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Although laser-induced incandescence (LII) has been successfully used for soot volume fraction and
particle size measurements, uncertainties remain regarding issues of soot vaporization leading to mass
loss and morphological changes occurring in soot due to intense heating. Prompt LII detection schemes
are often based on the assumption that the associated time scale is shorter than the time scale of soot
vaporization or sublimation. The validity of such assumptions is the focus of the current study. Time-
resolved light-scattering measurements were made in combination with LII measurements to quantify
soot particle vaporization effects resulting from the LII laser pulse. The light-scattering measurements
revealed a sharp decrease in total soot particle mass during the time course of the 25 ns full-width LII
laser pulse for fluences in the range of 0.5 J�cm2. Light-scattering theory was used to invert the scattering
data, revealing �80%–90% reductions in the soot particle volume for LII fluences of 0.47 and 0.61 J�cm2.
In addition, the time-resolved scattering measurements show that the time scale of soot vaporization is
completely confined to the LII laser pulse itself. Light scattering revealed no soot vaporization only for
fluences of �0.1 J�cm2, which is consistent with recent work on low-fluence LII. Possible mechanisms for
soot vaporization are discussed, notably for near-threshold fluences. © 2005 Optical Society of America

OCIS codes: 120.1740, 120.5820.

1. Introduction

Combustion-generated pollutants, notably soot, have
become a cause of great concern in recent years, both
with respect to the environment and human health.
In response, stricter environmental standards and
regulations dictate an urgent need to decrease emis-
sions from combustion systems. Environmental pro-
tection agencies have generally focused on larger-
sized particulate matter such as PM10 (particles less
than 10 �m in diameter) in the past, but recent U.S.
regulations have started focusing on smaller parti-
cles (e.g., PM2.5) because of increased health concerns
caused by finer particulate matter.1 Soot is generally
accepted to contain carcinogenic components, and
when inhaled the finer soot particles can have detri-
mental effects on people, even leading to premature
deaths.2–4 In addition to environmental and health

considerations, soot formation also influences heat
transfer, which may adversely affect the performance
of practical combustors and increase their operating
cost. Strategies for reduction of soot depend on the
understanding of soot formation mechanics, which in
turn may be aided by the capabilities of real-time
monitoring of soot distributions, including reliable
measurement of soot parameters such as particle
size, number density, and soot volume fraction.

Various nonintrusive optical diagnostic tech-
niques, including extinction and light-scattering
techniques, have been applied to study soot. Using
extinction (i.e., transmission measurements) tech-
niques alone, soot volume fractions can be calculated
in the Rayleigh regime, whereas using various com-
binations of extinction measurements, scattering
measurements, dynamic light scattering, and trans-
mission electron microscope (TEM) sampling, soot
morphology and particle size information can be de-
termined. Although useful, these traditional tech-
niques are all characterized by certain limitations.
For example, line-of-sight averaging by transmission
measurements is impractical for use in turbulent
flame conditions, and Rayleigh and Mie scattering
are sensitive to particle shape and composition. Such
limitations have led to the development of new soot
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diagnostic techniques, including the method of laser-
induced incandescence (LII), which holds promise as
a reliable, sensitive, and easy to apply methodology
for total soot measurements that combine high spa-
tial and temporal resolution.

LII was first observed by Eckberth in 1977 when
recording Raman measurements in a propane diffu-
sion flame.5 In this early study, the LII phenomenon
was considered a hindrance in Raman measure-
ments, as it overwhelmed the Raman signals. In the
following years, many research groups studied the
phenomenon and developed models to relate LII sig-
nals to soot parameters such as soot volume fraction
and particle size.6–8 Melton concluded that, at the
moment of maximum soot temperature following la-
ser heating, the LII signal, as detected in visible
emission bands, is nominally proportional to soot vol-
ume fraction.6 Following these pioneering studies,
LII became an extensively used laser diagnostic tech-
nique for soot. In the past two decades, many re-
searchers have performed experimental and
numerical studies to understand the basic principles
of this technique,6,9–12 and LII has been successfully
applied in a wide variety of systems. LII has been
qualitatively and quantitatively used for both soot
volume fraction and particle size diameter measure-
ments in diesel engines, exhaust gases, premixed and
diffusion flames, laminar and turbulent flames, and
free-falling droplet flames, including both point mea-
surements and two-dimensional imaging.9–11,13–17

