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SOOT PRECURSOR MATERIAL: VISUALIZATION VIA SIMULTANEOUS
LIF-LII AND CHARACTERIZATION VIA TEM
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Simultaneous combined laser-induced fuorescence and laser-induced incandescence (LIF-LII) images
are presented for both a normal and inverse diffusion flame. The excitation wavelength dependence dis-
tinguishes the LIF and LI signals in images from the normal diffusion flame while the temporal decay
distinguishes the signals in images of the inverse diffusion flame. Each flame presents a minimum in the
combined LIF-LIT intensity in a region separating the fuel pyrolysis and soot containing regions. Opacity,
geometric definition, and extent of erystallinity measured through both bright and dark field transmission
electron microscopy (TEM) characterizes the thermophoretically sampled material from within this niin-
imal LIF-LIT intensity region. TEM analysis reveals rather different soot processes occurring within the
normal and inverse diffusion flame. In the normal diffusion flame, rapid chemical and physical coalescence
of PAHs results in initial formation of soot precursor particles that are highly erystalline and evolve toward
tully formed soot. In the inverse diffusion flame, rapid coalescence of pyrolysis products occurs, producing
tarlike, globular structures equivalent in size to fully formed soot aggregates hut with markedly less crys-
tallinity than normal-appearing soot. These different material properties are interpreted as reflecting dif-
ferent relative rates of chemical and physical coalescence of fuel pyrolysis products versus carbonization.
Significantly. these TEM images support qualitative photophysical arguments suggesting that. in general,
this “dark™ region observed in the LIF-LITimages demarcates a transitional region in which a fimdamental
change in the material chemical/physical properties oceurs between solid carbonaceous soot and condensed

or gascous molecular growth material.

Introduction

The intrinsic connection between p()lycyc]ic aro-
matic hydrocarbons {PAIls) and soot production
within both diffusion [1-3] and premixed flames [4-
7] suggests an intermediate stage or process wherehy
the molecular species are transtormed to solid par-
ticulate matter. An early theory of soot formation
held that large liquid droplets formed by rapid con-
densation of fuel pyrolvsis products (mainly PAHs)
subsequently translormed into soot [8]. Fuel pyrol-
ysis studies in shock tubes [9], flow reactors [10], and
premixed flame studies [3,11] provide varying de-
grees of support for this mechanism. An alternate
soot-formation process begins with small (1-5 nm),
individual entities called soot-precursor particles
[12]. The existence of soot-precursor particles has
been inferred hased on light-scattering measure-
ments in premixed flames [13], diffusion flames [14],
and direct visualization via transmission electron mi-
croscopy (TEM) of sampled material in diffusion
flames [12,15,16] and low-pressure premixed flames
[4].

Although both soot formation mechanisms begin
with the coalescence of fuel pyrolysis products, the
difference between these mechanisms depends on
the relative rates of subsequent mass growth versus

carbonization and will be highly dependent on the
combustion process. Carbonization in this context is
understood to represent a complex series of chemi-
cal processes including but not limited to processes
involving dehydrogenation and polymerization. In
the former mechanisni, soot mass growth is mainly
completed before carbonization [8,10], whereas in
the latter mechanism, carbonization appears to oc-
cenr faster than mass growth [12,15]. Support for the
latter process is based on the observations of contin-
ued growth of individual primary particles before
significant agglomeration pr()ducing aggregates
[14,17], the similar appearance of these individual
primary particles (with diameter >10 nm) to those
within soot aggregates [18], and laser microprobe
mass analysis of soot-precursor particles revealing a
hydrogen mole fraction similar to that of fully aged
soot [12,15].

Given the critical link soot-preenrsor material (ei-
ther as coalescing liquid droplets or soot-precursor
particles) provides between molecular fuel pyrolvsis
products such as PAHs and carbonaceous soot. both
spatial location and characterization of their chemi-
cal/physical properties is essential in understanding
soot-formation and growth processes [8-12.15]. No
rvp()rtv(l measurements using in sitn ()ptica] tech-
niques have identified the spatial location of soot
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Fi1c. 1. (a) Simultaneous LIF-LII image of a fiber-sup-
ported burning fuel droplet (n-decane) produced by 266-
nm excitation and (h) LIT image of a similar droplet using
1064-nm excitation light, Each image was obtained 300 ms
after ignition. The spatial scale is in millimeters. In each
image. the droplet is spatially located just below the ruler
top edge.

precursor material and characterized the material
transformation processes via laser-induced fluores-
cence (L1F) measurements of PAIls {soot-inception
species) and  laser-induced  incandescence (LII)
measurements of soot (final product) within soot-
containing diffusion flames.

