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Abstract

Experimental LIl measurements were performed in a laminar gas-jet flame to test the sensitivity of different LIl signal
collection strategies to particle size. To preventintroducing a particle size dependent bias in the LIl signal, signal integration
beginning with the excitation laser pulse is necessary. Signalintegration times extending to 25 or 100 nsec after the laser pulse
do not produce significant differences in radial profiles of the LIl signal due to particle size effects with longer signal
integration times revealing a decreased sensitivity to smaller primary particles. Long wavelength detection reduces the
sensitivity of the LIl signal to primary particle size. Excitation of LIl using 1064 nm light is recommended to avoid creating
photochemical interferences thus allowing LIl signal collection to occur during the excitation pulse without spectral
interferences.

Introduction Effect of Particle Size

Laser-induced incandescence (LII) has recently Theoretical Prediction(s)
emerged as a versatile laser-based technique for measuring Currenttheoretical models of LII, while differing in the
soot volume fraction in a wide variety of systems. Applica- predicted heating and cooling rates of different size soot
tions of LI have included diesel engines for both qualitative particles, agree in predicting different final temperatures
[1] and quantitative [2] measurements, laminar [3-6] and [12,14]. Thisis physically realizable. Near the vaporization
turbulent gas-jet flames [7], and droplet combustion [8]. temperature of carbon, roughly 4000 K, surface vaporiza-
Other work has explicity tested the dependence of the signalion of material is predicted to be the dominant energy loss
upon soot volume fraction and found excellent linearity mechanism during the laser heating process. Since the
[3,4]. energy addition rate scales volumetrically for particles in

While the experimental conditions and other experi- the Rayleigh size regime, the ratio of the energy loss rate to
mental details have been reported from these applicationsgnergy addition rate will scale as 1/r, where r is the particle
limited characterization of the technique has been per-adius.
formed [4,5,9,10]. Given the lack of experimental Theoretical models of the LIl signal also predict a
guide-lines, heavy reliance upon theoretical modelling of particle size dependent cooling rate [12,14] with large
the LIl process is used to guide and/or interpret experimenjarticles cooling more slowly than small particles ata given
tal results. A key issue raised by theoretical models of LIltemperature thus further biasing the LIl signal towards
is the effect of particle size upon the LIl signal [11,12, larger particles. This is also physically realistic since the
13,14]. Theoretical models predict that the spectral andcooling processes of vaporization and convection depend
temporal character of the LIl signal is dependent uponnot upon the particle volume but rather upon the particle
particle size. Such a dependence could affect the soosurface area even though the particle volume determines its
volume fraction measured by LIl and thus would present aheat content. Thus the ratio of energy loss rate to stored
limitation to the technique. Alternatively, the dependence energy similary scales as 1/r.
of the LIl signal upon particle size could perhaps be usedto  Ifsmaller particles reach lower final temperatures after
ascertain the particle size through either the spectral othe excitation laser pulse, they will contribute fractionally
temporal variation of the LIl signal. Such a possibility offers less to the LIl signal with decreasing detected wavelength.
an attractive alternative to traditional scattering/extinction With longer detection times after the laser pulse, this effect
methods. In this paper, experimental results are presentewill become more pronounced due to the different cooling
assessing the particle size dependence of the LIl signal wittiates of different size particles. The magnitude of particle
a view towards minimizing this effect. size bias affecting the LIl signal through the heating/cooling
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processes and detection wavelength is dependent upon whaiith the laser beam formed into a sheet. By measuring the
range of soot particle sizes is relevant to LIl. For example,rate of convergence and divergence of the laser sheet, the
arecenttreatment shows temperature variations of >1000 Koresumed focal position was placed at the center of the

for particle sizes ranging from 10 -1000 nm [14]. burner.
Spectral and temporal scans of the laser-induced incan-
Implications for Signal Collection descence signal used a 1/4 meter scanning mono-chromator

Since practical signal collection strategies involve in- fitted with a photomultiplier tube (PMT) as detector. A
tegrating the LIl signal both during and for some time after 1-meter fused silica fiber optic cable directed either the LI
the laser pulse, the details of the heating process are lesw LIF signal to the monochromator with a 250 mm focal
important than the final particle temperature after the laserdength spherical lens focusing the spatially integrated LI
pulse affecting both the incandescent spectral distributionsignal into the fiber-optic cable. A computer controlled
and decay rate. boxcar integrator system was used for signal processing and