The basic principle in LII involves rapid heating of
soot particles by use of intense laser pulses, whereby
soot particles absorb laser energy and are conse-
quently heated to the soot vaporization temperature
of �4000–4500 K.6 At these temperatures, which are
significantly above the flame temperatures, black-
body radiation (i.e., incandescence) occurs, which is
easily detected with photodetectors. Quantitative
measurement of the soot volume fraction is per-
formed by calibrating the LII system, typically by
comparison with extinction measurements,18 gravi-
metric sampling analysis,19 or cavity ringdown mea-
surements.20,21 LII signals persist for hundreds of
nanoseconds, which is in contrast to many other
laser-based techniques in which the analyte signal is
coincident with the excitation source time scale (e.g.,
Raman and Rayleigh scattering). The temporal pro-
file of the LII signal is useful, as the LII signal decay
rate can be used to infer soot particle size.15,22 The
temperature to which soot particles are heated de-
pends on various competing processes.6 Following la-
ser heating, energy is lost from the soot by soot
vaporization, as well as convection and radiation heat
transfer. Recently mechanisms for oxidation, melting
and annealing of particles, and nonthermal desorp-
tion terms have also been included in LII models to
better understand this complex process.23

In general, various assumptions are involved in the
treatment of the LII signal as proportional to the
total soot volume fraction �fv�, notably the assumption
that only negligible soot mass is lost due to vaporiza-
tion. Various studies have reported good agreement

between fv measurements based on the LII method
and other techniques, but questions still remain con-
cerning the role of vaporization and mass loss during
LII and the implications on overall accuracy.

The laser fluence (pulse energy per area) is perhaps
the most important LII parameter, and various stud-
ies have been performed to elucidate the effects of
laser fluence. The laser fluence effect on the time-
integrated LII signal depends on the spatial profile of
the laser beam. It has been observed that, for a
Gaussian spatial beam profile, the integrated LII sig-
nal increases as the fluence increases and then
reaches a near-constant plateau region.10,24–26 For
non-Gaussian profiles, different signal versus fluence
curves are obtained. For example, for a top-hat profile
a distinct maximum is obtained, and then the signal
decreases as the fluence is further increased. In prac-
tice, generally the plateau region of the fluence curve
as obtained by a Gaussian beam with unconstrained
optics has been used by researchers for making qual-
itative measurements, as it minimizes any need for
signal correction because of laser fluctuations or
beam attenuation across the flame, provided that the
fluence is well beyond the threshold fluence level for
vaporization.24 With Gaussian beams, however, cau-
tion must be noted with regard to fluences falling
below the vaporization threshold in the wings of the
Gaussian profile. This threshold fluence has been ob-
served by many researchers to be �0.2 J�cm2. In this
plateau region, the LII signal is assumed to be inde-
pendent of fluence with minimal change in particle
size taking place due to vaporization effects. But, as
suggested by many researchers, this plateau region
seems to be an artifact produced by two competing
processes: an increase in the number of particles
above the incandescence threshold in the beam pro-
file wings, thereby leading to a larger probe volume,
and a decrease in the LII signal due to an enhanced
rate of soot vaporization with increasing laser flu-
ence.25,27

