 
constant heat capacity, while the dMp /dt term is negligible below the sublimation threshold, as depicted by the temporal profiles of 
the soot diameter and mass reported in Fig. 4c for a fluence of 0.088 J cm− 2, as an example. Further noting that 

̅̅̅
2

√
⋅ σ⋅ pg⋅ Dp⋅ αM << f ⋅ 

kp ⋅ Tp, as verified by calculation, the right-hand side term of Eq. (16) thus becomes equal to unity, which leads Eq. (16) to be 
equivalent to Eq. (15) and model 2 to behave similarly to model 1. On the other hand, and although similar temperature profiles are 
obtained below the sublimation threshold when considering models 1 and 2* (see Fig. 5), the peak soot temperatures derived from the 
implementation of model 2* are higher than those computed with model 1 at high fluences. This is mainly due to the introduction of 
the cs ⋅ Tp ⋅ dMp /dt source term in Eq. (4), which increases the internal energy, and in turn, the soot temperature. A smaller soot 
diameter and mass are then predicted after the laser pulse (see Fig. 4b and d) as a result of an increased sublimation rate (a point 
illustrated below). As shown in Fig. 5, the highest peak soot temperatures are reached in the high fluence regime when parameterizing 
model 2 as described in section 4 (i.e., with ρs = 1.86 g cm− 3 and cs computed by means of Eq. (5)). This is actually due to the fact that 
the Tp⋅ dcs/d Tp term in Eq. (4) becomes non-zero in this case thanks to the use of a temperature-dependent expression to represent the 
heat capacity. As a consequence, the particle internal energy increases, as does the sublimation rate, as confirmed by the lower soot 
diameter profile depicted in Fig. 4b. On the whole, a better agreement between measured and simulated temperature profiles can be 
noted (especially at high fluences) when model 1 is used in the case of the C2H4 flame (see Fig. 5a and b). Besides, and as was the case 
with model 1 (see the above analysis of the results reported in Fig. 2), model 2 fails to reproduce the temperature profiles measured in 
the CH4/O2/N2 flame (see Fig. 5c and d) when using the E(m), allowing to properly reproduce measured fluence curves. Finally, it is 
noteworthy that the theoretical fluence curves plotted in Fig. 3 with models 1 and 2 are quite similar above the sublimation threshold, 

Fig. 2. Comparison of the fluence dependence of the peak soot temperature calculated using model 1 with experimental results (referred to as 
“exp.”) obtained at 50 mm HAB in the C2H4 diffusion flame using EWs of 532 (a) and 1064 nm (b), as well as with the data collected with an EW of 
1064 nm at 9 (c) and 15 mm HAB (d) in the CH4/O2/N2 premixed flat flame. Of note, computed temperatures in (c) and (d) were averaged over a 
10-ns period shortly after the peak of the laser pulse following the procedure detailed in Bejaoui et al. (2015) for proper comparisons with 
measurements.
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despite the discrepancies highlighted in Fig. 5 as far as the temperature profiles are concerned. This observation may be related to the 
evolution of the soot diameter Dp which is embedded, together with Tp, within the Planck function used to generate the theoretical LII 
signals. As shown in Fig. 6a and b, the sublimation rate computed with model 2 is higher than that obtained with model 1. Higher Dp 

reductions are therefore estimated when model 2 is used, which is exemplified by Fig. 4b. These lower Dp values then compensate for 

Table 2 
Comparison of E(m) values allowing to obtain the best fit between measured and simulated results when implementing models 1 and 2 in order to 
simulate the data collected by Goulay et al. (2013) and Bejaoui et al. (2015).

Flame EW/HAB Model 1 Model 2 Relative difference Model 2 vs. Model 1 (%)

C2H4 (Goulay et al., 2013) 532 nm/50 mm 0.46 0.49 +6.5
1064 nm/50 mm 0.53 0.57 +7.5

CH4/O2/N2 (Bejaoui et al., 2015) 1064 nm/9 mm 0.29 0.32 +6.9
1064 nm/15 mm 0.43 0.46 +7.0

Fig. 3. Comparison of LII fluence curves simulated using models 1 and 2 with experimental results (referred to as “exp.”) measured at 50 mm HAB 
in the C2H4 diffusion flame using EWs of 532 (a) and 1064 nm (b), as well as with the data collected with an EW of 1064 nm at 9 (c) and 15 mm HAB 
(d) in the CH4/O2/N2 premixed flat flame. The middle and light gray dashed curves, respectively referred to as “model 2” and “model 2*”, 
correspond to simulations performed using ρs of 1.86 and 2.26 g cm− 3, cs calculated based on Eq. (5) and taken equal to 1.90 J g− 1K− 1, together with 
the E(m) listed in the columns denoted “Model 2” and “Model 1” of Table 2, respectively.

Fig. 4. Theoretical evolution of the soot diameter (a and b) and mass (c and d) as a function of time for fluences of 0.088 J cm− 2 (a and c) and 
0.340 J cm− 2 (b and d) in the case of the CH4/O2/N2 premixed flat flame for a HAB of 15 mm. The middle and light gray dashed curves, referred to 
as “model 2” and “model 2*”, correspond to simulations performed using ρs of 1.86 and 2.26 g cm− 3, cs calculated based on Eq. (5) and taken equal 
to 1.90 J g− 1K− 1 together with the E(m) listed in the columns denoted “Model 2” and “Model 1” of Table 2, respectively. Note also that the gray areas 
in each figure represent the temporal profile of the laser pulses used by Bejaoui et al. (2015).
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the higher soot temperatures predicted by model 2 (see Figs. 5, 6c and 6d), hence contributing to ultimately obtaining fluence curves 
quite similar, whether using model 1 or 2. When analyzing in further detail the results depicted in Fig. 6a and b, one can note that the 
temporal profiles of the different energy transfer rates are comparable to those previously reported by Michelsen et al. (2007) and 
Lemaire & Mobtil (2015), who implemented similar standard model formulations. The curves plotted in Fig. 6 especially show that the 
increase of the soot temperature (Fig. 6c and d) during the laser pulse duration is predominantly determined by the absorptive-heating 
flux (see Fig. 6a and b), which is directly correlated with E(m), as per Eqs. (9) and (10). Furthermore, and as can be seen in Fig. 6a, the 
peak of the absorption rate is two orders of magnitude higher than that of the other fluxes in the low fluence regime. Alternatively, the 
curves plotted for a fluence of 0.340 J cm− 2 show that Q̇abs mainly controls the LII process during the first 12 ns following the beginning 
of the laser pulse, whereupon Q̇sub becomes predominant. As a result of this competition between absorption and sublimation rates, the 
peak soot temperature in Fig. 6d is reached sooner than that in Fig. 6c. While being consistent with the simulation results previously 
reported by Lemaire & Mobtil (2015), this observation also agrees with the trend commonly reported in the literature indicating that 
the higher the fluence, the sooner the peak of the LII signal is reached (Schulz et al., 2006). As far as soot cooling is concerned, it is 
mainly controlled by conduction at low fluence, as shown in Fig. 6a. On the other hand, Q̇sub prevails for the time comprised between 
⁓12 ns and ⁓38 ns in Fig. 6b, while Q̇cond predominantly drives the cooling rate afterward. These observations therefore suggest that 
the mass and thermal accommodation coefficients (αM and αT) embedded within Q̇sub and Q̇cond, respectively (see sections 4.1.3 and 
4.1.5), will be key parameters to consider for the modeling of the LII time decays, as will be discussed in section 5.1.2. Regarding the 

Fig. 5. Comparison of peak soot temperature profiles simulated using models 1 and 2 with experimental results (referred to as “exp.”) measured at 
50 mm HAB in the C2H4 diffusion flame using EWs of 532 (a) and 1064 nm (b), as well as with the data collected with an EW of 1064 nm at 9 (c) and 
15 mm HAB (d) in the CH4/O2/N2 premixed flat flame. The dark and light gray dashed curves, referred to as “model 2” and “model 2*”, correspond 
to simulations performed using ρs of 1.86 and 2.26 g cm− 3, cs calculated based on Eq. (5) and taken equal to 1.90 J g− 1K− 1 together with the E(m)

listed in the columns denoted “Model 2” and “Model 1” of Table 2, respectively.

Fig. 6. Temporal evolution of the energy transfer rates (a and b) and soot temperature (c and d) computed using models 1 (black curves) and 2 
(gray curves) for fluences of 0.088 J cm− 2 (a and c) and 0.340 J cm− 2 (b and d) in the case of the CH4/O2/N2 premixed flat flame for a HAB of 15 
mm. Note that the gray areas in each figure denote the temporal profiles of the laser pulses used by Bejaoui et al. (2015).
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radiation rate, it is significantly lower than the other energy fluxes at both low and high fluences. It is thus expected to contribute 
negligibly to particle heat loss during LII, hence explaining why it is often neglected in modeling studies dealing with atmospheric 
flames (see Table A1). As for the heating stage, the parameters of interest (apart from the soot absorption function, whose relative 
impact on LII fluence curves has already been assessed above) comprise the values and/or empirical expressions used to represent the 
soot density and heat capacity, as well as the formulation of the equation used to compute the change of the particle internal energy. A 
sensitivity analysis dealing with these factors will therefore be conducted below to gain insights into how they may influence the LII 
fluence curves computed by means of models 1 and 2. To that end, different expressions of ρs, cs and dUint/dt from the literature will be 
tested to assess their relative impact on the E(m) inferred by minimizing the least square sum between experimental and numerical 
fluence curves.

As far as the soot density and heat capacity are concerned, constant values of 2.26 g cm− 3 and 1.90 J g− 1⋅K− 1 issued from the work 
of Melton (1984) were first considered. Secondly, a ρs of 1.86 g cm− 3, together with the temperature-dependent expression of cs 
depicted in Eq. (5), was considered, as suggested by Kock et al. (2006), and used by Hofmann, Kock, & Schulz (2007). Eqs. (6) and (7), 
issued from the work of Michelsen (2003), were then implemented to compute ρs and cs, in addition to Eqs. (35) and (36) recently 
proposed by the same author (Michelsen, 2021). 

ρs =
ωc ⋅ C/H + ωH

C/H + 1
×

1
5.91 ⋅

[
1 + 2.163 × 10− 5 ⋅

(
Tp − 298.15

)]3 (35) 

cs =
1.70 × 105 ⋅ T2.07

p

1 +

(
Tp

423.44

)2.07 +0.12 ⋅ exp
[
−
(
Tp − 149

)

87.4

]2

×
(C/H + 1) ⋅

{
5.91 ⋅

[
1 + 2.163 × 10− 5 ⋅

(
Tp − 298.15

)]3
}

ωc ⋅ C/H + ωH
(36) 

As can be seen, the last two expressions consider not only the effect of the temperature on the soot density and heat capacity, but also 
the maturation level of the particles through the carbon-to-hydrogen ratio (denoted C/H in Eqs. (35) and (36)), whose value was set to 
2, 8 and 20 herein in order to simulate the behavior of incipient and more mature particles (Michelsen, 2021). Obtained results are 
reported in Table 3, which lists the E(m) values allowing to obtain the best fit between measured and predicted fluence curves in the 
low-to-intermediate fluence range for each set of density and heat capacity values and/or expressions. One can then note that using the 
ρs and cs issued from the work of Kock et al. (2006) instead of the constant values from Melton (1984) leads to a mean decrease of 10.0 
% of the E(m) inferred using model 1. This trend can be explained by the fact that the product of ρs and cs is typically lower when 
considering the parameterization proposed by Kock et al. (2006) on the range of temperatures corresponding to the increasing section 
of the fluence curves (see Fig. 7). The peak soot temperatures (and in turn the peak LII signals) computed by means of model 1 in the 
low-to-intermediate fluence regime indeed depend on the E(m)/(ρs ⋅cs) ratio, as explained above. Obtaining identical LII responses 
whether considering the ρs and cs from Kock et al. (2006) or Melton (1984) therefore requires lowering the E(m) values when per
forming the calculations with the density and heat capacity taken from Kock et al. (2006) in order to obtain E(m)/(ρs ⋅cs) ratios similar 
to those derived from the implementation of the parameters proposed by Melton (1984). Conversely, the product of ρs and cs is higher 
when using the empirical expressions proposed by Michelsen (2003) (Eq. (6) and (7)) and Michelsen (2021) (Eq. (35) and (36)) instead 
of the values issued from Melton (1984) (see Fig. 7). As a result, soot absorption functions between 6.5 and 7.5 % higher on average are 

Table 3 
Comparison of E(m) values allowing to obtain the best fit between measured and computed results when implementing models 1 and 2 to simulate the 
data collected by Goulay et al. (2013) and Bejaoui et al. (2015) while using different values and/or empirical expressions from the literature to 
represent ρs and cs. Note that when the inferred E(m) deviate by more than 15 % from the extended range of plausible values reported by Liu et al. 
(2020) (i.e., between 0.29 and 0.52), only an “out-of-bounds” mention (denoted ‘OOB’) is provided.

Flame EW/HAB Model 1/Model 2 (Relative difference Model 2 vs. Model 1 (%))

ρs = 2.26 g cm− 3 cs = 1.90 J 
g− 1K− 1

ρs = 1.86 g cm− 3 cs = Eq. (5) ρs = Eq. (6) cs = Eq. (7) ρs = Eq. (35) cs = Eq. (36)

C2H4 (Goulay et al., 2013) 532 nm/50 mm 0.46/0.47 (+2.2 %) 0.41/0.49 (+19.5 %) 0.49/0.59 (+20.4 %) 0.49 † (1)/OOB 
(− )

1064 nm/50 mm 0.53/0.54 (+1.9 %) 0.48/0.57 (+18.8 %) 0.57/OOB (− ) 0.57 † (2)/OOB 
(− )

CH4/O2/N2 (Bejaoui et al., 
2015)

1064 nm/9 mm 0.29/0.29 (~0 %) 0.26/0.32 (+23.1 %) 0.31/0.37 (+19.4 %) 0.31 † (3)/0.40 † (4) 

(+29.0 %)
1064 nm/15 mm 0.43/0.44 (+2.3 %) 0.39/0.46 (+17.9 %) 0.46/0.54 (+17.4 %) 0.46 † (5)/0.58 † (6) 

(+26.1 %)

† Mean value computed considering different C/H ratios/
(1) Values comprised between 0.488 and 0.493 as a function of the C/H ratio/
(2) Values comprised between 0.567 and 0.573 as a function of the C/H ratio/
(3) Values comprised between 0.312 and 0.314 as a function of the C/H ratio/
(4) Values comprised between 0.402 and 0.403 as a function of the C/H ratio/
(5) Values comprised between 0.456 and 0.459 as a function of the C/H ratio/
(6) Values comprised between 0.581 and 0.582 as a function of the C/H ratio.
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inferred when selecting the parameterized equations from Michelsen (2003, 2021) as depicted in Table 3. Since the cs values calculated 
by means of Eq. (5) or (7) only diverge by ⁓1 % on average for temperatures going from 1500 to 4500 K, as illustrated in Michelsen 
et al. (2007), comparing the results reported in the fourth and fifth columns of Table 3 thus allows assessing the relative impact of the 
values taken by the soot density on the so inferred soot absorption functions. Obtained data then show that implementing the empirical 
expression from Michelsen (2003) instead of the constant value taken from Kock et al. (2006) induces an increase of 18.9 % on average 
of the E(m) estimated by means of model 1. On the other hand, using the equations recently proposed by Michelsen (2021) for ρs and cs 
instead of those previously suggested in Michelsen (2003) does not induce any significant deviation in obtained results, as demon
strated by the relative difference between the soot absorption functions reported in the fifth and sixth columns of Table 3. Note also 
that increasing the C/H ratio from 2 to 20 in Eqs. (35) and (36) induces relatively minor variations (less than 0.6 % on average) in the 
inferred E(m) values, hence explaining why solely mean data were reported in the sixth column of Table 3. As far as model 2 is 
concerned, the estimated soot absorption functions are found to increase by 6.2 %, 25.3 % and more than 30 % on average, when 
considering the soot density and heat capacity proposed by Kock et al. (2006), Michelsen (2003) and Michelsen (2021), respectively, 
instead of the values taken from Melton (1984). As previously explained, the inclusion of the Tp⋅ dcs/d Tp term in Eq. (4), whose value 
becomes non-zero when using temperature-dependent expressions for cs, contributes to enhancing the soot internal energy computed 
by model 2. As a consequence, higher E(m) values have to be set to increase Q̇abs and fulfil the energy balance depicted in Eq. (1). 
Reiterating that the soot absorption function must be comprised between 0.29 and 0.52, and more probably between 0.35 and 0.45 
according to Liu et al. (2020), one can conclude that only the ρs and cs taken from Melton (1984) and Kock et al. (2006) seem to be 
adapted when being used in conjunction with model 1. As for model 2, suitable E(m) values can be inferred solely when using the 
constant ρs and cs proposed by Melton (1984). Concerning the empirical expressions proposed by Michelsen (2003, 2021), their use 
leads to soot absorption functions falling outside of the range of values recommended by Liu et al. (2020) for mature soot, especially 
when model 2 is used. Before drawing any conclusion regarding the validity of these correlations, one should, however, note that 
inferring information on the evolution of soot properties using simplified LII models must be done with caution. As explained in 
Lemaire & Menanteau (2023a), more comprehensive heat and mass balance equations incorporating advanced sub-model formula
tions together with additional physical processes (such as internal multiple scattering (MS) within soot aggregates) are indeed a must if 
consistent information on soot optical properties is to be derived. To illustrate how MS may influence the E(m) assessment, additional 
calculations were performed while integrating the corrective factor from Yon et al. (2014, 2015) within the expression of the soot 
absorption cross-section embedded in model 1 (see Eq. (10)) so that: 

Cabs,s =Ntot ⋅ (1 − Xa) ⋅
π2 ⋅Dp

3

λl
⋅ E(m) ⋅ hλ,Np ⋅ p

(
Np

)
(37) 

with Ntot being the aggregate number density, hλ,Np the MS corrective factor whose calculation procedure is notably detailed in Lemaire 
& Menanteau (2021) and p(Np) the probability density function of the aggregate size. Obtained results (not detailed, for brevity) then 
showed that considering MS allows to reduce the E(m) reported in the sixth column of Table 3 by ⁓12 % on average, thus leading to 
values falling below the upper limit of 0.52 (Liu et al., 2021). As can be seen from Table 3, higher soot absorption functions are 
systemically inferred when using model 2 instead of model 1 (see the relative differences reported in brackets). This trend actually 
stems from the formulation of the rate of change of the particle internal energy. More specifically, the fact that E(m) that are 1.6 % 
higher on average are estimated when using model 2 instead of model 1 while setting ρs and cs to 2.26 g cm− 3 and 1.90 J g− 1⋅K− 1 is due 
to the introduction of the cs ⋅ Tp ⋅ dMp /dt source term in Eq. (4), as previously noted. The so-observed discrepancies remain moderate, 

Fig. 7. Evolution of the product of ρs and cs as a function of the temperature when considering the values and/or empirical expressions proposed by 
Melton (1984), Kock et al. (2006) and Michelsen (2003, 2021) to represent soot density and heat capacity.
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however, since the Tp⋅ dcs/d Tp term of Eq. (4) is zero when the heat capacity is constant. Alternatively, using temperature-dependent 
expressions for cs (as is the case in the fourth, fifth and sixth columns of Table 3) induces significant increases of the inferred E(m) when 
model 2 is implemented instead of model 1. Here again, and as previously explained, this trend ensues from the introduction of the Tp⋅  
dcs/d Tp term in Eq. (4), which contributes to increasing the soot internal energy. Actually, there has been some debate in the LII 
community about which formulation of the rate of soot internal energy change should be considered (Michelsen et al., 2007). The 
validity of different expressions, including those proposed by Hiers (1997, 2000) and Hofmann, Kock, & Schulz (2007), was notably 
discussed by Liu & Snelling (2007), who derived the unsteady-state energy conservation equation of small particles based on the first 
law of thermodynamics applied to an open system. Doing so led the authors to conclude that the expressions suggested by Hiers (1997, 
2000) and Hofmann, Kock, & Schulz (2007) were incorrect due to the introduction of a nonphysical source term in the energy equation 
leading to physically erroneous peak particle temperatures at high laser fluences, as also observed herein. Michelsen et al. (2008)
subsequently supported this conclusion and proposed an alternative formulation (see Eq. (38)) integrating an extra term accounting for 
the loss of some ability to store sensible heat when the mass of soot particles is reduced. 

dUint

dt
=Np ⋅ Mp ⋅ cs ⋅

dTp

dt
+Np ⋅

[∫ T

Tref

cs(T)dT

]

⋅
dMp

dt
(38) 

That same year, Hiers (2008) showed that a rigorous control volume approach yields to Eq. (39) (where up stands for the specific 
particle internal energy), which should be considered as the appropriate equation to represent the rate of change of the internal energy 
of a particle undergoing processes relevant to LII. 

dUint

dt
=Np ⋅ Mp ⋅ cs ⋅

dTp

dt
+ Np ⋅ up ⋅

dMp

dt
(39) 

When implementing this relation (which is fundamentally identical to Eq. (38)), the extra term on the right-hand side is, however, 
cancelled in the energy balance from Eq. (1) by extra terms introduced in similar expansions of terms embedded within the sublimation 
and/or oxidation fluxes (Michelsen et al., 2015). Consequently, using Eq. (38) or (39) turns out to be equivalent to implementing Eq. 
(3). For completeness, we still made additional calculations to assess the relative impact of the formulation of the rate of soot internal 
energy change on the E(m) estimated by modeling. To that end, simulations were performed by integrating either Eq. (3) or (4) in 
model 2. Obtained results then showed that the implementation of the dUint/dt expression from Hofmann, Kock, & Schulz (2007)
instead of the one taken from Melton (1984) leads to an overestimation of the soot absorption functions derived from the analysis of the 
signals collected in both the C2H4 and CH4/O2/N2 flames by 17.0 % ± 1.0 % on average. While showing that the expression considered 
in computing the internal energy variation rate is quite critical, the above analysis also corroborated the conclusions drawn by Liu & 
Snelling (2007) regarding the fact that the selection of Eq. (4) leads to the introduction of a nonphysical source term in the energy 
equation, which may result in erroneous evaluations of the soot temperatures and E(m). Although the model formulation proposed by 
Hofmann, Kock, & Schulz (2007) can still be considered as acceptable when calculations are performed in the low fluence regime (cs⋅ 
Tp ⋅ dMp /dt→ 0) and with a constant cs (Tp⋅ dcs/d Tp = 0), simulation results derived from its use in other conditions must, however, 
be addressed with caution, thus explaining why the focus will be more specifically on model 1 in section 5.1.2.

