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A scanning mobility particle sizer was used to measure changes in size distributions of 

soot particles when exposed to laser radiation at 532 or 1064 nm with fluences up to 0.8 

J/cm2.  Laser-induced production of carbon nanoparticles was observed at fluences above 

0.12 J/cm2 at 532 nm and 0.22 J/cm2 at 1064 nm. Near-edge x-ray absorption fine structure 

spectra showed predominantly graphitic (sp2-hybridized) carbon in the non-irradiated 

particles and significantly different features in the irradiated particles. These results are 

consistent with differences in the fine structure between irradiated and non-irradiated 

samples observed by transmission electron microscopy. 

Copyright 
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OCIS codes: 350.3450 (Laser-induced chemistry), 350.4990 (Particles), 180.7460 (X-ray 

microscopy), 180.5810 (Scanning microscopy), 120.1740 (Combustion diagnostics) 

1. Introduction 

Combustion-generated soot particles are composed of small (15-50 nm diameter1-6) carbon 

spheres held together by covalent bonds to form branched-chain aggregates of varied sizes.3,7  

These small carbonaceous spheres are commonly called "primary particles", a term that in this 

context refers to the elementary building blocks of the aggregate without implications regarding 

origin, and the aggregates are referred to as "mature soot particles" to distinguish them from the 

smaller (~5 nm diameter) nascent particles that are initially formed.  The complex structure of 

soot aggregates, coupled with their typical small sizes (<1 µm), makes soot detection by optical 

methods challenging.8-14  The work presented here focuses on identifying laser-induced changes 

in aggregate morphology and fine structure, which could have an impact on implementation of 

laser-based soot detection schemes. 

 One technique that may be particularly susceptible to laser-induced particle modification 

is laser-induced incandescence (LII). LII is a widely used optical technique for soot detection.15 

It involves measuring the light emitted by particles heated by laser irradiation to temperatures 

(2500-4500 K) at which they incandesce (i.e., emit observable radiation).  The signal magnitude 

is correlated with the particle volume fraction, whereas the signal decay rate is assumed to be 

associated with the primary particle size.15-28  Accurate measurements of particle volume fraction 

and size are hindered by limitations in the understanding of the physical mechanisms that 

determine signal magnitudes and decay rates at operating temperatures and the paucity of 

information about the properties of soot at such temperatures.  The laser fluences typically used 
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and temperatures attained by the particles may be sufficient to lead to significant changes in 

particle morphology and fine structure, which could have a substantial effect on the LII signal. 

 In this study, we investigated the physical and chemical changes induced in soot 

aggregates exposed to laser radiation at 532 and 1064 nm over a wide range of laser fluences 

using results from a scanning mobility particle sizer (SMPS), a transmission electron microscope 

(TEM), and a scanning transmission x-ray microscope (STXM) to perform near edge x-ray 

absorption fine structure (NEXAFS) spectroscopy.  Extensive new particle production was 

observed to occur at fluences above 0.12 J/cm2 at 532 nm and above 0.22 J/cm2 at 1064 nm.  Our 

results indicate that new particle formation proceeds via (1) vaporization of small carbon clusters 

by thermal or photolytic mechanisms, followed by homogeneous nucleation, (2) heterogeneous 

nucleation of vaporized carbon clusters onto material ablated from primary particles, or (3) both 

processes.  These results appear to refute previous suggestions that soot aggregates break apart 

into primary particles during laser heating, a process we will henceforth refer to as 

"disaggregation".  Particles retained their original morphology, fine structure, and chemical 

structure with laser irradiation at fluences below the threshold for new particle formation. 

2. Previous Results 

 Previous work suggested that nanoparticles may be formed by disaggregation of soot 

aggregates into primary particles when heated with a laser at 1064 nm.24  Filippov et al.24 used 

LII signal decay rates to infer aggregate size distributions.  These distributions tended to shift 

towards smaller sizes with increasing laser fluence.  Based on these observations, the authors 

suggested that, during laser heating, electric charge accumulated on primary particles as a result 

of thermionic emission.  They assumed that the aggregates were held together by van der Waals 

bonds between primary particles and hypothesized that the charge induced by the laser provided 
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sufficient electrostatic repulsion to overcome the van der Waals attraction between primary 

particles and promote disaggregation.  They concluded that size distributions of primary particles 

could be inferred from LII measurements at intermediate and high laser fluences (> 0.3 J/cm2).   

 Other studies indicated that soot particles do not readily disaggregate into primary 

particles at 1064 nm.  Vander Wal and co-workers29-32 presented TEM images of soot aggregates 

subjected to 1064 nm laser pulses.  Soot samples were either first collected on copper grids and 

then exposed to laser radiation29,30 or irradiated in the flame prior to collection on the grids.31,32  

Substantial changes in particle fine structure were observed.  At intermediate fluences (0.3 - 0.6 

J/cm2), mass appeared to be lost primarily from the centers of the primary particles, leading to 

formation of interconnected shell-like spheres.  At higher fluences (~0.8 J/cm2), significant mass 

loss from the surfaces of the particles occurred, resulting in partial disappearance of primary 

particle structure.  Neither individual primary particles nor their fragments were observed on the 

TEM grids, however, suggesting that either mass was lost predominantly via sublimation of 

carbon clusters or that the primary particles removed from the aggregates defied collection 

efforts or escaped from the TEM grids.  These results are consistent with recent results from 

Kock et al.33 who used an SMPS to measure aggregate size distributions before and after 

irradiation at 1064 nm.  They did not observe a primary particle mode in the size distributions of 

particles irradiated at fluences between 0.1 and 0.6 J/cm2. 

 Dasch34 demonstrated that the scattering and absorption by soot decreased during laser 

heating at 532 nm and fluences greater than 0.2 J/cm2, indicating a reduction in the aggregate 

particle size.  According to model calculations that solved the energy and mass balance equations 

for laser heating of soot, this reduction in particle size could be explained by carbon sublimation.  

Dasch34 therefore concluded that the observed changes in scattering and absorption during laser 
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heating were more likely explained by a decrease in primary particle size by vaporization rather 

than by disaggregation of the aggregate into primary particles.  Witze et al.35 and Yoder et al.36 

similarly measured changes in 532-nm35 and 1064-nm36 laser light elastically scattered from the 

particles as a result of laser heating.  Both groups observed significant decreases in laser scatter 

at fluences above 0.2 J/cm2 and attributed these results to particle size reduction caused by 

vaporization. They concluded that below 0.2 J/cm2 mass loss was minimal.  Witze et al.35 

confirmed their results with simultaneous extinction measurements.  Krüger et al.37 irradiated a 

sample of soot at 532 nm and observed a distortion in the size distribution measured with an 

SMPS at a laser fluence of 0.12 J/cm2.  They attributed this reduction in the size of particles at 

the larger end of the distribution upon irradiation to carbon vaporization.  They did not observe 

enhanced volume fractions of smaller diameter particles. 

