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Abstract. Understanding the physical process of LII is cen-
tral to practical implementation and accurate theoretical mod-
elling of LII. The LII dependence upon laser fluence is shown
to depend upon detection conditions thereby not providing
direct information about the soot temperature or structural
changes. Transmission electron microscopy, used to investi-
gate the morphological changes induced in the soot at dif-
ferent laser fluences, shows increasing graphitization of the
soot with increasing laser fluence. For laser fluences above
0.45±0.05 J/cm2 at1064 nm, vaporization/fragmentation of
soot primary particles and aggregates occurs. Optical meas-
urements are performed using a second laser pulse to probe
the effects of these changes upon the LII signal. With the
exception of very low fluences, the structural changes in-
duced in the soot lead to a decreased LII intensity pro-
duced by the second laser pulse. These two-pulse experiments
also show that these changes do not alter the LII signal on
timescales less than1µs for fluences below the vaporization
threshold.

PACS: 42.62 Hk; 78.20.Dj; 82.40.Py

Laser-induced incandescence (LII) has proven to be an ac-
curate and versatile method for the measurement of the soot
volume fraction, fv. The technique, in which a pulsed laser
heats soot to incandescence, offers rapid determination of
fv with high spatial and temporal resolution. LII has been
successfully applied to laminar [1–11], flickering [6–8], and
turbulent [3, 5, 12, 13] gas-jet diffusion flames, as well as to
premixed flames [1, 14] and systems involving heterogenous
combustion [5, 15]. Despite the success and widespread use
of the technique, however, there remain aspects of the LII pro-
cess that are not yet well understood.

Current theoretical models of LII are based on a time-
dependent energy conservation equation which includes the
heat source provided by the pulsed laser light and the cooling
processes of radiation, conduction and vaporization [16–20].
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Mass loss through vaporization of surface material domi-
nates cooling at high laser fluences. These heat transfer pro-
cesses depend on the physical properties of soot at elevated
temperatures. However, the models use values of heat cap-
acity, emissivity, and heat of vaporization for amorphous
carbon at room temperature. Additionally, these models im-
plicitly assume that no physical changes (other than surface
vaporization) occur in the soot under pulsed high-intensity
laser light.

The validity of these assumptions is questionable in light
of several recent experimental observations. One study found
that the relative intensities of the incandescence do not scale
with detected wavelength as predicted by theory [21]. Trans-
mission electron microscopy (TEM) micrographs of laser-
heated soot show structural changes induced in the soot at flu-
ences below the vaporization threshold [22]. These changes
resemble the annealing process observed in heat-treatment
studies of carbon black [23]. Finally, despite thermodynamic
equilibrium predictions thatC3 is the major species produced
in the vaporization of carbon [24], only the production ofC2
has been observed [25].

Applications of LII that rely on theoretical modelling of
the signal for interpretation, such as primary particle size
measurements [19–21], mandate an accurate representation
of the LII process. The accuracy of theoretical models may
be of less concern when utilizing LII forfv determination.
The LII intensity in diffusion and premixed flames shows ex-
cellent correlation withfv determined through extinction [1,
2, 5–8, 14, 15] and gravimetric sampling measurements [12].
Nevertheless, an improved understanding of the physical pro-
cesses that influence the observed incandescence would facil-
itate the application of LII to new systems.

Central to an improved understanding of the LII process
is the effect of the high-intensity laser pulse upon the soot.
Few experimental measurements have clearly explored this
effect [22, 26]. The dependence of the integrated LII signal
upon excitation laser fluence provides limited insight. Very
different fluence-dependence curves have been found which
either exhibit a well-defined maximum [1, 5, 11] or a contin-
uous increase [8] in LII signal with increasing laser fluence.
The differences between such curves may reflect different ex-
perimental conditions more than changes in the soot particle



116

temperature. Thus, the laser fluence curves provide indirect
information at best on the physical process of LII.

The LII signal exhibits changes in peak intensity and
temporal evolution as the laser fluence is varied. Together
with the laser fluence curves for the integrated signal,
this observation suggests that the laser may bring about
structural/morphological changes in the soot in addition to
changing its temperature.