Fig. 8. Comparison of LII time decays simulated using model 1 with their experimental counterparts (referred to as “exp.”) measured at 50 mm HAB 
in the C2H4 diffusion flame with EWs of 532 ((a), (b), (c) and (d)) and 1064 nm ((e), (f), (g) and (h)) and fluences of 0.040 J cm− 2 (a), 0.069 J cm− 2 

(b), 0.100 J cm− 2 (c), 0.124 J cm− 2 (d), 0.088 J cm− 2 (e), 0.146 J cm− 2 (f), 0.194 J cm− 2 (g) and 0.268 J cm− 2 (h). Calculations were performed by 
setting the E(m) to 0.46 and 0.53 at 532 and 1064 nm, respectively, while αT was parameterized as detailed in the legend of (a), which also applies 
to the other subfigures. Note that the insets correspond to a zoom-in on the time domain extending from 100 to 300 ns to better highlight the effect 
of αT on simulated LII time decays.
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5.1.2. Comparison of measured LII time decays with modeled ones and sensitivity analysis dealing with the effect of radiation as well as with 
the values taken by the thermal and mass accommodation coefficients

LII time decays computed with model 1 while using different thermal accommodation coefficients are compared with their 
experimental counterparts in Figs. 8 and 9 for the C2H4 and CH4/O2/N2 flames, respectively. Of note, calculations were performed 
using the E(m) previously estimated in section 5.1.1 (i.e., those allowing to obtain the best match between measured and simulated 
fluence curves below the sublimation threshold). Concerning αT, it was set to the values listed in the legends of Figs. 8 and 9 based on 
the range of thermal accommodation coefficients considered in the comparison analysis by Michelsen et al. (2007). This includes 
values between 0.23 (as estimated by Kuhlmann and Will (2005) or Liu, Snelling, & Smallwood (2005)) and 0.90 (according to the αT 
used in the early work by Melton (1984)). Furthermore, we also implemented the expression proposed by Michelsen (2009) to compute 
a surface-temperature and gas-temperature-dependent global accommodation coefficient as per Eq. (40): 

αT =
[
0.28 − 3.23× 10− 5 ⋅ Tp +0.80 ⋅ exp

(
− 1.53×10− 3 ⋅ Tp

)]
⋅
(
0.175+5×10− 4 ⋅ Tg

)
(40) 

As can be seen from the curves depicted in Fig. 8, model 1 fails to capture the LII time decays measured in the C2H4 flame regardless of 
the αT considered. It indeed overestimates soot cooling, as evidenced by the fact that the theoretical signals systematically underes
timate their experimental counterparts after the peak of the LII emission, which is assessed a few ns after the first photons of the laser 
are emitted. Furthermore, it is noteworthy that simulated time decays are significantly shorter than measured ones even when 
selecting a relatively low αT of 0.23, noting that values ≥ 0.28 are more commonly considered in common LII models (Michelsen et al., 
2007). The inability of model 1 to properly simulate the data from Goulay et al. (2013) is, however, consistent with the conclusions 
from Mansmann et al. (2018) who also implemented a Melton-based model while concluding that further data on this particular flame 
would be required to help distinguish whether the discrepancies observed between measured and simulated results are dependent on 
the specific experiment or on the implemented modeling tool. As for the simulation of the time decays collected at 9 mm HAB in the 
CH4/O2/N2 flame, the curves from Fig. 9 show that modeled signals overestimate measured ones at low fluence (see Fig. 9a), except 
when the thermal accommodation coefficient is set to an unrealistically high value of 0.9, which is more likely to be adapted for soot at 
room temperature exhibiting a disordered surface fine structure (Michelsen et al., 2015). Alternatively, adjusting the thermal ac
commodation coefficient between 0.37 and 0.50 allows to satisfactorily reproduce the experimental data for fluences of 0.169 J cm− 2 

(see Fig. 9b) and 0.217 J cm− 2 (see Fig. 9c). Finally, and as illustrated by the plots of Fig. 9d, mimicking the LII time decay detected for 
a fluence of 0.284 J cm− 2 can be roughly achieved (especially for t > 100 ns) when using a αT of 0.23. Concerning the results obtained 
for a HAB of 15 mm, Fig. 9e–h shows that computing theoretical time decays matching measured ones requires setting the thermal 
accommodation coefficient to 0.37 for a fluence of 0.088 J cm− 2 (Fig. 9e) versus a value comprised between 0.23 and 0.37 at 0.138 J 
cm− 2 (Fig. 9f). For a fluence of 0.186 J cm− 2 (see Fig. 9g), one has to adjust the αT to 0.23 to derive signals which roughly approximate 
their experimental counterparts (especially for t > 200 ns). None of the tested thermal accommodation coefficient, however, allows 
obtaining a good agreement between simulated and measured data for higher fluences, as exemplified by the curves plotted in Fig. 9h, 
which show that the cooling process is consistently overpredicted by the model, regardless of the αT. Notwithstanding the inability of 
model 1 to reproduce the experimental data depicted in Fig. 9a and h, one can still note that the αT identified as being the best suited to 
mimic the signals measured for intermediate fluences (i.e., between ⁓0.1 and ⁓0.2 J cm− 2) are consistent with the plausible range of 
αT reported in the literature. A brief overview of past studies undertaken to evaluate this parameter indeed shows that its value 
typically spans a range of ⁓0.2 to ⁓0.5, comprising the above-cited value of 0.23 issued from the works of Kuhlmann and Will (2005)

Fig. 9. Comparison of LII time decays simulated using model 1 with their experimental counterparts (referred to as “exp.”) measured at 9 ((a), (b), 
(c) and (d)) and 15 mm HAB ((e), (f), (g) and (h)) in the CH4/O2/N2 premixed flat flame with fluences of 0.089 J cm− 2 (a), 0.169 J cm− 2 (b), 0.217 
J cm− 2 (c), 0.284 J cm− 2 (d), 0.088 J cm− 2 (e), 0.138 J cm− 2 (f), 0.186 J cm− 2 (g) and 0.234 J cm− 2 (h). Calculations were performed by setting the 
E(m) to 0.29 and 0.43 at 9 and 15 mm HAB, respectively, while αT was parameterized as detailed in the legend of (a), which also applies to the other 
subfigures. Note that the insets correspond to a zoom-in on the time domain extending from 100 to 300 ns to better highlight the effect of αT on 
simulated LII time decays.
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and Liu, Snelling, & Smallwood (2005). Prior to that, Leroy et al. (1997) proposed a αT of 0.26 from measurements of N2 scattered from 
graphite. Kuhlmann, Reimann, & Will (2006) later investigated the heat transfer behavior of a variety of carbon black samples under 
conditions relevant for LII and derived an extrapolated physical accommodation coefficient for isolated particles of 0.43 and an 
effective accommodation coefficient of 0.25, which was considered as adequately describing the “average” heat transfer behavior of 
the tested particles. In a subsequent LII modeling study, Snelling et al. (2009) estimated that αT varies somewhat with the soot 
temperature in the 0.36 to 0.46 range. Higher values close to 0.50 were, moreover, also estimated by Häger et al. (1997) based on 
measurements of NO scattered from graphite surfaces, as well as by Eremin et al. (2006) or Menanteau & Lemaire (2020), through the 
modeling of time-resolved LII signals. Although the αT values in common use in LII models more particularly span the relatively narrow 
range of 0.23–0.37 (Michelsen et al., 2007), the thermal accommodation coefficients inferred herein when modeling the data from 
Bejaoui et al. (2015) still agree with the limit values of ⁓0.2 and ⁓0.5 identified above, based on a brief review of the literature. A 
more detailed analysis of the results depicted in Fig. 9, moreover, tends to suggest that the thermal accommodation coefficient de
creases when the fluence (and hence the soot temperature) increases, which agrees with the conclusions drawn by Michelsen (2009)
based on state-to-state measurements of NO scattered from graphite surfaces, as a function of the surface temperature and incidence 
energy. The results we obtained further suggest that the lower the ambient gas temperature, the lower the thermal accommodation 
coefficient as observed when comparing the αT inferred at 9 and 15 mm HAB, for which Tg values of 1835 ± 100 K and 1542 ± 100 K 
were estimated by Bejaoui et al. (2015) (see section 3). Here again, this trend agrees with the surface scattering measurements from 
Michelsen (2009), but with the conclusions from Daun (2009) and the observations from Bladh et al. (2011a) as well. That being said, 
and although Eq. (40) proposed by Michelsen (2009) takes into account the surface-temperature and gas-temperature-dependencies of 
the thermal accommodation coefficient, its use, however, leads to unsatisfactory results, as illustrated in Fig. 9. The soot cooling is 
indeed underpredicted at low and intermediate fluences when calculating αT from Eq. (40), while the contrary is observed for higher 
fluences, as exemplified by the black dot-dash curves plotted in Fig. 9. In an attempt to derive an alternative temperature-dependent 
expression whose use would allow inferring αT values more suitable for properly simulating the data from Bejaoui et al. (2015), we 
implemented an optimization procedure based on the use of a genetic algorithm-based solver (the ga function of MATLAB® 
(MathWorks, 2013)), as was previously done in Lemaire & Menanteau (2021, 2023a). Actually, this procedure was intended to derive 
empirical coefficients whose use in a polynomial equation involving Tp and Tg would lead to αT allowing to minimize an objective 
function built upon the sum of the least square errors between 100 equidistant samples issued from the decreasing section of simulated 
and measured LII time decays for fluences between ⁓0.09 and ⁓0.25 J cm− 2 and HAB of 9 and 15 mm HAB in the CH4/O2/N2 flame. 
In doing so, we derived the following relation valid for Tg and Tp comprised in the ⁓1500-⁓1800 K and ⁓1900-⁓4000 K ranges, 
respectively, based on the temperatures characterizing the data processed to perform the optimization: 

αT =
(
− 1.916 − 1.588×10− 3 ⋅ Tp +4.463× 10− 7⋅T2

p

)
⋅
(

4.609×10− 1 − 4.012×10− 4 ⋅ Tg +2.010× 10− 8⋅T2
g

)
(41) 

The results obtained while using Eq. (41) are plotted using full gray lines in Fig. 9. One can then see that although the model pre
dictions keep overestimating the soot cooling at high fluences (especially above ⁓0.20 J cm− 2), the agreement between simulated and 
experimentally monitored time decays is significantly improved for fluences below ⁓0.15 J cm− 2 (see Fig. 9a, b, e and f). Although 
this is somewhat encouraging, caution should nonetheless be exercised when drawing clear-cut conclusions regarding the validity of 
Eq. (41). The optimization work we did indeed does not claim to infer a αT formulation that should be considered as universally valid, 
especially since the proposed fitting procedure was conducted based on a relatively small sample of LII signals collected within the 
same flame, hence making the validity domain of the correlation depicted in Eq. (41) quite narrow. Furthermore, uncertainties 
associated with the potential temperature dependence of αT are considerable in the literature. In fact, while some works concluded that 
the thermal accommodation depends on Tp (Michelsen, 2009), the contrary was alternatively reported in other studies, including the 
one by Daun (2009) who estimated that αT may be modeled as constant since laser-heated particles cool back to Tg. Furthermore, a lack 
of consistent experimental data also makes it difficult to properly assess the evolution of αT as a function of Tg, hence explaining why a 
majority of LII modelers consider constant thermal accommodation coefficients when performing their calculations (Michelsen et al., 
2007). Finally, it is fundamental to emphasize that even though inferring αT values by means of LII modeling is quite common (Maffi 
et al., 2011; Menanteau & Lemaire, 2020; Snelling et al., 2009), this type of procedure implicitly assumes that the model implemented 
is accurate and that there are no ill-defined factors likely to influence simulated signals. The fact, however, is that there are various 
phenomena which, when neglected, may lead to significant biases in computed LII decay rates. This notably includes the so-called 
shielding effect (SE) resulting from the presence of several primary particles within aggregates (Snelling et al., 2004). As demon
strated by Kuhlmann, Reimann, & Will (2006) or Menanteau & Lemaire (2020) as examples, taking into account soot aggregate 
properties may indeed drastically impact the values of the thermal accommodation coefficient evaluated by inverse calculations. 
Although we examined in detail the influence of the shielding effect on the modeling of the rate of energy loss by conduction in 
Menanteau & Lemaire (2020), we still performed additional calculations by suppressing Np in Eq. (25) while replacing Dp with the 
equivalent heat conduction diameter (DHC) proposed by Liu et al. (2006a): 

DHC =

⎧
⎪⎨

⎪⎩

Dp , if Np = 1

Dp ⋅
(

Np

kh

)1
/Dh

, if Np > 1
(42) 

with kh and Dh being scaling factors whose expressions are provided in Appendix 2. As can be seen by looking at the gray curves 
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denoted SE in Figs. 8 and 9, which were obtained by setting αT to values of 0.23 and 0.37 as examples, integrating the shielding effect 
leads to the obtention of time decays which are longer than those computed using the same thermal accommodation coefficients, but 
while neglecting SE. This trend is actually consistent with the effect of the shielding process, which tends to reduce the rate of energy 
dissipation by conduction per primary particle contained in the aggregates as compared to the conduction flux calculated when 
neglecting this phenomenon. As a result, integrating the SE in the modeling of the conduction flux to compute time decays matching 
their counterparts issued from calculations performed while neglecting this process requires increasing the values of the thermal 
accommodation coefficient. For instance, αT should be set to 0.30 to obtain LII time decays in the ethylene flame matching those 
computed when neglecting the SE, and considering an αT of 0.23 (corresponding curves not plotted in the graphs for clarity due to 
superimposition issues). Similarly, to simulate the data acquired at 9 mm HAB in the methane flame with intermediate fluences, the 
thermal accommodation coefficient should be increased to values ranging from 0.44 to 0.62 when considering SE versus values be
tween 0.37 and 0.50 when neglecting it. At 15 mm HAB in the same flame, αT needs to be set to values going from 0.27 to 0.48 for 
fluences ranging from 0.088 to 0.186 J cm− 2 instead of values between 0.23 and 0.37 when neglecting the SE. Since for a given 
conductive cooling rate, integrating the shielding effect intrinsically leads to inferring higher αT values as exemplified above, thermal 
accommodation coefficients falling outside of the classical range of values (i.e., between ⁓0.2 to ⁓0.5) can thus be assessed, as is the 
case at 9 mm HAB in the methane flame, where a αT > 0.9 should be considered for a fluence of 0.088 J cm− 2. To conclude this short 
discussion on the shielding effect, the above results clearly showed that this phenomenon is likely to significantly influence the 
modeling of LII time decays, as previously illustrated in Menanteau & Lemaire (2020). Considering an equivalent heat conduction 
diameter in the calculation of the conduction flux is, however, not sufficient to explain the discrepancies observed between measured 
and simulated data in Figs. 8 and 9. Considering the SE, moreover, does not truly help to improve the agreement between experimental 
and computed results herein since high thermal accommodation coefficients, likely to fall outside of the range of values commonly 
considered in the literature, must be set in this case. Nevertheless, and in addition to the effect of SE, phenomena such as soot annealing 
and oxidation (Michelsen, 2003), which are often neglected in LII models (see Table A1), can also influence the signal decay rates, thus 
making it challenging to derive physically meaningful αT from the simulation of pulsed-LII-temporal profiles. Since the equations 
representing the above-listed phenomena (i.e., shielding, annealing and oxidation, among others) are not embedded within the initial 
formulation of model 1, Eq. (42) may thus have integrated the effect of these complementary processes through the fitting procedure 
between measured and simulated time decays. This is why it is reiterated that the calculations proposed above only aimed at providing 
insights into how to parameterize a standard model in order to improve its predictive ability under certain conditions. Furthermore, 
and since simulated LII time decays are strongly influenced by the formulation and/or parameterization of the different heat transfer 
sub-models implemented, the focus will be on the radiation and sublimation fluxes and on their relative impact on computed signals in 
the following. Doing so is especially relevant as the inability of model 1 to reproduce the data from Goulay et al. (2013) could indicate 
that a too-simplistic treatment of some cooling mechanisms, such as sublimation, is considered, as previously suggested in Lemaire & 
Mobtil (2015). Before that, we still compared in Fig. 10 the signals simulated by means of model 2, with the time decays measured at 
50 mm HAB in the C2H4 flame with an EW of 532 nm (data obtained at 1064 nm in the C2H4 and CH4/O2/N2 flames not reported for 
brevity). Actually, we did not expend too much effort on trying to reproduce the LII time decays measured by Goulay et al. (2013) and 
Bejaoui et al. (2015) with model 2 since we demonstrated in section 5.1.1 that the latter integrates an ill-adapted formulation of the 
rate of change of the particle internal energy. That being said, and while confirming the main trends previously highlighted with model 
1 as far as the effect of αT on the decay rates is concerned, the curves plotted in Fig. 10 also demonstrate that model 2 fails to reproduce 
measured signals, regardless of the selected thermal accommodation coefficient.

As far as the influence of Q̇rad on modeled LII time decays is concerned, it is quite low due to the marginal contribution of the 
radiation flux to the energy balance equation (see Fig. 6). This notably explains why Q̇rad is often neglected in LII models, as previously 
mentioned in section 5.1.1 and exemplified in Table A1. The actual effect of Q̇rad on computed signals has, however, seldom been 
quantified in modeling studies in which this flux is neglected. As a consequence, and in a bid to draw a clear-cut conclusion regarding 
the relative importance of the radiation flux, we estimated the mean relative deviation (MRD) between LII signals simulated with 
model 1 while considering or neglecting the radiation flux. To that end, simulations were conducted for each investigated EW and HAB 
of the C2H4 and CH4/O2/N2 flames while considering the different fluences reported in the captions of Figs. 8 and 9. For calculation 
purposes, the E(m) estimated in section 5.1.1 were considered together with the surface-temperature and gas-temperature-dependent 

Fig. 10. Comparison of LII time decays simulated using model 2 with their experimental counterparts (referred to as “exp.”) measured at 50 mm 
HAB in the C2H4 diffusion flame with an EW of 532 with fluences of 0.040 J cm− 2 (a), 0.069 J cm− 2 (b), 0.100 J cm− 2 (c), 0.124 J cm− 2 (d). 
Calculations were performed by setting the E(m) to 0.49, while αT was parameterized as detailed in the legend of (a), which also applies to the other 
subfigures. Note that the insets correspond to a zoom-in on the time domain extending from 100 to 300 ns to better highlight the effect of αT on 
simulated LII time decays.
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αT derived from Eq. (40) (similar trends being obtained regardless of the selected αT anyway, as verified by complementary calcu
lations not detailed herein). Finally, the differences between the time decays simulated considering or neglecting Q̇rad were estimated 
every ns for 0 ns < t < 500 ns, before being averaged. Doing so led to the conclusion that neglecting the radiation flux induces a mean 
relative deviation in simulated LII time decays of less than 1.5 %. It is further noteworthy that repeating the same procedure with 
model 2 led to a very similar result with an MRD of 1.6 %. Although not being completely negligible, these low deviations still confirm 
that the contribution of Q̇rad to heat loss is relatively limited in the conditions investigated herein (i.e., atmospheric flames). Caution 
should nonetheless be exercised when implementing standard model formulations with a view to evaluating the soot size by TiRe-LII. 
The non-inclusion of the radiation flux in this context can indeed induce non-negligible errors in the inferred soot diameters. To 
exemplify this statement, we simulated the LII time decay measured at 50 mm HAB in the C2H4 flame by means of model 1 while 
integrating or suppressing Q̇rad from the energy balance equation. The calculations were performed considering a fluence of 0.04 J 
cm− 2 and an EW of 532 nm, as these conditions were found to lead to the highest deviation between the theoretical signals computed 
with or without considering radiation (⁓3.1 % on average). In doing so, we found that Dp should be set to ⁓30.5 nm when neglecting 
Q̇rad to obtain a time decay identical to the one issued from the calculation performed while integrating the radiation flux and setting 
Dp to 33 nm as suggested by Goulay et al. (2013). This hence shows that suppressing the radiation flux from the energy balance 
equation may lead to an error of 7.6 % in the inferred soot diameter (as against 8.3 % when considering model 2). Although the least 
favorable conditions were considered in performing this test, the results obtained still show that deriving soot diameters from the 
implementation of simplified LII models in which Q̇rad is neglected should be done with caution (especially at low fluences), depending 
on the operating conditions.