Studies have also been done to understand the ef-
fect of laser heating on the morphology of soot parti-
cles. In one such study, Vander Wal et al. showed that
laser heating by a 1064 nm excitation wavelength
causes graphitization and mass rearrangements for
lower fluences and mass loss through vaporization at
fluences above 0.5 J�cm2, coupled with a decrease in
LII signal on a time scale of 100 ns.28 Vander Wal et
al. suggested use of laser fluence below the vaporiza-
tion threshold to avoid any morphological changes in
soot, especially when determining the particle size,
and thereby promoting accuracy in LII measure-
ments. For 532 nm laser excitation, Dasch reported a
fluence of 0.23 J�cm2 as the threshold for soot vapor-
ization effects.7,8 Michelsen et al. reported a similar
threshold value of 0.2 J�cm2 for time-resolved LII
experiments.29 To avoid the many uncertainties in
soot characterization by LII due to soot vaporization,
as enumerated above, a low-fluence LII model has
been proposed, and numerical and experimental
studies have been performed recently.30,31
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In practical implementations, LII signals have
been generally obtained by time averaging the in-
stantaneous LII signal, with three detection tech-
niques used: (i) prompt detection in which signals are
averaged for �20–100 ns coincident with the laser
pulse; (ii) delayed detection technique in which the
signal collection is delayed somewhat, generally
30–50 ns, after the laser pulse32; and (iii) more re-
cently low-fluence LII to completely avoid vaporiza-
tion issues.30,31 Prompt LII detection has been
generally preferred as a means to reduce effects of
soot particle vaporization, based on the assumption
that the measurement time scale is less than the time
scale of significant soot vaporization. Prompt signals
are also strong and have been demonstrated to be less
sensitive to particle size effects. Delayed detection
has the advantage of eliminating many spurious sig-
nals (e.g., fluorescence, photofragmentation), but also
tends to promote signal bias toward larger soot par-
ticles. Mewes and Seitzman have shown that the er-
ror in soot volume fraction measurements due to
particle size variation is less in prompt detection than
delayed detection but still the error can reach up to
10%–25%.9 Mass loss of soot particles during the la-
ser pulse, thereby reducing the particle size, can
cause significant error in soot volume fraction mea-
surement. Recently, Witze et al. proposed an instan-
taneous value analysis for LII signals to minimize the
effect of reduced LII signals at higher fluences due to
mass loss.27 In aggregate, the above studies demon-
strate the need for a better understanding of the roles
of soot particle vaporization or sublimation, notably
the vaporization time scale, in the context of LII. The
primary goal of this study is to further elucidate the
temporal nature of the soot vaporization phenome-
non in the context of LII.

2. Experimental Methods

A propane diffusion flame was used for all experi-
ments. The burner was constructed from two
stainless-steel tubes, with an inner fuel tube diame-
ter of 1.6 mm and an outer oxygen tube diameter of
7.1 mm. The propane flow was controlled by a
precision-drilled ruby orifice �100 �m�, which main-
tained a constant propane flow rate of 0.31 liters per
minute (LPM). The annular flow of oxygen was main-
tained by a gas flow controller at a rate of 1.82 LPM.
In addition, a perforated annular disk provided an
outer shroud flow of nitrogen at 1 LPM, which en-
abled precise control over the fuel stoichiometry and
was found to aid in flame stability. The fuel equiva-
lence ratio is equal to 0.87, based on the propane and
oxygen flow rates. Finally, a stainless-steel mesh
flame holder was positioned 4 cm above the burner to
provide additional flame stability.

A two-laser setup was used for all experiments, as
shown in Fig. 1. A Q-switched 1064-nm Nd:YAG laser
(13 ns FWHM) was used for LII. A Q-switched
frequency-doubled 532 nm Nd:YAG laser (5 ns
FWHM) was used for the light-scattering measure-
ments. The 1064 nm laser light was focused on the
center of the burner axis using a 500 nm focal-length

lens. The 1064 nm LII laser beam was analyzed us-
ing a beam profiler (Coherent Technologies) and is
characterized by an 86.5% Gaussian fit (1�e squared).
Prior to focusing, the LII laser beam was passed
through an aperture such that 90% of the laser-pulse
energy was transmitted, which corresponds to a full
beam width equal to 1.4 times the FWHM beam di-
ameter based on the measured Gaussian fit. The
532 nm laser light was likewise focused to the center
of the burner using a 250 mm focal-length lens. The
532 nm beam also had a Gaussian spatial beam pro-
file, but was not characterized. The two laser beams
were directed such that the beams crossed at their
focal spots at a point on the central axis of the burner.
The resulting focal spot of the 1064 nm beam was
approximately four times the diameter of the 532 nm
focal spot, and the 532 nm beam was centered in the
middle of the 1064 nm beam. The optical configura-
tion was designed to maximize the sensitivity of the
scattering probe laser (i.e., 532 nm beam) to scatter-
ing particles within the LII probe volume (i.e.,
1064 nm beam).

