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Abstract Combustion diagnostics is of particular importance in combustion science
for raising the combustion efficiency with low-pollution products as well as for
monitoring the nanoparticle growth by combustion synthesis. In this chapter, we
discuss the feasibility in the detection and diagnosis of combustion intermediates
using femtosecond filament-induced nonlinear spectroscopy (FINS) by referring to
our recent studies and determine the critical power for self-focusing of a Ti: Sapphire
800-nm, 35-fs laser pulse in alcohol burner flames in ambient air. We find that the
laser filamentation in the flame produces a clamped intensity in the range of 2 x
1033 x 10" W/cm? and the flame filament can induce optical emissions from
multiple combustion intermediates such as free radicals CH, CN, NH, OH, and C,,
as well as atomic C and H. We find that the emission intensities vary sensitively
dependent on the fuel species as well as on the positions of the filament within the
flame and that the filament can induce nonlinear frequency conversion via harmonic
generation, which can be efficiently scattered by soot nanoparticles formed inside
the flames. Our results show that FINS has a high potential applicability in remote
and in situ sensing of spatial distributions of combustion intermediates in flames.
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10.1 Introduction

Combustion processes through which we release chemical energy stored in the burn-
ing fuels generate heat and power that could greatly benefit people to live on our
planet. On the other hand, the combustion can also result in a huge number of pol-
lutants such as soot, SO,, and NO,, giving rise to serious environmental problems.
Therefore, combustion diagnostics that can help understand combustion processes
and enhance combustion efficiencies with low-pollution products is of special impor-
tance in combustion science. So far, a variety of measurement techniques have been
developed for probing the combustion intermediates and products in various combus-
tion environments [ 1-5]. Among these methods, laser spectroscopic techniques, such
as planar laser induced fluorescence (PLIF), infrared spectroscopy and polarization
spectroscopy have been extensively employed for measuring combustion tempera-
ture, sensing combustion intermediates, and mapping fuel distributions because of
their non-invasive, real-time and high-sensitivity characteristics. For example, the
PLIF technique can be applied to obtain directly the two-dimensional distribution
of the combustion intermediates of OH, CN, CH and CH,O in a combustion flame
with high detection sensitivity [6]. Nevertheless, there are also some technical lim-
itations on these methods. For instance, because PLIF is a resonant technique, it
requires a specific laser wavelength to be in resonance with the species to be probed.
Since the excitation wavelengths of different species vary in a wide spectral range,
which could not be achieved with only one laser source, PLIF can be applied in most
cases for the detection of one species at a time. It is true that Raman spectroscopy
is a powerful technique for simultaneous sensing of multiple molecular species, but
the strong background emissions from the flame itself could mask the Raman sig-
nal, leading to a low signal-to-noise ratio. Laser-induced breakdown spectroscopy
(LIBS) is another powerful multiple elemental analysis technique, but LIBS involves
detecting various atomic species, which makes it difficult to provide the information
on the combustion intermediates that are in most cases molecular species.

Recent progress in high-power femtosecond laser technology can produce laser
pulses in a wide power range from a sub-terawatt (TW) up to Petawatt (PW). When
such powerful laser pulses propagate in transparent optical medium, filamentation
takes place as a result of the dynamic balance between Kerr self-focusing and defo-
cusing induced by plasma generated by multiphoton and/or tunnel ionization of the
optical medium, giving rise to a long weak plasma channel [7-9]. In air, the dynamic
balance limits the laser intensity to an almost constant value of 10'3-10'* W/cm?.
This is called clamped intensity in the filament core [9]. The filament could be very
long ranging from centimeters to near kilometer and could be formed at a far dis-
tance [9]. Filamentation in air can initiate a variety of intriguing phenomena such as
remote air lasing, THz radiation and high-harmonic generation [10—15]. In particular,
as conceptualized in Fig. 10.1, characteristic optical emissions generated from the
ionized or fragmented particles in filaments can be investigated by filament-induced
nonlinear spectroscopy (FINS), which was proposed as an efficient technique appli-
cable for remote sensing of trace chemical and biological agents and pollutants in
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Fig. 10.1 Concept of combustion diagnostic based on femtosecond laser filament-induced nonlin-
ear spectroscopy. The self-channeling laser-induced intense laser intensity induces the ionization
and excitation of combustion intermediates which emit characteristic optical radiations. Inset shows
a photo of a laser-induced filament in a combustion flame in air with a methanol fuel gas produced
by the irradiation of near-IR femtosecond laser pulses (800 nm, 40 fs, and 5.5 mJ/pulse)

the atmosphere [16-20]. This technique is applicable even in a harsh atmospheric
environment [9]. Based on the detection characteristics of FINS mentioned above,
we recently reported that the FINS technique can have a high potential for a diagno-
sis of multiple intermediate species generated in complex combustion environments
[20].