Previous experimental measurements have also showndata collection. A gated intensified camera fitted with an
that morphological changes occur within the primary par- ultraviolet f4.5/105mm (adjustable) focal length camera
ticles upon laser-heating [9]. These structural changes aréens and extension tube captured the LIl images. Interfer-
entirely unaccounted for in present theoretical models ofence filters centered at 400, 500 and 600 nm each with a
LIl. Preliminary results have indicated that the size of the nominal bandpass of 70 nm defined the spectral collection
primary particles remained generally unaltered and thusinterval for LIl measurements. Practical limits of obtaining
concerns of size dependent effects remain valid. Givenlarge bandwith interference filters in the ultraviolet and
these recent experimental observations of physical changeadequate detection sensitivity of our camera at long wave-
in the laser-heated soot [9], detailed calculations usinglengths confined our measurements to this wavelength
existing models of LIl to estimate the fractional contribu- range. Spatially resolved and spatially integrated measure-
tions to the LIl signal from different size soot particles at ments were performed over a 19 mm vertical slice of the

different times would be physically unrepresentative. flame determined by the laser sheet height. To best compare
LIl intensities using different signal detection conditions,
Specific Objectives radial LIl intensity profiles were obtained by averaging 20

Here experiments were performed to identify the signal pixel rows together yielding a spatial resolution of approxi-
collection conditions under which either primary particle mately 0.5 mm using a custom program. A frame-grabber
size or soot aggregate morphology minimally affect LIIl. with 16 MByte of on-board memory digitized the images
These results are expected to be of general use since tHer transfer to the host computer. Data reduction used
range of primary particle size and aggregate morphologycommercially available software. Delay generators con-
within a diffusion flame is likely to be representative of trolled the relative timing of the camera video signal, the
many other combustion processes, particularly those posfiring of the laser, the camera detection gate and the boxcar
sessing uncharacterized soot primary particle sizes and/odata collection system for the measurements using the
aggregate morphology. monochromator.

To discern under what combination of spectral and The burner, consisting of a central fuel nozzle sur-
temporal collection conditions the LIl sighal was self- rounded by an air coflow, has been described previously
consistent, radial LIl intensity profiles from an ethylene/ air [15]. Mass flow controllers provided an ethylene flow rate
diffusion flame are detected at different time delays relativeof 3.85 cn$/sec with a surrounding air coflow of
to the excitation laser pulse and at different detection7.85 cn¥/sec.
wavelengths. They are then normalized with respect to the

peak intensity within the annular region. Signal Detection Strategies
For the spatially resolved measurements, six cases as
Experimental shown in Fig. 1 were considered here for assessing the effect

A pulsed Nd:YAG laser provided light at 1064 nm for of the signal collection time upon the accuracy of the LII
the LIl measurements. An 8x Galilean telescope of spheri-signal. While the Cases considered here are investigated
cal UV fused silica lenses followed by a pair of cylindrical using one-dimensional imaging, similar conditions and
lenses formed the laser beam into a sheet. Custom cylindrieonclusions are expected to apply to both planar and ‘point’
cal lenses which were spherical instead of rectangular wereneasurements.
used to prevent undesirable beam clipping and resulting
diffraction effects in the laser sheet. Expansion of the laseResults
beam to a dimension far greater than necessary allowe&patially Integrated Measurements
selection of the most uniform central ‘slice’ of the beam for Figure 2 shows spectrally resolved LIl emission scans
these measurements. Typical intensities for the 1064, 532btained at an axial height of 38 mm above the burner using
and 266 nm light in the sheet were estimated to be 74 x10 excitation wavelengths of 266, 532 and 1064 nm light. The
1 x 10 and 1x16 W/cn®, calculated using a 10 nsec laser spectra are uncorrected for instrumental response. The
pulse width and sheet thickness of 750 microns for eactslight dips near 400 nm (observable in the scan using
wavelength. In addition to two-dimensional images, spec-1064 nm excitation light) are characteristic of the response
tral and temporal scans of the LIl signal were also performedunction of the (PMT). To maximize sensitivity for
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Figure 1.—In case 1 the LIl signal is integrated
over the laser pulse using a 25 nsec gate
duration to maximize the signal-to-noise. In
Case 2, the LIl signal is integrated over the
laser pulse using a gate duration of 100 nsec
to provide higher signal. In Case 3, the LII
signal is integrated over the laser pulse for
100 nsec but starting 100 nsec after the laser
pulse to avoid detection of photochemical
interferences. In Case 4 as in Case 3, signal
detection starts 100 nsec after the laser pulse
but thereafter the entire detectable LIl signal is
integrated to achieve higher signal levels. In
Case 5 the entire LIl signal is integrated in-
cluding during the laser pulse to achieve the
highest signal level. In case 6 the LIl signal is
integrated for 100 nsec as in Cases 2 and 3 but
with signal collection delayed from the
excitation laser pulse by only 50 nsec to
achieve higher signal than Case 3 yet still
avoid detection of photochemical
interferences.
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Figure 2.—Spectrally resolved emission scans
of the LIl signal spatially integrated using
excitation wavelengths of 266, 532 and
1064 nm at an axial height of 38 mm HAB.
For each scan the detection bandwidth was
approximately 1.2 nm. Scattered light peaks
at 266 and 532 nm were eliminated by
blocking the detector as seen in the emission
scans.