Thus, the purpose of this paper is to combine LIF-
LIT measurements to identify the spatial location of
the chemical and physical transformation of material
toward solid carbonaceous material. Then this trans-
formation is optically characterized with these opti-
cal measurements. LIF has successfully monitored
PAHs within both premixed [11,13] and diffusion
flames [1-3,16,19,20]. Similarly, LIT has revealed
soot concentrations in both one- and two-dimen-
sional imaging configurations [21-25]. Previous
combined LIF-LII measurements did not examine
the transition between the LIF and LII signals along
a well-defined streamline such as exists along the
axial centerline of a gas-jet diffusion flame [1,24]. In
this paper, simultaneous two-dimensional LIF-LII
images of both a normal and inverse diffusion lame
(IDF) are presented and characterized by the exci-
tation wavelength dependence and temporal decay
characteristics of the signals. The spatial identifica-
tion provided by the combined LIF-LII images al-
lows precise thermophoretic sampling measure-
ments to be made with detailed characterization of
the sampled material via both bright- and dark-field
TEM.
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Experimental

Light at 1064 and 266 nm was used for LII and
combined LIF-LII measurements, respectively. An
8 X Galilean telescope of spherical UV fused silica
lenses followed by a pair of cylindrical lenses formed
the laser beam into a sheet of 20 mm height. The
intensity for the 1064 nm light sheet was estimated
to be 2.5 X 107 W/em? based on a 10 ns laser pulse
and sheet thickness of 750 um. Using a 5 ns pulse
width (FWHM) and 300-um sheet thickness for the
266-nm light yielded an approximate intensity of 9
X 10% W/em?. For two-dimensional images, a gated
intensified camera fitted with an ultraviolet f4.5/105-
mmn (adjustable) focal length camera lens and exten-
sion tube captured the LII and/or LIF images. A
bandpass filter centered at 400 nm with 70 nm
FWHM bandwidth preceded the gated intensified
array camera for both the LI and simultaneous LIF-
LII measurements. The spatial resolution was ap-
proximately 27 pixels per millimeter. A frame grab-
ber was used to digitize the images for transfer to
the host computer.

The first flame system studied was a fiber-sup-
ported burning fuel droplet that presents a (normal)
diffusion flame where the entire fuel source and py-
rolysis region is enclosed within the flame front, pre-
venting oxidative pyrolysis. The small spatial scale
associated with such an envelope flame is well
matched to the spatial dimensions of the TEM grid.
Individual 5 4L droplets of n-decane ignited by a
spark served as the fuel for the droplet flame. A
beam block shielded the droplet from the laser light
to prevent potential laser-droplet interactions.

The second flame system chosen was an inverse
diffusion flame. An oxidizer flow rate of 470 scem
with an Oy/N, ratio of 22.5 issued from a 17-mm
(i.d.) tube while a fuel-N, flow rate of 5.0 slpm with
a CyHy/N, ratio of 0.4 flowed from a surrounding
annulus of 47 mm (i.d.). Hastalloy honeycomb
(0.064 cell size X 1.25 em thick) preceded by a layer
of glass beads (3 cm thick) served as flow straight-
eners. An outer shroud (73 mm inner ring diameter)
of Ny at roughly 25 slpm stabilized the flame and
also served to dilute unburned fuel gas before vent-
ing. To eliminate the effects of room drafts, a 70 mm
0.D. quartz tube fitted with slots for sampling access
sat atop the outer portion of the burner. With the
fuel source surrounding the central oxidizer jet,
thermophoretic sampling within the fuel-rich side of
the diffusion flame is readily accomplished without
penetrating the flame front, thereby minimizing
probe-induced disturbance of the flame. Thermo-
phoretic sampling was accomplished using an air-
actuated piston driving a rod holding the TEM grid
holder and grid [26].

