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Abstract
Planar laser-induced incandescence (LII) imaging is reported at repetition rates up to 100 kHz using a burst-mode laser system
to enable studies of soot formation dynamics in highly turbulent flames. To quantify the accuracy and uncertainty of relative
soot volume fraction measurements, the temporal evolution of the LII field in laminar and turbulent flames is examined at
various laser operating conditions. Under high-speed repetitive probing, it is found that LII signals are sensitive to changes
in soot physical characteristics when operating at high laser fluences within the soot vaporization regime. For these laser
conditions, strong planar LII signals are observed at measurement rates up to 100 kHz but are primarily useful for qualitative
tracking of soot structure dynamics. However, LII signals collected at lower fluences allow sequential planar measurements
of the relative soot volume fraction with sufficient signal-to-noise ratio at repetition rates of 10–50 kHz. Guidelines for
identifying and avoiding the onset of repetitive probe effects in the LII signals are discussed, along with other potential
sources of measurement error and uncertainty.
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1. Introduction

Devices such as aircraft engines and diesel engines produce particulates, such as soot, which are byproducts
of the combustion process and are known to be harmful to human health and the environment [1]. In
recent years, substantial progress has been made in reducing soot emissions from land-based vehicles
by optimizing the combustion process using advanced fuel injection [2, 3] and exhaust-gas recirculation
strategies [4] in concert with multifunctional exhaust after-treatment systems [5]. On the other hand,
aircraft gas-turbine engines must rely exclusively on optimization of the combustion process for reduction
of particulate emissions [6].

In both ground-based and aircraft transportation systems a fundamental understanding of the pollutant
formation processes, culminating in validated chemical kinetic models describing the soot formation pro-
cess, is critical for the development of robust pollutant mitigation strategies [7]. While significant progress
has been made in both chemical kinetics and fluid-chemistry interactions, there is still a need to extend
existing simulations of sooting behavior to describe the interplay between soot chemistry and the highly
unsteady, turbulent flow field seen in practical engine conditions [8, 9]. Doing so requires the improvement
and validation of numerical models utilizing high-quality experimental databases. In particular, because
of the highly dynamic nature of the turbulence-chemistry interactions and the intermittent nature of soot
structure formation in practical combustors, spatio-temporally resolved experimental data are required
to accurately capture time dynamics and benchmark numerical simulations. For example, Shaddix et al.
found that soot production increased fourfold for a flickering methane/air flame as compared with a steady
flame at the same mean fuel flow velocity[10]. Temporally and spatially resolved data are needed that
can contribute to the validation of direct numerical simulation studies that capture the effects of local
curvature, strain, and the duration of interaction between flow structures and flames on soot formation
and evolution in turbulent nonpremixed flames [8, 11].

For the measurement of soot volume fraction, laser-induced incandescence (LII) has been developed into
a powerful experimental technique that allows measurements with high temporal and spatial resolution.
LII involves heating of the soot particles with a high intensity laser pulse and subsequently measuring the
emitted radiation as the soot particles cool to the local gas temperature. Single shot measurements of soot
volume fraction and particle distributions by LII have been made in a variety of laminar and turbulent
flames [12]. By utilizing simultaneous extinction measurements and solving a time-dependent energy
conservation equation for the soot particle during the heating and subsequent cooling process, the soot
volume fraction and primary particle size information can be extracted from the LII signals [13–15]. These
heat transfer processes are influenced strongly by the choice of soot physical properties and gas transport
properties, which have strong temperature dependencies [16]. For instance, much of the LII modeling must
rely on either graphite-based physical properties or directly measured soot physical and optical parameters
[17]. In addition to the heat transfer and transport properties, other sources of uncertainty in soot volume
fraction and particle size measurements include optical properties and physico-chemical changes in the
soot induced by the laser heating [16, 18]. These uncertainties hinder attempts at quantitative comparison
between experimental measurements and numerical models.

Because of the potential utility and challenges in making accurate quantitative soot measurements, the
literature on the experimental and modeling aspects of LII is quite extensive [16, 19]. With regard to
experimental efforts, much work has been done to investigate the sensitivity of the LII data to various
parameters such as laser excitation wavelength [20], laser fluence and spatial profile, detected spectral
range, delay between excitation and signal collection, and collection gate widths [19]. For instance, a
typical result of the variation of the measured LII signal with laser fluence is shown in Fig. 1(a) when a
laser with a top-hat spatial profile is utilized [19]. Initially, the signal increases with laser fluence as the
soot is heated to higher temperatures. Beyond ∼0.2 J/cm2, the LII signal plateaus as the soot reaches
sublimation temperatures and gradually decreases with increasing laser fluence. While this LII fluence
response has been attributed to soot vaporization, the threshold of 0.2 J/cm2 is not a fixed value. It
depends on a variety of experimental parameters such as soot temperature, laser wavelength, and laser
beam profile, as shown in Fig. 1(b) [19]. Nevertheless, characterizing the onset of the plateau in LII
signal for a given set of experimental parameters and operating in a high fluence regime is often attractive
because the LII signal is strong and is not as sensitive to laser absorption and shot-to-shot laser energy
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variations.
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laser fluence soot sublimation during the laser pulse increases
and evaporative cooling and mass loss cause the maximum LII
signal to remain constant as shown in Fig. 6. At fluences above
0.2 J/cm2 for 532-nm excitation in a flame, the peak signal is
nearly fluence independent for an 8-ns-long laser pulse with
a homogeneous top-hat spatial profile [39, 40]. When the sig-
nal is gated, i.e. it is temporally integrated over the gate width,
the signal also increases with increasing fluence at low flu-
ences. At fluences just above 0.2 J/cm2 for 532-nm excitation
and above ∼ 0.3 J/cm2 for 1064-nm excitation the gated LII
signal from soot in flames is frequently observed to be nearly
independent of fluence [4, 10, 16, 27, 79, 81]. Excitation laser
fluences within this plateau region have been preferred in
soot volume fraction measurements in practical applications
with strong laser attenuation or laser power fluctuations. With
further increasing laser fluence, sublimation significantly re-
duces the soot particle size and volume fraction, which results
in a reduction in gated LII signals when a homogeneous top-
hat laser beam profile is used [7, 40, 82]. A typical excitation
curve is shown in Fig. 7 for a top-hat beam profile. With a two-
dimensional Gaussian laser beam, gated LII signals continu-

FIGURE 6 Fluence dependence of the peak LII signal for time-resolved
measurements. Values are normalized to unity at 0.2 J/cm2. Measurements
were made at 532 nm with a top-hat beam profile from an injection-seeded
Nd:YAG laser and fast photodiode under the flame conditions given for the
Santoro burner in Table 7

FIGURE 7 Fluence dependence of LII signal as a function of laser beam
spatial profile for top-hat (homogeneous), 1D Gaussian (Gaussian sheet), and
2D Gaussian (Gaussian circle) profiles [40]. The results for Gaussian profiles
were simulated by summing the fluence-dependence measurements from
a top-hat profile (circles) weighted by a Gaussian distribution in one dimen-
sion (squares) or two dimensions (triangles). Gated detection was simulated
by integrating the time-resolved signal over the first 25 ns

ously increase with laser fluence [9, 13, 37, 83] as shown in
Fig. 7. With a one-dimensional Gaussian sheet beam profile,
an extended plateau region is observed [4, 5, 7, 21, 33]. In this
case, the decrease in gated LII signal intensity due to soot
sublimation in the center of the beam is approximately com-
pensated by an increase in gated signal intensity in the wings
of the beam where the sublimation threshold has not yet been
reached. In some practical applications where soot volume
fraction measurements were attempted in strongly sooting en-
vironments with extreme laser attenuation, this coincidental
canceling of two artifacts has been exploited. These effects are
discussed further in Sect. 3.4.