To directly explore the effects of laser light on soot we
have designed and performed a series of optical and mi-
croscopy experiments. These experiments include (1) an in-
vestigation of the influence of detection gate width and delay
upon fluence dependence curves, (2) analysis of laser-heated
soot at various fluences by TEM, and (3) various two-pulse
LII experiments that allow the direct observation of changes
in the LII signal in real time. These experiments were de-
signed to address the following questions:

1. What physical/structural changes occur in the soot as
a function of excitation laser fluence?

2. What is the effect of these changes upon the LII signal?
3. When do these changes occur after the excitation laser

pulse? This consideration could apply to a LII signal pro-
duced by a single laser pulse or by a second laser pulse
that heats soot heated by a prior laser pulse.

4. How robust is LII for fv determination at different laser
fluences?

1 Experimental approach

For the dual-pulse experiments, light at1064 nmfrom two
identical, pulsedNd:YAG lasers was combined by using
a half-wave plate and a polarizing beamsplitter as shown in
the experimental schematic in Fig. 1. A beam expansion tele-
scope, created by combining a−50-mm focal length plano-

Fig. 1. Experimental schematic

concave and+300-mm focal length plano-convex lens, fol-
lowed by a spherical cylindrical lens of1500 mmfocal length
formed the laser beam into a sheet. The beam focus was
placed at the center of the burner with the sheet possessing
a 450-µm width at the beam focus as determined through
knife-edge profiling of the beam. The energies of the two
laser pulses were controlled independently by varying the
flashlamp energy of each laser. Digital delay generators con-
trolled the firing of both lasers and served to synchronize the
laser pulses. The LII signal was collected using a 1: 2 mag-
nification telescope consisting of50-mm-diameter100- and
200-mm focal length plano-convex fused silica lenses. This
telescope coupled the LII signal into a fused silica optical
fiber which terminated at the entrance of a0.25 mmonochro-
mator fitted with a photomultiplier tube (PMT). The1-mm-
diameter optical fiber image at the burner centerline com-
bined with the laser sheet thickness defined the spatial reso-
lution of the technique. The LII signal was collected with
a 12-nm spectral bandwidth. A digital oscilloscope served to
display the PMT signal collected from the LII and to perform
data averaging by coaveraging a series of time-resolved LII
signals.

The ethylene gas-jet diffusion flame used in this study
was stabilized on a11-mm I.D. nozzle surrounded by an air
coflow through a101-mm-diameter honeycomb. A chimney
with windows for optical access served to stabilize the flame
and provide shielding from room drafts. The fuel flow rate
was0.231 slmwhile the air coflow was42.8 slm.

Thermophoretic sampling measurements were performed
using a double-action air-driven piston. The dwell time of the
probe within the flame was controlled by custom electronics
which actuated a dual-valve solenoid to govern the pressuring
air-flow. TEM grids were attached to the probe by a sandwich
grid holder consisting of a0.003-inch-thick, brass shim with
a 2-mm-diameter hole exposing both sides of the TEM grid.
This grid holder was attached to the insertion rod of the probe
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Fig. 2. Timing schematic for thermophoretic sampling probe

by a small setscrew. Further details have been published else-
where [22]. Scattered light generated by the probe passing
through aHeNe laser beam provided a temporal marker of
the probe motion. In this manner the insertion, dwell, and
retraction processes were characterized. Results were well
represented by a trapezoid function with10-ms insertion and
retraction times as illustrated in Fig. 2. The dwell time,td,
was variable by means of the electronics. To synchronize the
probe insertion relative to the excitation laser pulse, the pre-
ceding laser pulse triggered a digital delay generator, which
in turn triggered the probe insertion after an empirically de-
termined time delay. This accounted for the mechanical delay
of the probe insertion as illustrated in Fig. 2. In these experi-
ments, the laser beam was apertured using a galvanized steel
disk and left unfocussed to produce a6-mm diameter beam
with a uniform-intensity profile. The laser beam was directed
through the ethylene flame at50-mm HAB while the probe
sampled the soot at a downstream position of60-mm height
above the burner (HAB). Published flow velocities [27] con-
firmed that a30-msprobe residence time within the flame is
sufficient to capture soot that had been heated by the laser
pulse using our apparatus and timing scheme.