 Previous studies demonstrated that carbon atoms are released from soot irradiated at 193 

nm38 and that C2 is released by irradiation at 516, 563, and 193 nm.38-41  Using an SMPS to 

measure size distributions, Stipe et al.42 observed nanoparticle production from soot aggregates 

exposed to 193-nm radiation.  Nanoparticle formation was observed at laser fluences as low as 

0.07 J/cm2.  Both mobility diameter and nanoparticle number concentration increased with 

increasing fluence below 0.14 J/cm2, at which point they reached asymptotic values of ~48 nm in 

new particle size and ~2×107 cm-3 in number concentration.  At higher fluences (between 0.18 

and 0.26 J/cm2), the mean size decreased with fluence, and the concentration of new particles 

was independent of fluence.  Because the observed sizes of small particles varied continuously 

from 20 to 50 nm, the authors concluded that fragmentation of aggregates into primary particles 

is not the dominant mechanism for new particle formation.  They hypothesized that small carbon 

clusters form new particles by homogeneous nucleation or by heterogeneous nucleation with 
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larger fragmented primary particles.  Incandescence was not observed, indicating that very little 

of the photon energy is converted to thermal energy.  At these wavelengths, production of carbon 

clusters and other fragments likely proceeds by direct photodissociation of covalent bonds within 

primary particles. 

 The results of Stipe et al.42 are consistent with studies of laser interactions with bulk 

graphite.  When irradiated with a UV laser under vacuum, graphite produces small ionic and 

neutral clusters.  The main products are C, C2, and C3 and their cationic counterparts.43-52 Small 

clusters initially produced are thought to form larger clusters via termolecular reactions,53-56 and 

at higher pressures larger clusters have been observed.57  The fine structure of the graphite 

substrate also appears to have an impact on the size of clusters produced.  Evidence suggests that 

single-crystal (i.e., well ordered) graphite targets produce larger clusters than do amorphous 

carbon targets.49,58  With laser irradiation in the visible and IR, small clusters consisting of a few 

carbon atoms are produced,44,55,56,59-72 but larger clusters (with as many as 100 carbon atoms) are 

also commonly observed in these wavelength regions under vacuum.46,56,61,62,73  At these 

wavelengths large clusters, fullerenes, and nanoparticles can be formed at higher 

pressures53,54,64,74-78 or when expanded in a buffer gas into a vacuum.65-67,79-82  Cluster growth 

rates via termolecular reactions should increase with pressure, thereby leading to small (60-100 

nm diameter) particle formation at high pressure.53,57,65,70,75,76,78,79,83  

 In the present study, we focus on the effects on soot of laser irradiation at 532 and 1064 

nm. In addition to making use of an SMPS to measure changes in electric-mobility size 

distributions following irradiation over a wide range of laser fluences, we use TEM and STXM 

images to study changes in soot morphology and fine structure and NEXAFS spectroscopy to 

study changes in chemical structure (carbon hybridization).  The results from these studies 
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collectively indicate that new particles produced during laser irradiation of soot are formed by 

nucleation of small carbon clusters generated by sublimation or photodesorption.  Nucleation 

proceeds homogeneously and/or heterogeneously onto larger fragments ablated by the laser.  

New particles appear not to be formed by disaggregation of soot aggregates into primary 

particles. 

3. Methodology 

A. Particle Generation 

The experimental apparatus, shown schematically in Fig. 1, included a coflow diffusion burner, 

an annular silica gel diffusion dryer (TSI 3062), an atmospheric pressure flow-tube reactor with 

temperature and humidity probes, a cell with windows for optical access, and a scanning 

mobility particle sizer (TSI Model 3936L10).  The SMPS includes a differential mobility 

analyzer (DMA, TSI Model 3085) and a condensation particle counter (CPC, TSI, Model 

3025A).  Soot particles were generated in the flame and cooled to ambient temperatures at 

atmospheric pressure.  The combustion products were dried by passing through the diffusion 

dryer, and introduced into the SMPS after being subjected to a laser pulse at 532 or 1064 nm in 

the optical cell.  The particles were size segregated as a function of their electric mobility 

diameter with the DMA and were either counted with the CPC or collected on TEM grids using 

an electrostatic aerosol sampler (TSI, Model 6069).  Alternatively the full flow was directed onto 

a TEM grid or Si3N4 window for analysis using a STXM. 

 Soot was generated in an ethylene/air diffusion flame produced by a burner with a central 

fuel nozzle (0.5 cm in diameter) surrounded by a honeycomb structure for the coflow of air.  The 

flow rates were maintained by mass flow controllers (MKS type 1479A for low flow and 1559A 
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for high flow) in the range of 0.22 - 0.26 standard liters per minute (SLM) ethylene and 27.5 

SLM air.  The tip of the flame was cut with a cross flow of dry air at 65 SLM to prevent 

complete combustion of the particles in the flame.  A small fraction (~0.5%) of the total gas flow 

was extracted into the diffusion dryer and sent to the optical cell, where it was irradiated with a 

single laser shot at either 532 or 1064 nm.  Gas temperature (T = 293 ± 2 K) and relative 

humidity (RH = 5 ± 2 %) were monitored with a thermo-hygrometer (Oakton, Model EW-

35612-00) inserted through a sidearm in the flow tube.  

B. Optical Setup 

The optical section of the flow tube consisted of a 6-way stainless steel cross equipped with 

optical access windows and an SMPS sampling port.  A collimated pulsed laser beam was 

directed into the cell through a quartz window (tilted at Brewster's angle to minimize scatter) 

perpendicularly to the aerosol flow.  The particles were irradiated with either the fundamental 

(1064 nm) or second harmonic (532 nm) of an injection-seeded Nd:YAG laser (Spectra-Physics 

Pro-230-10), which produced pulses at a repetition rate of 10 Hz and with a duration of 10 ns at 

1064 nm and 7 ns at 532 nm.  The center of the Gaussian beam was passed through a 3-mm 

diameter ceramic aperture, which was relay-imaged to the detection region with a 1:1 positive 

telescope using two 1-m focal length lenses.  This configuration provided a homogeneous tophat 

spatial profile 3 mm in diameter.  The pulse energy was attenuated by use of a half-wave plate 

followed by two thin-film polarizers and was measured with a surface-absorbing thermal 

detector (Molectron Model PM10).  The linear-flow velocity in the flow tube was adjusted to 6 

cm/sec to ensure that particles were not subjected to multiple laser shots.  The laser-beam 

diameter was smaller than the diameter of the aerosol flow tube, and at this flow velocity and 

with a 10 Hz laser repetition rate, only ~10% of the aerosol volume was irradiated. 
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C. TEM Imaging 

For TEM analysis, soot samples were passed through an electrostatic classifier and collected on 

lacey carbon film on TEM grids (Electron Microscopy Sciences, LC200-Cu) using an 

electrostatic aerosol sampler.  This sampling configuration allowed soot aggregates to be 

collected on the grids following segregation by electric mobility diameter.  The optimal 

collection time was found to be 180 minutes at a flow rate of 0.3 SLM and a potential of 10 kV 

on the grid.  The particles thus collected were imaged using a JEOL 2000FX electron microscope 

operated at a 200-kV accelerating voltage.  Images were then analyzed to determine the fractal 

and geometric dimensions of soot aggregates.  Particle geometric size was measured on digitized 

electron micrographs by fitting ellipses to the particle outlines and taking the average of the short 

and long axes of the best-fit ellipse as the particle diameter.  A box-counting method (ImageJ 

1.32j85) was used for the fractal analysis. 

D. NEXAFS Spectroscopy Using STXM 

For NEXAFS analysis, soot samples were collected on TEM grids and Si3N4 windows.  Samples 

containing more and larger particles were required for NEXAFS analysis than for TEM imaging.  

For this reason, the DMA size filter and electrostatic aerosol sampler were not used for the 

NEXAFS samples.  Laser-irradiated or non-irradiated particles were collected by continuously 

impinging aerosol flow onto the substrates at a flow rate of 0.4 SLM and collection time of 150 

mins.   