Finally, the influence of the mass accommodation coefficient on LII fluence curves and time decays simulated by means of models 1 
and 2 is illustrated in Fig. 11. To obtain the plots reported therein, the αM was set to values comprised between 0.1 as done by Bejaoui 
et al. (2015), and 1, which corresponds to the value selected by Melton (1984) and Hofmann, Kock, & Schulz (2007). An intermediate 
αM of 0.50, notably considered by Hadef in Michelsen et al. (2007), was, moreover, also tested in addition to the default value of 0.8 
defined in section 4.1.3. Of note, only the results obtained for a HAB of 15 mm in the CH4/O2/N2 are depicted in Fig. 11 as an example. 
Similar trends can, however, be observed when processing the data obtained at 9 mm HAB in the same flame or at 50 mm HAB in the 
C2H4 flame. As can be seen from Fig. 11c and f, decreasing the mass accommodation coefficient while setting the E(m) to the values 
previously inferred in section 5.1.1 (i.e., ⁓0.43 for model 1 and ⁓0.46 for model 2) induces a reduction of the sublimation flux, which 
in turn leads to the computation of longer decay times. Although it would be beneficial to slightly improve the agreement between 
simulated and measured signals for 50 ns < t < 250 ns, the reduction of αM alternatively worsens the ability of the models to reproduce 
the experimental fluence curves at lower fluences, as exemplified in Fig. 11a and d. This notably explains why the peak of the LII 
signals are not correctly captured by the models in Fig. 11b and e when αM is set to 0.1. Properly mimicking the fluence dependence of 
the peak signals with model 1 then requires increasing the soot absorption function to 0.44 and 0.55 for αM of 0.5 and 0.1 versus 0.47 
and 0.53 when considering model 2. One can, however, note that the time decays computed while integrating these alternative soot 
absorption functions match the curves issued from calculations performed with a mass accommodation coefficient of 0.8 and E(m) of 
0.43 (see Fig. 11b and c) and 0.46 (see Fig. 11e and f). Reducing the αM value while adjusting the E(m) with a view to properly 
reproducing the increasing section of the fluence curves does not thus allow to improve the agreement between measured and 
simulated LII time decays. Doing so only leads to infer soot absorption functions ≥0.44, which is physically inconsistent as the E(m) of 

Fig. 11. Comparison of LII fluence curves ((a) and (d)) and time decays ((b), (c), (e) and (f)) simulated using models 1 ((a), (b) and (c)) and 2 ((d), 
(e) and (f)) with their experimental counterparts (referred to as “exp.”) measured at 15 mm HAB in the CH4/O2/N2 premixed flat flame. Fluences of 
0.138 J cm− 2 ((b) and (c)) and 0.234 J cm− 2 ((e) and (f)) were considered in plotting the LII time decays. Furthermore, calculations were carried out 
using E(m) values of 0.43 ((a), (b) and (c)) and 0.46 ((d), (e) and (f)), αT set to 0.37 and αM parameterized as detailed in the graph legends.

R. Lemaire and S. Menanteau                                                                                                                                                                                       Journal of Aerosol Science 192 (2026) 106716 

22 



freshly emitted and mature soot is expected to fall between 0.35 and 0.45 according to Liu et al. (2020) (see section 5.1.1). Finally, 
increasing the αM from 0.8 to 1 has a very limited impact on obtained results as can be seen by looking at the fluence curves and time 
decays plotted in dashed lines in Fig. 11. It nevertheless still allows to estimate somewhat lower E(m) of 0.42 and 0.45 for models 1 and 
2, respectively, although the agreement between measured and simulated peak soot temperature profiles is slightly worsened in this 
case due to an underprediction of Tp by the models (corresponding plots not reported for brevity).

5.1.3. Summary of highlighted trends and discussion
As illustrated above, standard LII models are relatively straightforward to implement as they integrate a relatively limited number 

of mechanisms representing heating by absorption and cooling by radiation, sublimation and conduction. In turn, their use only 
invovles defining a few input parameters, mainly including ρs, cs, E(m), αT and αM. This thus makes them “easy-to-tune” simulation 
tools for reproducing experimentally monitored LII signals. Furthermore, they can be easily refined by integrating corrective factors to 
account for the shielding effect (Snelling et al., 2004) and/or multiple scattering (MS) within aggregates (Yon et al., 2014, 2015), as 
examples. These attractive features particularly explain why this type of model formulation has been widely employed in the past 
decades, as illustrated in Table A1, noting that the open-source software proposed by Mansmann et al. (2018) (LIISim) is especially 
built upon standard heat transfer models from the literature. That said, the relatively poor predictive capability of standard models can 
be isolated as representing a major issue needing to be addressed. In this context, the results detailed in sections 5.1.1 and 5.1.2 mainly 
show that neither one of the model formulations tested was able to properly simulate the experimental datasets from Goulay et al. 
(2013) and Bejaoui et al. (2015) on extended ranges of operating conditions. More specifically, and although adequately reproducing 
the measured fluence curves in the low-to-intermediate fluence regime when being properly parameterized, models 1 and 2 still failed 
to simulate the fluence dependence of the peak LII signals above the sublimation threshold. Furthermore, the detailed sensitivity 
analyses proposed in the present work showed that none of the considered parameterizations truly allow to obtain modeled signals 
matching measured ones for fluences between 0 and 0.5 J cm− 2, which is in line with the conclusion previously drawn by Lemaire & 
Mobtil (2015), who used inverse techniques to analyze the predictive capability of a Melton-based model.

That being said, and in a more general perspective, it is noteworthy that the inability of standard models to properly simulate LII 
signals at relatively high fluences may prevent them from being used to gain insights into the effects of factors, such as the poly
dispersity of primary particles, for instance, on the variations observed when performing LII-assisted soot volume fraction measure
ments at high fluences. Actually, the underlying reason for the approximate proportionality between peak LII signals and soot volume 
fractions is that soot particles behave like volume absorbers and emitters. As a consequence, if all the particles reach the maximum 
signal for the same peak temperature (corresponding to the sublimation point), the peak signal will then correlate with the volume of 
the particles. This notably explains why high laser fluences (for which pulsed-LII signals appear independent of the laser fluence) are 
often used to assess soot volume fractions in practical combustion media (Michelsen et al., 2015), although the implementation of the 
low-fluence auto-compensating approach proposed by Snelling et al. (2005) can still be regarded as a more convenient option. That 
said, the inability of standard models to capture the physics at play during LII measurements carried out at high fluences thus rep
resents a limitation when information on soot is to be derived from the modeling of LII signals collected using operating conditions 
typically set for soot volume fraction assessment in practical situations where laser attenuation is substantial and/or difficult to assess 
due to strong spatial fluctuations of the soot distribution. On the other hand, the models tested in the present comparison analysis were 
found to correctly reproduce measured fluence curves below the sublimation threshold. This can thus be of interest for TiRe-LII ap
plications for which low fluences are preferable to avoid the complications of sublimation and large changes in particle size during the 
laser pulse. Nevertheless, and here again, predicted time decays significantly diverging from their experimental counterparts were 
computed, especially in the case of the C2H4 flame. The implementation of an optimization procedure aimed at reducing the least 
square error between the time decays measured in the CH4/O2/N2 flame and the predictions from model 1 still led to infer a 
surface-temperature and gas-temperature-dependent expression of αT (see Eq. (41)) whose use allowed to improve the agreement 
between theoretical and experimental signals for fluences between ⁓0.1 and ⁓0.2 J cm− 2. It is, however, reiterated that such a 
procedure should be considered with caution as it intrinsically treats the thermal accommodation coefficient as a free-floating cali
bration parameter somewhat detached from its original physical meaning. Furthermore, the validity of Eq. (41) may have been biased 
by the too-simplistic treatment of some cooling mechanisms (e.g., sublimation) as well as by the existence of ill-defined factors likely to 
influence simulated signals. As for model 2, which globally behaves similarly to model 1 at low fluences, the incorrect formulation of 
the rate of soot internal energy change proposed by Hofmann, Kock, & Schulz (2007) induces physically erroneous peak particle 
temperatures at high laser fluences, thus showing why this model should be definitively avoided. Finally, no specific recommendation 
regarding the values and/or expressions of ρs and cs which ought to be preferentially considered truly emerged from the results re
ported in section 5.1.1. Actually, E(m) values globally in line with the extended range of plausible values given in Liu et al. (2020) were 
obtained whether implementing the soot density and heat capacity proposed by Melton (1984), Kock et al. (2006) or by Michelsen 
(2003, 2021) in model 1. Although higher soot absorption functions were derived from the use of the temperature-dependent ex
pressions proposed by Michelsen (2003, 2021), the integration of the MS corrective factor from Yon et al. (2014, 2015) in Q̇abs allowed 
reducing the inferred E(m) below the upper limit of 0.52 reported by Liu et al. (2020). This thus suggests that it would be beneficial to 
explore a more refined treatment of the processes at play during LII (as will be done in section 5.2) to avoid inferring potentially 
erroneous soot properties.
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5.2. Analysis of results obtained with refined model formulations

5.2.1. Comparison of measured LII fluence curves with modeled ones and sensitivity analysis dealing with the values taken by physical 
parameters driving the absorption, annealing, photodesorption and thermionic emission processes

Fig. 12 compares a series of measured fluence curves with theoretical ones issued from the implementation of model 3. Note that 
Eq. (29) was selected to compute the oxidation flux (a sensitivity analysis dealing with the influence of this term on modeled signals 
being proposed in section 5.2.2) while αT was taken equal to 0.37 as was done in section 5.1.1. It is indeed reiterated that hypotheses 
regarding cooling mechanisms such as conduction are not of concern at this stage since the peak LII signals fundamentally depend on 
fluxes whose influence is significant at the very beginning of the LII process (i.e., essentially during the laser pulse duration), which is 
not the case with Q̇cond or Q̇ox. As for the parameters influencing fluence curves, they mainly comprise the soot absorption functions of 
unannealed and annealed soot fractions (E(m) and Ea(m), set to 0.286 and 0.238, respectively, in Michelsen (2003)). Furthermore, and 
although contributing to soot cooling, sublimation can still compete with absorption over the laser pulse duration when high laser 
fluences are used (a point further illustrated below). The values taken by the cross-sections for the photodesorption of carbon clusters 
and the enthalpy of formation of Cj clusters by photodesorption from unannealed and annealed soot fractions thus also influence the 
shape of the fluence curves. In her 2003 work, Michelsen (2003) considered that the cross-section for removal of C2 clusters from 
annealed soot (σλa) and C1–C3 clusters from unannealed particles (σλs) were identical. They were empirically adjusted to 1 × 1016 cm− 1 

s− 1 for best agreement with the LII signals collected in a laminar ethene diffusion flame over a wide range of laser fluences at 532 nm 
(Michelsen et al., 2003). Similarly, the energy required to remove C2 from the annealed (ΔHλa) and unannealed (ΔHλs) soot fractions by 
nonthermal photodesorption (estimated from carbon cluster binding energies inferred from Ne ion sputtering of graphite) were set so 
that ΔHλi = ΔHλa = ΔHλs = 3.4 × 105 J mol− 1. These parameters, however, fail to properly reproduce the fluence curve measured by 
Goulay et al. (2013) using an identical EW of 532 nm, as exemplified by the light gray curve plotted in Fig. 12a. Computed data indeed 
underpredicts the LII response for fluences below 0.15 J cm− 2 while conversely overpredicting it above that level. Even while 
increasing the E(m) to 0.42 to minimize the least square sum between measured and simulated results below 0.15 J cm− 2 (data not 
reported in Fig. 12a for clarity), the model still predicts continuously increasingly peak LII signals that significantly overpredict 
measured data at higher fluences. Adjusted values for E(m), Ea(m), σλi and ΔHλi were therefore proposed by implementing the opti
mization procedure previously described in section 5.1. This led to obtaining the results reported in Table 4, where σλi stands for both 
σλa and σλs, which are taken equal as stated above, as is the case of ΔHλi, which represents the energy required to remove C2 from both 
annealed (ΔHλa) and unannealed (ΔHλs) soot. Note also that since Michelsen then considered that only C2 was produced by photolysis 
(Michelsen et al., 2007), no effort was thus expended on trying to adjust the ΔHλs values corresponding to C1 and C3 clusters, which 
were hence set as proposed in Michelsen (2003). One should therefore note that the ΔHλi values which are varied below only relate to 
C2 clusters. Finally, and to better highlight the impact of the above parameters on the variations of the peak LII signals as a function of 
the laser fluence, the E(m), Ea(m), σλi and ΔHλi values were varied as detailed in the legends of Figs. 12 and 16. To that end, E(m)

comprised between 0.29 and 0.52 were considered according to the likely range of values recommended by Liu et al. (2020). Regarding 
Ea(m), a lower limit of 0.13 was selected, which corresponds to the soot absorption function that can be inferred by extrapolating the 
line-of-sight attenuation-based results from Saffaripour et al. (2015) for a 1064 nm EW (see Fig. 4 in Sipkens et al. (2019)). Finally, the 
lower and upper bounds for σλi and ΔHλi were defined by dividing or multiplying the optimized values from Table 4 by a given factor 
(set to 2 in the case of ΔHλi in Fig. 16, for instance) to obtain limit values allowing to clearly exemplify the effect of these parameters on 
peak LII signals.

As can be seen by looking at the full black lines plotted in Fig. 12, using the parameters listed in Table 4 allows obtaining computed 
signals which closely match their experimental counterparts. Contrary to what was observed with the standard model formulations 
tested in section 5.1, model 3 clearly captures the lack of fluence dependence in peak LII signals above the sublimation threshold. Slight 
deviations between measured and simulated results can still be observed above 0.35 J cm− 2 in Fig. 12d, although it is rather difficult to 
distinguish the extent to which such discrepancies stand from improper model predictions or experimental uncertainties. As for the 

Fig. 12. Comparison of LII fluence curves simulated using model 3 (lines) with experimental results (depicted via circles) measured at 50 mm HAB 
in the C2H4 diffusion flame using EWs of 532 (a) and 1064 nm (b), as well as with the data collected with an EW of 1064 nm at 9 (c) and 15 mm HAB 
(d) in the CH4/O2/N2 premixed flat flame. Calculations were performed using the optimized parameters listed in Table 4, setting the αT to 0.37, 
while computing the oxidation term using Eq. (29) (corresponding results being plotted with a full black line). The light gray full line in (a) 
represents the simulated results obtained while parameterizing E(m), Ea(m), σλi and ΔHλi in model 3 as proposed by Michelsen (2003). For their part, 
the other curves correspond to simulated results obtained while varying the absorption properties of soot as detailed in the legend of each subfigure. 
Note that when E(m) or Ea(m) values are specified in the chart legends, this indicates that these specific soot absorption functions were used instead 
of those reported in Table 4, while the other parameters were kept as detailed therein.

R. Lemaire and S. Menanteau                                                                                                                                                                                       Journal of Aerosol Science 192 (2026) 106716 

24 



effect of E(m), increasing its value to 0.52 takes the fluence above which the peak LII signals tend to plateau to be shifted to lower 
values. This is actually in line with expectations, since the higher the E(m), the greater the absorption of the laser energy, and the 
sooner the sublimation temperature is reached. This leads to the intensity of the peak LII signals becoming relatively constant, notably 

Table 4 
E(m), Ea(m), σλi and ΔHλi values allowing to obtain the best fit between experimental fluence curves issued from the works of Goulay et al. (2013) and 
Bejaoui et al. (2015) and simulation results obtained from model 3.

Flame EW/HAB E(m) (− ) Ea(m) (− ) σλi (cm− 1 s− 1) ΔHλi (J mol− 1)

C2H4 (Goulay et al., 2013) 532 nm/50 mm 0.43 0.21 1016.50 2.90 × 105

1064 nm/50 mm 0.50 0.23 1016.20 2.00 × 105

CH4/O2/N2 (Bejaoui et al., 2015) 1064 nm/9 mm 0.32 0.20 1016.40 2.00 × 105

1064 nm/15 mm 0.48 0.34 1016.44 2.00 × 105

Fig. 13. Temporal evolution of the energy transfer rates ((a), (b) and (c)), soot temperatures ((d), (e) and (f)), soot diameters ((g), (h) and (i)) and 
LII time decays ((j), (k) and (l)) computed using model 3 to simulate the data collected by Goulay et al. (2013) at 50 mm HAB in the C2H4 diffusion 
flame, using an EW of 532 nm. Note that calculations were performed using the optimized parameters listed in Table 4, considering fluences of 0.05 
J cm− 2 ((a), (d), (g) and (j)), 0.20 J cm− 2 ((b), (e), (h) and (k)) and 0.30 J cm− 2 ((c), (f), (i) and (l)). Note also that the gray areas in each figure 
denote the temporal profiles of the laser pulses used by Goulay et al. (2013).
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due to a competition between Q̇abs and Q̇sub, as further discussed below. On the other hand, and as can be seen by looking at Fig. 12a as 
an example, the increasing section of the peak LII profile is shifted to higher fluences when the E(m) is set to 0.29. The signal intensity 
then decreases significantly after reaching a maximum value at around 0.19 J cm− 2. This specific behavior can be explained by 
analyzing and comparing the temporal evolution of the energy fluxes computed while decreasing the E(m) from 0.43 (see Fig. 13) to 
0.29 (see Fig. 14). Fig. 13a indeed shows that the rise of the soot temperature is predominantly controlled by the absorptive-heating 
flux during the laser pulse duration when a low laser fluence of 0.05 J cm− 2 is considered. Q̇sub is then much smaller than Q̇abs, which 
leads to Tp (see Fig. 13d) staying well below the sublimation threshold (around 4400 K, according to Goulay et al. (2013)). Conse
quently, Dp (see Fig. 13g) does not decrease, and even rises slightly during the laser pulse due to the use of the temperature-dependent 
expression of ρs depicted in Eq. (6). Alternatively, Q̇abs exceeds Q̇sub only during the first 16 ns and 14 ns following the beginning of the 
laser excitation when higher fluences of 0.20 (see Fig. 13b, e, h and k) and 0.30 J cm− 2 (see Fig. 13c, f, i and l) are used, respectively, 
whereupon Q̇sub becomes the predominant energy flux. The peak temperature is thus reached after the laser pulse at 0.20 J cm− 2 (see 

Fig. 14. Temporal evolution of the energy transfer rates ((a), (b) and (c)), soot temperatures ((d), (e) and (f)), soot diameters ((g), (h) and (i)) and 
LII time decays ((j), (k) and (l)) computed with model 3 to simulate the data collected by Goulay et al. (2013) at 50 mm HAB in the C2H4 diffusion 
flame, using an EW of 532 nm. Note that calculations were performed using the optimized parameters listed in Table 4, with the exception of E(m), 
which was set to 0.29, considering fluences of 0.05 J cm− 2 ((a), (d), (g) and (j)), 0.20 J cm− 2 ((b), (e), (h) and (k)) and 0.30 J cm− 2 ((c), (f), (i) and 
(l)). Note also that the gray areas in each figure denote the temporal profiles of the laser pulses used by Goulay et al. (2013).
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Fig. 13e) when Dp already decreased significantly (see Fig. 13h). Conversely, the peak of Tp, which is slightly lower at 0.30 J cm− 2, is 
reached immediately after the first photons of the laser are emitted, the decrease of Dp then being insignificant (see Fig. 13f and i). As a 
result of this competition between absorption and sublimation, the peak intensity of the LII signals (which fundamentally depends on 
Dp and Tp, whose variations as a function of time tend to compensate each other) undergoes no further significant change above 0.12 J 
cm− 2 (see Figs. 12 and 13k and l), although it is recorded earlier as the laser fluence increases. Note also that the signal time decays 
become much faster when the fluence passes from 0.05 to 0.30 J cm− 2 due to the sublimation of the particles, which becomes much 
more intense while being shifted to shorter times. The specific formulation of Q̇sub proposed by Michelsen (2003) and the 
above-described competition between absorption and sublimation thus explain why model 3 allows to reproduce the so-called plateau 
region of the fluence curves, whereas models 1 and 2 clearly failed to do so (see section 5.1.1). Besides, it is noteworthy that the 
predicted temperature and LII signal profiles in Fig. 13f and l exhibit two distinct peaks when high laser fluences are used. This specific 
phenomenon, also reported in Michelsen (2003), stems from the formulation of the annealing flux (see section 4.1.6), whose temporal 
evolution (see Fig. 13c) is characterized by a first peak occurring during the laser pulse duration and a second one observed ⁓10 ns 
later, which can be traced to the contribution of vacancy migration, as suggested by the fact that neglecting this mechanism leads to the 
disappearance of the second peak. Regarding the plots of Fig. 14, they mainly show that decreasing the E(m) to 0.29 reduces the 
absorption rate while shifting the peak of Q̇abs to longer times (see Fig. 14a, b and c) as compared to the results reported in Fig. 13. At 
high fluences (see Fig. 14e and f), the peak of Tp is especially reached after the laser pulse duration when Dp already significantly 
decreased due to sublimation (see Fig. 14h and i). As a consequence, while reaching relatively similar peak Tp values at 0.20 (see 
Fig. 14e) and 0.30 J cm− 2 (see Fig. 14f), Dp is significantly lower in the latter case, which results in a lower peak LII signal, as can be 
seen by looking at Fig. 14k and l. All these observations thus allow explaining the impact of the soot absorption function on the shape of 
the fluence curves reported in Fig. 12, noting that, although not detailed by means of additional graphs, the above analysis, of course, 
also applies to the interpretation of the results observed at 1064 nm in both the C2H4 and CH4/O2/N2 flames.