2 Results and discussion

2.1 Fluence dependence of LII

Figure 3 shows a fluence-dependence curve for the integrated
LII signal similar to that reported elsewhere [2, 5, 11, 26].
Here, the LII intensity increases rapidly with excitation laser
fluence at low fluences, reaches a plateau region for fluences
between0.4 and 0.7 J/cm2 and then decreases at fluences
greater than0.8 J/cm2. The rapid initial increase in the inte-
grated signal intensity with increasing laser fluence is read-
ily attributed to the increased emission from soot heated to
higher temperatures. The plateau region can be ascribed to
the soot having reached the vaporization temperature of car-
bon so that increased laser fluence ceases to cause substantial
increases in the soot temperature. At yet higher laser flu-
ences, laser-induced mass loss through vaporization results in
less incandescing material with a concurrent signal decrease.
Thus, the plateau region is thought to define a range of laser
fluences that minimize signal variations induced by small
fluctuations in laser intensity. LII measurements have been
typically carried out in this region to maximize the signal
while avoiding the difficulty of normalizing the signal. De-
spite its importance and utility, the fluence-dependence curve

Fig. 3. Dependence of the LII intensity upon excitation laser fluence using
a 50-ns-duration detection gate beginning at the peak of the LII signal

in Fig. 3 reflects one choice of experimental detection condi-
tions (detection gate width, time delay after the laser pulse,
and detection wavelength) in addition to changes in the soot
by the laser. Given this, no special emphasis should be placed
on using it for interpretation of the physical process of LII.

Figure 4 shows the fluence-dependence curves obtained
using (a) a delayed signal collection gate, starting100 nsafter
peak LII intensity with a50 nsduration and (b) a prompt (be-
ginning at peak LII intensity) signal collection gate,500 nsin
duration. In contrast to the fluence-dependence curve shown

Fig. 4a,b. Dependence of the LII intensity upon excitation laser fluence
usinga a 50-ns-duration detection gate delayed from the peak intensity by
100 nsandb a prompt detection gate integrating the LII signal over500 ns
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in Fig. 3, which uses a prompt,50-nsduration signal collec-
tion gate, the curves in Fig. 4 exhibit no plateau region. These
results stem from the fact that both the signal intensity and
temporal evolution change with laser fluence. With increas-
ing laser fluence, there is a range of fluences for which the
peak LII intensity increases while the temporal decay rate
also increases. The observation of a plateau region merely re-
flects a trade-off between these quantities over the gate delay
and duration used to integrate the LII signal. The integrated
LII signal can still be converted tofv independent of choice
of conditions, provided that it is calibrated for the specific
detection conditions. However, the dependence of the flu-

Fig. 5a–d. TEM micrographs of laser-heated soot captured via thermophoretic sampling. Values of the laser fluence werea 0.15, b 0.3, c 0.6, and
d 0.9 J/cm2

ence curve on detection parameters must be explored before
using the data to infer details about the laser interaction with
the soot.

2.2 TEM micrographs

To address what structural/morphological changes are in-
duced in the soot at different laser fluences, we performed
TEM investigations of soot captured in situ subsequent to
laser heating. Figure 5 shows soot collected from the flame
after irradiation at different laser fluences and for reference,
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soot not subjected to laser-heating. Figure 5a shows a dis-
tinct mottled structure in portions of the micrograph, similar
to a multifaceted rosette structure, for an excitation laser flu-
ence of0.15 J/cm2. At a higher laser fluence of0.3 J/cm2

(Fig. 5b), the amount of internal material appears less. A rib-
bon or banded strip is observed within and around the par-
ticle perimeter for some structures. At fluences of0.6 J/cm2

(Fig. 5c), essentially no faceted structure can be seen within
the particles whereas the ribbon structure is very pronounced
both within and around the perimeter of the primary particles.
Some of the structures appear to be far larger than an isolated
individual primary particle, an observation significant to pri-
mary particle size determination. At these fluences, evidence
of fragmentation was also observed though not as clearly as
at higher fluences. At the highest fluence studied,0.9 J/cm2,
the micrograph suggests that the shells have fragmented and
that significant mass loss has occurred through laser-induced
vaporization (Fig. 5d).