 Carbon K-edge NEXAFS spectra of soot particles were acquired using STXM86 on 

beamlines 5.3.2 and 11.0.2 of the Advanced Light Source (Berkeley, CA) in a ~0.5 atm He-filled 

sample chamber.  The majority of the experiments were performed at beamline 5.3.2, which has 

a bending magnet for an insertion device and produces horizontally polarized light in plane with 
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the sample.  For polarization-dependence measurements, a beamline with an elliptically 

polarized undulator insertion device (11.0.2) was used.  For STXM measurements, the x-ray 

beam was focused with a zone plate onto the sample, and the transmitted radiation was detected.  

The spot size at the sample is determined by the width of the outermost zone of the zone plate, 

which was 35 nm for these experiments.  Images were obtained by rastering the sample and 

collecting transmitted light as a function of sample position.  Spectra at each image pixel were 

obtained from stacks, which are a collection of images recorded at increasing energies across the 

absorption edge.  Carbon K-edge spectra were acquired from 278 to 320 eV with dwell times of 

1-2 ms per pixel.  Incident beam intensity I0 was measured through the sample-free region of the 

TEM grid.  The logarithm of the intensity ratio between incident and transmitted beams 

(expressed as a function of energy) provided the NEXAFS spectrum in units of optical density at 

each image pixel. The NEXAFS spectra were obtained by averaging over regions of the 

particles. 

 On coated TEM grids (holey carbon, ultrathin carbon on holey carbon support, silicon 

monoxide on formvar, all from Ted Pella), particles were imaged in regions where the coating 

was perforated, allowing simultaneous measurement of the incident radiation and measurement 

of the coating in a region without soot.  This holey-carbon spectrum was consistent with those 

measured from grids without soot and is readily distinguishable from soot in thickness, spectral 

intensities, and peak positions. For determination of the soot spectra, the holey-carbon region 

was used to measure the incident radiation. Spectra from each of the support films were 

examined and used in a similar manner. The soot particle spectra determined this way were 

similar for different TEM grid coatings. 
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 Measured optical densities (OD or absorbance) typically ranged from 0.2 to 0.8; none 

were greater than 1.  The energy was calibrated using the absorption bands of CO2 at 292.74 and 

294.96 eV.87  The linear pre-edge background was subtracted from each spectrum.  This 

background arises from scattering due to species that are non-absorbing at a particular energy 

and was typically ~0.050 OD for both irradiated and non-irradiated soot particles. This small pre-

edge absorption relative to the absorbance at higher energies (OD ~ 0.5 at 320 eV) confirmed 

that the primary component of the particles is carbon.  

E. Model Description 

The particle temperature and mass loss by carbon-cluster volatilization during laser heating were 

calculated using a model described in more detail elsewhere.88  The model solves the energy- and 

mass-balance equations to account for particle heating by laser absorption, annealing, and 

oxidation and cooling by conduction to the surrounding atmosphere, radiative emission, 

sublimation, and non-thermal photodesorption of carbon clusters C2 and C3.  Particle-size 

reduction during sublimation, photodesorption, and oxidation is also calculated.  In addition, the 

model includes (1) temperature-dependent thermodynamic parameters for calculating 

sublimation, conduction, and internal energy storage by the particle; (2) wavelength-dependent 

optical parameters to describe absorption and emission of radiation based on a Rayleigh-Debye-

Gans (RDG) approximation for aggregates; (3) convective heat and mass flow (Stefan flow) 

during the sublimation of multiple cluster species (C, C2, C3, C4, and C5) from the surface; (4) a 

thermal accommodation coefficient appropriate for high-temperature conductive cooling; (5) a 

conductive cooling mechanism assuming free molecular flow at low pressure and a transition 

regime at high pressure; and (6) the effects of annealing on absorption, radiation, sublimation, 

and photodesorption.  
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 The model descriptions of cooling and mass loss by sublimation and photodesorption are 

the most important components of the model for calculating particle size and temperature at 

fluences above 0.2 J/cm2. This part of the model is also the most complex and, in the case of 

photodesorption, the most uncertain.  Although previous studies suggested that laser 

photodesorption of carbon clusters from graphite can proceed by a nonthermal 

mechanism,45,47,50,53,60,65 the nature of this mechanism, including the number of photons required, 

is not known.  Our model includes such a mechanism, assuming that it proceeds via a 2-photon 

process at 532 nm with a cross section and enthalpy of reaction approximated by comparing the 

results with time-resolved LII measurements of soot in a flame.39  Annealing rates are calculated 

using an Arrhenius expression, with activation energies for interstitial migration and 

vacancy/defect formation derived from studies of graphitization. 

 All calculations are for a single primary particle and assume minimal contact between 

primary particles in an aggregate.  Aggregation is expected to decrease conductive cooling rates 

via the shielding effect.89-91  Quasi-Monte-Carlo simulations indicate that accounting for 

aggregation reduces the conductive cooling rate by ~30% for an aggregate of 500 primary 

particles,89 and will have less of an effect for the aggregates considered here.  Aggregation also 

influences the particle optical properties, but these are accounted for by the use an RDG 

approximation for absorption and emission.  Although this model does not explicitly perform the 

calculations for an aggregate, it does provide information about the importance of mechanisms 

that may be responsible for fragmentation of soot aggregates into primary particles and 

vaporization of carbon clusters that can recondense and form carbon nanoparticles via 

homogeneous or heterogeneous nucleation. 

4. Experimental Results 



 13

A. Laser-Induced Size and Structure Changes 

Figure 2 shows the measured electric mobility size distribution of soot particles extracted from 

the flame (solid line).  This distribution is well described by a log-normal function, where the 

number concentration as a function of the natural log of the particle diameter n(ln D) is given 

by92 

 n ln D( )= N

2π ln σ
exp -

ln D
D0

( )[ ]
2ln2 σ

2⎧ 
⎨ 
⎪ 

⎩ ⎪ 

⎫ 
⎬ 
⎪ 

⎭ ⎪ 
 . (1) 

This expression can be rewritten as a function of D according to92 

 n D( )= N

2π D ln σ
exp -

ln D
D0

( )[ ]
2ln2 σ

2⎧ 
⎨ 
⎪ 

⎩ ⎪ 

⎫ 
⎬ 
⎪ 

⎭ ⎪ 
. (2) 

Fitting the distribution in Fig. 2 to Eqn. (1) yields the following parameters (±one standard 

deviation): total number concentration N=2.50(±0.02)×106 cm-3, median mobility diameter 

D0=96.4(±0.4) nm, mean mobility diameter (<D>=D0exp[ln2σ/2])92 of 112(±1) nm, and 

geometric standard deviation σ=1.727(±0.008).  Figure 2 also shows distributions of the average 

geometric diameter (given by an average of the maximum and minimum diameters for each 

particle) derived from 325 measurements from each of two TEM samples collected with the 

electrostatic sampler after size selection with the DMA.  With the DMA set to collect particles 

with a mobility diameter of 100 nm, the median average geometric diameter was determined to 

be 115(±5) nm, and for a mobility diameter of 110 nm, the median average geometric diameter 

was 142(±5) nm.  Figure 3a shows the corresponding TEM image, which demonstrates a typical 

branched-chain association of primary particles.  The average particle fractal dimension is 1.7, 

which is also typical of mature soot generated in a flame.2,4,13,14,93-95 In Fig. 3b, the higher-
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magnification image of primary particles demonstrates fine structure composed of graphite 

crystallites with better defined graphene (graphitic) sheets near the particle peripheries than at 

the centers, which is consistent with the reported fine structure of primary particles.1,3,96-99  The 

soot generated and studied in our experiments is similar in morphology and size to other flame-

generated soot.  Some of the aggregates appeared to have less well-defined primary particles 

with less turbostratic graphitic order apparent in the fine structure.  These particles may have 

been less mature and may have originated from lower in the flame.  