As for Ea(m), the analysis of the temporal evolution of the energy transfer rates (not reported for brevity) indicates that increasing 
Ea(m) logically increases the amount of energy absorbed by the annealed fraction of soot, which translates into higher peak Tp values. 
At the same time, the particles sublime more readily as a result of this higher heating, which induces stronger Dp reductions, and 
consequently, lower peak LII signals, as shown in Fig. 12. This trend is, however, opposite to that observed when increasing E(m), 
which can be partly traced to the fact that soot annealing takes place over a certain period of time, as illustrated in Michelsen (2003). 
The annealed fraction notably starts to increase rapidly a few ns after the beginning of the laser pulse (⁓8 ns for a fluence of 0.30 J 
cm− 2 at 532 nm, considering a Ea(m) of 0.52 as an example). Since annealing is exothermic, the peak temperature of the particles is 
thus computed for longer durations (for which Dp already significantly decreased) when the contribution of the annealing process is 
enhanced. This thus explains why increasing Ea(m) reduces the peak LII response, contrary to what was observed when increasing 
E(m), which conversely shifted the peak soot temperature to shorter times for which the Dp reduction was still limited. Ultimately, the 
very subtle balance between the contributions of Q̇abs, Q̇sub and Q̇ann, whose variations as a function of time and fluence are quite 
distinct, here again, evidence the significance of parameterizing LII models through the implementation of optimization procedures 
aimed at minimizing the deviation between experimental and numerical data over the whole duration of the soot heating and cooling 
stages, considering wide varying laser fluences, as proposed in Lemaire & Menanteau (2021, 2023a). When further examining the soot 
absorption functions reported in Table 4, it is noteworthy that Ea(m) lower than E(m) were derived although it could have been ex
pected that the more annealed (and thus the more graphitized) the soot, the higher its absorption function would be. Vander Wal et al. 
(1998) indeed showed that the intensity of LII signals issued from soot preheated by laser pulses at 1064 nm, and having fluences 
around ⁓0.1 J cm− 2, was enhanced, thus possibly indicating that graphitized particles exhibit higher absorption and emission fea
tures. They alternatively observed the opposite at higher fluences, thus illustrating how difficult it is to draw a clear-cut conclusion on 
the matter. More recently, López-Yglesias, Schrader, & Michelsen (2014) modeled a series of LII signals collected in co-flow diffusion 
flames of ethylene. To that end, they implemented a refined model integrating a soot absorption function defined by E(m) = λ1− ξ⋅ β/ 6⋅ 
π, where the dispersion exponent ξ accounts for the maturity of both unannealed and annealed soot. Using this expression, E(m) and 
Ea(m) values of 0.43 and 0.45, respectively, can be computed for an EW of 532 nm and a temperature of 1676 K, which corresponds to 
the one measured by Goulay et al. (2013) at 50 mm HAB in the ethylene flame studied herein (see section 3). Obtained values thus tend 
to corroborate the fact that the more graphitized the particles, the higher their absorption properties. In a subsequent work, Saffaripour 
et al. (2015) reported a rapid enhancement of the extinction coefficient of soot during laser heating in premixed and diffusion flames of 
ethylene. This trend was notably traced to an increase of the temperature-dependent optical properties of soot due to laser-induced 
thermal annealing. A similar observation was finally drawn by Cenker & Roberts (2017) during two-pulse LII experiments, 
although the modeling of the results they obtained (considering the equations proposed by Michelsen (2003) to account for the 
annealing process) conversely suggested that the graphitization of laser-heated particles induced a reduction of their absorption and 
emissivity characteristics. This latter observation still agrees with the early work by Michelsen (2003), who developed the first known 
annealing sub-model used by the LII community, in which it was considered that Ea(m) < E(m), based on a review of past studies from 
the literature dealing with soot and graphite. Furthermore, the modeling results from Cenker & Roberts (2017) also confirm the 
validity of the calculations made herein, as evidenced by the fact that implementing the same annealing model leads to similar 
conclusions regarding the higher absorption properties of unannealed soot over annealed ones. That Ea(m) lower than E(m) are derived 
when using model 3, contrary to the experimental observations by Saffaripour et al. (2015) and Cenker & Roberts (2017), however, 
prompts the need for commentary analyses to rule on the overall consistency of the annealing sub-model proposed by Michelsen 
(2003). This is further validated by the fact that the implementation of the equations detailed in section 4.1.6 leads to the computation 
of temperature and LII signal profiles exhibiting two peaks at high fluences (see Fig. 13f and l, for instance), which are probably 
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nonphysical since they were not experimentally observed by Goulay et al. (2013) and Bejaoui et al. (2015) on the range of fluences 
considered in this work. Alternative formulations of Q̇ann will therefore be explored in section 5.2.3 for completeness. On the other 
hand, and contrary to the E(m) inferred in the case of the C2H4 flame when implementing Eqs. (6) and (7) in models 1 and 2 (see 
Table 3), which mainly fell outside of the more likely range of values from Liu et al. (2020), the soot absorption functions derived from 
the calculations performed with model 3 (see Table 4) allows to obtain more consistent optical properties (i.e., below 0.52), which thus 
represents an interesting feature of this refined simulation tool. Besides, and although still being comprised within the more likely 
range of values, higher E(m) are alternatively estimated when processing the data from Bejaoui et al. (2015) using the refined model 
from Michelsen (2003) instead of standard ones. A quick analysis of the different fluxes integrated in the energy and mass balance 
equations of model 3 actually shows that for a given LII response, and quite similar soot temperature levels, higher Xa values are 
computed when considering the small diameter particles formed in the methane flame. This hence leads to the optimizer increasing the 
absorption function of the unannealed soot fraction to compensate for the low absorption propensity of the annealed one while still 
fulfilling the energy and mass balances leading to the computation of simulated signals reproducing their experimental counterparts. 
Finally, in Fig. 15, we plot the temperature profiles computed while parameterizing model 3, as we did to obtain the graphs reported in 
Fig. 12. The results obtained then show that the optimized parameters summarized in Table 4 (previously shown to be adapted to 
simulate the fluence curves reported in Fig. 12) also allow to reproduce the temperature profiles reported Fig. 15a and b. They however 
fail to capture the fluence dependence of the peak Tp values measured by Bejaoui et al. (2015), especially below ⁓0.30 J cm− 2 at 9 mm 
HAB (see Fig. 15c) and above ⁓0.20 J cm− 2 at 15 mm HAB (see Fig. 15d). Nevertheless, setting the E(m) value to ⁓0.36 at 9 mm HAB, 
as an example, could still represent an acceptable option in order to roughly reproduce both the LII fluence curve and soot temperature 
profile, reiterating that the existence of uncertainties encompassing either measured temperatures, LII signals, or both, cannot be fully 
excluded (see section 5.1.1). As for the light gray full line depicted in Fig. 15a, it confirms that the parameters initially proposed in 
Michelsen (2003) do not allow reproducing the experimental data from Goulay et al. (2013), while the other curves reported in 
Fig. 15a–d shows, in line with expectations, that the higher the E(m) and Ea(m), the greater the absorption of the laser energy and the 
higher the peak particle temperatures.

To conclude the analysis of the results obtained with model 3, Fig. 16 reports the fluence curves computed using the optimized 
absorption functions reported in Table 4 while varying σλi and ΔHλi, as depicted in the chart legends. Contrary to what was observed 
for the soot absorption function, whose impact was significant over the whole range of fluences considered to plot the graphs in Fig. 12, 
the values taken by the energy required to remove C2 clusters by nonthermal photodesorption mainly influence the plateau region of 
the fluence curves, which is consistent with the fact that this parameter acts on the sublimation flux. Furthermore, a quick analysis of 
the temporal evolution of the energy transfer rates (not reported for brevity) globally shows that increasing σλi tends to shift the peak 
Tp values to times t for which Dp already decreased significantly, hence resulting in lower LII signals at high fluences, as exemplified in 
Fig. 16. As for ΔHλi, reducing its value translates into higher Tp and lower Dp for the laser pulse duration. Nevertheless, the above- 
discussed competition between Q̇abs, Q̇sub and Q̇ann leads to the peak temperature being reached sooner, while the Dp reduction is 
still limited. This thus explains why higher LII responses are computed when ΔHλi is decreased, as can be seen when comparing the 
gray dotted and gray dot-dash lines in Fig. 16.

Regarding model 4, we already conducted sensitivity analyses focusing on the main parameters influencing the theoretical signals 
issued from its implementation in Menanteau & Lemaire (2021) and Lemaire & Menanteau (2023b). Only a brief summary of the main 
conclusions drawn therein will thus be given below. To that end, Fig. 17 compares the fluence curves measured at 50 mm in the C2H4 
flame (Fig. 17a–d) and 15 mm HAB in the CH4/O2/N2 one (Fig. 17e–h) using EWs of 532-nm and 1064 nm, respectively, with 
simulated data obtained while varying the soot absorption function E(m) (Fig. 17a and e), the cross-section for removal of C2 clusters 
by photodesorption σλn (Fig. 17b and f), the saturation coefficient for multi-photon absorption Bλn (Fig. 17c and g) and the enthalpy 
required to photodesorb carbon clusters from unannealed soot ΔHλs (Fig. 17d and h). As was done for models 1 to 3, optimized pa
rameters, whose values are summarized in Table 5, were inferred using the procedure described in section 5.1. The corresponding 
results, which are plotted with full black lines in Fig. 17, show that model 4, when being parameterized as detailed in Table 5, allows to 

Fig. 15. Comparison of the fluence dependence of the peak soot temperature calculated using model 3 (lines) with experimental results (depicted by 
means of circles) measured at 50 mm HAB in the C2H4 diffusion flame using EWs of 532 (a) and 1064 nm (b), as well as with the data collected with 
an EW of 1064 nm at 9 (c) and 15 mm HAB (d) in the CH4/O2/N2 premixed flat flame. Calculations were performed using the optimized parameters 
listed in Table 4, setting the αT to 0.37, while computing the oxidation term using Eq. (29) (corresponding results being plotted with a full black 
line). The light gray full line in (a) represents the simulated results obtained when parameterizing E(m), Ea(m), σλi and ΔHλi in model 3 as proposed 
by Michelsen (2003). The other curves correspond for their part to simulated results obtained while varying the absorption properties of soot as 
detailed in the legend of each subfigure. Note that when E(m) or Ea(m) values are specified in the chart legends, this indicates that these specific soot 
absorption functions were used instead of those reported in Table 4 and that the other parameters were kept as detailed therein.
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properly reproduce the experimental fluence curves, except at very high fluences, for which it tends to slightly overpredict measured 
data, especially in the case of the methane flame.

As shown in Fig. 18a, b and c, which depict the temporal evolution of the energy fluxes computed with model 4 for fluences 
between 0.05 and 0.30 J cm− 2, the influence of Q̇cond, Q̇rad, Q̇ox and Q̇th only becomes significant after the laser pulse duration in the 
low-to-intermediate fluence regime, while the increasing section of the LII signals is governed by the competition between Q̇abs and 
Q̇sub, as was the case for the other models. Of note, the contribution of Q̇th becomes far from negligible at high fluences (see Fig. 18b and 
c), and is thus likely to influence the plateau region of the fluence curves as further discussed below. The plots of Fig. 18, moreover, 
show that the higher the laser fluence, the higher the absorption and sublimation rates, the higher the peak soot temperature (see 
Fig. 18d, e and f) and the greater the shift of the absorption flux to shorter times for which Dp has not yet significantly decreased (see 
Fig. 18g, h and i), which therefore leads to the computation of more intense LII signals, as can be seen by comparing the plots of 

Fig. 16. Comparison of LII fluence curves simulated using model 3 (lines) with experimental results (depicted via circles) measured at 50 mm HAB 
in the C2H4 diffusion flame using EWs of 532 (a) and 1064 nm (b), as well as with the data collected with an EW of 1064 nm at 9 (c) and 15 mm HAB 
(d) in the CH4/O2/N2 premixed flat flame. Calculations were performed using the optimized parameters listed in Table 4, setting the αT to 0.37, 
while computing the oxidation term using Eq. (29) (corresponding results being plotted with a full black line). The other curves correspond to 
simulated results obtained while varying σλi and ΔHλi as detailed in the legend of each subfigure.

Fig. 17. Comparison of LII fluence curves simulated using model 4 (lines) with experimental results (depicted via circles) measured at 50 mm HAB 
in the C2H4 diffusion flame using an EW of 532 nm ((a), (b), (c) and (d)), as well as with the data collected with an EW of 1064 nm at 15 mm HAB 
((e), (f), (g) and (h)) in the CH4/O2/N2 premixed flat flame. Calculations were performed using the optimized parameters listed in Table 5 with Bλ1 

values of 0.58 and 1.15 for EWs of 532 and 1064 nm (Lemaire & Menanteau, 2023a), while computing the thermionic emission flux using Eq. (32)
(corresponding results being plotted with a full black line). The light gray full lines in (a), (b), (c) and (d) represent the simulated results obtained 
when parameterizing model 4 exactly as proposed in Michelsen et al. (2007). The other curves correspond to simulated results obtained while 
varying the E(m), Bλn, σλn and ΔHλn values as detailed in the legend of each subfigure. Note that since the optimized E(m) in (e) is 0.52 (see Table 5), 
one has thus to refer to the full black line to see the fluence curve obtained when setting the absorption function to such an upper limit value.

Table 5 
E(m), Bλn, σλn and ΔHλn values allowing to obtain the best fit between measured and computed results when implementing model 4 to simulate the 
data collected by Goulay et al. (2013) and Bejaoui et al. (2015).

Flame EW/HAB E(m) (− ) σλn (cm2n− 1 J1− n) Bλn (J cm− 2) ΔHλs (J mol− 1)

C2H4 (Goulay et al., 2013) 532 nm/50 mm 0.47 2.40 × 10− 10 0.33 3.40 × 105

1064 nm/50 mm 0.55 2.00 × 10− 10 0.50 2.40 × 105

CH4/O2/N2 (Bejaoui et al., 2015) 1064 nm/9 mm 0.37 1.10 × 10− 10 0.50 2.40 × 105

1064 nm/15 mm 0.52 1.50 × 10− 10 0.50 2.40 × 105
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Fig. 18j, k and l. This notably explains why a continuous increase of the LII response above the sublimation threshold can be observed 
in Fig. 17, hence inducing somewhat significant deviations between the experimental and simulation results, depending on the 
considered dataset. Regarding the gray full line plotted in Fig. 17a–d, it shows that the parameters initially proposed in Michelsen et al. 
(2007) for an EW of 532 nm do not allow reproducing the fluence curve measured by Goulay et al. (2013). Besides, and in line with the 
observations reported in Menanteau & Lemaire (2021) and Lemaire & Menanteau (2023b), Bλn and ΔHλs (see Fig. 17c, d, g and h) 
mainly impact the peak LII response near and above the sublimation threshold (i.e., above ⁓0.10 (at 532 nm) and ⁓0.30 (at 1064 nm) 
J⋅cm− 2 in the ethylene and methane flames, respectively) contrary to E(m) and σλn, which influence both the increasing and plateau 
regions of the fluence curves (see Fig. 17a, b, e and f). That LII signals do not exhibit the same sensitivity towards changes in the values 
of these parameters was already reported by Lemaire & Menanteau (2021, 2023a) and identified as an interesting feature in order to 
identify local optimum values when parameterizing refined LII models using the optimization procedure detailed in Lemaire & 
Menanteau (2021), to which the reader is referred for more details. Regarding the influence of the soot absorption function on the 
modeled fluence curves, Fig. 17a and e show that the higher the E(m), the lower the fluence above which the peak LII signals tend to 

Fig. 18. Temporal evolution of the energy transfer rates ((a), (b) and (c)), soot temperatures ((d), (e) and (f)), soot diameters ((g), (h) and (i)) and 
LII time decays ((j), (k) and (l)) computed using model 4 to simulate the data collected by Goulay et al. (2013) at 50 mm HAB in the C2H4 diffusion 
flame, using an EW of 532 nm. Note that calculations were performed using the optimized parameters listed in Table 5, considering fluences of 0.05 
J cm− 2 ((a), (d), (g) and (j)), 0.20 J cm− 2 ((b), (e), (h) and (k)) and 0.30 J cm− 2 ((c), (f), (i) and (l)). Note also that the gray areas in each figure 
denote the temporal profiles of the laser pulses used by Goulay et al. (2013).
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plateau (or at least no longer increases significantly), which is in line with expectations. It is, moreover, noteworthy that, although 
being slightly greater than the E(m) reported in Table 4, the soot absorption functions inferred using model 4 (see Table 5) are still 
comprised within the more likely range of values defined by Liu et al. (2020). As for Fig. 17b and f, they show that the effect of σλn on 
computed fluence curves is globally similar to that of σλi in model 3, as is the case for ΔHλs, which behaves similarly to ΔHλi (see 
Fig. 17d and h). No further comments will therefore be proffered regarding the effect associated with these parameters. Finally, the 
plots of Fig. 17c and g evidence that the greater the saturation coefficient for multi-photon absorption, the lower the peak LII signals 
above the sublimation threshold. According to an analysis of the temporal evolution of the energy transfer rates computed for fluences 
between 0.2 and 0.4 J cm− 2, increasing Bλn translates into more absorption, hence leading to more sublimation and a lower Dp, thus 
explaining why reduced peak LII signals are computed at such high fluences. Overall, and in line with the observations by Lemaire & 
Mobtil (2015), integrating photolytic mechanisms such as multi-photon absorption and photodesorption of carbon clusters in the 
formulations of Q̇abs and Q̇sub allows reproducing the relative lack of fluence dependence of the peak LII signals at high fluences. 
Nevertheless, and as exemplified in Fig. 19, model 4, which was shown to overpredict measured LII signals on the plateau region of the 
fluence curves, also significantly overpredicts the temperatures measured by Goulay et al. (2013) (as previously noted by Lemaire & 
Mobtil (2015)) and Bejaoui et al. (2015) at high fluences, thus making it less efficient than model 3 in properly capturing experimental 
data.