When sublimation occurs various soot fragments evapo-
rate from the particle surface. They are assumed to range from
C1 to C7 dependent on the particle temperature [49]. Models
often assume either C3 as the major species or a composition
of C1–C7 to evaporate. To date, experiments with spectrally
resolved detection of the LII signal have shown emissions
from electronically excited C2 fragments [5, 59]. Although
no experimental results have been reported on luminescence
from larger carbon species, the current results do not rule
out their presence in the electronic ground or excited states.
For example, emission from C3 has been observed following
532-nm laser irradiation of graphite under vacuum or in rare-
gas atmospheres [84–87], but C3 radiative emission may be
quenched under higher pressures of molecular species. Addi-
tionally, ground-state C2 has been detected by laser-induced
fluorescence from laser-vaporized soot [59].

Understanding the sublimation is further complicated by
additional uncertainties in physical parameters such as the va-
por pressure and heat of formation of the carbon species [34],
which results in significant uncertainties in modeled LII sig-
nals [40]. Intense laser radiation can change the properties of
soot even below the sublimation threshold, resulting in struc-
tural and morphological changes. Vander Wal et al. [88] have
shown transmission electron microscopy (TEM) images of
laser-heated soot extracted from a flame. While there were
no significant changes to the soot particles observed at a flu-
ence of 0.15 J/cm2 with 1064-nm excitation, at 0.3 J/cm2 the
structure of soot changed to hollow particles. At fluences of
0.6 J/cm2 ribbons of several carbon layers appeared at the
perimeter of the particles. At a fluence of 0.9 J/cm2 consider-
able material loss from the soot aggregate was observed. All
these effects may have a strong influence on the optical prop-
erties of soot, which could have a substantial effect on the
absorption and emission rates important for LII [39].

If experiments at different laser fluences are performed,
attention should be paid to the way in which the laser en-
ergy is changed. As will be discussed in Sect. 3.4, the spatial
laser beam profile has a large impact on the LII signal. In
the case of a Q-switched Nd:YAG laser the energy can be
changed by changing the high voltage of the flashlamps (if
a flashlamp-pumped laser is used) or by changing the tim-
ing of the Q-switch. Both strategies affect the beam profile
and might therefore lead to erroneous results. Beam atten-
uation without alteration of the spatial profile can be more
easily accomplished with the use of a half-wave plate (to ro-
tate the plane of polarization) in combination with a thin-film
polarizer (to pass a single polarization at the excitation wave-
length). In this case care must be taken to ensure that stress
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Fig. 1. (a) Variation of LII signal with laser fluence for a top-hat beam profile and (b) dependence of LII signal on
laser fluence for different laser beam spatial profiles. Figure reproduced with permission [19].

At high fluences, however, the LII diagnostic technique is no longer non-intrusive since the vaporization
process alters the morphology and physical characteristics of the soot particles. For instance, using ex-situ
transmission electron microscopy (TEM) measurements, Vander Wal and colleagues showed that pulsed
laser heating can have varying degrees of influence on the structural, optical and physical characteristics
of the soot particles [21, 22]. At lower fluences, a thermal annealing process was shown to occur without
noticeable fragmentation. With increasing laser fluences, evidence of increasing graphitization of the soot
and mass loss through vaporization was seen. The observed transformations during both low and high
fluence probing indicate the laser heating can alter physical and optical characteristics of the soot on the
time-scale of the LII probe duration. The specific problem of vaporization loss during LII laser heating
was addressed in work by Witze et al. where they found >20% vaporization loss of soot particles at high
fluence (>0.2 J/cm2), but less than 5% loss for fluences below 0.1 J/cm2 [23].

Extending these measurements to double-pulse experiments, Vander Wal et al. demonstrated that,
except for very low fluences, the soot signal obtained from the second pulse was lower compared to
the signal from the first pulse due to the structural changes and mass loss induced by the first pulse
[24]. Thomson et al. also investigated the modification of soot particle optical properties by performing
simultaneous scattering and extinction studies [17]. They found that there was a gradual decrease in
scattering propensity with increasing laser fluence up until the LII signal plateau, where significant mass
loss through vaporization occurred. In addition, reversible increases in light absorption were also observed
during the time period that the soot was hot, which was attributed to either thermal expansion of the
soot particles or a temperature dependent light absorption refractive index function, E(mλ). Permanent
increases in E(mλ) (< 2%) were also observed, which were attributed to graphitization of the soot [17].
These experiments suggest that there are temperature-dependent variations of the optical and structural
properties of the soot which need to be incorporated into LII models for improved understanding and
prediction of LII signals.

With careful evaluation of the soot signal for various laser operating parameters, however, the LII
technique can be a powerful tool for investigating the relative distribution of soot volume fraction in a
reacting flow field. If the laser fluence is within the low fluence regime, then correction for shot-to-shot
laser intensity variations can be performed such that the LII signal is proportional to soot volume fraction
to a fair level of certainty so long as the soot size distribution is known. If the laser fluence is within
the signal plateau regime, at least for single-shot measurements, the LII signal is at least approximately
proportional to the soot volume fraction. Indeed, LII has been used to obtain planar soot distributions in
turbulent reacting flow fields in a variety of flame configurations such as jet flames [13, 25, 26], bluff body
flames [27] and swirling flames [28, 29].
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Much of the work to date has focused on obtaining temporally uncorrelated single-shot LII images.
While these data provide valuable insight into the soot distribution within turbulent reacting flow fields,
there is still much to be learned about the dynamic nature of the soot formation process and coupling with
the turbulent flow field. This requires time-resolved LII measurements where the temporal evolution of the
soot structures can be tracked. Franzelli et al. recently reported 10 kHz measurements of soot structures
with soot scattering simultaneous with polycyclic aromatic hydrocarbon (PAH) and OH fluorescence, but
they did not address in detail the potential for quantitative soot volume fraction measurements [30]. There
are relatively few reports of high-repetition rate LII studies in which the effects of repetitive pulsing on
soot physical characteristics have been evaluated. Sjöholm et al. performed time-resolved planar LII using
a cluster of Nd:YAG lasers capable of delivering a train of eight pulses with variable pulse separation times
[31]. They demonstrated that in a laminar flat flame, the first pulse sublimated the soot particles in the
measurement volume resulting in decreased LII signals induced by subsequent probe pulses, consistent
with the observations from the double pulse experiments conducted by Vander Wal et al. [24]. By varying
the time separation between pulses, Sjöholm et al. showed that the effects of the initial pulse were present
in the LII signal from a second probe pulse for time separations up to 20 ms, which corresponds to the
time-scale required to replenish the probe volume with fresh soot via convection [31]. However, when
these measurements were extended to turbulent in-cylinder engine conditions, the soot sublimation effects
were not observed, perhaps suggesting that laser-affected soot particles were replenished with fresh soot
through turbulent mixing. Köhler et al. [32] reported planar LII at 3 kHz (along with particle image
velocimetry) and noted the possibility of LII signal degradation due to repetitive pulsing, but they did not
attempt to quantify or account for these effects. Both inferred gas temperatures from LII measurements
and direct measurements suggest that local gas heating effects may be important both in evaluating LII
signals and in high speed LII experiments [33, 34]. Recent work by Nordström et al. measured local gas
temperature rises of ∼100 K, which may be important in modeling LII signal decay in traditional 10 Hz
experiments [34]. In high-speed LII measurements, this temperature rise may affect LII signals recorded
during repetitive probing.