 Figure 2 also shows the mobility-size distribution of soot particles irradiated with a single 

laser shot at 532 nm with a fluence of 0.7 J/cm2 (dotted line).  This distribution demonstrates an 

additional mode of particle sizes with smaller mobility diameters; this second mode is not 

apparent in the distribution in Fig. 2 for the non-irradiated soot.  Although there is no reason to 

expect that the size distributions of the new particles and the irradiated aggregate can be strictly 

described by a log-normal distribution, this type of probability distribution provides a good 

approximation for the small-mode and large-mode size distributions. The bimodal distribution 

shown in Fig. 2 is well-described by a sum of log-normal distributions, i.e.,  

 n ln D( )= n1 ln D1( )+ n2 ln D2( ), (3) 

where n1 represents the large-mode distribution, and n2, the small-mode distribution, given by 

Eq. (1).  Fitting this function to the data yields N1=2.47(±0.09)×106 cm-3, D1=87.9(±2.0) nm, and 

σ1=1.737(±0.037) for the large-mode distribution and N2=2.55(±0.07)×106 cm-3, D2=33.6(±0.1) 

nm, and σ2=1.271(±0.006) for the small-mode distribution.  The total number concentration of 

the large-mode distribution did not change significantly upon irradiation under these 

experimental conditions, but the median particle size decreased, indicating a net loss of particle 

mass from the aggregates. 
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 The size distribution of the aggregates thus demonstrates a small but measurable change 

upon irradiation.  This distortion in the distribution appears as a depletion of larger particles.  

Figure 4 shows the distributions from Fig. 2 represented as volume concentrations, calculated as 

if the particles were spherical.  The total particle volume (area under the curve) of the irradiated 

particles is ~83% that of the non-irradiated particles, i.e., the large increase in small particles 

does not violate conservation of mass.  Because the particles are actually not spherical, this 

exercise will not give an accurate representation of total mass loss, but it does suggest that the 

change in the large-mode distribution with irradiation is probably sufficient to account for the 

production of new particles. 

 The number of new particles produced for each aggregate FNP can be estimated according 

to   

 FNP = 1
X

n2 ′ D ( )d ′ D 
0

∞

∫

n0 D( )dD
0

∞

∫
= 1

X

N2

N0

, (4) 

where X (= 0.1) is the volume fraction of irradiated aerosol, n0 is the number concentration of the 

non-irradiated sample, N0 is the corresponding total number concentration, n2 is the number 

concentration of the small-mode distribution, and N2 is the corresponding total number 

concentration.  Although only 10% of the sampled aerosol volume was subjected to laser 

radiation, the total number concentration of new particles was 1-2 times that of the original 

particles.  A distribution of aggregates with an average size of ~100 nm produces approximately 

10-20 new particles (with a median mobility diameter in the range of 19-34 nm) per irradiated 

aggregate with single-shot excitation at 532 nm and 0.7 J/cm2.   

 Figure 5a shows the TEM image of large-mode aggregates irradiated at 1064 nm with a 

fluence of 1 J/cm2.  This figure demonstrates that the morphology of irradiated particles is 
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similar to that of the non-irradiated soot shown in Fig. 3a.  The primary particles are not as 

regularly shaped as those that have not been exposed to the laser.  These results are generally 

consistent with previous observations of mass loss accompanied by little change in the aggregate 

morphology at 1064 nm.30-32  The fine structure of these irradiated aggregates appears to 

demonstrate more long-range order than observed in the non-irradiated particles (Fig. 5b). These 

aggregates include primary particles with denser rings or folded ribbons of carbon layers that are 

not perfectly spherical. In previous work31 these structures have been identified as annealed 

carbon material in which small graphene sheets (2-3 nm in length) form more extensive layered 

structures.  At high temperatures the introduction of 5- and 7-membered rings into the hexagonal 

structure of these graphene sheets leads to curved surfaces.  Some of the images show aggregates 

that appear to have sections with these features and sections that are similar to the original 

particles, but because only 10% of the particles in the samples have been irradiated, these images 

may include both irradiated and non-irradiated aggregates. 

 Figure 6 shows representative TEM images of particles from the small mode produced by 

the laser at 1064 nm and 1 J/cm2.  Figure 6a presents an image of small irregularly shaped 

particles attached to a section of the lacey-carbon substrate.  These particles appear to consist 

predominantly of carbon material with little or no long-range order.  This material may be 

amorphous carbon, which is a network of carbon atoms with some short-range order (on a 1-nm 

length scale) but little or no long-range order exhibiting a mixture of sp2 and sp3 

hybridization.100-103  In addition there appear to be isolated portions of the particles that form 

hollow layered carbon rings, as shown in the higher-magnification image in Fig. 6b (marked with 

an arrow).  Similar results are obtained when the particles are irradiated at 532 nm at high 

fluences, as shown in Fig. 6c. 
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 To elucidate the chemical structure (carbon-bond hybridization and functional groups) of 

these particles, single energy STXM images and NEXAFS spectra were collected.  NEXAFS 

spectral features arise from transitions from a core electron to an excited state and provide 

information about chemical hybridization and bonding.  Spectra from the carbon 1s electron lie 

in the energy region of ~ 285 – 350 eV.  Transitions from C 1s–π* lie in the range 285 – 291 eV.  

Aromatic compounds exhibit a strong peak at 285 – 286 eV arising from the C 1s–π* transition 

of unsaturated C=C bonds.  Additional transitions from functionalized aromatic groups, such as 

carbonyl groups, lie in the range 286 – 288 eV and may overlap with the C 1s–σ* transitions of 

C-H or CH2, which begin around 287 eV.  Peaks arising from transitions to σ* are usually 

broader than the π* peaks and are superimposed on the photoionization continuum. 

 Representative STXM images of non-irradiated soot particles and particles irradiated at 

532 nm and 0.8 J/cm2 are shown in Fig. 7. Figure 7a shows an agglomerate of soot aggregates.  

Such agglomerates likely formed in situ during the sampling process. The irradiated particles 

(Fig. 7b) appear to be more compact, thicker, and denser.  Such particles were not observed in 

the non-irradiated or low-fluence samples.  Although only ~10% of the sample was estimated to 

be irradiated, particles similar to those shown in Fig. 7a were not observed for samples irradiated 

at high fluences.  This observation implies preferential collection of irradiated particles for some 

reason we do not understand.  Furthermore, these particles were not segregated by electric 

mobility diameter prior to collection.  The flow impinging on the substrate thus included both 

small and large mode particles from the irradiated distribution; because an electrostatic classifier 

was not used to collect the particles, sampling in this flow likely favored collection of the larger 

mode aggregates.  The thickness of each sample was calculated from the atomic scattering 

factors104 assuming a density of 1.8 g/cm3. Thicknesses were typically ~25 nm for the non-
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irradiated and low-fluence samples, whereas the laser-irradiated particles were uniform in 

thickness and were typically ~85 nm thick. 