Fig. 6. High-resolution TEM micrograph
of laser-heated soot

Figure 6 shows a high-resolution TEM micrograph of
laser-heated soot using a fluence of roughly0.4 J/cm2. The
banded or ribbon structure observed in the lower magnifica-
tion images is now resolved, appearing as a series of lines.
Each line corresponds to a carbon atom layer plane oriented
perpendicular to the image plane. The atom planes appear
dark because they block the transmission of the incident elec-
tron beam. These graphitic layer planes run parallel to each
other over lengths of severalnm. Angle tilting observations
show these structures to be three-dimensional and hollow.

Because the basic steps of fuel pyrolysis, PAH formation/
growth, and soot inception are considered to apply to soot
production in general, studies of carbon black, a type of soot,
are relevant to understanding soot physical structure. Heat-
treatment studies of carbon black reveal structures similar to
those presented in Fig. 5 and thus provide insight into our
current observations [28]. X-ray diffraction studies of carbon
black reveal soot particles that consist of numerous crystal-
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lites, on the order of104 [29]. Each crystallite consists of
a series of stacked carbon atom layer planes each possess-
ing a length or breadth of several Å. With increasing elevated
temperature, layer plane defects and reactive radical sites are
thermally annealed [30]. Crystallite layer plane growth can
occur through bonding with noncarbonaceous material within
the particle. Crystallite in-plane and out-of-plane dimensions
can also grow by realignment and bonding with other crystal-
lites. With graphite being the most energetically stable form
of carbon, a graphitic layer plane first forms around the par-
ticle perimeter since this surface will cool first. As cooling
proceeds radially inward, this outer layer plane acts as a tem-
plate for subsequent graphitic layer plane growth [31]. De-
pending upon variables such as the number of crystallites,
their initial size, relative orientation, amount of interspersed
non-ordered material, maximum elevated temperature and
cooling rate, varying amounts of internal structure will re-
sult [23].

The TEM micrographs suggest that LII measurements
should only be made below the vaporization threshold where
the soot still resembles its initial structure in terms of primary
particle size and aggregate morphology. However, accurate
fv measurements have been performed using fluences well
above the vaporization threshold [26]. Therefore, it is perti-
nent to examine the effects of these varying morphological
changes upon the LII signal over a wide range of fluences.
The two-pulse experiments described below provide insight
into these effects.

2.3 Two-laser pulse experiments

Having identified the changes induced in the soot at various
excitation laser fluences, questions remain as to the timescale
on which they occur and the effect of these changes upon the
LII signal. We have designed three types of double-pulse LII
experiments to address these issues.

2.3.1 Dual-pump experiment.The first set of experiments,
which will be referred to as the dual-pump experiment, in-
vestigates the effect of the morphological changes in the soot
upon the LII signal. In these experiments, the pulse ener-
gies of the two beams were varied synchronously while being
maintained equal. The time separation between the two laser
pulses was set at10µs, a value sufficient to allow the soot
heated by the first laser pulse to cool to the local flame tem-
perature [16–20]. The LII signal produced by the second laser
pulse measures the effect of the changes in the soot upon the
resulting incandescence. Since various energies induce dif-
ferent changes in the soot, the effects on the optical signal
can be measured. To scale the very different incandescence
magnitudes produced with the different laser energies, the in-
tegrated signal from the second pulse (hereafter referred to as
LII(2)) was divided by the integrated LII signal produced by
a single isolated laser pulse. Prompt detection gates of50and
100 nswere used to obtain the integrated signals.