Both the LII signals and the light-scattering sig-
nals were collected at an angle of 90 deg with respect
to the 532 nm light-scattering beam, as shown in Fig.
1. A 100 mm focal-length lens was used to image the
focal volume onto a photomultiplier tube (PMT) with
unity magnification. Apertures were placed on both
ends of a 100 mm length lens tube to ensure high
spatial resolution and to minimize stray light. The
effective focal volume was 1.1 mm3, with an effective
spatial resolution of 1.4 mm. A 532 nm interference
filter (10 nm FWHM) was placed after the first aper-
ture for all experiments. This enabled light-
scattering measurements from the 532 nm laser, as
well as LII measurements about a 532 nm bandwidth
using the 1064 nm laser alone, without changing the
experimental setup in any manner. C2 emission

Fig. 1. Schematic of the experimental setup for time-resolved
light scattering and LII measurements.
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bands or Swan bands may be present at 473, 516, and
573 nm, and C3 bands occur in 400–500 nm range.
Although other emission bands may provide a more
optimal LII signal (see Refs. 16, 18, 19, 26, and 29, for
examples), use of the 532 nm interference filter as
implemented in the current study effectively elimi-
nated any possible interference from C2 and C3 emis-
sions.24

To effectively eliminate jitter between the two laser
pulses, the flash lamp and Q switch of both lasers
were externally controlled using a pair of digital de-
lay generators with subnanosecond resolution. The
first delay generator was internally triggered at a
repetition rate of 5 Hz and was used to trigger the
flash lamp and Q switch of the 1064 nm LII laser, as
well as to trigger the second delay generator. The
second delay generator then triggered the flash lamp
and Q switch of the 532 nm scattering laser, as well
as a digital oscilloscope �500 MHz, 4 gigasamples�s.
A fast phototube (200 ps rise time) was used to de-
termine relative timing between the two lasers. The
time delay between the flash lamp and Q switch was
optimized and held constant for both lasers. Timing
between the two lasers was controlled by adjusting
the delay between the flash-lamp triggers of the two
lasers. As implemented, the jitter between the two
laser pulses (peak to peak) was approximately 1 ns.

For both the light-scattering experiments and the
LII experiments, signal linearity of the PMT was
maintained by adjusting the PMT high voltage (stay-
ing within the optimal range) and using neutral-
density (ND) filters in front of the outer aperture of
the signal collection optics. For the signal linearity
test of the PMT, a ND filter with a known attenuation
factor of 2 was inserted or removed, and the expected
factor of 2 change in signal was verified. Because
PMTs are easily saturated with nanosecond laser
pulse widths such as realized with prompt light scat-
tering, signal linearity tests were performed prior to
all measurements.

To assess the overall agglomerate soot particle size,
soot samples were collected directly on coated copper
TEM grids using thermophoretic sampling. For this
procedure, the TEM grids were mounted to a sample
holder and manually passed rapidly through the
flame at the same height as the laser beams. The
total residence time for thermophoretic sampling was
less than �1 s, which was found to keep the grid
coatings intact. Digital TEM micrographs were re-
corded, and an average soot particle size was deter-
mined by manually measuring the major and minor
axis lengths of a number of soot agglomerates. In
addition, the primary particles were discernable, and
an average measure of the primary particle size was
made.

3. Results and Discussion

To establish the relevant time scale of the LII signal,
LII measurements were recorded using the 1064 nm
laser in the absence of the 532 nm light-scattering
laser. The 532 nm line filter was retained; hence the
LII signal corresponds to a nominally 10 nm band-

width centered at 532 nm as discussed above. LII
signals were recorded for laser fluences of 0.61 and
0.47 J�cm2, with the fluence based on the total laser-
pulse energy and the measured laser spot size. The
laser spot size was �1.4 mm, as measured by ablat-
ing ink from a glass microscope slide positioned at the
beam focal spot. The ink ablation was found to pro-
duce a constant laser spot size over the range of laser-
pulse energies; hence this value was taken as
representative of the full beam width, noting the
above comments with regard to the Gaussian fit.