 Figure 8 shows representative normalized spectra from a non-irradiated sample and from 

a sample irradiated at 532 nm with a fluence of 0.8 J/cm2. Non-irradiated soot aggregates have a 

spectrum (Fig. 8, dotted line) similar to graphite, with a strong contribution from an sp2 

component.102,103,105  For comparison, the magic angle spectrum of highly oriented pyrolytic 

graphite (HOPG) extracted from Lenardi et al.106 is shown in Fig. 8 (dashed line). The graphite 

spectrum exhibits a strong peak at ~285.3 eV, which is attributed to the 1s-π∗ transition of 

aromatic carbon, and a transition at 292 eV, which corresponds to a 1s-σ∗ carbon transition with 

enhancement from a sharp exciton transition at 291.7 eV.105,107-109  The exciton resonances have 

long lifetimes and as a result are very narrow.110 

 The NEXAFS spectrum of non-irradiated soot particles (dotted line) shows absorption 

features similar to those of HOPG.  As noted above, the strong absorptions in the π∗ (285.3 eV) 

and σ∗ (292.8 eV) regions point to the dominance of graphite-like sp2 carbon.  The linewidths of 

both π∗ and σ∗ transitions are broader than those of HOPG, however, indicating additional π∗ 

(and σ∗) resonances in the region between 286 and 290 eV.  These differences between the 

HOPG and soot spectra are attributable to contributions from non-carbonaceous moieties known 

to be part of combustion-generated particles.3,111,112  Resonances from C=O (287.4 eV), C-H 

(288.7 eV), and C-OH (290 eV)110,113 can account for the additional absorption in the 286-290 

eV region.   

 Particles irradiated with 0.8 J/cm2 at 532 nm (Fig. 8, solid line) have a distinctly different 

spectrum from either HOPG (magic-angle spectrum) or the non-irradiated sample.  The strength 

of the 1s-π∗ absorption is reduced, but the material exhibits a strong exciton at 291.7 eV.  The 
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appearance of the exciton in the spectrum of laser-irradiated particles could indicate the presence 

of some short-range order, which could be attributable to formation of annealed structures, such 

as those shown in Figs. 6b and 6c.  Such short-range order (on a length scale of ~1 nm) is also 

consistent with amorphous carbon, which may have small regions of clustering of sp2- and sp3-

bonded carbon atoms.100-103 Hence, the absorption features suggest a less graphitic structure 

(relative to non-irradiated aggregates) but, nevertheless, demonstrate short-range order, as 

indicated by sharp exciton absorption.   

 The relative amount of graphitic sp2 carbon in irradiated and non-irradiated soot samples 

can be estimated from the ratio of the area under the 1s-π∗ peak (AC=C) to the overall area of the 

spectrum in the region between 280 and 310 eV (A280-310) according to:106   
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Following Lenardi et al.,106 f
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The area under the spectrum A280-310 was obtained by numerical integration of the experimental 

data, whereas the area under the π* peak AC=C was calculated by fitting the 1s-π∗ transition to a 

Gaussian function,110 i.e., 
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and integrating Iπ.  In Eq. 7, H0 is the height of the Gaussian peak, E is the photon energy, P0 is 

the position of the peak, Γ  is the full width at half maximum, and c is a constant c = 2×(ln4)1/2. 
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 From Eq. 6, the average fraction of sp2-hybridized carbon was estimated to be 72% for 

the non-irradiated soot particles and 21% for the particles irradiated at 532 nm with a fluence of 

0.8 J/cm2. The estimated uncertainty is ±5%.  This latter value is consistent with the composition 

of amorphous carbon films deposited at room temperature.103 These results suggest significant 

changes in the carbon bonding in irradiated samples.  

 Alternatively, the NEXAFS spectrum of the irradiated particles shown in Fig. 8 (solid 

line) could arise from formation of an oriented carbonaceous material with polarization-

dependent spectral intensities.  The spectra of the irradiated particles exhibit a decrease in the 1s-

π* absorption strength at 285.3 eV as compared to the non-irradiated samples.  Similar decreases 

can be observed in HOPG spectra when measured with the sample rotated out of plane with 

linearly polarized light at ~30° angle of incidence.110  In addition, a corresponding increase in the 

transition intensity of the 1s-σ* carbon transition at 292.8 eV should be apparent for the out-of-

plane sample. With this orientation, the ratio of the peak intensity at 285.3 eV to that at 292.8 eV 

can vary by over an order of magnitude with changes in polarization.  We did not observe any 

significant increases in the intensity of the 1s-σ* carbon transition for the irradiated particles. 

Therefore, it appears that the irradiated particles were not fortuitously aligned parallel to the 

substrate surface, and the decrease in the intensity of the aromatic carbon (285.3 eV) transition is 

not simply related to the particle alignment.  In addition, to test for polarization-dependent 

spectral intensities, spectra were collected from 8 different particles from the sample irradiated at 

532 nm with 0.8 J/cm2.  Variations in the spectral intensities were on the order of a few percent.  

The ratio of the peak at 285.3 eV to that at 292.8 eV was measured on a single region of this 

sample with (0.29) vertical, (0.32) horizontal, and (0.27) circularly polarized light.  The lack of 
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significant variation in the peak intensities for different particles supports the lack of variability 

in the spectra with polarization and implies that the carbon is not highly oriented. 

 For the non-irradiated samples, spectra were averaged over a region of the sample; hence 

long-range order, if any, would be averaged out in the measured spectrum.  Although no 

polarization dependence was anticipated, analogous measurements on the non-irradiated samples 

yielded values of 0.71 (vertical), 0.74 (horizontal), and 0.67 (circular). This variation indicates 

the uncertainty of the measurement rather than significant changes in peak intensities. 

 Although we are unable to definitively identify a mechanism for the differences observed 

in the NEXAFS spectra between non-irradiated and those irradiated at 0.8 J/cm2, the 

significantly altered spectra suggest either formation of new particles or annealing as a result of 

laser irradiation. This conclusion is consistent with the TEM images of irradiated particles (Fig. 

6), which demonstrate isolated regions of carbon with relatively large graphene sheets together 

with regions where such sheets are not evident.    

B. Fluence Dependence of New Particle Formation 

The aerosol mobility-size distributions were measured as a function of laser fluence at 532 and 

1064 nm.  Figure 9 demonstrates the effect of laser fluence on the number concentration and size 

of small particles produced during laser irradiation at 532 nm.  The solid lines in Fig. 9 represent 

the best fits to the particle size distributions of a sum of two log-normal distributions, i.e., Eq. 

(3).  The parameters derived from this analysis are given in Table 1.  The full set of experimental 

data for 532-nm irradiation is plotted in Fig. 10 in the form of a 3-D graph of the measured 

particle size distributions as a function of mobility diameter (X-axis) and laser fluence (Y-axis).  

The data show that small particles increase in size and number density with increasing fluence 

and reach a plateau in size and number concentration at higher values.  Analogous results were 
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observed for 1064-nm excitation, although the plateau regions in particle number concentration 

and size were not reached.   