Figure 7 plots the ratio of LII(2)/LII(reference) versus
the fluence of the two laser pulses. Except for very low laser
fluences, a significant decrease in LII(2) occurs as a result
of the structural changes/mass loss induced by pulse one.
The TEM images show little graphitization and no notice-
able mass loss for very low laser fluences as illustrated in

Fig. 7. Ratio of LII(2) to LII in the absence of a prior laser pulse as a func-
tion of pulse one fluence. In these pump-pump experiments, the fluence of
both pulses one and two were equal

Fig. 5a. The enhanced LII(2) at very low fluences is consistent
with modest thermal annealing induced by the first laser pulse
that enhances the absorption and emission properties of the
soot. The annealing may produce a more ordered solid-state
structure as reactive radical sites and carbon atom layer-plane
defects are removed.

These results are relevant to LII experiments that employ
a high repetition rate laser or which examine very low vel-
ocity flows. In either case, a second laser pulse could heat soot
that had been heated by a prior laser pulse thus altering the
observed LII signal.

2.3.2 Pump-probe experiment.The dual-pump experiments,
while quantifying the effect of morphological changes upon
LII(2) for a given set of experimental conditions, do include
the effects induced by both laser pulses. Hence this set of
measurements does not provide an isolated measure of the
changes induced solely by pulse one. In fact, it could be ar-
gued that the morphological changes produced by the first
laser pulse do not affect the LII signal at all but merely render
the soot highly sensitive to a second laser pulse which is ac-
tually responsible for the structural changes that alter LII(2).
Therefore, we designed a second series of experiments that
employ a weak nonperturbative probe as pulse two to min-
imize its effect on the soot. In these experiments, the time
delay between the two laser pulses was maintained at10µs,
as in the dual-pump experiment. The fluence of pulse one is
likewise varied over a range of values, but the fluence of pulse
two is maintained at the smallest practical value in an effort
to minimize any effects it could have upon the soot. Similar
to the prior measurements, LII(2) was ratioed to the LII sig-
nal produced by a single isolated laser pulse (equivalent to the
probe pulse fluence). Similar detection gates were used as in
the dual-pump experiments.

Figure 8 shows this ratio as a function of pulse one laser
fluence. Similar to the experiments with equal pulse energies,
the induced morphological changes result in a decrease in
the absorption and emission properties of the soot except at
very low laser fluences for pulse one. The similarity of these
results using a very low energy probe to those using equal
energies for pulses one and two suggests that the decreases
in the soot absorption and emission properties result from
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Fig. 8. Ratio of LII(2) to LII in the absence of a prior laser pulse as a func-
tion of pulse one fluence. In these pump/probe experiments, the fluence of
pulse two was maintained at a low value as the fluence of pulse one was
varied

pulse one, independently of pulse two. With the exception
of mild graphitization (see Fig. 5a), extensive graphitization
induced by pulse one results in a decrease in the LII sig-
nal. Thus on a timescale of10µs, the soot structural/physical
properties and corresponding radiative characteristics are ir-
revocably changed in the LII process

2.3.3 Constant temperature experiment.Having quantified
the effect of the structural/morphological changes induced in
the soot through analysis of the second LII signal, a question
still remains as to the fluence levels at which mass loss occurs.
Previous work has identified a vaporization threshold occur-
ing roughly at0.5 J/cm2 at 1064 nmbased on pulsed laser
transmission measurements, consistent with measurements
performed in [16] at532 nm. The TEM micrograph shown in
Fig. 5d, clearly shows that surface mass loss and/or fragmen-
tation occurs at laser fluences above this value. The hollow
particles in the TEM images of Figs. 5b,c suggest that interior
mass loss and structural/morphological changes are induced
at fluences below this value. The results of the dual-pump and
pump-probe experiments reveal a decreased integrated sig-
nal for laser fluences beyond0.2 J/cm2, consistent with this
speculation.