There is a significant need, therefore, to develop a more thorough understanding of the effects of high-
speed, long-term repetitive pulsing on LII signals in dynamic flowfields and under various laser fluences.
The goal of this work is to elucidate some of the intrusive effects that repetitive laser pulsing can have
on the LII signal and to investigate the conditions under which it may be possible to use this signal
for high-speed planar imaging of the soot volume fraction in turbulent flames. This work is enabled by
the development and application of burst-mode laser technology [35] which allows high-energy output for
100’s and even 1000’s of pulse sequences at multi-kHz repetition rates [36–39]. Traditional laser-based
diagnostics with high temporal and spatial resolution are unable to achieve the repetition rates necessary
to track the time-evolving fluid-flame interactions at high Reynolds numbers [40]. As a result, burst-mode
laser systems have found significant use for spectroscopic measurements of minor species and flame-front
imaging in turbulent flames [38, 41, 42], scattering for thermography and mixing [43], and tracer-based
measurements of mixing [44, 45]. With a trade-off in pulse energy, these systems are ultimately scalable to
megahertz repetition rates [35, 41, 46]. The low duty cycle operation of these systems allows high pumping
rates–achieving both high gain and high per-pulse energies ranging from 100’s of mJ [36, 38, 39, 41] to
>2 J [37, 43]. As continuously pulsed diode-pumped solid-state laser systems have also seen significant
improvements in both repetition rate (10’s of kHz) and pulse energy (10’s of mJ/pulse) [47], it is now
feasible to consider high-repetition rate, planar LII imaging with long record lengths using either burst-
mode or continuously-pulsed laser systems.

In this work, the effects of repetitive pulsing on high-speed LII signals are investigated for long pulse-
sequence durations and for a wider range of repetition rates and pump energies than what has been
achieved in previous studies [17, 21, 31, 32]. A series of optical experiments is conducted in a laminar
ethylene (C2H4) jet flame stabilized over a Santoro burner [48] to quantify LII signal degradation and
recovery as a function of laser repetition rate and fluence during the course of a laser pulse sequence
supplied by a burst-mode laser. These measurements are then extended to a pilot-stabilized turbulent jet
flame to monitor the effects of repetitive laser heating under highly unsteady flow conditions. The LII
signal evolution is evaluated for pulse-to-pulse temporal separations of 10-100 µs and for sequences of 100
to 1000 pulses while varying the laser fluence. In these measurements, the cumulative effects of multiple
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probing on soot physical characteristics, local gas heating, and convective/diffusive replenishment of soot
in the probe volume are potential sources of uncertainty. Planar images are also collected at rates of 10-50
kHz to investigate the ability to track soot layer thickness and soot structure evolution under various
laser operating conditions. In this manner, the feasibility of achieving high-speed planar measurements of
soot volume fraction is demonstrated, and experimental considerations to ensure accurate and repeatable
results are considered.

2. Experimental apparatus

The burst-mode laser used in this work has been described in detail in previous publications [36, 38], and
only a brief discussion of the system will be given here. The system, shown in Fig. 2(b), consists of a
pulsed fiber oscillator (Manlight) which can operate from 100 kHz to 1 MHz, providing approximately 10
µJ/pulse. This pulse train is collimated and double-passed through a Gooch and Housego electro-optic
modulator (EOM) for pulse selection and suppression of background amplified spontaneous emission (ASE)
using the relatively short 200 ns EOM gate. This pulse selection is used to divide the initial oscillator
frequency down to the desired repetition rate for planar LII measurements. Pulse sequences of 10-100
kHz are then passed through several amplifier chains consisting of both diode-pumped and flashlamp-
pumped neodynium:yttria-aluminum-garnet (Nd:YAG) amplifiers. Depending on the selected repetition
rate, the system can provide fundamental output at 1064 nm ranging from >200 mJ/pulse at 10 kHz to
>15 mJ/pulse at 100 kHz. For the LII studies presented here, the fundamental output at 1064 nm was
used with a burst duration of 10 ms.

In the current work, evaluation of the effects of repetitive pulsing on LII measurements only requires
the use of the first four amplifiers (three diode-pumped and one flashlamp-pumped) to achieve fluences
that can be used to evaluate the effects of repetitive pulsing. The near-Gaussian output (M2 < 1.5) has
negligible beam profile fluctuations over the burst, as previously reported [36]. For the majority of the
experiments, the sheet was formed with a concave cylindrical lens and convex spherical lens to a height of
15 mm and focused to a full-width half maximum of ∼350 µm measured using a scanning knife edge for
the burst average. Typical operation for these experiments consisted of up to 3 mJ/pulse for a sheet of 7
mm height and up to 10 mJ/pulse for a 60 mm sheet height, resulting in fluences from 0.04 J/cm2 to 0.5
J/cm2. For planar LII imaging with larger fields of view or high repetition rates, it is possible to increase
the burst-mode laser output energy and maintain similar fluences.

The multi-kHz LII signal from a single burst of laser pulses was collected by two separate techniques,
as shown in Fig. 3. The first collection method consisted of a photomultiplier tube (Hamamatsu R1P28)
with a bandpass filter from 425-465 nm and a typical time response of 2 ns. The PMT signal was sampled
using an oscilloscope with a bandwidth of 1 GHz (Tektronix DPO7104). The PMT signal was collected
via 1:1 imaging with a 75 mm lens and passed through an iris of 1 mm diameter placed immediately
before the PMT and located in the imaging plane of the LII sheet. This resulted in an imaged area of 1
mm diameter in the center of the LII probe sheet. The 445 nm bandpass filter and PMT were located
immediately behind this aperture. A photodiode trace from a single burst is represented in Fig. 2(a),
where ∼2 mJ/pulse at 50 kHz for a duration of nearly 10 ms was used to generate the the LII signal.
The second collection system consisted of a dual-stage high-speed intensifier (Lavision, HS-IRO) equipped
with a P43 phosphor, along with a lens-coupled high-speed CMOS camera (Photron SA-X2) and bandpass
filter from 375-425 nm. The CMOS imaging system used a Nikon Nikkor f/2.8, 105 mm lens with a 20 mm
extension tube to achieve higher magnification and a resultant field of view of 40 mm by 40 mm. For planar
LII imaging, the HS-IRO used a 100 ns intensifier gate width with a 20 ns delay from the LII laser pulse.
The 100 ns gate was the shortest possible using this intensifier, and the 20 ns delay was chosen to mitigate
the effects of laser timing jitter and to avoid scattering of the probe at 1064 nm. The PMT measurement
location was registered with the intensified image using a long exposure and residual scattering from a
co-aligned helium-neon beam centered on the PMT aperture and imaged with the HS-IRO and CMOS
high-speed imaging system.