For each LII measurement, the baseline signal (re-
corded with flame only) was subtracted from the re-
corded LII signal to establish a baseline of zero. This
was done with the laser firing but with the laser
shutter closed, which enabled subtraction of the elec-
tromagnetic noise originating from the laser Q
switch. The flame-only signal was on average 8% of
the LII signal, with a maximum of 13% and a mini-
mum of 4% over all experiments. Each experiment
was repeated a minimum of 12 times, and the
baseline-corrected LII signal profiles were ensemble
averaged to provide a final representative profile for
each fluence. The resulting LII signals are presented
in Fig. 2 corresponding to fluences of 0.61 and
0.47 J�cm2. As the focus of the current study was not
an analysis of absolute LII signals, which have been
well documented in Refs. 10, 24–27, the LII signals
are presented normalized to their maximum values.

Figure 2 LII profiles reveal a rapid rise in signal
that is temporally coincident with the incident laser
pulse, followed by a monotonic decay over a time
course of �1500 ns. The exact nature of the time-
dependent LII signal with respect to the incident la-
ser pulse is examined in detail in Subsection 3.A. In

Fig. 2. Normalized LII signal as a function of time for laser flu-
ences at 0.61 and 0.47 J�cm2. The signals are normalized to their
maximum value, and the position of the incident laser pulse cor-
responds to zero.
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general, the distinct signal rise is indicative of rapid
laser heating of soot within the LII probe volume,
whereas the steady decay following the end of the
laser pulse is indicative of particle cooling due to heat
transfer from the soot. The high gain and excellent
linearity of the PMT enabled capture of the full decay
range of the LII signal, which is consistent with re-
ported LII particle temperature decay profiles, albeit
at much lower laser fluences.30 The role of soot va-
porization is discussed in detail in Subsection 3.B. As
expected within the region of laser fluences associ-
ated with vaporization or sublimation, the rate of
decay of the LII signal increases with increasing laser
fluence, presumably owing to the increased surface-
to-volume ratio as the particles undergo a greater
reduction in size owing to loss of particle mass.29

A. Time-Resolved Light-Scattering and LII Measurements

The primary objective of the current study is to quan-
tify the effects of soot particle vaporization during
LII. We accomplished this using the 532 nm laser as
a light-scattering probe. For discussion purposes, the
1064 nm laser used for the LII will be referred to as
the LII laser, whereas the 532 nm laser used for light
scattering will be referred to as the LS laser. For the
light-scattering measurements, additional ND filters
were added, with the result being that the contribu-
tion of the laser-induced incandescent signal from the
LII laser was negligible. This was verified by the
absence of any measurable signal for the LII laser
alone with the ND filters in place. To eliminate any
minimal contribution from the LII laser operation,
mainly electromagnetic interference, baseline mea-
surements were taken before and after the scattering
measurements. These two baseline measurements
(lasers operating, beams blocked) were averaged and
then subtracted from the scattering signal, and the
resulting integrated peak area was then calculated
corresponding to the temporal width of the scattering
laser pulse.

As described above, the LS laser was moved in time
relative to the LII laser by use of the digital delay
generator. For all experiments, the delay was ini-
tially adjusted such that the peak of the LS laser
pulse was positioned 24 ns before the peak of the LII
laser pulse, as shown in Fig. 3. Scattering data were
then recorded at this delay, which provided a mea-
sure of the soot particle size prior to any possible soot
particle vaporization, hence a scattering baseline.
The delay was then adjusted to move the LS laser
forward in time using 2 ns increments until the LS
laser was positioned 20 ns after the LII laser pulse.
The LS laser was then delayed further in time using
larger increments up to a final delay of 132 ns beyond
the LII laser pulse. For each delay, light-scattering
measurements were recorded by averaging 500 laser
pulses. These measurements were recorded for a
minimum of 12 flame runs, with the final scattering
data (scattering signal versus delay time) averaged to
produce a representative time history of the light-
scattering measurements. The light-scattering mea-
surements were recorded for the same fluences used

for the Fig. 2 measurements, namely, fluences of 0.61
and 0.47 J�cm2.