found that with 1064 nm excitation, LIl signal collection
coincident with the laser pulse is a viable detection strategy
since photochemical interferences are absent [4].

Spatially Resolved Measurements

As is evident from Figs. 3(a) to 3(c), both Cases 1 and 2
are identical within experimental error despite the far longer
(4x) signal collection time of Case 2. However, delaying the
signal collection time to occur after the laser pulse, as in Case
3, resultsin a significant difference in the observed radial soot
volume fraction profiles. As the detected wavelength in-
creases from 400 to 600 nm, the difference in the radial profiles
between Cases 1 or 2 and Case 3 decreases. Still, the
difference between Cases 1 (and 2) and 3 persists.

Figures 4(a) to 4(c) compare Cases 4 and 5 to the
‘reference’ Case 1. Clearly long signal collection times lead
to rather different LIl radial profiles presumably due to
cooling effects dependent upon the particle size. Although
integration over the initial portion of the signal decreases
this dependence as illustrated by the smaller differences
between Cases5 & 1 versus Cases 4 & 1 as shown in
Figs. 4(a) to 4(c), it does not entirely eliminate it. Interest-
ingly, the difference between Cases 4 or 5 decreases with

photochemical interferences, the spectra were obtainedncreasing detected wavelength.

using a 10 nsec detection gate centered over the peak of the = Since photofragment fluorescence lifetimes are gener-
LIl signal. The broad and featureless emission spectrumally less than 10 nsec in atmospheric pressure flames, a less
using 1064 or 532 nm light is indicative of the absence of conservative laser pulse/detection gate delay of 50 nsec may
photochemical interferences and stands in stark contrast the entirely adequate to reject photofragment fluorscence
the photochemical interferences produced by excitation afrom the LIl signal. This possibility is considered as Case 6.
266 nm. Similar spectral interferences have been observed comparison of the Cases 2, 3 and 6 is made in Fig. 5.
previously at these excitation wavelengths in premixed Case 2 was chosen for comparison such that all Cases
flames[16,17]. Prior workin premixed flames has similarly considered in Fig. 5 utilized the same detection gate duration
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Figure 3.—Radial profiles of normalized LI intensity at 38 mm HAB with center detec-
intensity at 38 mm HAB with center ted wavelengths at 400, 500 and 600 nm.
detected wavelengths at 400, 500 and Cases 1, 4 and 5 are compared.

600 nm. Cases 1-3 are compared.

of 100 nsec. As seenin Fig. 5, the shorter delay between thepon particle size, a detection gate delayed from the laser
excitation laser pulse and signal collection results in a closepulse such as in Case 3 clearly does not adequately reflect
correspondence between Cases 2 and 6 compared to Caseg2andescence from primary particles of varying sizes.

and 3. With smaller primary particles occurring along the centerline,
lower signals compared to the annular region would be
Discussion expected with detection times occuring after the excitation

Given the different final particle temperatures and laser pulse. This is shown in the intensity differences
cooling rates after the laser pulse which are both dependerietween Cases 1 & 2 and Case 3 in Figs. 3(a) to Bltis



1.2 r been widely recognized to cause severe photochemical
: —Case 2 interferences in both diffusion and premixed flames [16,17].
1.0] — ~ -Case 3 ; C Among commonly available high pulsed power wavelengths,
1064 nm lightis perhaps least likely to result in photchemical
38 mm HAB _ interferences. No gas-phase molecular transitions have been

400 nm [ reported at this wavelength. To initiate molecular fragmen-
tation at least a 3-photon absorption via this process is
required. Such a nonresonant multiphoton transition pos-
sesses a very small transition probability [18]. Even if
multiphoton absorption did occur, infrared multiphoton
absorption generally results in photodissociation from the
ground molecular state, a process which does not produce
excited state photofragments [19].