The gray annular region in Fig. 3 depicts where the two burners used in this work were situated relative
to the beam. For all studies, non-premixed ethylene was used. For laminar studies, a Santoro burner was
utilized which consisted of an 11.11 mm (7/16”) inner diameter brass fuel tube surrounded by a ceramic
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Fig. 2. Color available online. (a) Example laser pulse train at 50 kHz. (b) Burst-mode laser system consisting of a
pulsed master oscillator which is fiber-coupled to a series of diode- and flashlamp-pumped amplifier stages. HWP,
half-waveplate; EOM, electro-optic modulator; PH, pinhole; OI, optical isolator; Amp, amplifier.
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405nm bandpass filter

f = -100mm cyl. lens

f = +500mm 
plano-convex lens

Dual Stage Intensifier

High-speed CMOS Camera

f = +75mm plano-convex lens

Fig. 3. Color available online. Diagram of system layout showing the burner placement (shaded region), LII probe
beam, collimating sheet optics, a photodiode for energy normalization, a PMT with aperture, and coupled dual
stage intensifier and CMOS camera for planar LII imaging.

matrix co-flow with both a diameter and height of 101.6 mm (4”)[48]. The LII probe sheet was centered at
a height of 30 mm above the burner exit, consistent with existing soot data taken on the burner [13, 48].
LII data with the PMT was collected in the annular, peak soot region where the peak soot volume fraction
is ∼1×10−5 [48]. For turbulent combustion studies, a piloted ethylene burner described by Zhang et al.
[49] was utilized and included a pilot consisting of three rows of concentric holes around a D = 3.2 mm
inner diameter fuel tube. The ethylene/air pilot was operated at an equivalence ratio of 1.0 and held at a
fixed flowrate to match 2% of the total heat release of a Reynolds number ReD = UD/ν = 20,000 ethylene
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jet flame. The pilot allowed jet-flame anchoring to a jet exit Reynolds number of ReD = 25,000. The
probe sheet was centered at a downstream position of 75 diameters, a location with large soot volume
fraction for the relevant flow conditions [49].

3. Results and discussion

As previous studies discussed above have indicated, high-speed, multi-kHz LII measurements present some
unique challenges because local heating of soot particles is required to achieve signal generation and can
potentially be intrusive. Although laser-induced fluorescence measurements can also deposit significant
amounts of energy through absorption, with careful selection of laser fluence and low gas tracer seeding
densities, most multi-pulse effects can be avoided. A number of experiments in this work are focused on
characterizing the degree of multi-pulse contamination and the intrusive effects of multiple subsequent
probe pulses at different repetition rates and pulse energies. These effects are examined in both laminar
and turbulent flame configurations.

3.A. Evolution of LII signal in laminar flame

To address the behavior of LII signals with multiple burst-mode probing, a series of measurements was
collected in a laminar sooting flame stabilized on a standard Santoro burner. The laminar flame configu-
ration with multiple probing is a worst-case scenario since the soot particles can remain in the same probe
volume during much of the pulse burst. This repetitive interrogation of the same particles generates LII
signal through repetitive heating or, in the case of high fluence LII probing, heating to the sublimation
temperature.

The LII signal is measured with a photo-multiplier tube centered on the laser probe sheet and located
at the annular, peak soot region of the Santoro flame. The 10 kHz LII signals over the duration of the
pulse burst and for different probe fluences are shown in Fig. 4(a). Note that these plots do not represent
LII transient signals in time resulting from a single pulse but rather shot-to-shot variations in LII signals
collected from many laser shots during a 10 ms pulse burst. For consistency throughout the analysis,
the LII signal is defined as the peak of the PMT signal recorded after each laser shot, unless otherwise
noted. The general trends reported throughout the manuscript for variation over the bursts do not exhibit
significant differences with signal gate durations varying from the peak signal to >5000 ns. For the lowest
energy of 0.10 J/cm2, there is no evidence of signal degradation over the 10 ms sequence of 100 pulses.
A large degree of variation in the peak LII signal at low fluence is evident, as expected from the greater
sensitivity of the LII signal to the laser fluence (as shown in Fig. 4(b)). As probe pulse fluence is increased,
signal degradation becomes more apparent, but the decrease from the peak LII signal (early in the burst)
is limited to <10% of signal amplitude for fluences up to 0.15 J/cm2. A significant drop in the peak
signal over the burst is evident for a higher pulse energy of 0.29 J/cm2, which is within the typical LII
signal plateau regime as shown in Fig. 4(a). This drop occurs rapidly, within <10 probe pulses, although
the signal reaches a quasi steady-state value that is well below the maximum signal yield after about 20
pulses. These trends indicate that changes in the soot particle characteristics do not affect the LII signal
substantially when the laser fluence is well below the signal plateau regime, even with long term repetitive
pulsing. Since this regime is not typically associated with significant soot particle vaporization, this would
indicate that the physical characteristics and transport properties of primary soot particles may not be
altered significantly or have offsetting effects for low fluence pulse bursts.

Interestingly, all signals reach a steady state with repetitive pulsing, even for laser fluences in the high
fluence regime. This steady state condition may arise from a reduced tendency of the soot particles to
vaporize due to changes in chemical composition and mass loss, or because the rate of mass removal is in
equilibrium with recondensation and replenishment via convection/diffusion after repetitive pulsing. Both
the diffusive and convective timescales are estimated to be significantly longer than the interpulse time but
may have an effect on the long-term signal after repetitive pulsing. For example, the LII probe location is
centered on a LII probe sheet of 7 mm height, H. With the buoyancy-driven convective speed v measured
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by Santoro et al. [50] of ∼1.4 m/s, the associated convective replenishment time to the probe volume is

τconv =
H/2

v
= 2.5 ms, (1)

similar to the time to reach steady state in Fig. 4(a). An upper limit on the relevant timescale for
replenishment of the probe volume through diffusion can be estimated simply based on bi-molecular
diffusion of nitrogen in air as