The light-scattering signals are presented in Fig. 4
as a function of delay time with respect to the LII
laser pulse. For reference, the LII laser-pulse wave-
form is included in Fig. 4. While the scattering signal
will be further quantified using Mie-scattering the-
ory, several key features are observed with respect to
the raw scattering signals in Fig. 4. Specifically, the
rapid decrease in scattering signal is temporally co-

Fig. 3. Waveforms of the 532 nm LS laser pulse and the 1064 nm
LII laser pulse showing the definition of the relative delay time.
The relative intensity of the two waveforms is arbitrary.

Fig. 4. Normalized light-scattering signal as a function of delay
time between the scattering laser pulse and the LII laser pulse for
LII laser fluences of 0.61 and 0.47 J�cm2. The LII laser-pulse wave-
form is included as a reference.
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incident with the LII laser pulse, the majority of the
decrease occurs prior to the peak of the LII pulse
waveform, and the reduction in scattering signal
abruptly flattens out with the end of the LII laser
pulse. As expected for laser-induced soot particle va-
porization, the decrease in light-scattering signal is
enhanced with an increase in the fluence of the LII
laser.

To gain additional insight into the temporal behav-
ior of the light-scattering signal and the LII signal,
the two data sets are superimposed in Fig. 5 for the
LII laser fluence of 0.61 J�cm2. The combination of
LII data and light-scattering data clearly illustrates
the comparable time scale of the laser heating (by the
LII signal) and laser-induced soot vaporization (by
the light-scattering signal). Previously, Witze et al.
demonstrated in their experiments that the initiation
of soot vaporization was coincident with the time
scale of the LII laser pulse, although the temporal
range of their scattering data was bound to the LII
laser-pulse duration.27 In the current study, the data
clearly support the conclusion that the time scale of
soot vaporization is not only coincident with the LII
laser pulse for a Gaussian profile, but is actually
confined entirely to the laser pulse, with the majority
of vaporization occurring within the first half of the
LII laser waveform. The implications on traditional
LII approaches are twofold: First, use of prompt LII
detection schemes in an effort to minimize soot va-
porization processes is not well founded, and second
use of delayed LII detection does isolate a temporal
region of essentially constant soot particle volume

during the cooling process, although the isolated soot
volume is necessarily reduced from the original soot
volume for incident laser fluences above the vapor-
ization threshold (i.e., �0.1 J�cm2).

Careful examination of the curvature of the LII
signal and the light-scattering signal during the first
half of the LII laser waveform allows additional spec-
ulation as to the role of the laser–soot particle inter-
action processes. A discernable change in slope is
observed in the LII signal profile approximately one
fourth into the laser pulse; specifically the slope be-
comes less steep by a factor of approximately 3. It is
noted here that the full width of the light-scattering
probe laser was �12 ns; hence one must keep in mind
the overall temporal resolution. Nonetheless, if one
considers that the soot particles are heating through-
out the entire first half of the LII laser pulse, thereby
steadily increasing their emissive power, the break-
point is interpreted to represent the onset of domina-
tion of soot vaporization or sublimation effects over
soot particle heating. However, for such an effect to
take place so early in the laser pulse where particle
temperatures must be well below the maximum
value (i.e., well before the LII signal maximum with
concomitant vaporization) suggests that a laser abla-
tion mechanism may be the key component of soot
vaporization rather than soot particle sublimation
following heating to the carbon melting point. This is
consistent with the observed soot vaporization re-
ported by Witze et al. at fluences well below the gen-
erally considered threshold for significant soot
vaporization effects27 and suggests that direct laser
ablation and more traditional soot vaporization by
laser heating are two competing effects. Throughout
this paper, we have referred to loss of soot particle
mass in general using the term vaporization, al-
though a careful reading of the literature reveals at
times clear demarcations among authors with regard
to use of vaporization and sublimation. In the current
context, the reported laser ablation effect may ac-
count for largest fraction of soot loss and may be
consistent with the term sublimation by others to
mean a direct conversion from the solid to gaseous
state. Because laser ablation is not necessarily driven
solely by temperature, the process of mass removal
may be initiated at a critical photon flux occurring
prior to the temporal peak of the laser-pulse width.