In this chapter we shall discuss the feasibility of the FINS technique in detec-
tion and diagnosis of combustion intermediates by referring to our recent studies of
femtosecond laser filamentation in combustion flames. We will first show in Sect. 2
the formation of filamentation in combustion (flames) and the determination of the
two fundamental physical properties; i.e. the critical power for self-focusing and the
clamped intensity. In Sect. 3, we will present the typical fingerprint spectra induced
by laser filamentation in flames and discuss the feasibility of the FINS technique
for the detection of combustion intermediates in flames fueled by different alkanol
molecules. In Sect. 4, we will show third harmonic generation and scattering in
flames using femtosecond laser filaments for sensing soot nanoparticles. Finally, in
Sect. 5, a summary will be given.
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10.2 Filamentation in Combustion Flames

For the formation threshold and properties of femtosecond laser filamentation in com-
bustion flames, we performed experiments to measure the two fundamental physical
parameters: (i) the critical power for self-focusing of Ti: Sapphire 800 nm laser pulses,
and (ii) the laser intensity clamped in the filament core [21]. The former determines
whether filamentation could be formed, and the latter is crucial for understanding the
nonlinear filament-flame interaction. Both of them are sensitive to the propagation
media.

10.2.1 Critical Power

It is well known that, when the peak power of the laser pulse is smaller than the
critical power, the focal position of the laser beam keeps practically constant at the
geometrical focus due to the absence of the Kerr self-focusing effect [9]. However,
when it exceeds the critical power, the pulse will collapse towards a self-focus due to
the self-focusing that makes the medium equivalent to an additional focal lens [22].
Combined with the external focal lens, it leads to a shift of the focal position from
the geometrical focus toward the position of the focusing lens [9, 22, 23]. Therefore,
by measuring the focal position as a function of the input laser energy, the critical
power can be straightly determined as the power at which the focal position starts to
move.

In the measurement, a Ti: Sapphire laser system (Spectra Physics, Spitfire) was
used, which produced laser pulses with a central wavelength at 800 nm, a pulse
duration of 35 fs and a repetition rate of 1 kHz. A half-wave plate and a Brewster
window were inserted into the laser beam for adjustment of the pulse energy. The
laser pulses were focused by an f=50 cm fused silica lens into an ethanol-air flame on
an alcohol burner array. The flame has a length of about 5 cm, and a height of about
40 mm. The distance between the laser focal position and the burner wick was about
9 mm. The “fluorescing’ filament was imaged onto the entrance slit of a spectrometer
coupled with a gated intensified charge coupled device (ICCD, Andor iStar) by using
a periscope and a fused silica lens (50.8 mm in diameter, f = 6 cm). The fluorescence
was then dispersed by a grating with 1200 grooves/mm whose blazed wavelength
is 500 nm and recorded by the gated ICCD camera. The ICCD gate was opened for
10 ns prior to the arrival time of the laser pulse at the interaction zone and the gate
width was set to be Ar =210 ns.

When we focused a 500 pJ femtosecond laser pulse on the ethanol-air flame in the
ambient atmosphere, the spectrum in Fig. 10.2a was obtained. The emission signals
were assigned to the electronic transitions of free radicals CH, CN, N, NH, OH, and
C,. When the pump laser energy was decreased to be lower than the critical power,
the intensities of the laser-induced emissions from the combustion free radicals of
CH, OH, and C, were found to become comparable to or even weaker than their
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Fig. 10.2 (a) Optical emission spectrum induced by ultrafast filamenting laser pulses in an ethanol-
air flame. (b) The focal position determined using the nitrogen fluorescence signals in the flames
as a function of the input laser energy

spontaneous emissions in the flame, as explained below in Sect. 10.3. In addition,
the fluorescence emission intensities from CN and NH, which are generated mainly
through the chemical reactions proceeding in the laser-induced plasma, were found to
become too weak when the laser intensity was lowered. Therefore, the fluorescence
emission of N, at 337 nm was used for monitoring the shift of the self-focal position
in response to the variation of the input laser intensity.

In Fig. 10.2b, the focal position determined from the measurements of the spatial
distribution of the N, fluorescence signals at 337 nm along the laser propagation is
plotted as a function of the input laser energy. It can be seen that when the laser
power is weaker than a certain value, the focal position keeps at an almost constant
position, showing the absence of self-focusing effect. However, when the laser power
increases, the focal position moves towards the focusing lens. By fitting the data
shown in Fig. 10.2b using two straight lines, the critical energy for the self-focusing
of the employed laser pulses in the ethanol-air flame was determined to be ~78 pJ.
Therefore, the critical power was calculated be ~2.2 GW, which is about four times
smaller than that in air (10 GW for near IR (800 nm) 42 fs laser pulses [23]).