τd =
δ2

4Dg
≈ 0.5 ms, (2)

where the relevant length scale is the sheet thickness, δ =350 µm, and the diffusion coefficient, Dg, is taken
as that of nitrogen in air at 1800 K. For diffusion of large (10’s of nm) soot particles, this diffusivity will be
orders of magnitude lower. Although typical thermophoretic velocities in regions of steep gradients may
give similar timescales, for the replenishment of the probe volume with unperturbed soot, the azimuthal
(out of plane) replenishment of the LII probe sheet would take place across a minimal temperature gradient.
For moderate gradients of 100 K/mm, the thermophoretic velocities will be on the order of 1 cm/s [50],
making the relevant timescale long as compared to the total laser interrogation time. As a result, estimates
of convective and diffusive timescales imply that there is some influence of soot replenishment on LII signals
during repetitive pulsing, but on a timescale that is longer than the interpulse spacing of 10 to 100 µs
used in this study. As seen in the high fluence data in Fig. 4, a significant depletion occurs at early times
and approaches steady state after a few milliseconds. This time to steady state is consistent with the time
it takes soot to reach the PMT measurement location. After 2.5 ms, all soot reaching the measurement
volume will undergo the same number of multiple probe pulses while being convected from the bottom of
the laser sheet to the measurement location. Nevertheless, we must also consider the possibility that the
approach to steady state may occur because of a balance between various other gain and loss mechanisms,
such as gas expansion, gas heating, and out-of-plane convection/diffusion of fresh soot into the probe
volume from outside the laser sheet, which will be examined further.
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Fig. 4. Color available online. (a) 10 kHz, peak LII signal as a function of time during a 10 ms laser burst with
varying pulse fluence and (b) peak LII signal as a function laser fluence early (<1 ms) and late (>9 ms) in the laser
burst period. Error bars represent the standard deviation in peak signal for each laser fluence. Data were collected
30 mm above a laminar Santoro burner at the location of peak soot volume fraction.

In addition to examining the LII signal during the pulse sequence, it is of interest to evaluate the effects
of laser fluence on the LII signal for pulses that are early in the laser burst period, when little signal
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degradation is evident from the peak value in Fig. 4(a), compared to later in the burst period, when the
signal reaches a lower steady state value. As shown in Fig. 4(b), for both early (<1 ms) and late (>9 ms)
pulses in the burst, there is an initial rise in the LII signal with laser fluence, indicating increased heating
of primary soot particles. The overlap in the LII signal levels at low laser fluences early and late in the
burst also indicates minimal alteration of the soot physical characteristics by repetitive pulsing. At higher
laser fluences, however, the trends in LII signal early and late in the burst begin to deviate, with signals
from the early pulses reaching a plateau regime of LII signal that is about 50% higher than that of the
signals from the later pulses. Note that the onset of the plateau regime occurring at a fluence of ∼0.2
J/cm2 seen for the early pulses in Fig. 4(b) is similar to that found in prior LII studies using traditional 10
Hz measurements with Gaussian laser sheet profiles [17, 26]. The slightly lower onset of the plateau for the
later pulses indicates that the LII signal is more sensitive to changes in particle physical characteristics,
which would be the case, for example, if the soot particle sizes were smaller later in the burst [16].

Another point of interest is in the individual pulse time response of the LII signal after repetitive laser
heating. Two separate examples of the LII time response from different pulses in the burst are shown in
Fig. 5. The upper panel shows the LII response for 5th and 95th pulses in a 100 pulse, 10 kHz burst at
low fluence (0.11 J/cm2). For these low fluence conditions, there is no evidence of a variation in the time
decay of the LII signal when normalizing to the peak signal. A second case is shown in the lower panel
of Fig. 5, where LII time decays are shown for the 5th and 95th pulses, but now at higher fluence (0.29
J/cm2). At these conditions, well into the normal LII plateau regime, there is clear evidence of a faster
time decay late in the burst. This change is indicative of faster particle cooling and is consistent with
significant mass loss from primary particles due to repetitive heating.
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Fig. 5. Color available online. Time resolved LII signals normalized to the peak value. The upper panel shows the
5th and 95th LII signal in a 10 kHz, 100-pulse burst with an average fluence of 0.11 J/cm2. The lower panel shows
the same LII responses for the 5th and 95th pulses in a burst of 0.29 J/cm2 average fluence.

For the case of a laminar flame with relatively slow rates of diffusion and convection as detailed previously,
one would anticipate that the LII signal with repetitive pulsing would be sensitive primarily to interactions
between the pump laser pulse and the soot primary particles. For the same per-pulse probe fluences, bursts
at 10–100 kHz result in an order of magnitude difference in the average heating rate of the interrogated
soot particles. Peak LII signals for repetition rates from 10–100 kHz are shown in Fig. 6(a) for identical
average per-pulse laser energies that are below the threshold of the plateau regime for the case of 10 Hz
probing (see Fig. 1(a)). From this comparison, it is clear that the average rate of energy absorption is
an important parameter in the LII signal yield. This rate of energy absorption is more appropriately
the cumulative effect of multiple LII probe pulses, each heating soot particles and resulting in significant
absorbed energy. For this per-pulse fluence of 0.12 J/cm2, no significant degradation is seen at 10 kHz and
20 kHz, while there is a ∼30% degradation at 50 kHz, and ∼70% at 100 kHz. This fluence is approximately
equal to the threshold for limited vaporization loss determined by Witze et al. for 10 Hz measurements of
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0.1 J/cm2 [23], yet there is significant degradation of signal even at this relatively low fluence for >20 kHz
probing. At high fluences this effect becomes more pronounced, as evident in the bursts shown in Fig. 6(b)
for a repetition rate of 50 kHz. As the repetition rate, or average heating rate over the burst, increases,
the significant drop in LII signal yield occurs over shorter and shorter timescales. It is important to note,
however, that even at high repetition rates, the LII signal seems to come to a steady state after many
pulses. For all the cases shown in Fig. 6(a), the steady state seems to occur at a similar point in time–near
the estimated time of 2.5 ms for soot to convect from the bottom edge of the probe sheet to the PMT
measurement location (when all the soot entering the probe volume will have the same time history). At
a high fluence of 0.26 J/cm2 and repetition rate of 50 kHz, however, the decay in the LII signal shown by
the solid line in Fig. 6(b) should be fast enough to completely deplete the signal prior to 2.5 ms. Note
that the solid lines were obtained by assuming fractional per-pulse depletions of `p =0.0004, 0.006, and
0.012 from low to high fluence, respectively. Even for faster decay rates at 100 kHz (not shown), the signal
reaches a steady state prior to 2.5 ms rather than approaching zero. The discrepancy can be explained
by fresh soot exchange through either diffusion or out-of-plane convection. This suggests that a balance
is achieved between the various loss and gain processes in the probe volume, where laser-induced changes
in soot characteristics are offset by effects such as replenishment of fluid and local gas heating within the
probe volume. If there are other signal gain mechanisms leading to a non-zero steady state at high fluence,
then it is possible that the LII signal losses due to changes in soot physical properties may be higher than
expected and are continuously being offset by other gain mechanisms such as replenishment of soot via
out of plane convection/diffusion of fresh soot.
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Fig. 6. Color available online. (a) Variation of the peak LII signal of individual pulses for burst repetition rates
of 10–100 kHz at a fixed laser fluence of 0.12 J/cm2. Solid lines show various loss rates ` with the gain rates
corresponding to repetition of g =0.05, 0.025, 0.01, and 0.005. (b) High fluence, peak LII signals for repetition
rates of 10–100 kHz showing strong signal decrease over the early part of the burst duration. Solid lines indicate
linear signal decay associated with constant per-pulse loss for one convective timescale and dashed lines indicate
cumulative loss, bounding the possible range of loss rates.