It is also useful to quantify conditions for the lack
of any measurable soot vaporization by use of the
light-scattering probe. A laser fluence value of
0.2 J�cm2 has been remarkably robust as a threshold
value for soot vaporization, as reported in a number
of studies.7,8,18,27,29 Additional laser fluences were in-
vestigated in a similar manner as discussed above to
assess the degree of soot vaporization for fluences
near the range of 0.2 J�cm2. For a fluence of
0.32 J�cm2, the scattering signal exhibited a profile
similar to the Fig. 4 data, although the final decrease
in scattering signal was 29% with respect to the ini-
tial value. An incident fluence of 0.17 J�cm2 resulted
in a final scattering signal decrease of only 11%,

Fig. 5. Normalized light-scattering signal as a function of delay
time between the scattering laser pulse and the LII laser pulse for
LII laser fluences of 0.61 and 0.09 J�cm2 and the LII signal as a
function of time for a laser fluence at 0.61 J�cm2. The light-
scattering signals are labeled with the corresponding LII laser
fluence and contain error bars equal to 1 standard deviation. The
LII laser-pulse waveform (labeled as Laser Pulse) is included as a
reference.
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which is consistent with the published threshold val-
ues. It is important to note that Witze et al. reported
a marked change in the LII signal that was attrib-
uted primarily to vaporization effects at a fluence of
0.2 J�cm2, but also noted some mass loss at lower
fluences,27 which is consistent with our findings at a
fluence of 0.17 J�cm2. Finally, an incident laser flu-
ence of 0.09 J�cm2 resulted in no detectible soot par-
ticle reduction, as based on the light-scattering
signal. For comparison with the measurements re-
ported above, the scattering data for this fluence are
also presented in Fig. 5.

B. Quantification of Soot Vaporization

As discussed above, the light-scattering measure-
ments reveal a significant decrease in the soot parti-
cle scattering signal, as attributed to a combination of
soot particle ablation and vaporization or sublima-
tion processes. The measured scattering signal can be
quantified to highlight the corresponding change in
particle volume by using appropriate light-scattering
theory in combination with the measured average
soot particle size by the TEM analysis. The transmis-
sion electron microscopy results provided a measure
of the size distribution of soot particles (i.e., soot ag-
glomerates) corresponding to the relative flame posi-
tion of the light-scattering measurements. The
distribution was fit to a zeroth-order logarithmic dis-
tribution (ZOLD), which is an alternative form of the
more general log-normal distribution function, as de-
scribed by the function

p(a) �
exp(��0

2�2)

�0am�2�
exp��(ln a�am)2

2�0
2 �, (1)

in which am is the modal diameter and �0 is a dimen-
sionless measure of width and skewness. These two
parameters are readily related to the mean and true
standard deviation as reported by Espenscheid and
co-workers.33 On the basis of the TEM data, the best
fit was determined for a modal soot particle diameter
of 75 nm and for a value of �0 � 0.45. The correspond-
ing mean particle size and standard deviation are 100
and 48 nm, respectively. Also based on the TEM anal-
ysis, the mean primary soot particle size within the
agglomerates was approximately 15 nm.

The measured scattering signal is a function of the
collection optics, the solid angle of observation, and
the detector efficiency, as well as the mean particle
differential scattering cross section and the particle
number density. The resulting equation for the scat-
tering signal Svv can be expressed as

Svv � �C�vvN, (2)

where � is an experimental constant associated with
the collection optics, the solid angle, and the detector
efficiency; C�vv is the mean differential scattering
cross section �cm2 sr�1� for the soot particles; and N is
the soot particle number density �cm�3�. The sub-

scripts refer to the polarization state of the incident
laser light and the scattered light, which were both
vertically polarized with respect to the horizontal
scattering plane. Taking the ratio of the scattering
signal for any time versus the signal for the �24 ns
delay (i.e., before any interaction with the LII laser
pulse) will result in

C�vv(t) � C�vv(t � �24)
Svv(t)

Svv(t � �24). (3)

Several assumptions are inherent in Eq. (3), includ-
ing a constant value of � and that the diffusion time
scale is long (of the order of microseconds) compared
to the temporal range of scattering data ��100 ns�, so
that the particles can be considered frozen in time
during the measurement, resulting in a constant
number density.