To conclude, and as mentioned in section 4.1.8, a sensitivity analysis focusing on the expression used to account for the thermionic 
flux was also conducted, and is proposed in Fig. 20. To that end, the variations of the peak LII signals and soot temperatures as a 
function of the fluence were computed both while neglecting Q̇th and computing it using the equation proposed by Michelsen (2003)
(see Eq. (32)) or the one issued from the work by Mitrani et al. (2016) (see Eq. (33)). Furthermore, we additionally analyzed the extent 
to which the value set for the work function ϕ embedded within Q̇th was likely to influence simulated results. In agreement with the 
observation made when commenting on Fig. 18, Q̇th does not truly influence the intensity of peak LII signals, except at very high 
fluences, where very slight deviations can be observed, whether considering or neglecting this flux and whether selecting Eq. (32) or 
Eq. (33). On the other hand, the effect of Q̇th on the peak temperature profiles is more pronounced, especially for fluences near and 
above ⁓0.1 J cm− 2, depending on the considered EW. More specifically, neglecting the cooling by thermionic emission (see the light 
gray dot-dash lines) or using the expression proposed by Mitrani et al. (2016) (see the dark gray dashed lines) leads to predicted Tp 

values higher than those computed using the sub-model formulation initially proposed by Michelsen (2003) (see the full back lines). 
Since the updated formulation of the thermionic flux from Mitrani et al. (2016) is believed to be more adapted as it allows to correct the 
values of emitted current due to the positive charge buildup in laser-heated nanoparticles that increase the energy barrier for further 
emission of electrons, it is thus noteworthy that its use leads to an increase in the deviation between measured and simulated tem
peratures, hence suggesting an improper formulation of model 4 and/or of the expressions used to account for the different fluxes 
embedded within this model. This observation is further strengthened by the fact that improving the agreement between measured and 
simulated temperature profiles while still reproducing the LII fluence curves in the case of the C2H4 diffusion flame would require 
reducing the value of ϕ to ⁓5.5 × 10− 19 J (see the dark gray dot-dash lines), which would in turn reduce the barrier to further electron 
emission, contrary to the conclusions by Mitrani et al. (2016). Trying to improve the predictive capability of model 4 by considering 
the work function as a free-floating parameter is thus not physically consistent.

Fig. 19. Comparison of the fluence dependence of the peak soot temperature calculated using model 4 (lines) with experimental results (depicted 
via circles) measured at 50 mm HAB in the C2H4 diffusion flame using an EW of 532 nm ((a), (b), (c) and (d)), as well as with the data collected with 
an EW of 1064 nm at 15 mm HAB ((e), (f), (g) and (h)) in the CH4/O2/N2 premixed flat flame. Calculations were performed using the optimized 
parameters listed in Table 5 with Bλ1 values of 0.58 and 1.15 for EWs of 532 and 1064 nm (Lemaire & Menanteau, 2023a), while computing the 
thermionic emission flux using Eq. (32) (corresponding results being plotted with a full black line). The light gray full lines in (a), (b), (c) and (d) 
represent the simulated results obtained when parameterizing model 4 exactly as proposed in Michelsen et al. (2007). The other curves correspond 
to simulated results obtained while varying the E(m), Bλn, σλn and ΔHλn values as detailed in the legend of each subfigure.
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5.2.2. Comparison of measured LII time decays with modeled ones and sensitivity analysis dealing with the formulation and/or 
parameterization of the sublimation, oxidation and thermionic fluxes

Fig. 21 compares the LII time decays measured by Goulay et al. (2013) at 50 mm HAB in the C2H4 flame using EWs of 532 and 1064 
nm, with simulated signals issued from the implementation of model 3. Plotted curves were obtained using the parameters detailed in 
Table 4 while varying the αT value as depicted in the chart legends. Furthermore, calculations were also carried out while changing the 
ΔHλi value, neglecting Q̇ox or using the alternative expression proposed by Michelsen et al. (2008) as per Eq. (31). The results obtained 
first show that computed signal intensities are systematically lower than their experimental counterparts after the laser pulse duration. 
This thus indicates that the soot cooling is overpredicted by the model, regardless of the value selected for the thermal accommodation 
coefficient. That said, a relatively good agreement can still be noted for fluences of 0.124 and 0.268 J cm− 2 with EWs of 532 and 1064 
nm, respectively, provided αT is set to a relatively low value of 0.23. Of note, such an agreement, which was not observed in the case of 
standard models (see section 5.1.2), can be traced to the formulation of the sublimation flux embedded within model 3 as well as to the 

Fig. 20. Comparison of LII fluence curves ((a), (b), (c) and (d)) and peak soot temperature profiles ((e), (f), (g) and (h)) simulated using model 4 
(lines) with experimental results (depicted via circles) measured at 50 mm HAB in the C2H4 diffusion flame using EWs of 532 ((a) and (e)) and 1064 
nm ((b) and (f)), as well as with the data collected with an EW of 1064 nm at 9 ((c) and (g)) and 15 mm HAB ((d) and (h)) in the CH4/O2/N2 
premixed flat flame. Calculations were performed using the optimized parameters listed in Table 5, while computing the thermionic emission flux 
using Eq. (32) with ϕ = 7.37 × 10− 19 J (corresponding results being plotted with a full black line). The other curves correspond to simulated results 
obtained whether considering or neglecting Q̇th, using different formulations for this term as well as different work function values as detailed in the 
legend of each subfigure. Note that the legend in (a) and (e) also applies to (b), (c) and (d) and (f), (g) and (h), respectively.

Fig. 21. Comparison of LII time decays simulated using model 3 (lines) with their experimental counterparts (depicted via squares) measured at 50 
mm HAB in the C2H4 diffusion flame using EWs of 532 nm ((a), (b), (c) and (d)) and 1064 nm ((e), (f), (g) and (h)) with fluences of 0.040 J cm− 2 

(a), 0.069 J cm− 2 (b), 0.100 J cm− 2 (c), 0.124 J cm− 2 (d), 0.088 J cm− 2 (e), 0.146 J cm− 2 (f), 0.194 J cm− 2 (g) and 0.268 J cm− 2 (h). Calculations 
were performed using the optimized parameters listed in Table 4 and a αT of 0.37, while computing the oxidation term using Eq. (29). The other 
curves correspond to simulated results obtained while modifying the model parameterization as detailed in the legend of (a) and (b), which also 
applies to (b), (c) and (d) and (f), (g) and (h), respectively. Note that the gray dot-dash lines referred to as “SE” depict the results obtained when 
considering the shielding effect, with αT set to 0.23.
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inclusion of the annealing flux. As far as Q̇ox is concerned, neglecting its contribution or implementing the alternative expression 
proposed by Michelsen et al. (2008) does not truly influence the obtained results, which points to the rather negligible impact this term 
has on the energy and mass balances, as further discussed in section 5.3.1. Finally, dividing or multiplying the ΔHλi value from Table 4
by a factor of 2 is shown to influence the time decays only at high fluences (see Fig. 21c, d, g and h), which is consistent with the 
specific role played by this parameter on Q̇sub as per Eq. (19). Reducing the value of the energy required to remove C2 clusters by 
nonthermal photodesorption actually translates into more sublimation, thus leading to faster time decays, as depicted in Fig. 21. As for 
the results in Fig. 22, they show that the above observations regarding the impact of Q̇ox and ΔHλi on LII time decays also apply to the 
modeling of the signals collected in the CH4/O2/N2 premixed flat flame. The obtained plots, moreover, show that model 3 better 
reproduces the signals measured by Bejaoui et al. (2015). Specifically, computed time decays globally matching their experimental 
counterparts at 9 mm HAB can be obtained by setting αT to a very high value of 0.90 at 0.089 J cm− 2 (see Fig. 22a) versus 0.50 between 
0.169 and 0.217 J cm− 2 (see Fig. 22a and b) and 0.37 at 0.284 J cm− 2 (see Fig. 22d). Regarding the time decays measured at 15 mm 
HAB, they can be roughly mimicked by model 3, provided αT is set to 0.50 at 0.138 J cm− 2 (see Fig. 22e) and 0.23 for the other fluences 
(see Fig. 22f to h). That reducing αT as a function of the fluence and HAB (i.e., as a function of Tp and of the soot maturity) is necessary 
to improve the agreement between simulated and measured LII time decays tends to corroborate the observations by Bladh, Johnsson, 
& Bengtsson (2009), Bladh et al. (2011a) and López-Yglesias, Schrader, & Michelsen (2014). According to Michelsen et al. (2015), the 
soot maturity dependence of αT would be consistent with a series of theoretical and experimental analyses (including those by Rettner 
et al. (1996), Sha & Jackson (2002), Zecho et al. (2002), Miura et al. (2003) or Güttler, Zecho & Küppers (2004), as examples), 
indicating a surface roughening and an enhanced gas surface energy transfer at graphite surfaces when hydrogen is bound to the 
surface. Nevertheless, additional calculations performed using the αT expression proposed by López-Yglesias, Schrader, & Michelsen 
(2014), which is supposed to depend on the surface maturity of the particle (see Eq. (40)), still led to obtaining simulated time decays 
(not reported in Figs. 21 and 22 for clarity) significantly diverging from experimental ones. Additional work aimed at formulating αT 
expressions integrating the H/C ratio and/or other properties depicting the fine structure of particle surface would thus be required in 
an attempt to better account for the potential dependence of the thermal accommodation coefficient on the soot maturation stage. To 
conclude, and since the plots of Fig. 21 show that none of the tested parameterizations allow to reproduce measured data on the range 
of fluences considered, we performed a series of complementary calculations using the equivalent heat conduction diameter proposed 
by Liu et al. (2006a), instead of Dp, to take into account the shielding effect (SE) induced by the presence of several primary particles 
within aggregates. The obtained curves (referred to as “SE” in the legends of Figs. 21 and 22) show that integrating the DHC formulation 
from Eq. (42) in model 3 allows computing LII time decays which are slightly closer to measured ones in the ethylene flame, provided 
αT is set to the lower bound defined in section 5.1.2 (i.e., 0.23). The agreement is still far from satisfactory, however. As for the results 
obtained in the methane flame, mimicking measured signals while considering the shielding effect leads to inferring a very high αT 
between 0.49 and 0.90 (this latter value corresponding to the upper bound set during the optimization process) at 9 mm HAB versus 
more common values comprised between 0.23 and 0.44 at 15 mm HAB. Although these results, here again, exemplify how integrating 
aggregate properties may significantly influence modeled signals, they also show that the formulation of model 3 and/or of the 
sub-models embedded within its heat and mass balance equations seem inappropriate to properly capture the physics at play during 
the laser-induced incandescence of the soot produced in the ethylene flame characterized by Goulay et al. (2013).

To conclude, in Fig. 23, we report the results obtained with model 4. Of note, only the signals issued from the analysis of the C2H4 

Fig. 22. Comparison of LII time decays simulated using model 3 (lines) with their experimental counterparts (depicted via squares) measured at 9 
((a), (b), (c) and (d)) and 15 mm HAB ((e), (f), (g) and (h)) in the CH4/O2/N2 premixed flat flame with fluences of 0.089 J cm− 2 (a), 0.169 J cm− 2 

(b), 0.217 J cm− 2 (c), 0.284 J cm− 2 (d), 0.088 J cm− 2 (e), 0.138 J cm− 2 (f), 0.186 J cm− 2 (g) and 0.234 J cm− 2 (h). Calculations were performed 
using the optimized parameters listed in Table 4 and a αT of 0.37, while computing the oxidation term using Eq. (29). The other curves correspond to 
simulated results obtained while modifying the parameterization of the model as detailed in the legend of (a), which also applies to the other 
subfigures. Note that the gray dot-dash lines referred to as “SE” depict the results obtained when considering the shielding effect, with αT set to 0.90 
(a), 0.56 (b), 0.54 (c), 0.49 (d), 0.44 (e), 0.33 (f), 0.30 (g) and 0.23 (h).
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flame using an EW of 532 nm and those obtained at 15 mm HAB in the CH4/O2/N2 flame using an EW of 1064 nm are depicted therein, 
for brevity. The plots of Fig. 23a, b, c and d first show that model 4 fails to reproduce the data measured by Goulay et al. (2013)
regardless of the αT selected. More specifically, the simulated time decays are much faster than their experimental counterparts, which 
can be traced to the excessively high temperatures computed by this model above ⁓0.05 J cm− 2 (see Fig. 20e), hence leading Dp to 
rapidly decrease due to a too high sublimation rate. A similar observation can, moreover, be made when analyzing the results relating 
to the methane flame as exemplified in Fig. 23g and h, depicting the LII temporal profiles corresponding to fluences of 0.186 J cm− 2 

and 0.234 J cm− 2, for which the predicted peak Tp exceed the measured ones, as illustrated by Fig. 20h. Note that Fig. 23 also reports 
the results issued from a quick sensitivity analysis focusing on the impact of Q̇th on modeled signals. This flux was notably neglected 
(corresponding curves being referred to as “w/o Q̇th”) or computed using Eq. (33) issued from the work of Mitrani et al. (2016) and Eq. 
(32) taken from Michelsen et al. (2007) with ϕ set to ⁓5.5 × 10− 19 J instead of 7.37 × 10− 19 J, which is the default value used to derive 
the other signals. As can be seen by looking at Fig. 23, neglecting Q̇th or using Eq. (33) has no significant impact on simulated LII time 
decays. On the other hand, reducing the value of the work function implemented in the thermionic sub-model proposed by Michelsen 
(Eq. (32)) translates into theoretical LII responses whose intensities for short times t overpredict measured ones at relatively low 
fluences (see Fig. 23a, b, e and f), which is in line with the observations made when commenting on the fluence curves of Fig. 20. 
Alternatively, reducing ϕ to ⁓5.5 × 10− 19 J promotes soot cooling by the thermal ejection of electrons and increases the gap between 
simulated and measured signals when higher fluences are used (see Fig. 23c, d, g and h.), despite the better agreement between 
theoretical and experimental temperature profiles previously observed from Fig. 20e and h. All these observations thus confirm the 
conclusion that reducing ϕ in order to improve the predictive capability of model 4 is not a good option, in addition to being physically 
inconsistent, as explained in section 5.2.1 by referring to the work by Mitrani et al. (2016). Finally, integrating the equivalent heat 
conduction diameter from Liu et al. (2006a) to account for the shielding effect does not allow to significantly improve the predictions 
of model 4. Indeed, and although selecting αT of 0.43 and 0.30 (versus values of 0.50 and 0.23 when neglecting SE) allows to properly 
reproduce the signals measured at 15 mm HAB in the methane flame for fluences of 0.088 J cm− 2 and 0.138 J cm− 2, the other middle 
gray dotted lines in Fig. 23 still show that model 4 tends to largely overpredict the time decays of the LII signals, even while selecting a 
very low αT of 0.23 (see Fig. 23a, b, c, d, g and h).

5.2.3. Summary of highlighted trends and discussion
In comparison with standard model formulations, the refined treatment of the soot energy- and mass-balance equations integrated 

within models 3 and 4 makes them more complex to implement and parameterize. This is especially due to the inclusion of additional 
mechanisms (e.g., oxidation and annealing in model 3 and multi-photon absorption and cooling by thermionic emission in model 4), 
whose expressions involve various factors (e.g., saturation coefficient related to the removal of carbon clusters by photodesorption, 
saturation coefficient for multi-photon absorption, cross-section for the photodesorption of carbon clusters, etc.) needing to be 
empirically assessed. This intrinsic complexity can be considered as a source of uncertainties due to the large degrees of freedom 
associated with the inference of unknown parameters and to possible over-tuning issues (Sipkens et al., 2018a). The inclusion of 
photolytic mechanisms such as those embedded within models 3 and 4 was still shown by Lemaire & Mobtil (2015) to be required if 
simulated signals matching measured ones on an extended range of fluences are to be derived. This was further exemplified by the 
results reported in section 5.2.1, which showed that properly mimicking the relative lack of fluence dependence of the LII signals above 

Fig. 23. Comparison of LII time decays simulated using model 4 (lines) with their experimental counterparts (depicted via squares) measured at 50 
mm HAB in the C2H4 diffusion flame with an EW of 532 nm and fluences of 0.040 J cm− 2 (a), 0.069 J cm− 2 (b), 0.100 J cm− 2 (c), 0.124 J cm− 2 (d) 
as well as at 15 mm HAB in the CH4/O2/N2 premixed flat flame with fluences of 0.088 J cm− 2 (e), 0.138 J cm− 2 (f), 0.186 J cm− 2 (g) and 0.234 J 
cm− 2 (h). Calculations were performed using the optimized parameters listed in Table 5 and a αT of 0.37, while computing the thermionic emission 
flux using Eq. (32). The other curves correspond to simulated results obtained while modifying the parameterization of the model as detailed in the 
legend of (a), which also applies to the other subfigures. Note that the gray dot-dash lines referred to as “SE” depict the results obtained when 
considering the shielding effect, with αT set to 0.23 ((a) to (d) and (g) and (h)), 0.43 (e) and 0.30 (f).
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the sublimation threshold requires implementing expressions for the sublimation flux that account for the nonthermal photodesorption 
of carbon clusters in both models 3 and 4. In agreement with the observations in Lemaire & Menanteau (2021, 2023a), the sensitivity 
analyses conducted in sections 5.2.1 and 5.2.2 showed that the empirical factors (whose values need to be set) do not influence the LII 
response in the same way, all depending on the excitation wavelength, the laser fluence and the time. Parameterizing refined models 
by implementing an optimization procedure aimed at reducing the mean square deviation between measured and computed signals 
while considering the whole lifetime of the LII signals for a wide range of fluences can thus allow to identify unique sets of parameters 
as noted during the parameterization conducted in the present work, and as illustrated by the existence of local optimums in the DoE 
response surfaces reported in Menanteau & Lemaire (2020, 2022) and (Lemaire & Menanteau, 2021, 2023a). The values of the inferred 
parameters are, however, subject to more or large uncertainties, as discussed in Lemaire & Menanteau (2021, 2023a) where the in
fluence of measurement noise and errors in the estimation of the flame temperature and soot initial diameter, among others, were 
analyzed. Notwithstanding their ability to reproduce the so-called plateau region of the fluence curves (contrary to models 1 and 2, 
which failed to do so), models 3 and 4 are still unable to predict LII time decays matching those measured in the C2H4 and CH4/O2/N2 
flames over an extended range of fluences up to 0.5 J cm− 2. The results obtained, moreover, showed that model 3 globally performs 
better than model 4, which tends to predict soot temperatures by far exceeding those of its experimental counterparts. Among the 
sources of uncertainties associated with the expressions used to account for the energy fluxes embedded within models 3 and 4 that 
could explain the discrepancies noted between measured and simulated data, one can cite the formulation of Q̇ann, whose governing 
equation, as proposed by Michelsen (2003), leads to predicting an onset of annealing at temperatures as low as that of the flame, 
whereas the experiments by Cenker & Roberts (2017) showed that annealing starts above ~4000 K (see section 5.2.1). These ob
servations notably led Sipkens et al. (2019) to propose an alternative empirical sub-model inspired by the reducing sphere model 
proposed by Butenko et al. (2000) for the annealing of diamond in carbon nanoparticles. This formulation, whose integration in model 
3 is explored below for completeness, follows an equation of type: 

dXa

dt
=6 ⋅ A0 ⋅

(1 − Xa)
2/3

Dp
⋅ exp

(
− EA

R ⋅ Tp

)

(43) 

where A0 and EA are respectively the pre-exponential factor and the activation energy of the Arrhenius-based relation allowing to 
account for the progression of the soot annealed fraction (see Sipkens et al. (2019) for more details). By substituting Eq. (28) in model 3 
by Eq. (43) while using the MATLAB® ‘ode45’ solver to compute Xa, one obtains the light gray curves in Fig. 24, which are compared 
with the results from the implementation of the annealing sub-model from Michelsen (2003) (see black lines). The obtained curves are 
also compared therein with the data obtained from calculations performed considering an updated version of the model developed by 
Sipkens et al. (2019), recently introduced by Liu (2024) during the 10th International Workshop on Laser-Induced Incandescence (see 
gray lines). This alternative formulation integrates the contributions of both thermal-induced and photon-induced annealing such that 
the variation of Xa as a function of time expresses as per Eq. (44): 

dXa

dt
=3 ⋅

(1 − Xa)
2
3

Dp
⋅
[

2 ⋅ A0 ⋅ exp
(

− EA

R ⋅ Tp

)

+ 8 × 10− 19 ⋅
E(m) ⋅ F ⋅ qexp(t)

λ

]

(44) 

Note that although the calculations presented in Liu (2024) were carried out considering alternative A0 and EA values, we still used the 
parameters initially proposed in Sipkens et al. (2019) to represent the thermal-induced annealing in order to better highlight the 
impact of the right-hand term of Eq. (44). Besides, and as was done in Sipkens et al. (2019), Xa was set to 0 as an initial condition to 
compute dXa/dt using Eqs. (43) and (44). Although being subject to large uncertainties, such an initial value was nonetheless selected 
to implement the above-described sub-models as proposed by their respective authors. In line with the observations by Sipkens et al. 
(2019), the plots in Fig. 24c show that the annealed fractions computed at relatively low fluences using Eq. (43) are significantly lower 
than those resulting from the implementation of Eq. (28) (see the black curves in Fig. 24c), while the contrary is observed at higher 

Fig. 24. Comparison of the fluence dependence of the peak LII signals (a) and soot temperatures (b) computed using model 3 integrating the 
annealing sub-models proposed by Michelsen (2003) (Eq. (28)), Sipkens et al. (2019) (Eq. (43)) and Liu (2024) (Eq. (44)) (lines) with experimental 
results (depicted by means of circles) measured at 50 mm HAB in the C2H4 diffusion flame using an EW of 532 nm as an example. Calculations were 
performed using the optimized parameters listed in Table 4, while computing the oxidation term using Eq. (29). As for (c), it depicts the simulated 
changes in the annealed fraction, Xa, as a function of time for fluences of 0.040, 0.069 and 0.300 J cm− 2. Note that the full, dotted and dashed lines 
correspond to the results obtained when implementing the annealing sub-models proposed by Michelsen (2003), Sipkens et al. (2019) and Liu 
(2024), respectively.