To obtain an upper limit on the possible loss rates, consider instead a fractional loss ` due to repetitive
laser pulsing and a fractional exchange of gas g in the probe volume based upon the convective and diffusive
timescales previously discussed. The gain estimate here assumes fresh (out-of-plane) soot entering the
measurement volume at the estimated convective speed rather than soot that has been probed multiple
times as it travels from the bottom of the laser sheet to the PMT measurement location. Nevertheless,
this simple analysis can put an upper limit on the loss rate by defining an expression for the LII signal
after the nth probe,

Cn = Cn−1(1 − `)(1 − g) + C0g, (3)
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which can be written based on the signal after the n− 1 probe, Cn−1, and a convective/diffusive exchange
of g with the unperturbed concentration C0. With every laser probe, there is some short time to have
some exchange with fresh soot, and the signal of the nth pulse can then be written as

Cn = C0

(
(1 − `)n(1 − g)n +

n∑
p=0

g(1 − `)p(1 − g)p
)
. (4)

Examining this expression, an asymptote can be determined for fractional values of ` and g, given by

C∞ = C0
g

g + `− g`
. (5)

The magnitude of loss and gain from Eq. 5 can be used to estimate the progressive effects of repetitive
laser heating on the LII signal. Four representative curves using Eq. 5 are compared with the experimental
data in Fig. 6(a). To be consistent with the convective/diffusive time scales noted earlier, fractional gains
due to refilling are estimated at g = 0.05, 0.025, 0.010, and 0.005 per pulse for repetition rates of 10,
20, 50 and 100 kHz, respectively. As the nominal per-pulse laser energy is the same in each of the four
repetition rates, the loss rate due to repetitive laser pulsing should also be the same. Indeed, loss rates
of ` = 0.01 per pulse result in a good match to the experimental trends from 10–50 kHz, while a loss
rate of ` = 0.015 is needed to match the experimental data at 100 kHz. The predicted curves using these
simple assumptions track the variation in the LII signal intensity as well as the rate of signal decay over
the duration of the pulse burst for the widely varying repetition rates in Fig. 6(a). Of course, this analysis
does not distinguish between different possible mechanisms that may result in the net loss from repetitive
laser pulsing (e.g., vaporization, local gas heating, recondensation), and the actual loss rate is only an
estimate based on gas exchange timescales. However, based on results from these laminar flame studies
where the gas exchange process is relatively constant, it may be possible to treat the net effect of various
loss mechanisms consistently from shot to shot. Hence, the rate of signal loss as a function of time may
be a predictable function of the laser fluence and repetition rate.

More importantly, these pulse-to-pulse loss rates estimated by ` represent an upper bound assuming
that this loss is being offset by fresh soot being brought into the probe volume from out of the plane of the
laser sheet at the full axial convective velocity. If the actual case is one in which soot is convecting into
the probe volume primarily from axial convection within the plane of the laser sheet, then the actual loss
rate may be closer to `p. For example, in the case of 50 kHz and 0.08 J/cm2, as shown in Fig. 6(b), the
pulse-to-pulse fractional signal loss is bounded at the low end by `p ≈ 0.0004 and at the high end by ` =
0.002 using Eq. 4. Hence, by reducing the laser fluence, a regime with a relatively low net loss rate (<1%)
can be achieved on a pulse-to-pulse basis, which is consistent with the results of Fig. 5(a). In turbulent
flames where gas exchange processes dominate, it should be possible to ignore such a per-pulse loss rate as
it is unlikely that the same soot particle will remain in the 350 µm wide probe volume for many consecutive
pulses. It should be feasible, therefore, to relate the LII signal to the locally varying soot volume fraction
and ignore the effects of repetitive laser heating at low fluence. Even at high fluence in Fig. 6(b), the lower
and upper bounds on the pulse-to-pulse fractional signal loss are `p = 0.012 and ` = 0.03, respectively,
which may not significantly impact the soot volume fraction measurements if turbulent time scales that
are no more than a factor of two or three longer than the pulse-to-pulse temporal separation. Of course,
the precise gain and loss mechanisms for the LII signal are not known and are of interest in future work,
as there may be multiple offsetting effects from the laser-soot particle interaction, including changes in
soot physical characteristics, local gas heating, and changes in transport processes.

With clear evidence of fluence dependent signal degradation over the burst duration even with laser
fluences that are low relative to 10 Hz LII experiments (0.1 J/cm2), a more detailed investigation of the
LII signal versus laser fluence was undertaken at various fixed repetition rates. A subset of this data is
presented in the plots of peak LII signal versus per pulse laser fluence in Fig. 7. For repetition rates from
10–100 kHz, there are narrow ranges in which the signal dependence is nearly linear with laser fluence, as
shown in Fig. 7(a). As the repetition rate is increased (i.e., at higher average irradiance), the peak LII
signal shifts to lower fluence. The data in Fig. 7(a) correspond to the regime before the LII signal versus
laser fluence reaches a plateau, so it is interesting to note the average irradiance for each repetition rate
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and per-pulse fluence, F . For these cases, the average irradiance,

Iavg =
F ×Np

τburst
, (6)

ranges from 1400 to 7000 W/cm2, where Np is the number of pulses and τburst is the length of the burst. At
higher per-pulse fluences, large differences in signal yield with fluence are shown in plotting per pulse LII
signal versus laser fluence in Fig. 7(b). Here the maximum average irradiance varied from 6000 to 45000
W/cm2. As the repetition rate increases (higher average irradiance), the cumulative effect of multiple LII
probing results in a shift in the peak of the LII signal yield to lower fluence and a decrease in the maximum
and high fluence LII intensities. A rescaling of the both the low and high fluence data shown in Figs. 7(a)
and 7(b) using the average irradiance does not contribute to a meaningful interpretation of this data, as
the effects are those of cumulative energy absorption.
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Fig. 7. Color available online. Fluence dependence of peak LII signal registered with a PMT for multiple burst
repetition rates in (a) a low fluence regime, and (b) a high fluence regime. Error bars indicate variance in shot-to-
shot signal. Peak LII signals and laser fluences are included over the duration of the 10 ms bursts.

As noted earlier in Fig. 7(a), there are regions of nearly linear dependence with fluence at <0.1 J/cm2.
For repetition rates of 10, 20, 50, and 100 kHz and for fluences of <0.1 J/cm2, a linear fit, Snorm(F ) =
mF+b, is identified and a linear least squares fit slope m and intercept b are determined for each repetition
rate. This fluence-dependent function can be used to normalize the data in the low fluence regime. The
peak LII signals of Fig. 8(a) are normalized based on these calibrated fits, and the normalized signals are
shown in Fig. 8(b) for repetition rates of 10–100 kHz. These normalized curves show little variation over
the burst duration, while the scatter is due to the strong sensitivity of the peak LII signal to laser fluence.
This study indicates that a quasi-linear signal dependence is evident for repetition rates up to 100 kHz,
and a calibrated normalization is possible.

