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Abstract: 

Soot is responsible for notoriously detrimental effects on human health, air quality, and global and 

regional climate. Controlling soot emissions to the atmosphere will require overcoming large gaps in the 

understanding of soot formation and physical and chemical evolution during combustion. These gaps in 

understanding are largely attributable to the complexity of the chemical and physical system combined 

with a paucity of diagnostic techniques available for probing soot non-invasively and under a wide range 

of combustion conditions. This review briefly summarizes the chemistry of soot formation and evolution 

during combustion and describes diagnostic tools that are available to make these measurements. 

Despite the availability and value of a host of ex situ particle diagnostic techniques, because of space 

limitations, this review is restricted to a discussion of in situ diagnostic methods. The review concludes 

with a brief discussion of needs for new diagnostic tools to probe soot chemistry. 
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1. Introduction 

Soot is formed during the incomplete combustion of hydrocarbon fuels. Because soot radiates 

strongly at high temperatures, its formation is often desirable under conditions, e.g., in furnaces and 

boilers, in which high radiative-heat transfer is necessary [1, 2]. Conversely, its formation is undesirable 

when high radiative-heat transfer is a problem, such as in the control and extinction of medium- to large-

scale pool, urban, and forest fires [3, 4] and in efforts to increase efficiency and reduce heat loss in 

engines [5]. Soot formation also poses threats to human health [6-9], air quality [10], and global and 

regional climate [10-12] when released into the atmosphere. Fine combustion particulates, particularly 

soot particles, are cytotoxic and can have substantial adverse effects on cardiovascular and pulmonary 

health [6-9]. Soot contributes to air pollution predominantly via reactions with nitrogen dioxide (NO2) 

[13-17], sulfur dioxide (SO2) [14, 16, 18], and ozone (O3) [16, 19-21]. In addition, soot absorbs radiation 

strongly over ultraviolet (UV), visible, and infrared (IR) spectral regions and contributes significantly to 

global warming via direct radiative forcing [11, 12] and by secondary effects, such as influencing cloud 

processes and reducing surface albedo by settling on snow and ice surfaces [11, 12].  

There are significant deficiencies in our understanding of particle formation and evolution during 

combustion [22]. These deficiencies are attributable to a combination of factors, including (1) a lack of 

sensitive, accurate, noninvasive measurements of the physical and chemical characteristics of soot 

during its development and evolution in combustors and (2) computational limitations in simulating 

molecular-weight growth of large gas-phase species, the nucleation of these species to form particles, 

and the detailed chemistry involved in particle growth, chemical and physical evolution, and oxidation 

under combustion conditions. Real progress in surmounting these deficiencies in our understanding of 

soot formation and evolution necessitates overcoming both experimental and computational limitations.  

There is a strong need for techniques that provide measurements of particle size, morphology, fine 

structure, and elemental and molecular composition, all of which are tied to particle maturity and 
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influence reactivity and optical properties. There is a host of powerful ex situ tools for assessing particle 

size, morphology, and composition; these tools require extractive sampling from the combustor, 

however, which poses a significant perturbation to the chemistry under study [23-25]. There is thus a 

need for in situ methods that can provide this type of information. This review will highlight some of the 

techniques available for in situ measurements, along with their advantages and weaknesses. 

 
2. Soot chemistry and characteristics 

This section provides a brief outline of soot chemistry as a foundation for the discussion of 

diagnostic techniques available and needed for studying soot formation and evolution in the combustor. 

Figure 1 summarizes the basic chemistry of soot formation and evolution. Small radicals, such as OH, 

O, H, CH, and CH2, play an important role in soot formation, starting from the chemical initiation of 

combustion and fuel decomposition [26-29]. These small radicals lead to reactions that generate larger 

hydrocarbon radicals and polycyclic aromatic hydrocarbon (PAH) species known to be precursors to 

soot formation [26, 27, 30-34].  

 
These PAH precursors nucleate, react and combine, or grow to form incipient* soot particles. 

Incipient soot particles are freshly nucleated particles with elemental carbon-to-hydrogen (C/H) ratios in 

the range of 1.4-2.5 [35-42]. They tend to have significantly more aromatic than aliphatic character [35, 

43-45] and may also contain oxygenated species [43, 45-49]. Although not defined by their size, they 

naturally exist as nanoparticles in the size range of 1-10 nm [33, 44, 50-55] and are sometimes referred 

to as nano-organic carbon (NOC) [56-60].  

Experimental evidence suggests that there are at least two types of incipient particles [51, 52, 56, 57, 

61-65]. The first type (1) absorbs in the UV but is transparent at visible and IR wavelengths [59, 66-70], 

                                                           
* The term "nascent" is often used to describe young, freshly nucleated soot particles, but this term is 
also used within the atmospheric research community to label mature soot freshly emitted from the 
combustor. "Incipient", an alternative expression for young soot particles, is used here to avoid 
confusion. 
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(2) fluoresces predominantly in the UV [56, 57, 71], (3) is less than ~3 nm in diameter [51, 52, 56, 57, 

62, 63, 65], (4) is formed under relatively fuel-lean conditions [51, 52, 62-65], and (5) appears to be 

composed of randomly ordered aromatic structures combined with some aliphatic content [51, 52, 64, 

65]. This type of particle may be consistent with the macromolecular clusters predicted by Violi and 

coworkers [72-74] or the particles predicted by Frenklach [34] to be formed by processes that are not 

entirely thermodynamically controlled. In this review, this type of incipient particle will be referred to as 

disordered incipient particles. 