Perhaps a more important question is what mass loss
mechanisms occur at different laser fluences. Theory predicts
that mass loss through surface vaporization occurs at high flu-
ences during the excitation laser pulse. The changes observed
in Figs. 5b,c, however, are consistent with an alternative mass
loss mechanism consisting of volatilization/vaporization of
interior material, unaccounted for by theory. If these changes
involve mass loss, then less incandescent material will re-
main. If these changes occur on a timescale at which the
particle is still at an elevated temperature, a faster signal tem-
poral decay rate will result.

Changes in the absorption/emission properties can also
explain the lower LII intensity in the two-pulse experiments
discussed thus far. In the previous two-pulse experiments
comparing LII signals produced by laser pulses of equal in-
tensity, altered absorption/emission properties could explain
the lower LII intensity produced by the second laser pulse.

However, given that radiative energy loss is a minor contri-
bution for particle temperatures below3500 K [18], changes
in the optical properties of the soot as a result of the graphiti-
zation will not dominate the temporal evolution of the signal.
Instead, such changes will alter the peak particle temperature
for a given excitation laser fluence. Thus only mass loss will
appreciably affect the temporal decay rate of the LII signal.

2.4 Mass loss

One approach to test for this alternative mass loss mechanism
would use a weak, nonperturbative probe laser pulse scanned
in time relative to the first laser pulse. Changes in the intensity
and/or temporal decay of LII(2) would then signal when such
changes occur or at least when such changes become signifi-
cant enough to affect the incandescence. The difficulty lies in
the convolution of LII(1) with LII(2). For times after the first
laser pulse at which the soot is still at elevated temperatures,
the signal produced by the probe adds in a nonlinear man-
ner to the remaining LII(1). This is to be expected given that
radiative intensity scales asT4 as described by the Stefan-
Boltzman law. Hence the signal during and after the probe
pulse cannot be deconvolved into contributions from pulse
one and pulse two. Thus we sought an alternative approach to
circumvent these difficulties.

The approach adopted compares two different pathways
that heat the soot to the same temperature. First, the LII sig-
nal from a single laser pulse with a fluence of0.3 J/cm2 (well
below the vaporization threshold) is collected. This signal
serves as the reference. Second, a two-pulse experiment is
performed in which the fluence of pulse one is systematically
varied while the fluence of pulse two is adjusted to produce
the same peak amplitude for LII(2) as the reference pulse.
There are a range of fluences for pulse one and two that can
accomplish this. The rationale for this approach is that the in-
tensity of the signal at any wavelength will be indicative of
the temperature of the object for short wavelengths well be-
yond the peak emission intensity. (This assumes constant soot
volume fraction within the same measurement location within
the flame.) Therefore, if no mass loss occurred in the soot as
a result of pulse one, then the temporal decay of the signal
produced by pulse two should be identical to that of the signal
produced by the reference pulse. In this case, the soot behaves
similarly regardless of the path that brought it to the peak
temperature corresponding to the LII peak reference intensity.
Because the intensity of laser pulse two is adjusted to give the
same signal as that of the reference, this will mask any in-
tensity changes due to structural/morphological changes. If
mass loss occurs, (assuming the same initial temperature) the
temporal decay rate of the signal will be different from that of
the reference pulse.

Figure 9 shows the observed time-resolved LII signals for
a laser pulse separation of100 ns. For energies of pulse one
lower than the vaporization threshold (Figs. 9a,b) no discern-
able change produced by pulse one preheating appears in the
temporal evolution of the signal after pulse two. Thus the
graphitization process and formation of hollow shell struc-
tures do not produce significant mass loss or a substantially
different particle heat capacity. For fluences of pulse one
above0.45 J/cm2 (Fig. 9c), a marked change in the tempo-
ral decay is evident. This change likely reflects mass loss
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Fig. 9a–c.

c

b

a

Illustration of the temporally resolved LII signals produced by
the two laser pulses with100 nsseparation compared with the LII signal
produced by the reference pulse. See text for details

due to vaporization, thus leaving less material to incandesce.
As Fig. 9 shows, the structural/morphological changes pro-
duced at low laser fluences (< 0.45 J/cm2) by a single laser
pulse do not appear to affect the LII signal on a timescale
relevant to a volume fraction measurement using one laser
pulse. This is more clearly shown in Fig. 10. No change in
the slow decay rate is observed in the LII signal produced
by pulse two for fluences of pulse one below the apparent
vaporization threshold of0.45 J/cm2. As previously stated,
evidence that mass loss occurs at all laser fluence lies in the
TEM micrographs (Fig. 5) which show that morphological
changes occur at all laser fluences and in the previously dis-
cussed two-pulse results which show that these changes also