R. Lemaire and S. Menanteau                                                                                                                                                                                       Journal of Aerosol Science 192 (2026) 106716 

35 



fluences (see the light and dark gray curves in Fig. 24c). As for the modeling approach proposed by Liu (2024), it tends to predict Xa 
values very close to those obtained when considering the sub-model from Sipkens et al. (2019) (see Fig. 24c), thus indicating that the 
photon-induced contribution in Eq. (44) is marginal in the conditions investigated herein. Nevertheless, the formulation proposed by 
Liu (2024), which is part of a work in progress, and is therefore intended to be refined, still has the merit of considering the potential 
impact of non-thermal annealing on modifications of the soot structure when high laser fluences are used. This hence justifies the 
interest in pursuing these preliminary developments, as was recently done by Liu, Sipkens & Corbin (2025) who proposed an alter
native parameterization of Eq. (44). The implementation of this updated annealing sub-model, however, led to simulated results that 
significantly diverged from measured ones (especially for fluences above 0.15 J cm− 2), regardless of the considered soot absorption 
function values. This explains why corresponding results were not reported in Fig. 24, and further amplifies the need for comple
mentary works to be undertaken. On the other hand, that lower Xa are predicted when using Eqs. (43) and (44) instead of Eq. (28) at 
low fluences (for which Tp is relatively low) is consistent with the experimental observations by Cenker & Roberts (2017). The results 
depicted in Fig. 24a and b, however, show that replacing the equation initially proposed by Michelsen (2003) to compute Xa with those 
developed by Sipkens et al. (2019) and Liu (2024) does not allow improving the agreement between measured and simulated data. 
Similarly, the results in sections 5.2.1 and 5.2.2 led to conclude that integrating the thermionic emission sub-model proposed by 
Mitrani et al. (2016) instead of that proposed by Michelsen (2003) does not result in an improvement of the predictive capability of 

Fig. 25. Evolution of the ratios between peak and time-dependent LII responses computed using model 1 (denoted PSLII and SLII) and LII signals 
(denoted PSLII* and SLII*) derived when neglecting (w/o) or adding (w.) Q̇rad, Q̇ox, Q̇th, soot annealing, NTP, MPA, SE and MS as a function of the 
fluence (a, e, i, m) and time at 0.088 J cm− 2 (b, f, j, n), 0.186 J cm− 2 (c, g, k, o) and 0.234 J cm− 2 (d, h, l, p). The inset in each subfigure represents 
the ratio between simulated and measured signals (denoted ‘SLIIexp’), noting that the results obtained herein are issued from calculations aimed at 
simulating the data collected at 15 mm HAB in the CH4/O2/N2 premixed flat flame from Bejaoui et al. (2015). Note also that model 1 was 
parameterized as detailed in section 4 setting the E(m) and αT to 0.43 and 0.37, respectively (see section 5.1), while the sub-models used to represent 
Q̇ox, Q̇th, Xa, NTP, MPA, SE and MS were implemented using the equations detailed in the chart legends. As for the dotted lines reported in m to p, 
they represent results obtained after optimizing the soot absorption function to reduce the mean square deviation between measurement and 
simulation. To conclude, the full black lines in the insets represent the PSLII/PSLIIexp and SLII/SLIIexp ratios used as reference plots to help figure out 
whether or not the exclusion or the inclusion of the above-listed terms allows to improve the agreement between measurement and simulation.
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model 4, although the expression of Q̇th from Mitrani et al. (2016) is believed to be more consistent as it allows to account for the effects 
of the positive charge buildup in laser-heated nanoparticles increasing the energy barrier for further emission of electrons. Finally, and 
as exemplified by the results depicted in section 5.2.2, the influence of Q̇ox on simulated signals is rather negligible regardless of the 
equation used to account for this flux. Complementary works are obviously more than ever required to refine the formulation of models 
3 and 4 as no parameterization and/or sub-model expression allowed them to properly capture the LII time decays measured by Goulay 
et al. (2013) and Bejaoui et al. (2015). To help identify the energy fluxes that need to be considered and/or further described in greater 
detail, section 5.3.1 proposes a sensitivity analysis of the relative impact of radiation, oxidation, thermionic emission, annealing, 
nonthermal photodesorption, multi-photon absorption, SE and MS.

5.3. Complementary analyses and perspectives on the development of LII modeling tools

5.3.1. Sensitivity analyses focusing on the relative importance of various terms embedded within current LII models
To assess the sensitivity of LII model predictions to the removal and/or integration of some sub-models and corrective factors, in 

Fig. 25, we plotted the variations of the ratio between the signals obtained using a standard Melton-based model (i.e., model 1) and 
those computed when neglecting or adding some specific terms as a function of the fluence and time. Of note, the results presented 
therein are issued from calculations aimed at simulating the data collected at 15 mm HAB in the methane flame studied by Bejaoui 
et al. (2015). The results obtained when attempting to reproduce the results from the other datasets are not reported for brevity, noting 
that similar trends were obtained. Besides, and as mentioned at the end of section 5.2.3, the focus of the present sensitivity analysis is 
especially on Q̇rad, Q̇ox, Q̇th, soot annealing, as well as nonthermal photodesorption (referred to as ‘NTP’ in the following, for simplicity) 
and multi-photon absorption (noted ‘MPA’ below), which influence Q̇abs and Q̇sub, in addition to SE and MS, which act on Q̇cond and 
Q̇abs, respectively. As for the first column of Fig. 25 (i.e., Fig. 25a, e, i, m), it represents the fluence dependence of the ratio of the peak 
LII signals, denoted PSLII*/PSLII, with ‘P’ referring to ‘peak’, ‘SLII’ representing the signals obtained using model 1, and ‘SLII*’ 

standing for the LII responses computed when neglecting or integrating the above-listed processes or corrective factors. As for the other 
subfigures, they depict the variation of the SLII*/SLII ratios as a function of time for fluences of 0.088 J cm− 2 (Fig. 25b, f, j, n), 0.186 J 
cm− 2 (Fig. 25c, g, k, o) and 0.234 J cm− 2 (Fig. 25d, h, l, p), as examples. Regarding the insets, they report the fluence and time 
dependencies of the PSLII*/PSLIIexp (first column in Fig. 25) and SLII*/SLIIexp ratios (second, third and fourth columns in Fig. 25), 
where SLIIexp denotes measured signals. These complementary curves were notably plotted to allow to highlight whether or not the 
exclusion or the inclusion of the terms listed in the chart legends leads to an improvement of the agreement between experimental and 
simulated data (noting that the farther the ratio values are from 1, the higher the discrepancy between simulated and measured data). 
To conclude, we also reported in the insets of Fig. 25 the ratio between the LII responses simulated using model 1 and the measured 
signals (i.e., PSLII/PSLIIexp and SLII/SLIIexp). These specific curves, which are depicted by means of black full lines, were plotted to 
help identify the energy fluxes and corrective factors whose addition and/or exclusion allows to improve the predictive capability of 
the implemented model (computed PSLII*/PSLIIexp and SLII*/SLIIexp ratios which are closer to 1 than those represented by the black 
curves indeed indicating that the removed and/or added terms improve the agreement between experimental and computed signals).

In line with expectations, the plots of Fig. 25a and e confirm that Q̇rad, Q̇ox, Q̇th, which only become significant after the laser pulse 
duration, do not influence the fluence dependence of the peak LII signals. Obtained results still show that as opposed to radiation (see 
Fig. 25b–d), whose effect on simulated LII signals is marginal regardless of the considered fluence (a point previously discussed in 
section 5.1.2), soot oxidation, as well as thermionic emission, are likely to slightly influence the LII time decays, as exemplified by the 
plots of Fig. 25b–d and f to h, respectively. As depicted in the insets of these figures, the inclusion of Q̇ox and Q̇th, however, has a 
negligible impact on the relative agreement between simulated and measured data (the curves depicting the evolution of SLII*/SLIIexp 
being indeed almost superimposed with the black curves representing the variation of SLII/SLIIexp). As for the effects of soot annealing, 
the integration of the equation proposed by Sipkens et al. (2019) to compute the variation of Xa as a function of time is shown to 
slightly influence the LII responses, especially for fluences of 0.186 J cm− 2 and 0.234 J cm− 2. Furthermore, the curves in Fig. 25f–h also 
illustrate that annealing mainly influences the LII process during the first ns following the beginning of the laser pulse, which could 
have been expected since this time frame corresponds to the soot heating stage, which is predominantly controlled by the 
absorptive-heating flux. That being said, and as exemplified by the insets of Fig. 25e–h, adding the expression proposed by Sipkens 
et al. (2019) to account for soot annealing in the formulation of model 1 does not enhance its predictive capability, which suggests that 
further developments are required, as noted by Liu (2024), to better capture this specific mechanism likely to modify the soot structure, 
and hence, its optical properties. Besides, and as can be seen by looking at Fig. 25i–l, both the nonthermal and multi-photon absorption 
processes significantly influence the LII fluence curves and time decays. While decreasing the peak LII intensities at low fluences as 
compared to the results obtained when using model 1, the inclusion of these mechanisms conversely increases the peak LII responses 
for fluences above 0.3 J cm− 2 (see Fig. 25i). The curves reported in Fig. 25k and l, moreover, show that slower soot heating and cooling 
are predicted when integrating Eq. (12) and/or (19) in model 1, which is notably related to the fact that higher soot absorption 
functions need to be considered when the effect of NTP and MPA is taken into account, as detailed in section 5.2.1. This is especially 
exemplified by the dotted lines in Fig. 25i–l, which illustrate that optimizing the E(m) values to better reproduce experimental results 
leads to computing PSLII*/PSLII. and SLII*/SLII. ratios close to 1, but however, with no significant improvement of the agreement 
between measured and simulated data, (see the insets of Fig. 25j–l). Finally, the plots in Fig. 25m–p allow to illustrate the major 
influences of MS and SE on the fluence and time dependencies of the LII responses, respectively. Considering the shielding effect is, 
moreover, shown to improve the predictive capability of model 1 (see the light gray curves in the insets of Fig. 25n–p). On the other 
hand, and as discussed in section 5.1.1 as well as in Yon et al. (2014, 2015) and Lemaire & Menanteau (2021, 2023a), integrating the 
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generalized structure factor function from Eq. (37) to represent MS requires decreasing the soot absorption functions to account for the 
effect of aggregation on the absorption capability of soot. Consequently, while the agreement between measured and simulated data is 
shown to be worsened when integrating the MS sub-model (see the insets of Fig. 25n–p), selecting an E(m) of 0.36 instead of 0.43 
alternatively leads to computing identical PSLII*/PSLIIexp and PSLII/PSLIIexp ratios (data not reported for brevity).

Although far from comprehensive, this brief sensitivity analysis allowed to corroborate the conclusions drawn in the inverse 
technique-based study by Lemaire & Mobtil (2015) regarding the significant impact the nonthermal photodesorption and multi-photon 
absorption mechanisms may have on the modeling of LII signals. The above results, moreover, evidenced the importance of consid
ering MS and SE when information on E(m) and αT are to be derived through the modeling of experimentally monitored data. 
Furthermore, and although exhibiting a relatively limited effect on the computed LII responses, the influence of the oxidation, 
thermionic emissions and annealing processes was still shown to become non-negligible as the laser fluence increases. It is finally 
noteworthy that none of the energy fluxes and corrective factors investigated herein truly led to improving the predictive capability of 
model 1 when being individually integrated within its formulation. This notably explains why comprehensive modeling tools coupling 
a series of sub-models which account for the different processes likely to influence soot LII were recently proposed in the literature, as 
will be illustrated in section 5.3.2. To conclude, note that more refined statistical analyses, including the implementation of a Bayesian 
model selection approach (Sipkens et al., 2018a, 2018b) as an example, could be of high interest in order to better rule on the specific 
energy flux and/or mechanisms that would need to be considered, depending on various factors (e.g., the input parameter uncertainty, 
measurement noise, goodness-of-fit, etc.). It should nonetheless be borne in mind that while implementing such an approach can be 
more or less straightforward, with formulating standard LII models, the complexity of more refined formulations such as those pro
posed by Michelsen in Michelsen (2003) and Michelsen et al. (2007) or by Lemaire & Menanteau (2021, 2023a) would render such an 
analysis more difficult, thus making complementary developments a must.

5.3.2. Analysis of the predictive capability of a recently developed comprehensive LII model
To conclude this benchmarking analysis, it is proposed to assess the predictive ability of a refined LII model (referred to as model 5 

hereafter) recently proposed by Lemaire & Menanteau (2023a) against three experimental databases, including those from Goulay 
et al. (2013) and Bejaoui et al. (2015) previously considered in sections 5.1 and 5.2, to which the set of LII signals collected by Lemaire 
et al. in a turbulent spray flame of Diesel is added (Bejaoui, Lemaire, & Therssen, 2015; Lemaire, Bejaoui, & Therssen, 2013; Lemaire & 
Menanteau, 2021, 2023a). This comprehensive version of the laser-irradiated soot heat and mass balance equations integrates terms 
representing the saturation of linear, single- and multiphoton absorption processes, cooling by sublimation, conduction, radiation and 
thermionic emission, as well as mechanisms depicting soot oxidation and annealing, non-thermal photodesorption of carbon clusters 
and corrective factors accounting for SE and MS. In detail, Eqs. (3), (19), (24), (26), (31) and (33) are used to represent dUint/ dt, Q̇sub, 
Q̇rad, Q̇ann, Q̇ox and Q̇th. As for Q̇abs, it is expressed as the sum of the contributions of unannealed and annealed soot fractions while 
considering the saturation of linear, single-photon and multi-photon absorption processes, as well as the effect of multiple scattering 
within aggregates such that: 

Q̇abs =Np ⋅ Cmulti
abs,s ⋅

f1,s ⋅ Bλ1,s

∫tl

0

qexpdt

⋅
{

1 − exp
[

−
F ⋅ qexp

Bλ1,s

]}

+Np ⋅ Cmulti
abs,a ⋅

f1,a ⋅ Bλ1,a

∫tl

0

qexpdt

⋅
{

1 − exp
[

−
F ⋅ qexp

Bλ1,a

]}

+Np ⋅
n ⋅ h ⋅ c

λl
⋅
(
kλn,s + kλn,a

)

(45) 

where the subscripts ‘s’ and ‘a’ refer to unannealed and annealed soot fractions. The meaning of the different parameters embedded in 
Eq. (45) was previously detailed in section 4.1.2, except for the absorption cross-sections of unannealed and annealed soot fractions 
(Cmulti

abs,s and Cmulti
abs,a ), which are computed in the present case by integrating the MS corrective factor from Yon et al. (2014) as per Eqs. 

(46) and (47): 

Cmulti
abs,s =Ntot ⋅ (1 − Xa) ⋅

π2 ⋅Dp
3

λl
⋅ E(m) ⋅ hλ,Np ⋅ p

(
Np

)
(46) 

Cmulti
abs,a =Ntot ⋅ Xa ⋅

π2 ⋅Dp
3

λl
⋅fa ⋅ Ea(m) ⋅ hλ,Np ⋅ p

(
Np

)
(47) 

further noting that the rate constants related to the photodesorption of C2 clusters from unannealed and annealed soot fractions are 
expressed as follows: 

kλn,s =(1 − Xa) ⋅
λl

n ⋅ h ⋅ c
⋅
σλn,s ⋅ π ⋅Dp

3⋅Nss

6
⋅

(
Bλn,s

)n
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0

(
qexp

)n
dt

⋅
{

1 − exp
[

−

(
F ⋅ qexp

Bλn,s

)n]}

(48) 

and 
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kλn,a =Xa ⋅
λl

n ⋅ h ⋅ c
⋅
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⋅
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)n
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⋅
{
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[

−

(
F ⋅ qexp

Bλn,a

)n]}

(49) 

Regarding the energy loss at the surface of soot particles through collisions with surrounding gas molecules, it is calculated considering 
a Fuchs equivalent sphere modeling approach (Fuchs, 1934, 1959) so that the conduction rates in the free molecular (FM) and con
tinuum (C) regimes follow Eqs. (50) and (51), respectively: 

Q̇cond,FM =
1
8

⋅ π ⋅ Np ⋅ αT ⋅ DHC
2 ⋅ Pg ⋅

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
8 ⋅ kB ⋅ Tδ

π ⋅ Mg

√

⋅
γ* + 1
γ* − 1

⋅
(

Tp

Tδ
− 1

)

(50) 

Q̇cond,C =4 ⋅ π ⋅ Np ⋅
(

DHC

2
+ δ

)

⋅
∫ Tδ

Tg

kg(T)dT (51) 

where γ* denotes the mean value of the heat capacity ratio, δ and Tδ correspond to the distance and temperature related to the limiting 
sphere separating the free molecular regime from the continuum one, while kg stands for the heat conduction coefficient of the sur
rounding gas. Of note, as the data issued from the analysis of the Diesel flame studied by Lemaire et al. was obtained using a near- 
Gaussian laser beams, the experimentally monitored spatial distribution of the laser irradiance was numerically reproduced and 
discretized using 17 × 17 elements in this case, as validated through a grid sensitivity analysis. Theoretical signals calculated over all 
the dimensions of the laser beam were subsequently integrated over a 300 μm height corresponding to the dimension of the slit placed 
in front of the detector used during experiments (see Lemaire & Menanteau (2021, 2023a) for more details). Note that while Eqs. (6) 
and (7) were considered in Lemaire & Menanteau (2021, 2023a) in computing ρs and cs, the updated expressions proposed by 
Michelsen (2021) to account for the dependence of the soot density and heat capacity on its temperature and maturation level (see Eqs. 
(35) and (36)) were chosen instead (see section 5.1.1). Furthermore, we did not adjust the empirical scaling factors for the linear 
absorption of annealed and unannealed soot depending on the considered dataset. Rather, we used constant values derived from those 
proposed in Michelsen (2003) and Michelsen et al. (2007). Since the above-listed changes are likely to modify the values that must be 
set for some input parameters (e.g., the soot absorption function) in order to properly reproduce measured data when using model 5, 
the latter was thus fully reparametrized. To that end, we implemented the optimization procedure coupling a design of experiments 
with a genetic algorithm-based solver previously used in Menanteau & Lemaire (2020, 2022) and Lemaire & Menanteau (2021, 
2023a), to which the reader is referred for more details. Nonetheless, and contrary to what was done in these specific works, where 

Fig. 26. Comparison of LII fluence curves (a, b, c) and time decays (d, e, f) simulated using model 5 (lines) with experimental data (symbols) 
measured by Goulay et al. (2013) at 50 mm HAB in the C2H4 diffusion flame with EWs of 532 (a) and 1064 nm (a, d), Bejaoui et al. (2015) at 7, 9 (b) 
and 15 (b, e) mm HAB in the CH4/O2/N2 premixed flat flame with an EW of 1064 nm, and Lemaire & Menanteau (2021, 2023a) at 110 mm HAB in 
the turbulent spray flame of Diesel using EWs of 532 (c) and 1064 (c, f) nm. Simulations were carried out using the following optimized parameters: 
σλn,s = 8.1 × 10− 10 and 4.8 × 10− 10 cm2n− 1 J1− n, Bλ1,s = 0.57 and 1.08 J cm− 2, Bλn = 0.39 and 0.47 J cm− 2 and ΔHλn,s = 2.33 × 105 and 1.60 × 105 

J mol− 1 at 532 and 1064 nm, respectively (except at low HAB in the methane flame, where σλn,s for young particles was found to be lower (i.e., 2.0 
× 10− 10 cm2n− 1 J1− n), in agreement with the explanations provided in Lemaire & Menanteau (2021)). As for the soot absorption function, the 
optimization procedure led to infer values of 0.32 in the C2H4 flame at 532 and 1064 nm, 0.16, 0.22 and 0.28 at 7, 9 and 15 mm HAB in the 
CH4/O2/N2 flame, respectively, versus 0.42 in the Diesel flame for both considered EWs. Finally, αT of 0.23, 0.31 and 0.49 were identified as leading 
to the best fit between measured and simulated LII time decays. Note, to conclude, that the gray domains surrounding the white curves depicting 
computed LII signals were drawn based on the uncertainty ranges related to each optimized parameter (see Lemaire & Menanteau (2023a) for 
more details).
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only the data collected in the Diesel spray flame were considered for parameterization, we performed a global optimization aimed at 
reducing the mean square deviation between the signals computed by model 5 and those measured by Goulay et al. (2013), Bejaoui 
et al. (2015) and Lemaire & Menanteau (2023a) simultaneously. The values of σλn,s, Bλ1,s, Bλn,s and ΔHλn,s detailed in the caption of 
Fig. 26 were then obtained, noting that the latter are quite close to those previously reported in Lemaire & Menanteau (2023a). Using 
these parameters, the implementation of model 5 allows to obtain the fluence curves and LII time decays reported in Fig. 26a–c and 26d 
to f, respectively, which show that the model properly captures the fluence dependence of the peak LII signals experimentally 
monitored by Goulay et al. (2013), Bejaoui et al. (2015) and Lemaire & Menanteau (2021, 2023a), contrary to models 1 and 2, which 
failed to do so (see section 5.1). Of note, the E(m) values listed in the caption of Fig. 26 differ slightly from those previously estimated in 
Lemaire & Menanteau (2021, 2023a), which can be traced to the use of different input parameters and datasets to perform the 
optimization calculations, as explained above. It is still noteworthy that the E(m) found herein for mature soot (i.e., for high HAB in 
each studied flames) are in keeping with the more likely range of values recommended by Liu et al. (2020). As for the plots reported in 
Fig. 26d–f, they show that the LII time decays measured in the different flames with fluences comprised in the low-to-intermediate 
fluence ranges are correctly simulated, which was not the case when models 1 to 4 were used (see sections 5.1 and 5.2). While 
confirming the ability of the model formulation proposed by Lemaire & Menanteau (2023a) to reproduce LII signals collected in at
mospheric flames burning different types of fuels, model 5 still failed to reproduce the time decays measured by Goulay et al. (2013) for 
fluences ≥0.121 J cm− 2 (the corresponding signals are thus not depicted in Fig. 26d). Similarly, the plots in Fig. 27, which compares 
the temperature profiles measured by Goulay et al. (2013) with EWs of 532 and 1064 nm with those simulated by means of model 5, 
clearly show that, although a good fit can be obtained in the low-to-intermediate fluence regime, predicted temperatures tend to 
overestimate their experimental counterparts above the sublimation threshold (this behavior being also observed when simulating the 
results issued from the other datasets). In addition to strengthening the need to refine and/or further parameterize model 5 against data 
obtained with high laser fluences as concluded in Lemaire & Menanteau (2023a), this observation also supports the need for further 
data on the C2H4 diffusion flame studied by Goulay et al. (2013) to help elucidate whether the discrepancies observed between 
measured and simulated results are dependent on the specific experiment conducted or on the implemented modeling tool, as was 
previously pointed out by Mansmann et al. (2018).