The constant signal yield over the burst in Fig. 8 also indicates that the net loss in LII signal due
to repetitive probe effects can be minimized even at high repetition rates by reducing the laser fluence.
Compared with the data in Fig. 6(a), in which LII signals were generated with a constant fluence of 0.12
J/cm2 for all repetition rates, the data in Fig. 8 were acquired using lower fluences of 0.10 J/cm2 at 10
kHz and 20 kHz, 0.08 J/cm2 at 50 kHz, and 0.04 J/cm2 at 100 kHz. At the lower fluences, the data for
repetition rates from 10–100 kHz showed no appreciable deviation from the steady state behavior. This
is in agreement with the data of Fig. 5(a), which show that the soot particle cooling rate associated with
particle mass and/or size does not change appreciably from early to late in the burst for the case of low
fluence. Of course, there are other mechanisms that may also be important in contributing to the net loss
in LII signal during repetitive pulsing, such as soot recondensation or local gas heating [33, 34]. The data
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in Fig. 8 imply that either (1) the effects of these mechanisms are minimized at low fluence or (2) multiple
mechanisms are very precisely offsetting each other to give an overall negligible effect during repetitive
pulsing over a wide range of conditions. In either scenario, it is reasonable to conclude that the low fluence
condition minimizes the impact of repetitive pulsing, allowing the LII signal to be related to local soot
volume fraction during the pulse burst. This gives practical guidance for the laser fluences that can be
used for soot volume fraction measurements over a wide range of flow rates, even under conditions when
soot in in the probe volume may be probed multiple times.

While these results are encouraging for burst-mode LII measurements in laminar and turbulent flames,
it is also of fundamental interest to take into account the current data and consider whether it is possible
to discern the contribution of different mechanisms to the net zero change in LII signal during a pulse burst
at low fluence. In this regard, the macroscale trends in the current data do not provide strong evidence
that multiple laser-soot interaction mechanisms (vaporization, gas heating, recondensation) are offsetting
each other and leading to a zero net change in LII signal. First, there is no evidence of soot particle
mass loss or size changes in the low fluence regime, as shown in Fig. 5(a). Second, the LII signal during
repetitive pulsing is quite sensitive to the pulse-to-pulse loss rate, so multiple mechanisms that affect the
LII signal would have to perfectly offset each other to within 1% to avoid significant changes in the time
history of the LII signal. Moreover, if these mechanisms are offsetting each other to less than 1%, this
is taking place even while changing the fluence at a constant repetition rate and vice versa. Considering
the evidence, it seems more likely that a low fluence regime exists in which all of the possible mechanisms
leading to LII signal losses are negligible relative to the rate of convective/diffusive soot replenishment.
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Fig. 8. Color available online. Low fluence peak LII response for repetition rates of 10 kHz, 20 kHz, 50 kHz, and 100
kHz with (a) raw peak signal and (b) normalization using a linear fit to the repetition rate dependent low fluence
responses shown in Fig. 7(a).

For relevant high-speed soot-layer imaging, there are two potential goals which may be achieved indepen-
dently. First, there is an interest in making absolute soot volume fraction measurements. Even a relative
measurement of soot volume fraction requires a clear dependence of signal on the probe fluence. Based on
the effects observed at high repetition rate, the LII plateau regime is not an option and fluences must be
limited to a fairly narrow range where predictable, monotonic signal dependence is evident. Second, there
is interest in the tracking of soot structures. In this case, a quantitative soot volume fraction measurement
is not essential so long as structures can be tracked with high fidelity. In order to assess the ability to
track features, high repetition rate LII imaging was performed in a laminar ethylene non-premixed flame
on a Santoro burner. The first criterion for soot structure tracking is a sufficient signal to noise ratio
(SNR) in order to differentiate between regions of low and high soot volume fraction. Here, the SNR is
defined as the ratio of the mean signal near the maximum soot volume fraction to the standard deviation
of the LII background image, where both are taken across a 10 pixel by 10 pixel area. For the low fluence
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cases in the laminar Santoro flame presented in Fig. 8(a), the typical signal to noise ratios range from
140 (at 10 kHz, 0.12 J/cm2) to 30 (at 100 kHz, 0.045 J/cm2). To assess the influence of multiple probe
pulses on the measured soot layer thickness in this laminar flame, the width of the soot layer was tracked
as a function of the time and the probe pulse number for repetition rates from 10 to 100 kHz. The full
width half-maximum (FWHM) of the soot layer in this laminar flame is shown in Fig. 9(a) for multiple
repetition rates at low fluences (< 0.1 J/cm2). The FWHM was determined from a 40 pixel vertical bin
of the LII images centered at a height of 30 mm above the tube exit. For fluences below the onset of the
plateau observed in the LII fluence dependence, there are no significant effects during the burst duration.
For high LII fluences, effects can be seen in the laminar flame for higher repetition rates of 50 and 100 kHz,
as shown in Fig. 9(b). Although it will not be addressed in detail here, some of this effect arises from the
change of the structure of the flame with repeated probing and is likely due to repeated energy absorbed
in the LII probing as well as resultant gas heating and thermal expansion. Nevertheless, at rates less than
50 kHz, it is clear that tracking soot features is feasible with small influence of the repeated probing in
laminar flames.
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Fig. 9. Color available online. Variation in measured soot layer FWHM from high-speed LII imaging at 50 kHz
during a 10 ms burst for (a) the low fluence and (b) high fluence regimes.

3.B. Burst-mode LII in turbulent flames

To assure the reliability and consistency of multi-kHz soot imaging, the turbulent burner described previ-
ously was used to evaluate both point and planar LII signals as a function of laser fluence and repetition
rate. As determined by the laminar flame studies above, there is a clear difference in the LII signals in
time between a low and high fluence regime. In the case of turbulent flames, the majority of the measure-
ments detailed here are taken at a downstream distance of z/D = 75, near the peak of maximum soot
volume fraction [49]. The time-averaged LII signal over 100 bursts for each of the 100 pulses in a 10 kHz
train is shown in Fig. 10(a) versus the laser fluence. As expected from the laminar flame results at low
fluence, a predictable, monotonic relationship between LII signal and laser fluence is evident in this low
fluence regime. The pulse-fluence normalized and time-integrated LII signals over the burst are shown
for Reynolds numbers of ReD = 10,000 and 20,000 for both a low fluence and high fluence regime in Fig.
10(b). Here a pulse-fluence normalization was applied simply to show the rapid drop off in signal in the
high fluence cases. For both low fluence cases, the normalized LII signal remains relatively constant over
the pulse number. For both high fluence cases, there is a rapid decline in signal within the first ∼5 pulses.