Observations

Figure la presents a simultaneous LIF-LII image
of a fiber-supported burning fuel droplet using 266
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F1G. 2. (a} Bright-field TEM and (b) dark-ficld TEM of
thermaophoretically sampled material from within the dark

region illustrated in Fig. 1a. The markers indicate common
reference points in each panel.
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Fic. 3. Simultaneous LIF-LII images of an inverse dif-
fusion flame of C,H,, with radial intensity profiles obtained
at a height of 13.5 mm above the hurner. The spatial scale
is in millimeters. Ten individual LIF-LIT images were av-
eraged together to obtain the panels shown in the fignre.
Each image was obtained using the same camera intensifier
gain and gate duration. The different images correspond
to different signal collection time delays after the excitation
laser pulse and are (a) 40 ns. (b) 80 ns. and (¢} 160 ns.

nm excitation light, while Fig. 1b presents a LII im-
age obtained using 1064-nm light. This excitation
wavelength dependence can be used to distinguish
molecular fluorescence and soot incandescence as
discussed later. The laser-induced emission (LIE)
intensity in Fig. la decrcases with increasing dis-
tance (or equivalently residence time) above the
droplet, passes through a minimum, hereafter re-
ferred to as a dark region, and then increases,
whereas only LIE intensity in the far wake region is
seen in Fig. 1b.

Figure 2a shows a bright-field TEM image of the
thermophoretically collected material from within
the darr])( region illustrated in Fig. la. Numerous
small, individual particles are observed. From the
indicated magnification, the particle sizes range from
1-4 nm with an average size of 3 nm. Figure 2b
shows the corresponding dark-field image of the
same material shown in Fig. la. The dark-ficld TEM
image shows that each individual particle consists of
two to three bright points, hereafter referred to as
crystallites.

Figure 3 shows a sequence of LIF-LII images of
the inverse diffusion lame along with radial intensity
profiles where for each image, the burner surface
lies 1 mm below the lower edge of the image. As
shown by hoth the images and the corresponding
radial intensity profiles (corresponding to the arrow
location in Fig. 3a); a miniimum in the LIE intensity
exists between the inner and outer annular regions.
Similar to the droplet flame, this minimun in the
combined LIF-LIT intensity is also hereafter re-
ferred to as the dark region.

Figure 4a shows a bright-field TEM image of ther-
mo h()ret]callv sampled material from within the
ddrfmg_,umoi Fig. 3. The low magnification prowdes
an overview of the material variation along the in-
dicated radial direction within the flame. Figure 4b
shows a higher magnification of material seen in Fig,
4a. A distinct contrast in both the shape definition
and opacity to the electron beam is observed be-
tween the two structures shown in Fig. 4b. Inter-
estingly, while the less-opaque object seems to pos-
sess a larger diameter than the other structure, it
appears more transparent to the electron beam de-
spite presenting more material in the electron beam
path. Figure 4¢ shows the corresponding dark-field
TEM iinage of the structures seen in Fig. 4b. The
more-opague  structure in the bright-field image
contains many more crystallites in the dark-field im-
age compared to the other structure. The fuzziness
snrr()un(i) the less-bright object is not due to fo-
cusing ( lm%] structures lie within 200 nm of each
other) but represents less-dense or less-crystalline
material.

Discussion

LIF-LII Signals

Both the excitation wavelength dependence and
radiative lifetime distinguish the LIF signal from the



F1G. 4. (a) Bright-field TEM at low magnification illus-
trating the variation in soot morphology across the soot-
containing region. The arrow is directed radially outward.
The image is meant to convey the range of particle mor-
phologies observed. (b) Bright-field TEM contrasting the
soot morphologies observed in (a). (¢} Dark-field TEM of

the corresponding structures observed in (b). For cach im-
age, the sampling height was 13.5 mm above the burner.

LII signal in the images in Figs. 1 and 3, respectively.
Light at 1064 nm will not produce molecular fluo-
rescence in the visible, whercas 266 nm light is
known to readily excite electronic transitions in a
variety of combustion intermediates resulting in
fluorescence [27.28]. To excite visible fluorescence,
multiphoton absorption of 1064 nm light that could
occur through a nonresonant multiphoton absorp-
tion process is necessary. Not (mly is infrared mul-
tiphoton ahsorption imiprobable given the laser in-
tensities used, but even if it did ocenr, it would likely
result in molecular dissociation from the ground
clectronic state, which generally does not lead to
photofragment emission [29]. Thus, the presence of
signal in the near-wake region using 266 nm exci-
tation and its absence when using 1064-nm light in-
dicates that this signal is LIF, likely arising from PAH
fluorescence. Since both 1064 and 266 nm light is
readily absorbed by soot, at sufficient intensities,
each excitation wavelength is capable of producing
LII [16]. Thus, the similar spatial extent of the laser-
induced emission signal in the far-wake region of
Figs. la and 1b using either 266 or 1064 nm light
indicates that this LIE signal is LII