The second type of incipient particle (1) absorbs in the visible and IR regions [64, 66], (2) fluoresces 

in the visible [56, 57, 64], (3) is ≥~3nm in diameter [33, 54, 62, 63, 68, 75-77], (4) is formed under fuel-

rich conditions [51, 52, 62-65], and (5) appears to be composed of nucleated [38, 76, 78, 79], stacked 

[64, 80] PAH structures held together by van der Waals forces [64]. This second type of particle may be 

consistent with structures predicted by Frenklach [34] to be formed at high temperatures by the H-

abstraction-C2H2-addition (HACA) driven mechanism, which generates clusters of physically bound 

stable PAHs. In transmission electron microscopy (TEM) and atomic-force microscopy (AFM) images, 

these particles appear spherical [35, 54, 68, 69, 75-77] and liquid-like [33, 35, 76, 77, 81, 82]. In this 

review, this type of incipient particle will be referred to as stacked incipient particles. Recent studies 

using AFM [83] and helium-ion microscopy (HIM) [47] have demonstrated structures that appear to be 

agglomerated. These observations of a non-spherical structure in AFM and HIM images could be an 

indication of a third type of incipient particle or may be explained by partial graphitization and 

agglomeration of small incipient particles. 

These incipient particles grow further by coalescence (i.e., merging) and surface addition to become 

larger primary particles with diameters in the range of 10-50 nm [33, 75, 84, 85]. As these particles 

grow, they undergo dehydrogenation and start to solidify and coagulate (i.e., agglomerate) rather than 

coalesce. Additional surface growth of graphitic layers aids final aggregation. Following the definitions 
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given by the International Organization of Standardization (ISO), an agglomerate is a collection of 

particles that are loosely connected, and an aggregate is a collection of particles that are tightly bound.  

As the aggregate size grows with particle age, so do the primary-particle size and volume fraction 

[75, 85, 86] while the number density decreases or stays nearly constant [54, 87, 88]. The primary-

particle size and volume fraction will decrease during oxidation [85, 86]. Although the volume fraction 

and size of mature soot particles depend on fuel type and combustion conditions, their morphology does 

not [89, 90]. As long as they reach maturity, they tend to exit the combustor with a fractal dimension in 

the range of 1.7-1.9, e.g., [91-94].  

As soot matures, the C/H ratio increases [35, 36, 41, 42, 95-97]; the absorption cross section shifts to 

longer wavelengths (i.e., the Ångström or dispersion exponent decreases) [66, 95, 98-107]; the optical 

band gap decreases [66, 96, 108-110]; the graphite crystallite size increases [95, 111, 112]; the interlayer 

spacing decreases [36, 113, 114]; the fine structure becomes more ordered [84, 95, 113-115], the 

electrical conductivity increases [83], and the aromatic to aliphatic ratio tends to increase [35, 116, 117]. 

Although these changes occur over a short distance in the flame, soot can exist over a wide range of 

levels of maturity, starting from incipient soot, which is at a very early phase in the chemical and 

physical evolution of the particle. Several studies have shown that, under some conditions, the aliphatic 

content can increase to the point that it overwhelms the aromatic content [44, 45, 118, 119]. These 

changes in composition are not well understood. Even for simple hydrocarbon fuels, relatively mature 

soot particles can contain oxygenated functional groups [49]. 

Whereas incipient and very young soot particles are predominantly composed of condensed aromatic 

hydrocarbons with C/H ratios on the order of 1.4-2.5 [35-42] and generally disordered fine structure [35, 

39, 95, 114, 120-122], mature soot is composed of "primary" particles 10-50 nm in diameter with an 

elemental composition dominated by carbon and C/H ratios of 10-20 [35, 36, 41, 42, 120, 123]. The fine 

structure of mature primary particles is similar to polycrystalline graphite with graphite-like crystallites 
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preferentially aligned parallel to the particle surface near the surface and randomly oriented in the center 

of the particle [80, 123-128]. The disordered region in the center is approximately 4-6 nm in diameter 

[127]. There are some important differences between polycrystalline graphite and soot, however. The 

graphene layers in graphite are aligned relative to each other along an axis called the c-axis, whereas 

these layers are randomly rotated with respect to each other in soot. This so-called turbostratic structure 

of soot leads to a larger interlay spacing (~0.35 nm) for soot than for graphite (0.335 nm) [80, 97, 113, 

123, 126, 128, 129] and the electronic structure of a zero-gap semiconductor rather than the semimetal 

0.04-eV band overlap of graphite [130]. The primary particles of soot are covalently bound into 

dendritic aggregates that vary widely in size [123, 125, 131, 132] and are typically characterized by 

fractal dimensions in the range of 1.7-1.9, e.g., [91-94]. Oxidation of mature soot leads to a reduction in 

the interlayer spacing [133, 134], primary-particle size, and volume fraction [85, 86].  