Two sample image sequences are shown at 10 kHz and 50 kHz repetition rate in Figs. 11 and 12,
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Fig. 10. Color available online. (a) Time-averaged LII signal dependence on averaged laser fluence for 10 kHz bursts
averaged over 100 bursts in the ReD = 20,000 turbulent jet flame at z/D = 75. (b) Variation of LII signal with the
laser fluence over a 100-burst average in the Sandia ReD = 10,000 piloted ethylene flame at z/D = 75. Curves with
markers show the low fluence regime (0.1 J/cm2) and lines indicate the high fluence regime (0.3 J/cm2).
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Fig. 11. Color available online. Sample LII image series at a 10 kHz repetition rate in the low fluence regime
previously identified (0.11 J/cm2). Images are taken centered at an axial location of z/D of 75 and centered over
the jet in a ReD = 20,000 non-premixed, piloted ethylene flame.

respectively. These series are centered at z/D of 75 in the shear layer of the turbulent non-premixed jet
flame with a jet exit Reynolds number of ReD = 20,000. The 10 kHz series in Fig. 11 is taken in the low
fluence regime (0.11 J/cm2), with every frame shown. The 50 kHz series in Fig. 12 is taken in the high
fluence regime (0.29 J/cm2), with every 5th image shown for comparison to the 10 kHz series. Images
show a dark subtracted and peak-signal normalized map. In both the low and high fluence regimes, fine
structures are evident and good frame-to-frame correlation seems to be evident in both sets. For these
image series, in regions of maximum LII signal, typical signal-to-noise ratio ranges from 80 for the 10 kHz,
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Fig. 12. Color available online. Sample LII image series at a 50 kHz repetition rate in the high fluence regime
previously identified (0.29 J/cm2) with every 5th image shown. Images are taken centered at an axial location of
z/D of 75 and centered over the jet in a ReD = 20,000 non-premixed, piloted ethylene flame.

low fluence case to 120 for the 50 kHz, high fluence case.

As discussed earlier, the study of turbulent sooting flames often requires only a qualitative imaging
of soot structures. For example, the production of soot structures in the midst of a turbulent three-
dimensional flow field and a reaction front requires the ability to track a particular soot structure with
good fidelity. This does not necessitate a direct knowledge of the absolute or relative soot volume fraction
so long as structures can be tracked. Although the image series of Figs. 11–12 show good correspondence
of structures between individual frames, a detailed knowledge of the correlation between structures in a
time-resolved set of images is useful in detailing the ability to track particular soot structures. With this
in mind, the autocorrelations between multiple images of several 50 kHz image series were examined. The
goal of the autocorrelation calculation is to elucidate differences between a low fluence and high fluence
regime and verify similar autocorrelation behaviors in time.

The autocorrelation Ri is defined by a 10 by 10 pixel binning around a single point,

Ri(τ) =

∫ N

N
Si(t)Si(t+ τ), (7)

with the signal at a location i and time t defined as Si(t). The autocorrelation was calculated at two
different points indicated in Fig. 13 for two 50 kHz image series to look for any differences with increased
fluences. If significant signal degradation leading to a decrease in LII structure size were taking place, this
should manifest in a shorter time to de-correlation. The autocorrelations were calculated at two points (A
and B), indicated in Fig. 13(a) for fluences of 0.09 J/cm2 and 0.15 J/cm2 for 10 laser bursts. The average
convective time through the LII probe volume at the sample location is ∼1 ms, so the autocorrelation
is performed over ∼100 soot structures. The result of this autocorrelation is shown in Fig. 13(b). For
these two points and two fluences, there is little change in the autocorrelation structure. Over 10–15
time intervals between pulses (200–300 µs) the autocorrelations show negligible difference. At longer time,
there are small differences in the two autocorrelations at the high fluence condition. From the image series
presented and this calculated autocorrelation for these two fluences, there is good evidence that structures
can be tracked with good fidelity, even at high laser fluences.

16



Radial distance from centerline, r/D

Ax
ia

l d
is

ta
nc

e,
 z

/D

−5−4−3−2−1012345

77

76

75

74

73

−0.5 −0.4 −0.3 −0.2 −0.1 0 0.1 0.2 0.3 0.4 0.5
0.5

0.6

0.7

0.8

0.9

1

Time, ms

Au
to

co
rre

la
tio

n

 

 

A, 0.09 J/cm2

B, 0.09 J/cm2

A, 0.15 J/cm2

B, 0.15 J/cm2

(a) 

(b) 

A 

B 

Fig. 13. Color available online. (a) Two points, A and B for which autocorrelations are calculated over 10 laser
bursts. (b) Autocorrelation for fluences of 0.09 J/cm2 and 0.15 J/cm2.

4. Conclusions and guidelines for high-speed LII imaging

Laser-induced incandescence (LII) signals during repetitive laser probing in non-premixed sooting flames
were evaluated under laminar and turbulent conditions for the fundamental 1064 nm output of an Nd:YAG
burst-mode laser. Laminar flames were used to investigate the effects of laser fluence and repetitive pulsing
on the LII signal over sequences of up to 1000 pulses. Turbulent flames were used to evaluate the laser
fluence that would be sufficient for achieving the signal-to-noise ratio and spatial resolution needed to
image fine soot structures at rates up to 100 kHz.

Laminar flame studies of burst-mode LII signals showed the existence of a low fluence regime in which
the LII signal remained constant in time during the burst sequence. The departure from the low fluence
regime depends on the cumulative effects of multiple laser probe pulses, not just the peak fluence during
an individual pulse. Laser fluences of about 0.10 J/cm2 ensured constant LII signals for repetition rates
of 10–20 kHz, while laser fluences of 0.08 J/cm2 and 0.04 J/cm2 enabled constant LII signals at 50 and
100 kHz, respectively. The latter two fluences are below the 0.1 J/cm2 cutoff that has been reported as
the vaporization onset limit in prior 10 Hz LII studies [23], indicating that even small amounts of mass
loss can affect the long-term signal under repetitive pulsing, especially at high repetition rates. Simple
models of cumulative LII signal losses versus soot replenishment through convection/diffusion confirmed
that constant LII signals could be attained with low fluence in laminar flame studies with estimated net
loss rates of <1% per pulse. At higher fluence, significant LII signal degradation occurred in laminar
flames, implying substantial changes in soot characteristics were occurring. Nonetheless, the low fluence
regime produced sufficient LII signals to allow relative measurements of soot volume fraction at rates up
to 50 kHz.

The low LII signal losses for the low fluence regime in laminar flames imply that it should also be
possible to relate the LII signal to the local soot volume fraction in turbulent flames because of the much
shorter convective/diffusive time scales. The low fluence regime allowed sufficient signal-to-noise ratio
and spatial resolution for imaging fine soot structures at rates up to 50 kHz. At higher repetition rates,
the laser energy necessary to produce sufficient LII signals was beyond the low fluence regime identified
in the laminar flame studies. Nonetheless, for many applications, the identification of particular soot
structures may be of interest in examining interactions between local chemistry and the three-dimensional
velocity field during soot precursor formation and intermittent, localized soot formation/oxidation. It was
shown that even for fluences found to be strongly altering and potentially intrusive at repetition rates up
to 100 kHz, it is possible to track soot structures of interest with good fidelity. Soot layers in laminar
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flames maintained approximately constant thickness even with high repetition rates. In turbulent flames,
an examination of the cross-correlation between images showed little difference between low and high
fluences, indicating that structure tracking is feasible.

In summary, we demonstrated a large increase in the repetition rate for planar soot LII imaging up
to 100 kHz. This increase in repetition rate allows probing of fluid-flame interactions at much greater
turbulent Reynolds numbers than previous studies. In demonstrating this capability, the intrusive nature
of multiple probing was investigated, with the identification of a simple model to estimate bounds for the
LII signal loss at low fluence and high fluence regimes. This measurement capability and the identification
of these regimes provide a guide for future soot imaging studies and indicates the potential for quantitative,
time-resolved studies of soot formation and oxidation during fluid-flame interactions.
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