 The median sizes of the small-mode and large-mode distributions are shown as a function 

of fluence in Fig. 11a.  The small-mode distribution increases with fluence at values above ~0.12 

J/cm2 for 532-nm irradiation and ~0.22 J/cm2 for 1064-nm irradiation.  Particles with a median 

size below 8 nm were not observed at either wavelength.  At 532 nm the particle size becomes 

independent of fluence above ~0.5 J/cm2.  Such a plateau was not observed at 1064 nm at the 

fluences used in this study.  The median particle size of the large-mode distributions starts to 

decrease with fluence at the value where new particle formation becomes observable. The 

median size of this mode continues to decrease at fluences below the intermediate values of ~0.3 

J/cm2 for 532-nm irradiation and ~0.55 J/cm2 for 1064-nm irradiation and increases with fluence 

at higher values.  The behavior with fluence of the large-mode particles is mirrored by the total 

number concentration of these particles (shown in Fig. 11b).  At fluences above the threshold for 

new particle formation, the total volume of large-mode particles decreases with increasing 

fluence. 

 Figures 12 and 13 show TEM images of large-mode aggregates irradiated at 1064 and 

532 nm at intermediate fluences.  Aggregates irradiated at 1064 nm and 0.24 J/cm2 (Fig. 12) look 

similar to the non-irradiated particles (Fig. 3).  The aggregate morphology does not change when 

irradiated at this wavelength and fluence, as demonstrated in Fig. 12a, and most of the particles 

appear to have the same polycrystalline graphitic fine structure, as shown in Fig. 12b.  

Aggregates irradiated at 532 nm and 0.3 J/cm2 (Fig. 13), however, demonstrate features similar 

to those observed in aggregates irradiated at 1064 nm and 1 J/cm2 (Fig. 5).  More long-range 

order is apparent in the fine structure, which demonstrates layered carbon rings or folded 
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ribbons.  The nanoparticles produced under these conditions (Fig. 14) are similar in structure to 

those produced at higher fluences (e.g., Fig. 6).  Figure 14 shows representative nanoparticles 

produced by laser irradiation at 1064 and 532 nm at intermediate laser fluences.  In many of the 

particles generated, less long-range order is apparent than in the non-irradiated particles.  In the 

case of 1064-nm irradiation at 0.24 J/cm2 (Fig. 14a), small sections of graphitic structure are 

visible (circled).  With 532-nm irradiation at 0.3 J/cm2 some of the new particles have no 

apparent long-range order (Fig. 14b) whereas other particles demonstrate structures with layered 

carbon planes, rings, or folded ribbons (Fig 14c).  The particles generated at 532 nm are smaller 

and more elongated than those formed at similar fluences with 1064-nm irradiation, and the 

morphology is similar to that of particles formed with high-fluence irradiation (Fig. 6).  At 

higher fluences, however, fewer particles have regions of long-range order, and particles such as 

that shown in Fig. 14c were not seen at higher fluences.  

 NEXAFS spectra were recorded for soot particles exposed to 532-nm radiation at laser 

fluences of 0.01 J/cm2, 0.05 J/cm2, 0.2 J/cm2, and 0.8 J/cm2.  At fluences ≤ 0.05 J/cm2, STXM 

images show no changes in particle morphology, and NEXAFS spectra recorded over 15 

different regions from these samples demonstrate no chemical bonding changes with fluence, as 

shown in Fig. 15. At fluences greater than ≥ 0.2 J/cm2, distinct changes in the number of 

particles and particle morphology are observed.  As noted above, the large branched 

agglomerates, such as that shown in Fig. 7a, are no longer present.  At a laser fluence of 0.2 

J/cm2 and greater, the primary particle structure of aggregates is not discernable in the samples 

collected for the STXM measurements.  Rather, a few individual denser particles (sub-micron in 

size) are apparent (see Fig. 7b). 
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 Fluence-dependent NEXAFS spectra indicate that a detectable change in the state of 

carbon hybridization in particles occurs when irradiated at laser fluences between 0.2 and 0.8 

J/cm2 at 532 nm.  At 0.8 J/cm2 this transition is characterized by an apparent decrease in 

graphitic sp2-hybridized carbon.100,103  These changes are represented by the differences between 

the spectra shown in Fig. 15a and the spectrum shown in Fig. 15c.  Only two spectra were 

recorded for the sample illuminated at 0.2 J/cm2, and both of these spectra looked like the curve 

presented in Fig. 15b.  These spectra also demonstrate an apparent decrease in graphitic sp2-

hybridized carbon by a reduction in the peak at 285.3 eV.  In this case, however, the aromatic 

carbon peak is shifted by 0.4 eV to a lower energy, which may indicate formation of fullerenic 

carbon.  One striking difference between these spectra and those shown in Figs. 15a and 15c is 

the appearance of a strong peak at 288.7 eV in conjunction with a decrease in the graphitic 

carbon, indicating significant contributions from C-H.  A single spectrum recorded with the 

sample irradiated at 0.8 J/cm2 has similar features and is shown in Fig. 15b.  Although a detailed 

understanding of the mechanism for these spectral changes is beyond the scope of this paper, 

spectral changes observed in particles irradiated at fluences ≥ 0.2 J/cm2 support the premise that 

soot particles are significantly altered by laser irradiation either through formation of new 

particles or annealing. 

C. Effects of 532- Versus 1064-nm Radiation on New Particle Formation 

New particle formation was measured using the SMPS at 532 and 1064 nm.  More new particle 

production occurred with the shorter wavelength.  The number of new particles produced per 

aggregate is shown in Fig. 11c (left axis).  As noted above, the onset of observable nanoparticle 

production (at which the concentration of small-mode particles is ~1% of the original particle 

concentration) occurs at ~0.12 J/cm2 at 532 nm and at ~0.22 J/cm2 at 1064 nm.  The yield of new 
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particles is higher at 532 nm than at 1064 nm at all fluences above 0.12 J/cm2.  At 532 nm the 

yield reaches a plateau at fluences greater than ~0.5 J/cm2; such a plateau was not observed at 

1064 nm at the fluences used in this study.  The yield of new particles is comparable for the two 

wavelengths at the highest fluences (>0.75 J/cm2).  This dependence on fluence is similar to the 

observations of Stipe et al.42 at 193 nm.  In their work, however, the onset of new particle 

production occurred at ~0.07 J/cm2, and small-mode particle growth became saturated at 0.17 

J/cm2. These fluences are substantially lower than the corresponding values reported here for 

longer wavelengths.  

5. Discussion 

The results of calculations of the fractional amount of volatilized carbon mass for 532-nm laser 

heating are shown in Figure 11c (right axis).  The amount of volatilized carbon was integrated 

from 0 to 150 ns, at which point mass loss by sublimation and photodesorption has ceased.  

Although the model does not currently include laser excitation at wavelengths other than 532 

nm, carbon volatilization is expected to be less efficient at 1064 than at 532 nm for two reasons: 

(1) the absorption coefficient is inversely correlated with wavelength (proportional to λ-0.83 

according to the RDG approximation) and is thus much lower at 1064 nm, and (2) the efficiency 

of photodesorption is lower at 1064 nm, assuming a 2-photon transition at 532 nm and a 3- or 4-

photon process at 1064 nm.  The calculated increase in mass loss with fluence at 532 nm is more 

gradual than the increase in the number of new particles.  The model indicates an earlier onset of 

substantial mass loss and does not reach a plateau until ~1.5 J/cm2 when the particle has been 

completely vaporized.  New particle production via nucleation will depend on condensation 

rates, which are not included in the model.  The experimental and modeling results shown here 

are thus not directly comparable, but they indicate that vaporization of the particle could generate 
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sufficient gas-phase carbon species to account for the observed new particle formation by 

recondensation at these fluences.   