3. Available diagnostics 

Experimental identification and characterization of soot particles in combustion zones are 

tremendously important to our understanding of the mechanisms controlling particle formation, growth, 

and oxidation in combustion systems. Addressing outstanding questions in soot chemistry will require 

measurements of particle characteristics, such as composition, size, fine structure, morphology, 

abundance, and distribution, as they evolve during combustion. These measurements will need to be 

made under a wide range of conditions. Because of space limitations, this review is restricted to a 

discussion of available in situ diagnostics. There are a number of recent reviews that cover 

complementary diagnostics and/or a subset of the topics covered here [93, 135-142]. This review 

provides an update to some of these previous reviews and a complement to others. There are numerous 

in situ diagnostic methods that have been successfully employed for such studies (see Table 1), enabling 

the development of the understanding of soot chemistry summarized in Section 2. There is, however, a 

strong need for additional in situ diagnostics, which minimize perturbations to the combustion 
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environment and may enable reliable monitoring of molecular species and particles with high spatial and 

temporal resolution. This section summarizes these available in situ methods and their advantages and 

potential disadvantages.  

3.1 Soot volume fraction 

3.1.1 Spectral soot emission 

There is a long history of soot volume-fraction measurements in flames using spectral soot emission 

(SSE) techniques based on spectrally resolved or multi-wavelength measurements of passive soot 

radiative emission [143-160]. Soot temperatures are inferred by fitting the Planck function to the 

measured spectral signals, assuming a wavelength dependence for the emissivity. Once the particle 

temperatures are known, the absolute signal magnitude can be used to determine the volume fraction, 

based on predicted emission rates estimated using the Planck function. For an axisymmetric flame, an 

Abel inversion is required to infer radial distributions. An advantage of this technique is that it is easily 

amenable to imaging configurations, including three-dimensional stereoscopic tomography [155]. Use of 

high-speed cameras allows imaging of soot temperatures and volume fractions in non-steady flames 

[146, 155]. It can also be implemented under high-pressure conditions [146, 150, 151, 160]. In addition, 

it does not require lasers or fast detectors, but it does require accurate detector calibration and a firm 

understanding of the wavelength dependence of the particle emissivity. Uncertainties in the optical 

properties of particles as they evolve in the flame and self-absorption and scattering in optically thick 

flames can lead to uncertainties in inferred particle temperatures, which yield large errors in derived 

volume fractions [149, 157]. Probe volume heterogeneities can also lead to uncertainties [149]. 

Simultaneous measurements using another technique, such as extinction, can facilitate error reduction 

[143, 158]. Figure 2 shows an example of a comparison of soot volume fraction measurements in a co-

flow diffusion flame using SSE and extinction methods [156]; here the methods agree to within 15%. 

3.1.2 Laser-induced incandescence 
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LII has become the most commonly used technique for soot-distribution and volume-fraction 

measurements of fully mature and nearly mature or partially graphitized soot in combustors [136, 142]. 

In this application, a (typically nanosecond) pulsed laser is sent into the combustor either as a beam for 

point or line measurements or as a sheet for two-dimensional imaging measurements. As long as the 

laser power is high enough that the particles are heated sufficiently to reach the sublimation point, the 

signal magnitude is approximately linearly proportional to the volume fraction. Because mature soot 

particles absorb strongly over a broad spectral range and can be readily heated to their sublimation point 

of ~4000 K, LII is very selective for, and highly sensitive to, mature soot (or at least partially 

graphitized particles). LII is sensitive enough and fast enough to be used for single-shot measurements 

in turbulent flames. It can used for high-pressure applications, as long as laser fuences are high enough 

to enable absorptive heating rates to compete with conductive cooling rates, and detection times are 

prompt, i.e., occur during the laser pulse [161]. LII has been studied extensively; for more details about 

the implementation of this technique, the reader is referred to several reviews on this subject, i.e., [136, 

142, 162]. 

If the conditions are not too optically thick to pass the laser to the detection region and/or signal to 

the detector, LII can be used to image soot in engine cylinders. Figure 3 shows an example of LII signal 

generated inside a direct-injection Diesel-engine cylinder [163]. A sheet of 1064-nm laser radiation was 

passed into the cylinder of an optically accessible engine, and LII signal was collected to the blue of 450 

nm. The soot distribution inferred from the LII signal and shown in Fig. 3 is the result of an average 

over 50 engine cycles. 

Quantitative volume-fraction measurements using LII usually require calibration with another 

technique, such as laser extinction, e.g., [164-178]. In order to calibrate against another optical method, 

however, the optical properties of the particles must be well known, and the conditions of the 

calibration, e.g., soot maturity and ambient temperature and pressure, must be similar to those under 
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which the LII measurements are made, e.g., [175]. Under high-pressure conditions, conductive cooling 

competes with absorptive laser heating, even on a nanosecond timescale and can have an influence on 

the ability to reach and maintain the sublimation temperature [161]. Alternatively, LII can be measured 

without an explicit calibration procedure if the temperature of the laser-heated particles is inferred from 

measured radiative emission at two or more wavelengths, and the absolute intensity of the 

incandescence is also measured [152, 179-182]. For implementation of this technique, the optical 

properties of the particles need to be well known, and the signal-collection system needs to be well 

calibrated. This technique is an extension of the method for determining soot volume fraction using 

multi-wavelength analysis of soot flame luminosity [145, 147, 148, 154]. 