Fig. 10. LII signal decay rate measured after the second laser pulse as
a function of the fluence in laser pulse one in the constant temperature ex-
periments. The indicated decay rate is the slower decay rate found by fitting
the temporal decay of the LII signal to a double exponential function

affect the absorption and emission properties of LII(2) (as
shown by Figs. 8 and 9). Because the temporal evolution of
the signal (LII2) in these constant-temperature experiments
remains unaltered for fluences of pulse one below the va-
porization threshold of0.45 J/cm2 at 1064 nmas shown in
Fig. 10, we conclude that only mass rearrangement and not
mass loss occurs.

Similar experiments were also conducted at time separa-
tions of 250, 500, and1000 nsbetween the two pulses in an
effort to discern the time at which morphological changes
affect the LII signal for laser fluences below the vaporiza-
tion threshold. At time separations of500 nsor greater, the
slow decay rate of LII(2) becomes larger than that of a sin-
gle pulse of equal energy for fluences of pulse one below
0.45 J/cm2, in constrast to the results obtained with a time
separation of100 ns. This likely reflects the higher fluence
of pulse two required to obtain the same amplitude as the
reference pulse.

Further measurements are in progress. These observations
also indicate that primary particle size determinations will not
be affected if they are carried out at fluences below the vapor-
ization threshold using the initial (first500 ns) portion of the
observed LII signal decay. This is because in the absence of
a change in the temporal decay rate of the signal, significant
mass loss apparently does not occur. In this case the signal
still reflects the amount of the original material, albeit now in
a graphitized form.

3 Conclusions

The dependence of the LII intensity upon laser fluence is
detection specific. The plateau region previously observed
reflects the trade-off between increased peak intensity and
a faster decay with increased laser fluence. Therefore, it
does not reflect a constant elevated temperature of the soot.
TEM micrographs reveal that physical changes occur in the
laser-heated soot for all laser fluences of practical use in LII
measurements. With increasing fluence, increased graphitiza-
tion occurs up to the vaporization threshold of approximately
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0.45±0.05 J/cm2 at1064 nm. Beyond this value, interior and
exterior mass loss occurs through vaporization.

Double-pulse experiments reveal that these graphitiza-
tion changes are induced by one laser pulse and for fluences
above0.1 J/cm2 at 1064 nm. This change is manifested by
initially higher and then lower LII signal intensities for the
second pulse as its fluence is varied, indicative of altered
emission/absorption properties of the partially graphitized
soot and different cooling rates when significant mass loss
occurs. Double-pulse experiments with a short time delay be-
tween the excitation laser pulses of100 nsreveal that these
structural changes do not involve significant mass losses for
fluences below an observed vaporization fluence threshold.
For fluences above this vaporization threshold, changes lead-
ing to a lower LII signal (lower peak intensity and faster tem-
poral decay) occur during the excitation laser pulse. While
LII has yielded accurate relativefv measurements at laser
fluences above and below the vaporization threshold, use of
fluences below0.45 J/cm2 appears not to alter the soot suffi-
ciently to impact the signal within practical signal collection
times after the excitation laser pulse.

Unlike fv measurements, primary particle size determina-
tions by LII are more sensitive to changes in soot morphology
because the analysis uses the majority of the temporal evo-
lution of the signal. The dual-pump and pump/probe results
suggest that even though graphitization and hollow shells en-
sue at fluences below0.45 J/cm2, these structural/ morpho-
logical changes do not involve mass loss but merely a change
in the absorption and emission properties. Therefore these
effects will likely not affect the determination of primary
particle size through LII provided that fluences below the va-
porization threshold are used.
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