To conclude, and to further assess the predictive capability of model 5 against signals collected in widely varying environments, we 
performed a series of calculations aimed at simulating the LII time decays collected by Mi et al. (2021) in laminar premixed ethyl
ene/air flames stabilized under pressure of 5 and 10 bar and by Zheng et al. (2023) in a jet-A flame stabilized in a pressurized 
combustor functioning at pressure between 1, 2.4 and 3.8 bar. Here again, and as illustrated by the results reported in Fig. 28, a good 
agreement between measured and computed data is obtained, which can notably be traced to the use of a Fuchs equivalent sphere 
modeling approach to compute the conduction flux. It is, moreover, noteworthy that although we did not expend too much effort on 
trying to optimize the model parameters, the E(m) values we estimated are still included within the more likely range of values 
recommended by Liu et al. (2020), further noting that the E(m) of 0.46 inferred in the case of the ethylene/air flames is consistent with 
the value reported by Bladh et al. (2011a). Although encouraging, these results need to be further validated in future works, with larger 
sets of experimental data used, especially to formulate predictive tools that are valid over an extended range of operating conditions (e. 
g., low and high pressures, wide varying laser EWs and fluences, etc.).

6. Discussion regarding the limitations of the present work and considerations requiring special attention for future 
modeling studies

Reiterating first and foremost that this benchmarking analysis does not intend to refine current LII model formulations and/or 

Fig. 27. Comparison of peak soot temperature profiles simulated using model 5 (lines) with experimental results (referred to as “exp.”) measured at 
50 mm HAB in the C2H4 diffusion flame using EWs of 532 (black square) and 1064 nm (gray circles). Note that model 5 was parameterized as 
detailed in the caption of Fig. 26. Note also that the gray domains surrounding the white curves depicting computed temperatures were drawn based 
on the uncertainty ranges related to each optimized parameter (see Lemaire & Menanteau (2023a) for more details) while the error bars associated 
with symbols denote the experimental uncertainties reported in Goulay et al. (2013).
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provide parameter sets which should be imperatively considered for properly simulating LII signals, it is still essential to review the 
sources of uncertainties and possible statistical issues needing to be considered to correctly rule on the intrinsic validity of the results 
we obtained while paving the way for future modeling works.

It was previously suggested in sections 5.1.1 and 5.1.2 that measured data could be subject to inaccuracy and/or systematic errors, 
when commenting on the discrepancies observed between the signals simulated herein and the fluence curves and time decays 
recorded by Bejaoui et al. (2015) and Goulay et al. (2013), respectively. It should thus be emphasized that different sources of 
experimental errors, as well as systematic flaws in measurements, in addition to explicit and/or implicit assumptions made during 
calculations, are likely to more or less significantly affect the validity of the results we obtained. First, and although not being specific 
to the experimental arrangements which allowed to obtain the measured data used as references herein, it is noteworthy that limi
tations in detection systems may induce biases in collected signals, as extensively discussed in different reviews, such as those by 
Schulz et al. (2006) or Michelsen et al. (2015). For instance, when photomultiplier tubes (PMTs) are subjected to continuous high 
illumination, a photocathode depletion issue can translate into non-linear responses, especially when high-intensity signals (i.e., at the 
peak of the LII time decays) are recorded. Besides, and although not of major concern herein, since the temperatures considered were 
derived from the processing of spectrally-resolved LII radiation collected using gated ICCD cameras, the above depletion issue can still 
influence the intensity calibration of PMTs, leading to systematic deviations in some channels when multi-color systems are used to 
assess Tp. Furthermore, collection systems comprising PMTs and oscilloscopes may lack the temporal resolution needed to capture the 
rapid increase of the LII intensity during the soot heating stage. Typical PMTs indeed have rise times of the order of 1–2 ns, and thus 
cannot properly follow the rapid rise of the LII signals occurring during the laser pulse duration. Consequently, the peak intensity used 
to plot the fluence curves may be underestimated by an unknown amount. Fitting procedures aimed at tuning model parameters in 
order to mimic the fluence dependence of the peak LII signals can therefore lead to erroneous results, which must therefore be 
considered with caution. Due to the possible influence of these sources of errors and to the significant effort required to integrate them 
out, inferring model parameters by inverse calculations based on measured data is thus quite challenging (Sipkens et al., 2017, 2018a). 
That being said, this observation does not truly challenge the consistency of the main trends discussed in this paper, since inferring 
model parameters was clearly out of the scope of the proposed benchmarking analysis. As stated before, the basic optimization cal
culations conducted in section 5 only aimed at helping to better understand the impact of some soot properties and empirical factors 
governing the LII responses on computed signals while assessing whether or not the parameter values allowing to obtain relatively 
good fits between experiments and simulations were comprised within the most likely range of values reported in the literature. It is, 
moreover, noteworthy that while the spatial distribution of the laser irradiance was numerically discretized when simulating the data 
collected by Lemaire & Menanteau (2021, 2023a) in section 5.3.2, we did not do so when modeling the results by Goulay et al. (2013)
and Bejaoui et al. (2015), who considered spatially homogeneous top hat profiles. It should, however, be pointed out that the laser 
energy distribution in LII measurements is never truly homogeneous, as can clearly be seen when looking at the spatial beam profiles 
reported in Goulay et al. (2013) and Bejaoui et al. (2015). The fact that homogenous distributions of the laser energy were considered 
in modeling the results issued from these two datasets may thus have led to erroneous signal predictions, since non-uniformity of laser 
profiles has been shown to significantly influence LII measurements carried out using the auto-compensating method for instance (Liu 
et al., 2016). Furthermore, inhomogeneities have also been identified as being possibly responsible for the so-called “anomalous 
cooling” (Snelling et al., 2009; Talebi Moghaddam & Daun, 2018), in which the observed pyrometric temperature decreases much 
faster immediately after a peak value is reached than would be expected based on calculations performed using conventional heat and 
mass transfer models. Although different studies have exemplified the importance of a proper discretization of the distribution of the 
laser energy in LII modeling when considering highly non-uniform spatial profiles (see Mobtil & Lemaire (2012), for example), no 
specific effort was expended herein on spatially discretizing the laser beams used in Goulay et al. (2013) and Bejaoui et al. (2015), as 
stated in section 4.2, since no evident “anomalous cooling” can be evidenced from the temperature profiles reported by Goulay et al. 
(2013), for instance. Furthermore, and even though the assumption of a homogeneous spatial distribution of laser energy could 
potentially alter the value of model parameters, which would be inferred through a fitting procedure (which is outside of the scope of 

Fig. 28. Comparison of LII time decays simulated using model 5 (lines) and an EW of 1064 nm, with experimental data (symbols and corresponding 
error bars) measured by (a) Mi et al. (2021) at 15 mm HAB in C2H4 premixed laminar flames at pressures of 5 and 10 bar, and (b) Zheng et al. (2023)
at 35 mm HAB in a jet-A flame stabilized at pressures of 1, 2.4 and 3.8 bar. Simulations were carried out using the optimized parameters listed in the 
caption of Fig. 26, except for the thermal accommodation coefficients, which were adjusted to 0.49 as was done to simulate the data collected in the 
Diesel spray flame from Lemaire & Menanteau (2021, 2023a). As for the soot absorption function, its value was set to 0.46 in (a) and 0.40 in (b), 
respectively. Finally, the Np and Dp values reported by Mi et al. (2021) and Zheng et al. (2023) were considered, noting that the gray domains 
depicted in (a) were drawn based on the uncertainty ranges related to Dp values in (Mi et al., 2021) while the error bars in (b) denote variations in 
the measured LII intensity.
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this work), it may not qualitatively influence the relative importance of the different processes involved in the LII process, and may 
thus not challenge the validity of the main trends and observations previously drawn. That said, to better rule on this latter point, we 
still performed additional calculations to briefly compare the results obtained when simulating the data obtained with an EW of 1064 
nm at 50 mm HAB in the C2H4 diffusion flame and at 15 mm HAB in the CH4/O2/N2 premixed flat flame using model 5 while dis
cretizing or not discretizing the spatial domain of the laser beam, considering 14 × 14 and 19 × 4 elements, respectively, as examples. 
The results obtained then showed that the slight inhomogeneities in the spatial distribution of the laser irradiance reported by Goulay 
et al. (2013) and Bejaoui et al. (2015) have but a relatively limited influence on obtained results (with mean variations in predicted 
signals less than ⁓5 %), and should thus not fundamentally alter the validity of the comparison work proposed. This may, however, 
impact the values of input parameters inferred by inverse calculations based on measured data, thus prompting the need to consider 
such an aspect when implementing LII models in that end (as we did in Lemaire & Menanteau (2021, 2023a) where the spatial dis
tribution of the laser energy was properly discretized when trying to gain insights into the variation of the soot absorption function as a 
function of the wavelength and soot maturation stage based on LII modeling of data collected in a Diesel flame). Complementary tests 
conducted with widely varying laser profiles while conducting mesh sensitivity analyses should, moreover, be a must to better rule on 
the relative impact of laser inhomogeneities when parameterizing LII models, the above result being indeed issued from preliminary 
calculations. Note, to conclude, that the statistical treatment of the model parameters derived from the optimization routines we 
implemented to gain insight into the range of values that can be set for some soot properties also calls for clarifications. We did not 
dwell on this before, though, as it is not the aim of this review, as mentioned above. That said, caution should be exercised when 
interpreting the results we obtained even though our attempt of parameterization of model 5 in section 5.3.2 was carried out by 
considering multiple parameters in the meantime, multiple datasets, the whole lifetime of the LII signals for a wide range of fluences 
while also integrating uncertainties related to Tg ((±23 K), Dp (±2.7 nm), and SLIIexp (±5 %) (see Lemaire & Menanteau (2021)). 
Indeed, and as discussed above, all the experimental data contain errors and uncertainties. Although the latter may not challenge the 
conclusion drawn regarding the inability of standard model formulations to properly mimic the lack of fluence dependence of LII 
signals above the sublimation threshold, which is fundamentally related to the physical treatment of the energy fluxes embedded 
within such simulation tools, it should still be kept in mind that fine-tuning model parameters from noisy or imperfect data is more 
than challenging. The present work thus does not claim that the results obtained with the somewhat parameterized version of model 5 
proposed herein should be given more weight than is warranted, as they merely represent a simple illustration of how a model can 
potentially simulate data issued from different datasets. As explained at the end of section 5.3.1, attempting to propose a universally 
valid parameterized LII model would, of course, require a more rigorous statistical approach, as proposed in recent works by Sipkens 
et al. (2017, 2018a), who pioneered the introduction of the Bayesian framework for LII modeling, thus paving the way for future works.

7. Conclusion

Over the last decades, LII has come to represent a reference diagnostic tool for the in situ measurement of soot volume fractions in 
combustion environments, and its use continues to expand into new and widely varying application areas (Michelsen et al., 2015). 
Despite the significant effort which has gone into developing an in-depth understanding of the physical mechanisms and parameters 
controlling the laser-induced incandescence phenomenon, the validity of predictions stemming from the theoretical models developed 
to simulate the radiative emission from laser-heated particles are still subject to more or large uncertainties. The wide variability in the 
results from different LII models actually prompts the need to direct efforts to determine the critical energy and mass balance 
mechanisms which should be implemented in models while developing adapted model validation protocols. In this context, the present 
work, which, to the best of the authors’ knowledge, represents the most comprehensive benchmarking analysis of commonly used LII 
modeling approaches, contributes to addressing these issues by assessing the predictive capability of a series of standard and refined LII 
models against different experimental databases from the literature. Reiterating that this study was not intended to identify and/or 
recommend a specific model formulation and input parameters that should be imperatively selected to properly simulate LII signals, 
but that it instead aimed to highlight the relative strengths and weaknesses of each tested model and sub-model while proposing 
avenues into how to parameterize them, the following conclusions and recommendations were drawn. 

• Composed of a limited number of mechanisms, standard Melton-based models are relatively straightforward to implement and 
parameterize while interestingly being easy to refine through the integration of additional sub-models and/or corrective factors (e. 
g., shielding effect, multiple scattering, etc.). Although the energy- and mass balance equations embedded within standard model 
formulations performed relatively well (once correctly parameterized) in the present work in capturing the fluence dependence of 
the peak LII responses below the sublimation threshold, their oversimplistic treatment proved to be unsuitable to properly mimic 
variations of the peak LII signals when fluences above ⁓0.15 and ⁓0.30 J cm− 2 for EWs of 532 and 1064 nm are typically 
considered, respectively. Similarly, and regardless of the values set for the thermal and mass accommodation coefficients 
embedded within the conduction and sublimation terms, the standard model formulations tested failed to compute LII time decays 
matching their experimental counterparts over an extended range of laser fluences. Besides, the results obtained when attempting 
to reproduce the data from Bejaoui et al. (2015) led to conclude that considering a surface temperature- and gas 
temperature-dependent global accommodation coefficient can be considered as a good option to improve model predictions despite 
the significant uncertainties present in the literature respecting the potential temperature dependence of αT.

• Even though they are more complex to implement and parameterize (especially due to the number of input parameters needing to 
be empirically set), refined models which include photolytic mechanisms (such as multiphoton absorption and nonthermal 
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photodesorption of carbon clusters, as examples) were shown to satisfactorily reproduce the relative lack of fluence dependence of 
the peak LII signals above the sublimation threshold. Furthermore, and despite their intrinsic complexity, parameterization of 
Michelsen-based models can still be attempted by implementing optimization procedures aimed at reducing the mean square 
deviation between measured and computed signals when the full lifetimes of the LII signals are considered for a wide range of 
fluences. The sensitivity analyses conducted in this work indeed confirmed that the properties and empirical factors embedded 
within refined models (e.g., E(m), Bλn, σλn, etc.) influence the LII response differently as a function of the excitation wavelength, the 
laser fluence and the time. This feature hence allows to possibly identify unique sets of fitted parameters, provided the research area 
is correctly defined by setting physically relevant lower and upper boundaries. Caution should nonetheless be exercised when it 
comes to analyzing the validity of the soot properties and empirical factors derived using such a traditional fitting approach, since 
modern statistical frameworks based on Bayesian analyses is a must if proper model selection and/or parameterization are to be 
done. Furthermore, and notwithstanding their ability to reproduce the so-called plateau region of the fluence curves, the 
Michelsen-based models tested herein were alternatively found to be unsuitable to predict LII time decays matching those measured 
in the C2H4 and CH4/O2/N2 flames over an extended range of fluences, which was notably traced to overpredicted soot heating 
and/or cooling, depending on the tested formulation and on the modeled dataset.

• While confirming that dUint/dt must be computed as per Eq. (3), Eq. (4), whose use introduces a nonphysical source term in the 
energy equation, was found to lead to acceptable results when calculations are performed in the low fluence regime (cs⋅ Tp⋅ dMp /

dt→ 0) while considering a constant cs (Tp⋅ dcs/d Tp = 0). It is, however, noteworthy that since physically erroneous peak particle 
temperatures are predicted when using Eq. (4), the latter should therefore be disregarded, as previously concluded by Liu & 
Snelling (2007) and Michelsen et al. (2008).

• The sensitivity analysis covering the values and/or empirical expressions proposed in the literature to represent ρs and cs showed 
that these soot properties can significantly influence the peak soot temperatures estimated by calculation, and in turn, the simu
lated peak LII signals. Depending on the selected ρs and cs, one can infer E(m) values that vary significantly (up to ⁓11 % for 
calculations performed with the model from Melton (1984), for instance) when implementing an inverse calculation procedure 
aimed at fitting modeled fluence curves to measured ones. Nevertheless, and although identifying ρs and cs values/expressions 
which should be recommended is far from trivial, it is believed that expressions taking into account the dependence of the density 
and heat capacity on the particle temperature and maturation level are more likely to properly account for the actual properties of 
soot under conditions relevant for LII applications. This hence paves the way for future works to be undertaken in order to validate 
and/or refine the expressions currently proposed in the literature, such as those from Michelsen (2003, 2021).

• Although often neglected in LII modeling works, aggregate properties drastically influence the LII process, hence the need to 
integrate corrective factors such as those accounting for SE and MS when information on αT and E(m) is to be derived from the 
modeling of experimentally-monitored signals. Indeed, including SE and MS typically leads to increasing αT and decreasing E(m) by 
⁓26 % and ⁓12 % on average, based on the few calculations performed in this work. It should be noted that these values, which 
may vary more widely, depend strongly on the studied flame, the HAB, and thus, the soot maturation level, the considered EW, etc. 
(see Menanteau & Lemaire (2020) and Lemaire & Menanteau (2023a) for more details). It is, moreover, noteworthy that the 
assessment of the values taken by these key factors is fundamentally dependent on the selected model formulation and on its 
parametrization, as exemplified by the uncertainty ranges associated with the mean soot absorption functions derived herein, 
depending on the implemented model (i.e., 0.47 ± 0.13 and 0.54 ± 0.18 at 50 mm HAB in the C2H4 flame with EWs of 532 and 
1064 nm, respectively, versus 0.32 ± 0.09 and 0.46 ± 0.15 at 9 and 15 mm HAB in the CH4/O2/N2 flame). While evidencing the 
caution that must be exercised when attempting to infer soot properties and/or physical parameters governing the LII process using 
more or less refined modeling tools, the above results also lay bare the need to properly identify parameterized model formulations 
allowing to reproduce signals stemming from different databases, noting that contributing to provide insights which will help to 
boost trust in the validity of the properties and empirical factors estimated by calculation was one of the end-goals of this 
benchmarking analysis. The above observations, moreover, also support the need to further focus on measuring and/or better 
characterizing the temperature-, wavelength-, and particle maturity-dependent optical properties of soot while conducting com
plementary experimental/numerical studies to formulate expressions accounting for the variation of αT as a function of Tp, Tg and 
soot H/C ratio, as well as other properties depicting the fine structure of the particle surface, in order to better represent the 
potential dependence of the thermal accommodation coefficient on the soot maturation stage.