Detection by LII requires that the particles absorb strongly at the laser wavelength and are 

refractory, i.e., sufficiently mature and graphitic to be able to be heated to temperatures above ~3500 K 

without vaporizing or undergoing photolysis. The types of incipient particles discussed in Section 2 

generally do not produce LII signal. Disordered incipient particles do not absorb at typical LII laser 

wavelengths in the visible and IR [63, 67-69], and are not capable of generating quasi-blackbody 

radiation because (1) they do not absorb enough energy to reach sufficiently high temperatures to 

incandesce and (2) their absorption spectrum is inconsistent with blackbody emission without violating 

Kirchhoff's law of thermal radiation, i.e., detailed balance [183]. Stacked incipient particles can absorb 

in the visible or IR, but because they are bound by van der Waals forces, they tend to be unstable enough 

to be destroyed by 1064-nm laser radiation at even moderate intensities [63]. Observations of stacked 

incipient-particle destruction with 1064-nm radiation [63] are supported by comparisons of LII 

measurements with SMPS and PIMS measurements of incipient-particle formation, growth, and 

graphitization [184], which demonstrate distinctions between incipient particles measured by SMPS and 

PIMS and more mature particles measured by SMPS and LII. Other results have suggested, however, 

that observable LII signal can be produced by particles that are less than 10 nm in size [184-189]. 
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Temperatures inferred from two-color LII measurements (assuming the optical properties of graphite) 

indicate that these particles reach the sublimation temperature of mature soot of ~4000 K [188]. Particle 

sizes inferred from these measurements may be underestimated, however, if they are derived assuming 

the thermal accommodation coefficient for mature soot [99, 187, 190]. Nevertheless, these results may 

indicate a type of particle that appears at the size of an incipient-soot particle but has the properties of a 

graphitized or partially graphitized soot particle. More work is warranted to determine the composition 

and source of these particles.  

Graphitization proceeds rapidly under some flame conditions, however, and LII has been recorded 

from small particles as they mature [188]. Even for partially graphitized particles, the sublimation 

temperature, absorption cross section, and emissivity increase with increasing maturity [187, 191]. Thus, 

mature soot particles will reach higher peak temperatures and emit more radiation than less mature 

particles of the same mass, introducing a potential bias in LII measurements if the particle maturity is 

not taken into account. Calibration approaches should therefore account for particle maturity. 

3.1.3 Other techniques 

Other in situ optical techniques that have been demonstrated to yield information about soot 

abundance include detection of laser-induced C2 Swan-band emission resulting from soot vaporization 

[192], detection of soot using four-wave mixing [193], and photoacoustic [194] techniques. 

Thermophoretic particle densitometry is also used to measure soot volume fraction. This technique 

entails rapidly inserting a thermocouple into a flame; as the soot builds up on the thermocouple, the 

measured temperature changes. This behavior can be modeled and compared with the rate of soot 

collection on the thermocouple probe [195-197]. Because this technique involves inserting a probe into 

the flame, it has drawbacks similar to ex situ sampling techniques and is more intrusive than optical 

techniques.  
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Volume fraction can also be determined using ELS [50, 59, 71, 93, 198, 199] or extinction [200-

204] in the visible and UV spectral regions. Both techniques are dependent on a firm understanding of 

the optical properties of the particles for quantitative analysis. Extinction is a line-of-sight or path-

integrated method that measures the combination of total absorption and scattering by the particles. This 

technique requires an Abel inversion for determining particle distributions in an axisymmetric flame, 

e.g., [205]. Extinction is very often combined with ELS to determine volume fraction and other particle 

characteristics, such as aggregate size and morphology [205-208] (see Section 3.2) and optical 

properties [107] (see Section 3.4). ELS is prone to interferences by other particles, however, and 

extinction is susceptible to interferences by absorbing gas-phase species. For incipient particles small-

angle X-ray scattering (SAXS) or small-angle neutron scattering (SANS) may be options (see Section 

3.2). 

3.2 Particle size and morphology 

3.2.1 Light scattering 

Multi-angle and polarized elastic light scattering (ELS) in the visible and IR can be used to extract 

average primary-particle size and aggregate size and morphology of mature soot particles [93, 209-217]. 

ELS is typically combined with extinction measurements to yield soot volume fraction, primary-particle 

size, aggregate size, and fractal dimension [59, 205-208, 218-220]. ELS can similarly be combined with 

LII to provide such aggregate characterization [221-223].  

Because soot aggregates are not spherical, Mie theory cannot be used to provide an exact solution 

to Maxwell's equations for light scattering. There are approximations, however, to predict light 

scattering from aggregated particles. When the wavelength of light is much longer than the particle size, 

the Rayleigh approximation can be invoked. Under typical flame conditions, the primary-particle size is 

much smaller than visible or near-IR wavelengths, and the primary particles are considered to be in the 

Rayleigh limit. Because soot aggregates are often outside this limit, other theories have been developed. 
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Other popular approximations include the Rayleigh-Debye-Gans (RDG) for fractal aggregates (RDG-

FA) approximation [93, 211, 224-226], the discrete-dipole approximation (DDA) [215, 226, 227], and 

the T-matrix method (TMM) [215, 227]. 