While fluorescence from PAIls within diffusion
flames is generally detectable only tens of nanosec-
onds after laser excitation [3,16], LII is detectable
hundreds of nanoseconds after the laser pulse at
moderate laser intensities [16,21-25]. The slower
temporal decay of LII compared to fluorescence re-
sults from cooling processes, which determine the
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LII signal decay, being slower than collisional
quenching, which determines the fluorescence de-
cay rate within atmospheric pressure flames [16].
Thus, the rapid temporal decay of the LIE signal in
the outer annular region of the inverse diffusion
flame shown in Fig. 3 indicates that this signal is
molecular fluorescence (LIF). Conversely, the long
temporal decay of the signal within the annular ex-
tending hundreds of nanoseconds (in contrast to tens
of nanoseconds for the fluorescence) confirms the
identity of this signal as soot incandescence (LII).

TEM Images

Droplet

The small size (1-4 nm) of the particles seen in
Fig. 2a is characteristic of those observed by other
researchers as indicating the first incipient soot par-
ticles [4,12,15,16]. The intermediate spatial location
of these particles between the PAH- and soot-con-
taining regions confirms the transitional role of soot-
precursor particles in the soot-formation process. At
slightly higher axial heights within the dark region
shown in Fig. la, larger individual particles of
greater than 5 nm diameter were found, indicating
further mass growth.

Despite their small size and close temporal origin
to molecular PAHs, the soot-precursor particles ob-
served in Fig. 2 are crystallized. The bright points in
the dark-field TEM image of Fig. 2b are interpreted
as crystallites appropriately oriented to diffract a
portion of the electron beam into the viewing angle.
In fully formed carbon black particles, X-ray diffrac-
tion has shown each particle to be made up of a large
number of crystallites (~10+#) [30]. Each crystallite
consists of 5-10 sheets of carbon atoms with each
sheet having a length or breadth of 20-30 A. A ran-
dom packing of such crystallites is commonly con-
sidered amorphous carbon [30]. Diffraction from or-
dered carbon layer planes indicates carbonization of
these precursor particles has occurred, with the
chemical/physical structure no longer resembling a
“clump” of condensed hydrocarbons but rather a dis-
organized solid. Such a rapid material transforma-
tion is feasible because LMMA analysis of soot pre-
cursor particles collected within an ethylene-air
diffusion Hane indicates that graphitization of soot-
precursor particles can occur rapidly, (~10 ms), re-
sulting in a particle hydrogen mole fraction, Xy, of
0.15, typical of mature soot released from flames
[12]. As the transparency of these structures in-
creased in the bright field TEM images, the number
of crystallites within these structures decreased, as
observed in the dark-field TEM images. In sum-
mary, these results indicate that carbonization pro-
ceeds rapidly compared to mass growth for the soot-
precursor particles in the droplet flame.
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Inverse Diffusion Flame
Numerous  soot-formation/growth  studies have
used shock tubes [9,31,32], flow reactors [8,10], and
in situ probe sampling within premixed [4-7] and
diffusion flames [2.20,33]. With the excepti()n of the
carbon black 1ndustr\ few fuel pyrolysis studies have
“used TEM for px()du(t morphological analysis. One
particularly revealing study, however, sampled the
exhaust within a How tube reactor of 2% benzene in
N at 1383 K at different positions (residence times)
[10]. With increasing residence time, the rapid de-
crease in the extractable tar content coincided with
an equally rapid increase in the carbonaceous resi-
due content of the sampled material. TEM micro-
graphs of the sampled material at early residence
times (<50 ms) revealed a condensed phas(‘ of sem-
itransparent tarlike material existing in large “globs.”
far difterent than the usual chainlike structures nor-
mally associated with soot. Hereafter, the term tar-
like is used to denote a disorganized, unstructured
solid material (potentially a highly viscous “liquid” at

flame temnperatures) with both a lower degree of

crystallinity and C/H ratio compared to ordinary soot
commonly observed.