• Since the mean free path typically exceeds the particle size during LII experiments conducted in flames at atmospheric pressure, 
heat conduction between soot particles and the surrounding gases can be consistently calculated assuming a free molecular flow 
regime. Modeling Q̇cond considering a Fuchs equivalent sphere approach is still imperative when developing comprehensive 
simulation tools allowing to reproduce data obtained under widely varying conditions. This was notably exemplified through the 
modeling of the results obtained by Mi et al. (2021) and Zheng et al. (2023) in high pressure flames.

• Due to its marginal contribution to the energy balance, the radiation flux is often neglected in commonly used LII models. 
Neglecting Q̇rad can, however, lead to the computation of LII time decays diverging from their counterparts issued from calculations 
performed while considering radiation with mean deviations globally comprised between 1 and 2 %. This observation thus in
dicates that caution should be exercised when attempting to evaluate the soot size by TiRe-LII at low fluences from the model- 
assisted processing of measured signals. Furthermore, it also supports the recommendation to consider Q̇rad (whose correspond
ing sub-model is very straightforward to implement) to discard any potential issues related to the influence of this flux on the 
simulation of the soot cooling process.
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• Although not of major concern at low fluences, the impact of annealing can become far from negligible when the temperature of 
laser-heated soot reaches values between ⁓2500 K (Michelsen, 2003) and ⁓4000 K (Cenker & Roberts, 2017). By modifying the 
structure and hence the properties (including optical ones) of the particles, annealing is likely to act on the way soot absorbs the 
incident light, which in turn may lead to improper simulations of the fluence dependence of the peak LII signals, among others. 
Despite the large uncertainties surrounding the formulation and parameterization of current annealing sub-models, the expressions 
recently proposed by Sipkens et al. (2019) and Liu (2024) to compute changes in the annealed fraction as a function of time were 
shown to be adapted to reproduce the experimental observations by Cenker and Roberts (2017). More experimental data, notably 
with young particles, are, however, required to pursue the preliminary works by Sipkens et al. (2019) and Liu (2024), and thus 
improve the predictive character of the models aimed at simulating the fine structure changes undergone by soot during heating.

• Like oxidation, thermionic emission mainly influences the LII responses at relatively high fluences. The impact of both these fluxes 
on modeled signals is, however, relatively marginal. The identification and recommendation of specific sub-models to account for 
these terms is therefore not truly a critical issue. Note that the expression of Q̇th proposed by Mitrani et al. (2016) is still believed to 
be more relevant as it allows to account for the effects of the positive charge buildup in laser-heated nanoparticles increasing the 
energy barrier for further emission of electrons.

• Among all the model formulations tested in this work, the comprehensive simulation tool proposed by Lemaire & Menanteau 
(2023a) proved to be the only one capable of satisfactorily mimicking the LII signals measured by Goulay et al. (2013), Bejaoui et al. 
(2015), Lemaire et al. (Bejaoui, Lemaire, & Therssen, 2015; Lemaire, Bejaoui, & Therssen, 2013; Lemaire & Menanteau, 2021, 
2023a), Mi et al. (2021), and Zheng et al. (2023) in laminar gaseous flames and turbulent spray flames of liquid fuels stabilized 
under atmospheric and high-pressure conditions, with EWs of 532 and 1064 nm. Here again, this observation tends to corroborate 
the conclusions by Michelsen (Michelsen, 2003; Michelsen et al., 2007) and Lemaire et al. (Lemaire & Menanteau, 2021, 2023a; 
Lemaire & Mobtil, 2015) regarding the relevance of integrating photolytic mechanisms such as multi-photon absorption and 
photodesorption of carbon clusters to properly simulate the fluence dependence of LII signals (notably above the sublimation 
threshold). It is, however, reiterated that this specific model should not be considered as universally valid, especially since it fails to 
reproduce the data from Goulay et al. (2013) at the highest fluences investigated therein. This hence strengthens the need for 
complementary works, including experimental ones, aimed at better characterizing the properties of young and mature soot (e.g., 
ρs, cs, E(m), σλn, etc.) irradiated with high fluence laser pulses, in addition to further elucidating the processes likely to influence 
these properties (e.g., annealing and photolytic processes), and hence the ensuing radiative emissions from laser-heated particles.

Although the present benchmark evidences the crucial need for further research to advance the LII technique through a better 
prediction and/or interpretation of measured signals, it contributes to providing basic guidelines and insights into how to use current 
modeling tools. The comprehensive sensitivity analyses proposed throughout this paper will, moreover, likely help the reader better 
understand the relative importance of each energy flux and the impact of the terms embedded within the sub-models accounting for 
them, which should ultimately be of great interest for researchers looking to simulate and/or analyze data they measure through LII 
modeling.
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Table A1 
Summary of the main features of a series of LII model formulations used in the literature (Melton, 1984; McCoy & Cha, 1974; Hofeldt, 1993; Smallwood et al., 
2001; Snelling et al., 2000; Michelsen, 2003; Snelling et al., 2004; Bladh & Bengtsson, 2004; Dalzell & Sarofim, 1969; Liu et al., 2006a; Liu, Smallwood, & 
Snelling, 2005; Filippov & Rosner, 2000; Kock et al., 2006; Hofmann, Kock, & Schulz, 2007; Kock et al., 2006; Hofeldt, 1993; Hofmann et al., 2008; Hadef et al., 
2010; 2013; Bladh et al., 2011a; 2011b; Bladh, Johnsson, & Bengtsson, 2008; Bladh et al., 2008; Charwath, Suntz, & Bockhorn, 2011; Bejaoui et al., 2015; 
Lemaire & Mobtil, 2015; Goulay et al., 2013; Mitrani et al., 2016; Chen et al., 2017; Hadwin et al., 2017; Cenker & Roberts, 2017; Hofmann et al., 2008; 
Betrancourt et al., 2017; Zhang et al., 2019; Bennett, Cenker, & Roberts, 2020; Lemaire & Menanteau, 2021; 2023a; Menanteau & Lemaire, 2022; Yon et al., 2015; 
Leider, Krikorian, & Young, 1973;Johnsson, Bladh, & Bengtsson, 2010; Török, Mannazhi, & Bengtsson, 2021; Sun et al., 2015; Desgroux, Lamoureux, & Fac
cinetto, 2024; Lemaire and Mobtil, 2015; Liu and Smallwood, 2013; Betrancourt et al., 2019; Cenker et al., 2015; Johnsson et al., 2013).
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Appendix 2. Nomenclature

A0 pre-exponential factor of the Arrhenius-based relation accounting for the progression of the soot annealed fraction in the 
models proposed by Sipkens et al. (2019) and Liu (2024)

[
s− 1 m

]

Bj parameter representing the influence of diffusive and convective mass and heat transfer during sublimation [bar]
Bλ1 empirically determined saturation coefficient for linear absorption, used in model 4

[
J cm− 2]

Bλ1,a empirically determined saturation coefficient for linear absorption of annealed soot in model 5
[
J cm− 2]

Bλ1,s empirically determined saturation coefficient for linear absorption of unannealed soot in model 5
[
J cm− 2]

Bλa empirically determined saturation coefficient related to the removal of carbon clusters from the annealed particle by 
photodesorption, used in model 3 (0.9 according to Michelsen (2003))

[
cm4 J− 2]

Bλn empirically determined saturation coefficient for multi-photon absorption, used in model 4
[
J cm− 2]

Bλn,a empirically determined saturation coefficient for multi-photon absorption of annealed soot particles in model 5
[
J cm− 2]

Bλn,s empirically determined saturation coefficient for multi-photon absorption of unannealed soot particles in model 5
[
J cm− 2]

Bλs empirically determined saturation coefficient related to the removal of carbon clusters from the unannealed particle by 
photodesorption, used in model 3 (0.4 according to Michelsen (2003))

[
cm4 J− 2]

c speed of light (2.998 × 1010)
[
cm s− 1]

ca heat capacity of annealed soot
[
J g− 1 K− 1]

Cabs,a absorption cross-section of the annealed fraction of aggregated soot particles [cm2]

Cabs,s absorption cross-section of the unannealed fraction of aggregated soot particles [cm2]

Cmulti
abs,a absorption cross-section of the annealed fraction of aggregated soot particles in model 5 [cm2]

Cmulti
abs,s absorption cross-section of the unannealed fraction of aggregated soot particles in model 5 [cm2]

cel charge of an electron (1.60218 × 10− 19) [C]
cm heat capacity of liquid carbon

[
J g− 1 K− 1]

Cp molar heat capacity of the surrounding gases at constant pressure
[
J mol− 1 K− 1

]

CCO
p molar heat capacity of CO fitted from the NIST-JANAF 

database (Chase, 1998)

[
J mol− 1 K− 1

]

CO2
p molar heat capacity of O2 fitted from the NIST-JANAF 

database (Chase, 1998)

[
J mol− 1 K− 1

]

cs heat capacity of unannealed soot
[
J g− 1 K− 1]

D diffusion coefficient of the vapor into gas
[
m2 s− 1]

Dh scaling factor involved in the estimation of DHC: Dh = 1.99345+ 0.30224 ⋅ αT − 0.11276 ⋅ αT
2 [ − ]

DHC equivalent heat conduction diameter [cm]

Dp primary particle diameter [cm]

E(m) dimensionless refractive index function of unannealed soot [ − ]

EA activation energy of the Arrhenius-based relation accounting for the progression of the soot annealed fraction in the models 
proposed by Sipkens et al. (2019) and Liu (2024)

[
J mol− 1

]

Ea(m) dimensionless refractive index function of annealed soot [ − ]

Eb,λ blackbody spectral irradiance
[
W m− 2 μm

]

F laser fluence
[
J cm− 2]

f dimensionless Eucken correction to the thermal conductivity of a polyatomic gas [ − ]

f1 empirical scaling factor for linear absorption of annealed soot (Michelsen et al., 2007) [ − ]

f1,a empirical scaling factor for linear absorption of annealed soot in model 5 [ − ]

f1,s empirical scaling factor for linear absorption of unannealed soot in model 5 [ − ]

fa absorption empirical scaling factor related to annealed soot (Michelsen, 2003) [ − ]

fc empirical function used in Kock et al. (2006) [ − ]

fh empirical function used in Kock et al. (2006) [ − ]

h Planck constant (6.626 × 10− 34) [J s]
hλ,Np correction factor for multiple scattering within soot aggregates [ − ]

K dimensionless exponent used to define flux of sublimation clusters away from the surface [ − ]

kB Boltzmann constant (1.381 × 10− 23)
[
J K− 1]

kdiss rate constant for pyrolysis of annealed particles kdiss = 1 × 1018 ⋅ exp[− 9.6×105 /(R ⋅Tp)] (Michelsen, 2003) [s− 1]

kel Coulomb constant (8.987 × 109) [
N m2 C− 2]

kg heat conduction coefficient of surrounding gas
[
W cm− 1 K− 1]

kh scaling factor involved in the estimation of DHC: kh = 1.04476 + 0.22329 ⋅ αT + 7.14286 ⋅ 10− 3 ⋅ αT
2 (− ) [ − ]

kimig rate constant for interstitial migrations within annealed particles: kimig = 1 × 108 ⋅ exp[− 8.3×104 /(R ⋅Tp)] (Michelsen, 2003) [s− 1]

knc Knudsen number defined in Kock et al. (2006) [ − ]

knh Knudsen number defined in Kock et al. (2006) [ − ]

kox,a oxidation rate constant of annealed soot
[
s− 1 cm− 2]

kox,s oxidation rate constant of unannealed soot
[
s− 1 cm− 2]

kp Boltzmann constant in effective pressure units (1.38065 × 10− 22)
[
bar cm3 K− 1]

kvmig rate constant for vacancy migrations within annealed particles: kvmig = 1.5 × 1017 ⋅ exp[− 6.7×105 /(R ⋅Tp)] (Michelsen, 
2003)

[s− 1]

kλa rate constant for removal of carbon clusters from the annealed particle by nonthermal photodesorption, used in model 3 [s− 1]

kλn rate constant for removal of carbon clusters by nonthermal photodesorption, used in model 4 [s− 1]

kλn,a rate constant for removal of C2 from annealed by photodesorption in model 5 [s− 1]
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(continued )

kλn,s rate constant for removal of C2 from unannealed by photodesorption in model 5 [s− 1]

kλs rate constant for removal of carbon clusters from the unannealed particle by nonthermal photodesorption, used in model 3 [s− 1]

mel mass of an electron (9.1095 × 10− 35)
[
J s2 cm− 2]

Mp primary particle mass [g]
Ms mass concentration of particles defined in Hofeldt (1993)

[
g m− 3]

n estimated number of photons needing to be absorbed to photodesorb C2 clusters [ − ]

NA Avogadro constant (6.02214 × 1023) [mol− 1]

Nc number of atoms in the primary particles: Nc = Mp⋅NA/w1 [ − ]

Nd number of lattice defects in the particles [ − ]

NFM flux term for the free molecular regime defined in Hofmann et al. (2007) [W]

NC flux term for the continuum regime defined in Hofmann et al. (2007) [W]

Np number of primary particles in an aggregate [ − ]

Nss density of carbon atoms on the surface of unannealed soot particles (2.8 × 1015 according to Michelsen (2003)) [cm− 2]

Nsa density of carbon atoms on the surface of annealed soot particles (3.8 × 1015 according to Michelsen (2003)) [cm− 2]

Ntot aggregate number density [ − ]

p(Np) probability density function of aggregate size [ − ]

Pdiss effective pressure issued from the rate of thermal photodesorption from annealed particles [bar]
Pg ambient pressure [bar]

PCj
sat

saturation partial pressure of vaporized carbon clusters Cj [bar]
Pv saturation partial pressure of vaporized carbon clusters used in models 1 & 2 [bar]
Pλa effective pressure calculated based on the rate of nonthermal photodesorption of Cj clusters from annealed particles [bar]
Pλs effective pressure calculated based on the rate of nonthermal photodesorption of Cj clusters from unannealed particles [bar]
q1 normalization constant of the integrated laser temporal profile defined in Michelsen et al. (2007) [s]
Q̇abs rate of energy increase by laser absorption [W]

Q̇ann rate of energy increase by annealing [W]

Q̇cond rate of energy increase by thermal conduction [W]

Q̇cond,FM rate of energy loss by conduction in the free molecular regime [W]

Q̇cond,C rate of energy loss by conduction in the continuum regime [W]

qexp normalized laser irradiance [ − ]

qn normalization constant of the integrated laser temporal profile raised to the nth power (Michelsen et al., 2007) [s]
Q̇ox rate energy increase by particle oxidation [W]

Q̇rad rate of energy loss by radiative emission [W]

Q̇sub rate of energy loss by sublimation [W]

Q̇th rate of energy loss by thermionic emission [W]

R universal gas constant (8.3145)
[
J mol− 1 K− 1

]

Rm universal gas constant expressed in effective mass units (8.3145 × 107)
[
g cm2 mol− 1 K− 1 s− 2

]

Rp universal gas constant in expressed effective pressure units (83.145)
[
bar cm3 mol− 1 K− 1

]

t time [s]
TCO

f temperature at which CO molecules are emitted from oxidizing soot (790 according to Michelsen et al. (2008)) [K]
Tg ambient gas temperature [K]
tl laser pulse duration [s]
Tp particle temperature [K]
Tref reference temperature (0) [K]
Tδ limiting sphere temperature within the Fuchs heat conduction model [K]
Uint internal energy of soot particles [J]
Uj ejection speed of Cj away from the particle surface

[
cm s− 1]

up specific particle internal energy
[
J g− 1]

wa molecular weight of air (28.74)
[
g mol− 1

]

wc molecular weight of carbon atom used in Eq. (35) (12.011)
[
g mol− 1

]

wH molecular weight of hydrogen atom used in Eq. (35) (1.008)
[
g mol− 1

]

wj molecular weight of Cj species (j × 12.011)
[
g mol− 1

]

wv average molecular weight of carbon cluster used in models 1 & 2
[
g mol− 1

]

Xa mass fraction annealed [ − ]

Xd initial defect density (1 × 10− 2 according to Dunne et al. (1997)) [atom− 1]

Xm mass fraction melted [ − ]

αj mass accommodation coefficient of vaporized species Cj (with α1 = α2 = 0.5, α3 = 0.1 and α4 = α5 = 0.0001 according to 
Michelsen (2003))

[ − ]

αM mass accommodation coefficient used in models 1 & 2 [ − ]

αT thermal accommodation coefficient [ − ]

β scaling factor used in the equation E(m) = λ1− ξ ⋅ β/(6 ⋅π) [cmx]

δ distance between the equivalent heat conduction radius and the limiting sphere of the Fuchs heat conduction model [cm]

γ heat capacity ratio (Cp/ Cv) for the gas surrounding the particles [ − ]

γ* mean heat capacity ratio [ − ]
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Acronyms

DoE design of experiments (first appearance in section 2.1)
EW excitation wavelength (first appearance in section 2.1)
HAB height above the burner (first appearance in section 3)
IR infrared (first appearance in section 1)
LEM laser extinction method (first appearance in section 1)
LII laser-induced incandescence (first appearance in the abstract)
LIF laser-induced fluorescence (first appearance in section 1)
LMI laser-modulated incandescence (first appearance in section 2.1)
MPA multi-photon absorption (first appearance in section 5.3.1)
MRD mean relative deviation (first appearance in section 5.1.2)
MS multiple scattering (first appearance in section 5.1.1)
NTP nonthermal photodesorption (first appearance in section 5.3.1)
OOB out-of-bounds (first appearance in section 5.1.1)
PMT photomultiplier tube (first appearance in section 6)
PSLII peak LII signal (first appearance in section 5.3.1)
SE shielding effect (first appearance in section 2.1)
SLII LII signal (first appearance in section 5.3.1)
TEM transmission electron microscopy (first appearance in section 1)
TiRe-LII Time-resolved laser-induced incandescence (first appearance in section 2.1)

Data availability

Data will be made available on request.

(continued )

ΔHdiss enthalpy of formation of Cj clusters by thermal sublimation of annealed soot
[
J mol− 1

]

ΔHimig enthalpy related to interstitial migrations (− 1.9 × 104 as estimated in Michelsen (2003) based on the data from Konno & 
Sinclair (1995))

[
J mol− 1

]

ΔHj enthalpy of formation of carbon vapor species Cj (Michelsen, 2003): ΔH1 = − 5.111 ⋅ Tp + 7.266× 105, ΔH2 = − 12.326⋅ 
Tp + 8.545× 105, ΔH3 = − 26.921 ⋅ Tp + 8.443× 105, ΔH4 = − 2.114 × 10− 3 ⋅ Tp

2 − 7.787 ⋅ Tp + 9.811 × 105 and ΔH5 =

− 2.598× 10− 3 ⋅ Tp
2 − 7.069 ⋅ Tp + 9.898× 105

[
J mol− 1

]

ΔHox enthalpy of the reaction 2C + O2 → 2CO (− 2.215 × 105)
[
J mol− 1

]

ΔHv average enthalpy of formation of carbon clusters used in Eq. (14)
[
J mol− 1

]

ΔHvmig enthalpy related to vacancy migrations (− 1.4 × 105 as derived from the works of Marcos et al. (1997) and Ewels, Heggie, & 
Briddon (2002))

[
J mol− 1

]

ΔHλ,a enthalpy required to photodesorb Cj clusters from annealed particles
[
J mol− 1

]

ΔHλ,s enthalpy required to photodesorb Cj clusters from unannealed particles
[
J mol− 1

]

Δϕ positive charge buildup [J]
ελ Emissivity at a wavelength λ as defined in Michelsen et al. (2007) [ − ]

λ wavelength [cm]

λcond thermal conductivity of gas
[
W m− 1 K− 1]

λl laser-excitation wavelength [cm]

ξ dispersion exponent used in the equation E(m) = λ1− ξ ⋅ β/(6 ⋅π) [ − ]

ρa density of annealed soot
[
g m− 3]

ρm density of liquid carbon
[
g m− 3]

ρs density of unannealed soot
[
g m− 3]

ρ∞ density of vapor at infinity
[
g m− 3]

σ average molecular cross-section for C1 to C7 vaporized clusters [ − ]

σSB Stefan–Boltzmann constant (5.6704 × 10− 12)
[
W cm− 2 K− 4]

σλa empirically determined cross-section for photodesorption of carbon clusters from the annealed particle, used in model 3
[
cm− 1 s− 1]

σλn empirically determined cross-section for removal of C2 clusters by photodesorption, used in model 4
[
cm2n− 1 J1− n]

σλn,a empirically determined cross-section for removal of C2 clusters by photodesorption from annealed soot particles in model 5
[
cm2n− 1 J1− n]

σλn,s empirically determined cross-section for removal of C2 clusters by photodesorption from unannealed soot particles in model 5
[
cm2n− 1 J1− n]

σλs empirically determined cross-section for photodesorption of carbon clusters from the unannealed particle, used in model 3
[
cm− 1 s− 1]

Φ equivalence ratio [ − ]

ϕ work function [J]
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