For incipient particle sizes, it is necessary to extend scattering measurements to shorter 

wavelengths. Small-angle X-ray scattering (SAXS) is sensitive to regions of high electron density (e.g., 

particles on a nanometer scale), provides information about average aggregate morphology and size, 

primary-particle size, and incipient particle size, and has been used to measure incipient and mature 

particle-size distributions in flames [228-239]. The hard X-ray beam is directed into the flame, and the 

forward scattering pattern is recorded at angles that are small relative to the propagation direction of the 

incident beam. Particle-size distributions are inferred from measurements of scattering intensity as a 

function of scattering angle, which is inversely proportional to the particle size. Performing this analysis 

is extremely difficult, largely because it is difficult to distinguish particle-induced scattering from 

scattering related to the gas-phase background, and background subtraction can be complicated. Because 

temperatures and, hence, gas-phase and particle densities change throughout the flame, the background 

also varies with location in the flame. Figure 4 presents examples of particle-size distributions measured 

in a co-flow diffusion flame at different heights above the burner (HABs) [236]. The size distributions 

indicate the presence of particles spanning a very wide size range from incipient to more mature, larger 

particles at all HABs. Because the technique involves sending the X-ray beam through the sample, for 

an axisymmetric flame, such as the co-flow diffusion flame studied, the beam will be scattering from 

particles that are less mature and smaller in the center of the flame and more mature and larger at the 

edges. A multi-modal or broad size distribution is thus not alarming. There is some evidence that 

bombarding soot particles with hard X-rays can lead to particle destruction [240]. 

3.2.2 Neutron scattering 
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Small-angle neutron scattering (SANS) is complementary to SAXS and can also provide 

information about incipient and aggregate particle size and morphology [81, 233, 241]. Advantages of 

SANS over SAXS include better discrimination against background air scattering, longer wavelengths 

(0.4-3 nm), lower absorption, better penetration into dense samples, and less tendency to ionize or 

damage samples [233]. On the other hand, SANS tends to have lower intensity and lower spatial 

resolution than SAXS [233]. Figure 5 shows particle-size distributions inferred from SANS 

measurements in the same flame used for the SAXS measurements shown in Fig. 4. One explanation for 

the larger sizes inferred for the SANS results than for the SAXS results is that the neutron beam was 

much larger than the SAXS beam and thus sampled larger particles closer to the edge of the flame [236]. 

Reasons for the differences between the two techniques at small particle sizes are not clear but may have 

to do with differences in the range in scattering angles recorded in the two experiments. 

3.2.3 Laser-induced incandescence 

Time-resolved pulsed-LII measurements have been used extensively to infer primary-particle sizes, 

e.g., [136, 142, 242] and references therein. LII signal-decay rates depend predominantly on the 

conductive-cooling rates at laser fluences at which particles do not reach the sublimation point. At 

higher fluences, the signal-decay rate is dominated by mass loss and cooling by sublimation. Primary-

particle sizes are typically inferred from measured LII temporal profiles using an energy- and mass-

balance model to fit the data with the primary-particle size as an adjustable parameter. Figure 6 

summarizes pictorially most of the particle heating, cooling, and mass-loss mechanisms included in LII 

models [142]. Not all of these processes are included in all models, and some processes are more 

important than others in determining particle heating and cooling rates [242]. Particles are heated by 

laser absorption, surface oxidation, and annealing and are cooled by conduction to the surrounding 

atmosphere, radiative emission, thermionic emission, and sublimation of molecular carbon clusters. 

Particles lose mass by sublimation and oxidation [161, 242]. The rate of radiative emission determines 
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the signal and, for a Rayleigh particle (small compared to the wavelength of emitted light), is 

approximately linearly proportional to the mass of the particle and nonlinearly proportional to its 

temperature (i.e., ~T
5). 

This technique is based on the assumptions that (1) the signal decay rate depends predominantly on 

the conductive-cooling rate at atmospheric and higher pressure, (2) the conductive-cooling rate is 

controlled by the primary-particle size, and (3) the processes involved in conductive cooling and 

relevant parameters and conditions are known well enough to be modeled. The analysis can be 

complicated by unknown and variable ambient pressure and temperature and signal trapping in optically 

thick conditions. In addition, there are other factors that can have an influence on LII signals and signal 

decay rates, including aggregate size [243-252], aggregate morphology [244, 253], polydispersity of 

primary-particle size [250-252, 254-257], and soot-maturity effects on thermal-accommodation 

coefficients [99, 190]. In addition, detection wavelengths must be selected carefully to avoid numerous 

potential interferences [258, 259]. Nevertheless, considerable work performed by many members of the 

LII community has led to great advances in improving the utility of this technique under a wide range of 

conditions. An example of this approach is shown in Fig. 7. Figure 7a shows normalized temporal 

profiles measured at selected HABs in a premixed flat ethylene-air flame [187]. Decay rates decrease 

with increasing HAB, indicating increasing particle size with increasing HAB. Figure 7b shows 

primary-particle sizes inferred from LII data compared with results derived from TEM analysis. For 

aggregates, the primary-particle inferred from LII signal decays sizes over-predict values from TEM 

analysis, unless aggregation is taken into account [187].  

3.3 Particle composition, fine structure, electronic structure, and optical properties 

3.3.1 Laser-induced fluorescence 

Compared to the broad range of ex situ measurement approaches available for studies of particle 

composition, there are relatively few in situ techniques available for measuring particle composition. 
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Use of laser-induced fluorescence (LIF) to provide compositional information has been attempted; 

although the spectra are broad and do not provide detailed information about specific species or 

functional-groups, large shifts in spectral maxima have been used to distinguish groups of particles with 

significant differences in aromatic constituent sizes [50, 64, 66, 67, 71, 260]. Fluorescence lifetime 

measurements coupled with fluorescence spectral measurements have been useful for supporting 

conclusions about incipient particle structures derived from ex situ spectroscopic measurements [64].  