Equation (3) allows the mean differential scatter-
ing cross section of the soot particles to be calculated
as a function of time provided that the initial scat-
tering cross section (i.e., delay of �24 ns) is known.
Using full Mie theory for a polydispersion of scatter-
ing particles, we evaluated the initial scattering cross
section using a modal diameter of 75 nm and a value
of �0 � 0.45, as based on the TEM analysis; a complex
refractive index of m � 1.6 � 0.6i (Ref. 34); a scat-
tering wavelength of 532 nm; and scattering angle of
90°. The soot modal diameter as a function of time
was then calculated for each delay time by inverting
the calculated cross sections using the same Mie the-
ory and scattering parameters. For the LII laser flu-
ences of 0.61 and 0.47 J�cm2, the calculated soot
modal diameters decreased from 75 nm to a final
value of 39 and 43 nm, respectively.

The overall effect of the LII laser pulse on total soot
particle volume fraction fv can be inferred directly
from the calculated modal diameters by integrating
the particle size distribution

fv � N 	
a�0

�
�

6 a3p(a)da. (4)

In Eq. (4), p�a� is the ZOLD particle size distribution
and N is the particle number density. Assuming con-
stant number density as discussed above, the modal
diameters enable calculation of the normalized soot
volume fraction as a function of delay with respect to
the LII laser pulse. Using the first five delay points
for normalization, the calculated soot particle volume
is presented in Fig. 6 as a function of the delay time.
The Fig. 6 data are characterized by a rapid decrease
in soot volume, with the initial soot volume reduced
by 86% and 81% for the fluences of 0.61 and
0.47 J�cm2, respectively.

A few comments are noted with regard to the above
analysis. Clearly the soot particles are not spherical
in nature, as required for Mie analysis, but are char-
acterized by an agglomerated structure of primary
soot particles. In recent years, considerable research
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has gone into modeling the light-scattering response
of the agglomerated structures associated with soot.
The most used theory is the so-called Rayleigh–
Debye–Gans (RDG) theory, which is based on indi-
vidual primary particles modeled as Rayleigh
scatterers, while taking into account the fractal na-
ture of the aggregates.35–37 A detailed treatment of
the vaporization of soot particles in the context of
RDG theory is beyond the scope of the present work,
as the exact nature of the fractal characteristics in
the context of aggregate vaporization is a complex
problem. With these comments in mind, it is noted
that Rayleigh and Mie scattering are still used to
model soot scattering.38,39 The readers are therefore
cautioned that the Fig. 6 analysis is presented to
provide an estimate, notwithstanding the limitations
of Mie theory, of the degree and temporal scale of soot
particle mass loss.

As discussed above, such a significant loss of soot
volume for even moderate LII fluences suggests that
LII calibration must consider such vaporization ef-
fects. As concluded with the raw scattering data, the
processes of soot volume loss are temporally confined
entirely to the LII laser pulse, notably to the first half
of the waveform.

4. Conclusions

The temporal evolution of the laser-induced incan-
descence process was analyzed in the context of soot
particle vaporization using a time-resolved light-
scattering probe. The current results clearly demon-
strate that soot particle vaporization or sublimation,
as characterized by a marked reduction in soot par-
ticle scattering size, is temporally coincident with the
incident LII laser pulse, with no additional change in
soot volume after the incident laser pulse. The often

used fluence threshold for soot vaporization, namely,
0.2 J�cm2, is consistent with the results for minimal
vaporization effects, although a factor of 2 below this
value �0.1 J�cm2� was required to completely elimi-
nate any soot vaporization, as verified by the sensi-
tive light-scattering probe. Careful assessment of the
temporal behavior of the LII signal and the light-
scattering signal suggests that both laser ablation
and traditional laser heating-induced vaporization
may both be important processes, with the former
concluded to play a key role at near-threshold flu-
ences. An important implication of these findings is
that laser-induced incandescence measurements
must contend with soot volume loss effects in either
prompt or delayed analysis schemes, except at very
low fluences ��0.1 J�cm2�, which is consistent with
recent efforts toward low-fluence LII.
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