The TEM observations in the inverse diffusion
flame shown in Fig. 4 are consistent with these re-
sults. As seen in the bright-ficld TEM image of Fig.
4b, the deercased opacity despite the larger size in-
dicates that the tar-like material appears less dense
to the electron beam. The relatively wmiforny opacity
of the tarlike material suggests a rather uniform
composition. Far less crystallinity of the tarlike sub-
stance is revealed by the marke dl\ lower intensity in
the dark-ficld TEM image of rlg_,. 4c u)mpdred to
the normal-appearing soot aggregate. The chainlike
resemblance of the tar-like substance indicates that
agglomeration of the pyrolytic material has occurred
before carbonization [8,10]. The poorer geometrical
outline is consistent with the formation of the tarlike
aggregate via pyrolytic deposition.

Just as for normal diffusion flames, the fuel-rich
side of the inverse diffusion flame closely resembles
a pyrolvtic system with the flame front presenting an
Oxygen h(xm( 'r. In this context, the present results
indicate that rapid deposition of pyrolytic material
(mass growth) occurs belore slg_,mhc.mt carboniza-
tion [8,10]. This accounts for the rather uniform tar-
like appearance of the structures shown in Fig. 4.
the lack of opacity in the bright-ficld TEM images
(Figs. 4a and 4b), and the lack of crystallinity in the
dark-field TEM image (Fig. 4¢). While the images
in Fig. 4 do not prove soot formation occurring via
carbonization of large tar-like structures, they do in-

dicate that significantly different relative rates of

soot-precirsor material nucleation, coalescence, and
growth occur relative to carbonization in this flame
system compared to the droplet flame (normal dif-
fusion flame), resulting in very ditferent material

ro
o
-1
o

properties compared to normal carbonaceous soot
as discussed next.

The Dark Region

As seen in Figs. la and 3. a minimum oceurs in
the combined LIF and LITintensity spatially located
between the PAH- and soot-containing regions. The
flnorescence intensity decrease is likely due to three
factors: (a) an increase in the size of PAHs through
molecular growth, (b) a decrcase in the gas-phase
PAH concentration, and (¢) PAH coalescence into
soot-precursor particles. As PAHs grow in size, the
number of rovibrational and electronic quantum
states increases dramatically [34]. With an increased
quantum state density, nonradiative transitions be-
tween electronic states increases because of in-
creased coupling between these states [34]. Thus,
the Huorescence quantum vield decreases. Secondly,
as the PAHs coalesce into particles, the gas-phase
number concentration of PAHs decreases since large
PAHs presumably serve as building blocks for soot-
precursor particles, while small PAHs serve as initial
mass growth material for the precursor particles
[35.36]. Thirdly, as carbonization continues, the
PAH “molecules” lose their individual identity and
become assimilated into an object that is becoming
more solid in form. With increasing solid structure,
the probability {for nonradiative decay increases dra-
matically because of the far higher quantum state
density [37]. Thus, while the particle readily absorbs
l];vht and may still Huoresce because the constituent

“molecules” possess highly absorbing chromophoric
groups, with increasing carbonization, the fluores-
cenee quantnm vield decreases relative to isolated
gas-phase molecules, eventually becoming negligi-
ble. These three factors account for the decrease in
fluorescence intensity with increasing axial height
seen in Fig. la. Similarly. the probability for nonra-
diative decay is greatly increased in condensed and/
or partially carbonized tar-like material relative to
gaseous species, thus accounting for the fluores-
cence intensity decrease with decreasing radial dis-
tance scen in Fig. 3.

With increasing solid character of the particle,
rapid internal  dissipation of energy  deposited
through multiphoton absorption occurs [38]. If a suf-
ficient number of photons is absorbed, the particle
will be heated to incandescence temperatures. The
detailed chemical and physical structure of the par-
ticle will determine the fate of the particle upon
rapid, high-energy deposition. Very small soot-pre-
enrsor particles are thought to possess a high num-
ber of reactive radical sites acconnting for the rapid
mass growth [35]. This large number of reactive sites
indicates that the extent of bonding of the aromatic
structures within the cmnpnnnd 1§ very mmmp]('tv
Upon rapid energy deposition, bonds linking aro-
miatic units to the solid stricture may sever, leading
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to fragmentation. Until bonding of adjoining molec-
ular units is substantially complete, fragmentation of
the particle will likely occur during the energy dep-
osition process, resulting in minimal or no incandes-
cence. Similarly, the tar-like objects that are only
partially carbonized may be intermediate between
molecular and solid structures [9-11,32]. Tf enough
energy accumulates within the particle through ab-
sorption of multiple photons (not necessarily simul-
taneously), molecular fragmentation rather than in-
candescence would more likely occur given the
largely molecular structure. Thus, during this tran-
sitional period in which significant chemical and
physical material transformation processes are oc-
curring, both nonradiative transitions and/or frag-
mentation are likely to result from laser excitation.
Consequently, minimal intensity is observed in ei-
ther the LIF or LII signals, thereby accounting for
the dark region observed in the simultaneous LIF-
LII images.