3.3.2 UV-visible spectroscopy and light extinction 

There are dramatic changes in the wavelength dependence of the absorption cross section of soot 

particles in the UV, visible, and IR spectral regions as the particles evolve during combustion. Incipient 

soot particles often absorb strongly in the UV and are transparent, or nearly so, at longer wavelengths 

[59, 67-70], as shown by the circles in Fig. 8. Many studies have demonstrated an increase and a shift to 

longer wavelengths of the absorption or extinction coefficient with increasing particle maturity [66, 95, 

98-106], as demonstrated by the squares and diamonds in Fig. 8. Another example of this phenomenon 

is provided in Fig. 9, which shows normalized absorption spectra recorded at selected heights HABs in 

an ethylene-air premixed flame [98]. With increasing HAB, particle maturity increases, and the relative 

absorption shifts to longer wavelengths. The increase in extinction with maturity is not demonstrated in 

this figure because the spectra have been normalized to each other. 

The dispersion exponent is a measure of this change in wavelength dependence of the absorption 

cross section, which can be expressed for a spherical Rayleigh particle with diameter d as 

		

s
abs

= pd3

6

b
l x  , (1) 

where  is the wavelength of light,  is the dispersion or Ångström exponent, and  is a scaling factor. 

The dispersion exponent decreases as the particle matures and the C/H ratio increases. If soot can be 

described as a semi-conductor, its optical properties can be expressed in terms of an optical band gap 
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[66, 67]. Minutolo, D'Alessio, and coworkers [66, 67] used the Tauc formula to estimate the optical 

band gap, i.e., 

		
C
abs
E( )1r =B E - E

T
( ) , (2) 

where E is the photon energy, ET is the Tauc optical band gap, B is a constant, r is a parameter 

associated with the type of band gap transition [108, 261], and Cabs is the absorption coefficient given by  
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For r Miller and coworkers [108, 261] use a value of 0.5, which is appropriate for an allowed, direct 

band gap  whereas other researchers [65-67, 83, 96] have used a value of 2, which corresponds to an 

allowed, indirect band gap. The band gap can then be derived from UV and visible absorption spectra by 

plotting (CabsE)1/r vs E and fitting a line to the data to determine the intercept. The dispersion exponent 

has been shown to be approximately linearly dependent on the C/H ratio [262], and the dispersion 

exponent and C/H ratio are both correlated with the optical band gap [66]. Thus, any technique that 

provides a measure of the wavelength dependence of the absorption cross section can yield information 

about the dispersion exponent, optical band gap, and C/H ratio [66], all of which can be exploited to 

provide information about soot maturity and graphitization [65, 67, 96, 108-111, 120, 261]. Miller and 

coworkers [108, 261, 263] have extended this analysis using Tauc/Davis-Mott analysis to facilitate 

estimates of sizes of PAHs in soot particles by deriving the relationship between the optical band gap 

and the number of aromatic rings M in a cluster, i.e.,  

		

E
T

= 5.8076

M
1

2

+0.5413 . (4) 

Wavelength-resolved light-extinction measurements in the UV and visible regions, i.e., UV-visible 

spectroscopy, can provide information about the dispersion exponent or optical band gap and thus 

maturity, e.g., [67]. This approach relies on assumptions about scattering, however, which can be 
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significant and difficult to take into account. In addition, both the scattering contribution and particle 

maturity can vary substantially along the measurement path, complicating the interpretation. 

Interferences by gas-phase species absorption can also perturb the measurement [98, 110]. With respect 

to optical properties, wavelength-resolved light-extinction measurements in the visible and IR regions 

have also been used extensively to infer the complex index of refraction, e.g., [104, 264-267]. 

3.3.3 Laser-induced incandescence and elastic light scattering 

In contrast to extinction, which includes contributions from scattering and absorption, LII is directly 

dependent on the absorption cross section of soot particles and is not path integrated and can be used to 

infer information about soot maturity. Such information can be derived from LII measurements made 

using multiple laser wavelengths in the visible and/or IR [99, 268, 269]. UV laser wavelengths are less 

effective for LII because they are plagued by potential interferences from gas-phase flame species [142] 

and tend to lead to soot particle photolysis [270, 271]. Figure 10 shows maxima of the LII temporal 

profiles (i.e., peak LII) plotted as a function of laser fluence [99]. As fluence increases, the peak LII 

increases until the incandescing soot particles reach the sublimation point, and the peak LII saturates. 

Peak LII fluence curves are shown for two regions of a co-flow diffusion flame. In the center of the 

flame, the particles are less mature, the absorption cross sections are smaller, and the fluence curves are 

shifted to higher fluences at each laser wavelength, i.e., it takes more laser energy to heat the particles 

because the absorptive heating rate is lower. The peaks are shifted more at 1064 nm than at 532 nm, 

which is an indication that the absorption cross section drops more at 1064 nm than at 532 nm for less 

mature particles in the center of the flame. This behavior is the result of a higher dispersion exponent for 

less mature soot, which has been demonstrated in numerous studies [66, 95, 98, 99, 101-107]. 

Approaches combining LII with extinction [100], LII with ELS [191], or ELS with extinction [66, 107] 

similarly yield information about soot maturity. Most of these techniques can be used to determine the 

dispersion exponent or optical band gap, thereby providing information about soot maturity. They can 
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thus be used as indirect methods to measure soot maturity, but the compositional information is very 

limited.  