 Small carbon clusters (predominantly C, C2, and C3) may thus sublime or photodesorb 

from soot aggregates and homogeneously nucleate to form new particles.  This mechanism is 

consistent with observations of laser-induced particle production from graphite, particularly at 

wavelengths in the visible65,74,77-79 and infrared53,64,75,76 regions at ambient pressures above 1 Torr 

or in free jet expansions into vacuum.  Previous work on graphite has shown that small carbon 

clusters can react to form larger clusters,53-56,81 which can then act as nucleation sites for particle 

growth.  As indicated by the combined results of TEM images, STXM images, and NEXAFS 

spectra, this process leads to apparent changes in the sp2 hybridization.  These particles may 

partially anneal to form small regions with more ordered structure.  Alternatively, under some 

conditions, surface ablation of the primary particle may produce graphitic fragments, which then 

serve as nucleation sites for new particle formation.  Vaporization of such crystallites from 

graphite with semi-isolated graphite platelets has been hypothesized as a mechanism for 

generation of large carbon clusters.114 

 The larger aggregates do not appear to be effective sites for heterogeneous cluster 

nucleation, e.g., the large regions of disordered carbon in Figure 6 are not apparent on the 

aggregate in Figure 5.  At all fluences above the threshold for new particle formation, the median 

size of the large-mode aggregates is smaller than that of the non-irradiated particles, as shown in 

Fig. 11a.  A possible explanation is that at such high fluences the particles become superheated, 

pressure and temperature gradients are established at the surface, and convective transport of 

carbon clusters away from the surface leads to a supersonic expansion.84,88  These pressure 

waves and large flux of carbon away from the surface hinder transport of clusters back to the 
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surface and reduce the rate of cluster recondensation on the original aggregate.  Figure 11a also 

shows a growth in the median diameter of the large-mode aggregates with fluence following a 

minimum at intermediate fluences, suggesting that some amount of recondensation may occur 

when the cluster concentration is very high.  Caution should be used in drawing such conclusions 

from these data, however, because this behavior of the large-mode median size and the anti-

correlated behavior of the number of large-mode particles may be an artifact of the fitting 

procedure.  Uncertainties in these parameters are more significant for the large-mode, for which 

the distribution was truncated.  In addition, if significant recondensation were occurring on large-

mode aggregates, TEM images showing material with no long-range order coating the 

aggregates might be expected but was not observed. 

 Our conclusions are consistent with those of Dasch,34 Witze et al.,35 and Yoder et al.36 

who measured changes in scattering and absorption cross sections during laser irradiation of soot 

and hypothesized that particle size reduction at fluences above 0.2 J/cm2 occurred by 

vaporization of the particle.  Our conclusions are also consistent with those of Vander Wal et 

al.29-32 who deduced from TEM images of laser-irradiated soot that aggregates do not 

disaggregate into primary particles upon laser irradiation but at high fluences lose mass via 

vaporization of primary particles. 

 Our results suggest that complete disaggregation of the aggregate into primary particles 

followed by re-aggregation does not occur.  Such disaggregation and re-aggregation would likely 

lead to significant changes in the electric-mobility aggregate size distribution, which we do not 

observe.  In addition, the small-mode component does not have the same physical and chemical 

structure as the original primary particles and increases in size with laser fluence, suggesting 

that, if disaggregation and re-aggregation took place, it would have to be accompanied by a 



 28

mechanism such as vaporization and recondensation.  Some fragmentation of large aggregates 

into sections larger than a primary particle may occur, however, which might explain the 

decrease in median size (Fig. 11a) accompanied by an increase in total number concentration 

(Fig. 11b) of the large-mode distribution at intermediate fluences.  This process may be 

overwhelmed by the effects of vaporization at higher fluences.  Our conclusions are thus 

inconsistent with those of Filippov et al.24 who proposed that, during laser irradiation, thermionic 

emission causes sufficient electrostatic repulsion between primary particles to lead to complete 

disaggregation of the particle.  The mechanism proposed by Filippov et al.24 is also inconsistent 

with strong evidence that combustion-generated soot aggregates are held together by covalent 

bonds between primary particles, rather than by van der Waals forces.3,7 

 Our measurements of new particle formation are inconsistent with those of Kock et al.33 

who recorded particle electric mobility size distributions of laser-irradiated soot and did not 

observe new particle formation.  They used fluences in the range of 0.1-0.6 J/cm2 at 1064 nm, for 

which we measure significant nanoparticle generation.  Krüger et al.37 also did not observe new 

particle formation upon laser irradiation of soot in similar experiments, but their laser fluence 

(0.12 J/cm2 at 532 nm) was approximately at our measured threshold for new particle generation, 

where our observations suggest that new particles are just starting to be observable with an 

SMPS.  

6. Conclusions 

We have demonstrated the formation of carbonaceous nanoparticles during pulsed laser 

irradiation of soot at 532 and 1064 nm.  New particles are produced at fluences above ~0.12 

J/cm2 at 532 nm and ~0.22 J/cm2 at 1064 nm (Fig. 11).  The mean size and number density of 

these new particles, as measured by SMPS, increase with increasing fluence (Fig. 11).  At high 
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fluences (>0.3 J/cm2 for 532-nm irradiation, >0.5 J/cm2 for 1064-nm irradiation) new particle 

formation is accompanied by a decrease in number concentration of large-mode aggregates (Fig. 

11b).  At intermediate fluences an increase in large-mode aggregate number concentration is 

accompanied by a decrease in large-mode median size, which may indicate that some fraction of 

the large aggregates break apart into fragments larger than a primary particle.  At higher fluences 

an increase in the large-mode median diameter and decrease in large-mode number concentration 

with fluence may indicate recondensation of volatile carbon on the aggregates at high carbon 

cluster concentrations. 

 NEXAFS spectra show that the non-irradiated particles are predominantly graphitic sp2-

hybridized carbon and that particles irradiated at fluences above the threshold exhibit significant 

changes in this peak intensity (Fig. 8).  In TEM images small (~30 nm diameter) particles 

produced by irradiation of soot consist of extended regions without any obvious long-range order 

and smaller isolated regions of carbon with significant long-range order (Figs. 6 and 14).  These 

ordered regions contain small graphite crystallites or partially annealed carbon that forms small, 

layered carbon rings or ribbons.  Large particles (~100 nm diameter) irradiated at fluences above 

the threshold fluence consist of primary particles that appear to be similar in size and structure to 

the non-irradiated primary particles (Fig. 5b).  These large particles can also include primary 

particles with denser layered carbon rings (Fig. 5c), which may result from partial annealing.  

STXM images suggest that these irradiated aggregates are smaller and denser than the non-

irradiated particles (Fig. 7). 

 These results suggest that particle growth proceeds through recondensation of small 

carbon clusters (e.g., C, C2, and C3) by homogeneous nucleation, heterogeneous nucleation onto 

graphitic fragments of primary particles, or a combination of both homogeneous and 
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heterogeneous nucleation.  Nanoparticle growth via homogeneous or heterogeneous nucleation 

of small carbon clusters is consistent with model predictions of the onset and extent of carbon 

volatilization by sublimation and photodesorption mechanisms.  Reduced efficiency of particle 

formation at 1064 nm over 532 nm is likely due to a smaller absorption coefficient and lower 

photodesorption efficiency at the longer wavelength.  These results are consistent with previous 

studies of laser irradiation of soot particles and bulk graphite. 