These changes in the photophysical properties re-
flect the chemical and physical transformation in ma-
terial properties occurring between molecular ma-
terial  (condensed or gaseous) and  solid
carbonaceous soot. This transformation appears gen-
eral despite the very different apparent relative rates
of soot-precursor material growth and coualescence
versus carbonization within the normal and inverse
diffusion flames. Both the decreasing opacity with
increasing radial distance (or increasing tar-like ap-
pearance) of the soot structures seen in the bright-
field TEM images of Figs. 4a and 4b and decreasing
crystallinity seen in the dark-field TEM image of Fig,
4¢ reveal a consistent physical/chemical change in
the material composition. With increasing radial dis-
tance from the centerline in the inverse diffusion
flame, the material changes from a disorganized vet
hlgh]v crystalline solid to barely visible condensed
molecular matter. A similar material transformation
is suggested by the soot-precursor particles observed
in Fig. 2. In contrast to the large structures observed
in Fig. 4, the initial small structures and subsequent
growth suggest a soot-formation process proceeding
through chemical and physical condensation of large
molecules (PAHSs} followed by mass addition con-
current with carbonization. Irrespective of the rela-
tive rates, surface mass growth, coalescence, and car-
bonization are all critical processes leading to solid
carbonaceous soot.

The observed optical properties of the soot struc-
tures also vary in a spatially similar manner. With
decreasing radial distance, the LIF intensity (with
no apparent contributing LII signal) decreases from
a maximum reaching a minimum spatially over-
lapped with an intensity minimum in the LI signal
as seen in Fig. 3. At smaller radial distances, the LII
intensity increases, reaching a maximum still on the
fuel-rich side of the diffusion flame. Analogous be-
havior is observed in the normal diffusion Hame with
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increasing axial distance above the burning droplet.
At small axial heights within the normal diffusion
flame and large radial distances within the IDF, no
material was collected via thermophoretic sampling
as would be expected if only gaseous species were
present. In these regions, only fluorescence is ob-

served. At high axial heights in the normal diffusion -

flame or small radial distances in the IDF flame, only
solid carbonaceous soot was found through TEM
analysis of thermophoretically sampled material. In
these regions, only incandescence is observed.

Thus, the postulated variation in material photo-
physical properties suggested by the spatial variation
in the LIF and LII intensities is supported by the
spatial variation in the material composition as re-
vealed by both the bright- and dark-field TEM im-
ages. Most significantly, the minimum in the com-
bined LIF-LII intensities is indicative of the
chemical and physical changes accompanying the
transformation of molecular matter into solid car-
bonaceous soot regardless of the specific soot for-
mation route. On this basis, the dark region illus-
trated in the simultaneous LIF-LIT images spatially
locates the region containing soot-precursor mate-
rial.

Conclusions

Simultaneous LIF-LII images are valuable for vi-
sualizing both PAH and soot-containing regions
within both transitory {droplet) {lame and steady-
state IDF flames. The LIF and LIT signals may be
distinguished either by the excitation wav e]en;,th de-
pendence or the tempom] decay following the laser
pulse. As revealed in the LIF-LII images, a dark
region appears juxtaposed between the PAH and
soot-containing regions. TEM measurements of
thermophoretically sampled material from within
this dark region suggest very different rates of soot-
precursor material growth and coalescence versus
carbonization within the normal and inverse diffu-
sion flame. Postulated photophysical properties ac-
counting for the minimal LIF and LII intensity (the
“dark” region) ubserved in the LIF-LII images are
supported by both bright- and dark-field TEM mea-
surements of the sampled material. Both the spatial
position of the dark region and TEM measurements
indicate that the dark region represents a transfor-
mation region. In this region, the chemical and
physical material conversion between gaseous or
condensed molecular species (soot-precursor mate-
rial) and solid carbonaceous soot particles occurs.
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