Whereas LII is a direct measure of the absorption cross section, ELS is a direct measure of the 

scattering cross section. These techniques can be combined to derive the complex index of refraction, or 

multi-angle ELS can be used to infer the complex index of refraction directly, e.g., [211, 266, 272, 273]. 

Alternatively, ELS can be combined with extinction measurements to derive the refractive index, e.g., 

[274-277]. 

3.3.4 Wide-angle X-ray scattering 

Wide-angle X-ray scattering (WAXS) [235, 238, 278-280] complements SAXS with insight into 

the particle fine structure and can provide information about soot maturity. As with SAXS, data 

interpretation and analysis can be involved and complicated. WAXS studies have demonstrated that 

lower temperature combustion conditions yield more graphitic structures whereas higher combustion 

temperatures generate more curved, less ordered structures [235, 238, 278-280].  

3.3.5 X-ray absorption spectroscopy 

In order to capitalize on powerful X-ray absorption techniques, a few attempts have been made to 

implement such techniques in situ in flames. Figure 11b shows an example of a NEXAFS spectrum 

taken in a non-sooting low-pressure methane jet flame [281]. The largest peaks observed are attributable 

to the gas-phase species CO, CO2, and CH4, which are shown individually in Fig. 11a. In this study, a 

soft X-ray beam was transmitted though the flame, and the transmittance was measured. The results are 

promising for extending the technique to sooting flames, but the use of soft X-rays limits the 

experiments to low-pressure flames. X-ray induced ionization has also been used as a proxy for X-ray 

absorption for in situ studies of sooting flames [282, 283]. These studies were performed with hard X-

rays that could be propagated through a flame at atmospheric pressure. 

4. Diagnostics needs 
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There are numerous unanswered questions related to soot formation and evolution during 

combustion. Many of the uncertainties associated with soot chemistry are attributable to a paucity of 

adequate diagnostic tools for particle characterization. Development of diagnostics for incipient particles 

is particularly difficult, but there is plenty of room for advancement in every sub-field of soot 

diagnostics.  

In addition to the diagnostic needs for particle characterization, there is a critical need for 

supplementary diagnostics for important parameters relevant to the combustion environment in which 

the particles evolve. These parameters include temperature, pressure, flow fields, and gas-phase 

combustion constituents. For in situ measurements, one exciting recent development has been made in 

implementing coherent anti-Stokes Raman spectroscopy (CARS) for measurements of temperatures and 

abundances of small gas-phase species under sooting conditions. An example is shown in Fig. 12 for a 

fuel-rich ethylene-air premixed flat flame in which femtosecond two-beam phase matching was used to 

achieve single-shot images of spectra yielding temperature and relative concentrations of N2 and O2 in a 

sooting flame [284]. In situ measurements of OH [113, 285-287], CH [288], CH2O [289-291], and PAH 

[113, 285, 287, 291-304] distributions have been accomplished using laser-induced fluorescence (LIF) 

[113, 285-289, 291, 294-300, 302-304] or absorption spectroscopy [292-294, 301]. Although 

characterization of the combustion environment is critically important for gaining insight into factors 

that influence soot evolution, a full review of available diagnostics for such supporting measurements is 

beyond the scope of the current review. The interested reader can find more information about these 

diagnostics in several recent reviews [139, 140, 305-309]. 

Because this review is focused on in situ diagnostics available for probing basic soot chemistry, and 

because much of the fundamental experimental work related to studies of soot chemistry is performed 

on laminar flames, this review has predominantly addressed diagnostics development for these relatively 

simple combustion systems. There is, however, a very pressing need for (1) diagnostics that allow 
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single-shot measurements for turbulent systems, (2) methods that are feasible for measurements under 

high and evolving pressure and optically dense conditions, e.g., engine conditions, (3) techniques that 

can be applied to rapidly evolving biomass-burning events, i.e., wildfires, and (4) diagnostics that are 

non-invasive to the combustion system under study. In general, advances can be made in combining 

available techniques, collaborating across disciplines and sub-fields to develop and apply new 

techniques, making multiple measurements on the same system, and forming strong working 

relationships between experimentalists and modelers.  

5. Acronyms and abbreviations 

AFM atomic force microscopy 

C2 diatomic carbon 

CH methylidyne radical 

CH2 methylene 

CH2O formaldehyde 

CO carbon monoxide 

CO2 carbon dioxide 

DDA discrete-dipole approximation 

D(R) Particle volume distribution function for SAXS 

ELS elastic light scattering 

H hydrogen atom 

HAB height above the burner 

HACA H-abstraction-C2H2-addition 

HIM helium-ion microscopy 

IR infrared 

ISO International Organization of Standardization 

LIF laser-induced fluorescence 

LII laser-induced incandescence 
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MBMS molecular-beam mass spectrometry 

MS mass spectrometry 

NEXAFS near-edge X-ray absorption fine structure 

NO2 nitrogen dioxide 

O oxygen atom 

O2 molecular oxygen 

O3 ozone 

OH hydroxyl radical 

PAH polycyclic aromatic hydrocarbon 

PIMS photoionization mass spectrometry 

PIV particle-image velocimetry 

P(R) Particle volume distribution function for SANS 

RDG Rayleigh-Debye-Gans 

RDG-FA Rayleigh-Debye-Gans for fractal aggregates 

SANS small-angle X-ray scattering 

SAXS small-angle neutron scattering 

SMPS scanning mobility particle sizer 

SSE soot spectral emission 

SO2 sulfur dioxide 

TEM transmission electron microscopy 

TMM T-matrix method 

UV ultraviolet 

WAXS wide-angle X-ray scattering 
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Figure captions 

Figure 1. Schematic representation of soot formation and evolution in a flame. The molecular species 

and particles are not drawn to scale.  