 Laser-induced vaporization of soot particles and the resulting new particle formation 

could have significant implications for implementation of laser-induced incandescence for soot 

detection.  For volume fraction measurements, LII is frequently performed at the fluences above 

the threshold for new particle formation.  These results demonstrate that fluences as low as 0.12 

J/cm2 at 532 nm could lead to non-negligible mass loss of the irradiated particle and suggest that 

particle size measurements using LII and laser-based scattering and extinction measurements of 

soot particles should be confined to fluences well below this fluence.  Morphology and fine 

structure do not appear to be strongly influenced by irradiation at fluences below the threshold 

value for new particle formation. 
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Table 1.  Results of Fits to Particle Size Distributions (solid lines in Fig. 9) 

 
 
Laser fluence  Large-mode particles Small-mode particles 
 (J/cm2) D1 (nm) N1×106 (cm-3) σ1 D2 (nm) N2×106 (cm-3) σ2 



 44

 
 
 0.00 94.0±0.3 9.88±0.05 1.664±0.005 0 0 0 
 0.21 89.6±0.4 10.9±0.1 1.73±0.01 13.0±0.1 1.89±0.04 1.31±0.01 
 0.33 86.8±0.4 11.0±0.1 1.75±0.01 19.5±0.1 9.25±0.06 1.42±0.002 
 0.76 98.2±0.6 8.22±0.2 1.52±0.01 26.0±0.1 16.5±0.1 1.47±0.004 
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Figure 1.  Schematic diagram of the soot flow tube.   

 

Figure 2.  SMPS electric mobility size distributions of non-irradiated soot (solid line) and 

particles irradiated at 532 nm and 0.7 J/cm2 (dotted line).  Burner flow rates were 0.24 SLM for 

ethylene, 27.5 SLM for the air coflow, and 65 SLM for the air cross-flow (see text for further 

details).  Symbols represent the average geometric diameters determined from 325 measurements 

on each of two TEM samples, one collected with the DMA set to a mobility size of 100 nm and 

the other collected at a mobility size of 110 nm. 
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Figure 3.  TEM images of non-irradiated soot particles. (a) A soot aggregate from a distribution 

with a mean geometric diameter of 110(±15) nm and a mean electric mobility diameter of 

112(±1) nm.  (b) A higher-magnification TEM image of the same particle. 
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Figure 4.  SMPS electric mobility size distributions of irradiated and non-irradiated particles 

represented as particle volume distributions.  The measured number concentrations (Fig. 2) were 

converted to volume assuming the particles to be spherical with diameters equivalent to the 

electric mobility diameters. Particles were irradiated at 532 nm with a fluence of 0.7 J/cm2.   
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Figure 5.  TEM images of a soot particle irradiated at 1064 nm with a fluence of 1 J/cm2.  The 

particle electric mobility diameter was 100 nm. (a) The aggregate in this TEM image has a 

branched-chain morphology similar to that of the non-irradiated particles, despite changes in the 

particle fine structure (b).  (b) Higher-magnification TEM image of a part of the same aggregate. 



 49

 



 50

Figure 6.  TEM images of soot nanoparticles produced by laser irradiation. Particles were 

produced at (a) and (b) 1064 nm with a laser fluence of 1 J/cm2 and (c) 532 nm with a laser 

fluence of 0.87 J/cm2 and were collected at an electric mobility diameter of 30 nm.  (b) and (c) 

Higher-magnification TEM images of nanoparticles that appear to be predominantly composed 

of carbon with no apparent long-range order and that have isolated regions with some long-range 

order (arrows).  
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Figure 7.  Single-energy images of representative particles imaged by STXM at the carbon edge.  

(a) Non-irradiated soot imaged with a step size of 60 nm.  The image size is 15x15 μm.  (b) A 

soot particle irradiated at 532 nm with a fluence of 0.8 J/cm2 and imaged with a step size of 30 

nm.  The image size is 2x2 μm. 
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Figure 8.  Representative carbon K-edge NEXAFS spectra of soot particles before (dotted line) 

and after (solid line) laser irradiation with a single laser pulse at 532 nm and a laser fluence of 

0.8 J/cm2.  The spectrum of HOPG (dashed line) from Lenardi et al.106 is provided for 

comparison. 

 

Figure 9.  Number concentration of electric mobility size distributions of non-irradiated soot 

particles (filled circles) and soot irradiated at 532 nm with fluences of 0.21 J/cm2 (open circles), 

0.33 J/cm2 (squares), and 0.76 J/cm2 (triangles).  The distributions are plotted as n(ln D).  Solid 

lines are the best fits to the data with a sum of two log-normal distributions, i.e., Eq. (3).  The 

values of fitting parameters are listed in Table 1.  
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Figure 10.  Electric mobility size distributions plotted as a function of laser fluence.  Soot was 

irradiated at 532 nm and sampled with the SMPS.  The contour line spacing is 2×106 cm-3. 
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Figure 11.  Fluence dependence of median size and number concentration of small-mode and 

large-mode distributions. Results are shown for 532-nm (circles) and 1064-nm (squares) 

irradiation.  Fits of Eq. (3) to the distributions were used to derive (a) the median particle size 

(D) for each mode and (b) the total number concentration (N) for each mode.  Large-mode 

results (open symbols) correspond to the right axis, and small-mode results (closed symbols), to 



 55

the left axis. (c) Equations (3) and (4) were used to calculate the average number of small 

particles produced per soot aggregate. The line represents the calculated mass fraction of carbon 

volatilized into small molecular clusters during 532-nm laser irradiation.  Symbols correspond to 

the left axis; lines correspond to the right axis. 
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Figure 12.  TEM images of a soot particle irradiated at 1064 nm with a fluence of 0.24 J/cm2.  

The particle electric mobility diameter was 100 nm. (a) The aggregate in this TEM image has a 

branched-chain morphology and fine structure similar to that of the non-irradiated particles.  (b) 

Higher-magnification TEM image of a part of the same aggregate. 
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Figure 13.  TEM images of a soot particle irradiated at 532 nm with a fluence of 0.3 J/cm2.  The 

particle electric mobility diameter was 100 nm.  (a) The aggregate in this TEM image has a 

branched-chain morphology similar to that of the non-irradiated particles.  (b) Higher-

magnification TEM image of a part of the same aggregate. 
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Figure 14.  TEM images of small particles produced by laser irradiation of soot.  (a) Higher-

magnification TEM image of particles produced at 1064 nm with a fluence of 0.24 J/cm2 and 

collected at a mobility diameter of 10 nm.  The circle highlights an isolated region of turbostratic 

graphitic structure. (b) and (c) Higher-magnification TEM images of particles produced at 532 

nm with a fluence of 0.3 J/cm2 and collected at a mobility diameter of 28 nm. 
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Figure 15.  Average carbon K-edge NEXAFS spectra of soot particles (a) before (top line) and 

after laser irradiation with a single laser pulse at 532 nm and laser fluences of (a) 0.01 J/cm2, (a) 

0.05 J/cm2, (b) 0.2 J/cm2, and (b and c) 0.80 J/cm2, as indicated.  The curves have been 

normalized and offset from one another for clarity.  Vertical dotted lines indicate energy levels 

for the 1s-π* transition of aromatic carbon (285.5 eV), 1s-σ* carbon transition (~292.8 eV), and 

the exciton peak (291.7 eV). 

 