Intensity (arb. units)

Figure 5.— Radial profiles of normalized LII Detection Wavelength
intensity detected at 400 nm, 38 mm HAB. Visible and ultraviolet wavelengths have been shown
Cases 2, 3 and 6 are compared. to result in Swan band emisison of ffagments in both
sooting diffusion and premixed flames [16,17]. Both
prompt detection coincident with the laser pulse is the mosiphotofragmentation of large molecules and/or vaporization
important factor in minimizing a patrticle size dependent of soot are likely sources of the photofragments. Interest-
bias in the LIl signal. For reasonable detection periods ofingly, no emission of €species or higher mass carbon
25-100 nsec starting at the beginning of the excitation laseclusters has been identified in these studigser@ission
pulse (Cases 1 and 2 respectively) differences in the coolingpeaks of thév = +1, 0 and -1 occur at 473,516 and 573 nm
rates of different size particles apparently is sufficiently [20]. Since both theoretical considerations and our experi-
small that negligible differences are produced in the LIl mental results suggest that long wavelength detection is
signal as also seen in Figs. 3(a) to 3(c). preferable, detection of LIl at wavelengths greater than or
Larger particles, heated to higher final temperaturesequal to 600 nm is recommended. Significantly, most pho-
and cooling at slower rates compared to smaller particles atodetectors have sufficiently high sensitivity within this
the same temperature contribute more to the LIl signal withwavelength region to make this a reasonable alternative to
increasing times after the laser pulse. To achieve maximunudetection in the near ultraviolet.
signal intensity, long signal integration times may be used.
Yet, even with detection integrating over the excitation Conclusions
laser pulse, (Cases 1 and 5) differences in the LIl signal due  Both the qualitative physical structure of soot aggre-
to different size particles persists. This is clearly shown ingates and rigorous theoretical models of the absorption of
the differences between Cases 1 and 4 & 5 in Figs. 4(a) teoot aggregates indicate that the particle size relevantto LIl
4(c). However integration of the LIl signal during the should be considered that of the primary particle. To
excitation laser pulse does help as shown by the smalleprevent introducing a particle size dependent bias in the LII
intensity differences between Cases 1 and 5 compared witlsignal, signal integration beginning with the excitation laser
Cases 1 and 4 in Figs. 4(a) to 4(c). pulse is necessary. Signal integration times extending to 25
As discussed earlier, the LIl signal will become in- or 100 nsec after the laser pulse do not produce significant
creasingly biased towards the larger primary particles ordifferences in radial profiles of the LIl signal due to particle
aggregates in which they are contained with increasing timesize effects. Longer signal integration times extending
after the excitation laser pulse. Hence shorter time delaysundreds of nanoseconds or signal integration times de-
between the excitation laser pulse and signal collectionlayed from the excitation laser pulse reveal a decreased
should lessen sensitivity of the collected LIl signal to sensitivity to smaller primary particles. While long wave-
particle size effects. This is observed in Fig. 5 where alength detection reduces the sensitivity of the LIl signal to
shorter delay between the excitation laser pulse and signgbrimary particle size, only prompt detection of the LI
collection results in a closer correspondence between theignal, beginning with the excitation laser pulse, can effec-
observed radial profiles, i.e., a closer correspondence igively minimize a primary particle size bias in the LIl signal
seen between Cases 2 and 6 than between Cases 2 and 3. eér the range of primary particle sizes encountered in a

a difference still persists between case 2 and 6. ordinary gas-jet diffusion flame. Excitation of LIl using
1064 nm light is recommended to avoid creating photo-
Excitation Wavelength chemical interferences thus allowing LIl signal collection

As the most consistent LIl signals are obtained using ato occur during the excitation pulse without spectral inter-
prompt detection gate that integrates over the laser pulséerences. In addition to minimizing sensitivity to primary
and for a short time period thereafter, a premium is placedarticle size, long wavelength detection further safeguards
on either minimization or preferably elimination of laser- against photochemical interferences contributing to the
induced photochemical interferences. Ultraviolet light has detected LIl signal.
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