 

Figure 2. Contour plots of soot volume fraction. Volume fraction is shown in parts per million (ppm) for 

values inferred from (a) spectral soot emission (SSE) and (b) extinction techniques. Measurements were 

made in an ethylene-air co-flow diffusion flame as a function of radial distance from the centerline (r) 

and height above the burner (z). This figure is reproduced from Guo et al. [156]. 

 

Figure 3. Averaged images of LII from soot, laser-induced fluorescence (LIF) from partially oxidized 

fuel, and particle-image velocimetry (PIV) for flow fields in a direct-injection Diesel-engine cylinder. 

Measurements were timed with the engine cycle and were recorded at the crank angles listed in each 

panel. Measurements of LII, LIF, and PIV were performed separately. LII and LIF measurements were 

each averaged over 50 engine cycles, and PIV measurements were averaged over 100 skip-fired engine 

cycles. Top row: LII was measured using a 1064-nm laser sheet with a fluence of 0.6 J/cm2. Signal was 

recorded at wavelengths shorter than 450 nm. Middle row: LIF was measured using an excitation 

wavelength of 355 nm and detection at wavelengths longer than 400 nm. Bottom row: PIV was 

measured with two 532-nm pulses separated by 10 µs. This figure is reproduced from Miles et al. [163]. 

 

Figure 4. Particle volume distribution functions inferred from SAXS measurements at selected HABs in 

an ethylene co-flow diffusion flame. D(R) is the volume of a particle with a radius of R, times the 

number concentration of that particle size in the scattering volume. This figure is reproduced from 

Mitchell et al. [236]. 
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Figure 5. Particle volume distribution functions inferred from SANS measurements at selected HABs in 

an ethylene co-flow diffusion flame. P(R) is the volume of a particle with a radius of R, times the 

number concentration of that particle size in the scattering volume. The flame is the same as that used 

for the SAXS measurements shown in Fig. 4. This figure is reproduced from Mitchell et al. [233]. 

 

Figure 6. Illustration of the processes responsible for the evolution of the LII signal. Particles are heated 

by a laser absorption, oxidation, and annealing. Particles are cooled by conduction to the surrounding 

atmosphere, sublimation, thermionic emission, and radiative emission. Particles lose mass by 

sublimation and oxidation. This figure is reproduced from Michelsen et al. [142]. 

 

Figure 7. Primary-particle sizing in an ethylene-air premixed flat flame. (a) Normalized LII temporal 

profiles are shown for selected HABs. (b) Primary-particle sizes are shown as a function of HAB for 

TEM-derived arithmetic mean <dp,TEM>, TEM-derived monodisperse equivalent size dp,ME,TEM, and LII-

derived size dp,ME,LII, assuming individual primary particles, Np=1, and an aggregate of 100 primary 

particles, Np=100. This figure is reproduced from Bladh et al. [187]. 

 

Figure 8. UV-visible spectra recorded in an ethylene-air premixed flame. Spectra were recorded at 

selected HABs (listed in legend) and equivalence ratios to yield the carbon-to-oxygen C/O ratios given 

in the legend. C/O ratio of 0.77 produces a slightly sooting flame, and C/O ratio of 1.0 produces a fully 

sooting flame. This figure is reproduced from Basile et al. [70]. 

 

Figure 9. Visible spectra recorded at selected HABs in an ethylene-air premixed flame. The refractive-

index function for absorption E(m) is proportional to the absorption cross section. The spectra have been 
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normalized to one another in the range between 700 and 800 nm. The scattering correction was 

estimated to be negligible. This figure is reproduced from Migliorini et al. [98]. 

 

Figure 10. Peak LII as a function of laser fluence. Peak LII fluence curves are shown for laser 

wavelengths of 532 and 1064 nm and for two positions in an ethylene/air co-flow diffusion flame. The 

center of the flame (open circles) has less mature soot than the edge of the flame (closed circles). This 

figure is adapted from López-Yglesias et al. [99]. 

 

Figure 11. Gas-phase NEXAFS spectra in a low-pressure jet flame. (a) Spectra of pure CO, CH4, and 

CO2 were measured at 294 K. (b) This absorption spectrum was measured in a 20-Torr methane jet 

flame with a co-flow of pure O2 and fit using a linear combination of reference absorption spectra from 

cold gas. This figure is reproduced from Frank et al. [281]. 

 

Figure 12. Simultaneous coherent Raman temperature imaging and wideband chemical detection in a 

fuel-rich premixed ethylene-air flat flame. (left panel) Temperature profile plotted as temperature on the 

x-axis and HAB on the y-axis (right panel) High-resolution pure-rotational Raman spectrum of the N2 S 

branch. The Raman shift is plotted on the x-axis, and the y-axis is the same as for the left panel. 

Reprinted with permission from Bohlin and Kliewer [284]. Copyright 2015 American Chemical Society. 
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