According to the measured critical power and the theoretical relation of P, =
3.72A2 /8w non,, where ng and n, are the linear refraction index and the second order
nonlinear index coefficients of a pure gas, respectively, we can calculate the numerical
value for the effective second order nonlinear index coefficient in the flame. Because
the flame was produced in ambient air, we assumed the linear index of refraction to
be ny = 1, and obtained an effective value of n, =40 x 10720 cm?/W, which is about
four times as large as that of air (12 x 1072° cm?/W) [24].
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10.2.2 Clamped Intensity

In the determination of the clamped intensity of the filament inside the flame, we
adopted a simple method by which the intensity can be calculated from the laser
pulse energy transmitted through a pinhole drilled on a metallic foil by the filament
and the pinhole area. In this measurement, the laser beam was loosely focused into
the ethanol-air flame by a 1-m fused silica lens. The repetition rate of the laser pulses
was changed to 100 Hz and the laser energy was fixed at 0.8 mJ. The corresponding
peak power was higher than the critical power for the self-focusing. A mechanical
shutter was placed just before the focal lens to control the number of laser pulses. A
50 pwm-thick copper foil was inserted into the flame with the surface perpendicular
to the laser propagation direction. A power meter was used to record the laser energy
transmitted through the pinhole drilled by the filament itself on the copper foil. The
area of the drilled pinhole was measured by a scanning electron microscope (JEOL
JSM-7500F). As a reference, a similar experiment in air was also performed.

In Fig. 10.3, we show the transmitted laser pulse energy as a function of the
number of the laser shots, from which we find that the transmitted laser energy
increases as the number of laser shots increases. In addition, it can be noted from
the linear fits of the data shown in Fig. 10.3 that the transmitted laser pulse energy
first increases linearly with a larger slope, and then, after 700 laser shots, the slope
becomes shallower. The observation of the two linear regions can be explained as
follows. The steeper slope before 700 laser shots shows that the laser energy inside
the filament core passes the pinhole as shown by the SEM image in the inset of
Fig. 10.3 while the energy in the reservoir surrounding the filament core is blocked
by the pinhole, so that the drilled pinhole area can represent the cross section of
the filament core. The shallower slope after 700 laser shots reflects the fact that the
wandering effect of the filament becomes dominant, which enlarges the area of the
drilled pinhole [25]. Therefore, the clamped intensity can be determined from the
measured laser energy and the pinhole area at the crossing position of the two slopes
at 650 laser shots, which is about If(obs) ~5.2 x 10" W/cm?. As a reference, we also
performed the same measurement in air by removing the flame from the optical path,
which gave a clamped intensity of /,bs) ~1.2 X 10'* W/cm?. This measured value
of I, is 2.4 times as large as the commonly quoted value of (¥ =5 x 10" W/cm?
in air [9], which indicates that we overestimated the clamped laser intensity in the
flame by a factor of 2.4. Therefore, we obtain /() = 2.2 x 10> W/em? as the
calibrated clamped intensity inside the frame by dividing Z;(bs) ~5.2 x 10'* W/cm?
by 2.4. As a next step, in order to correct the beam wandering effect, which makes
the slope shallower when the number of the laser shots becomes larger than 700, the
correction factor r = 1.3, defined as the ratio of the steeper slope with respect to the
shallower slope, was obtained, and the corrected clamped laser intensity in the flame
was derived as I}C((:gs) =r x I.(f(g)bs) = 2.8 x 103 W/cm?. This means that, as has
been pointed out in [21], the clamped laser field intensity in combustion flames is
about a half of the clamped laser field intensity in air, /(¥ = 5 x 10" W/cm? [9].
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Fig. 10.3 The measured
transmitted laser energy as a
function of the number of
laser shot. Inset: the SEM
image of the pinhole drilled
on a copper foil by the
filament itself with 650 laser
shots
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10.3 FINS in Combustion Flames

Although the clamped intensity in combustion flames is only a half of that in air, the
intensity is high enough to induce nonlinear optical interactions with the combustion
species, resulting in characteristic fluorescence emissions. In this section, we inves-
tigate the filament-induced fluorescence spectra in combustion flames, and discuss
the feasibility of FINS for combustion diagnosis.

10.3.1 Filament-Induced Fluorescence

Figure 10.4 shows a typical filament-induced spectrum of the ethanol-air flame in
ambient atmosphere in the spectral range from 240 to 850 nm [26]. This spectrum
was obtained by focusing the laser pulses (800 nm, 100 fs, 0.7 mJ) into the alcohol
burner flame by a fused silica lens (f =200 mm), which generated a filament of
1 cm. The width and delay of the ICCD gate were set to be Ar =2000 ns and
t=0 ns, respectively. The distance between the filament and the tip of the burner
wick was 18 mm. The total length of the flame from the burner wick to the top of the
flame is ~50 mm. The spectral signals are assigned to the Swan band of C, radical
(563, 516, and 466 nm), CH radical resulting from the A>A-X?IT (431 nm) and
C?%-XTI1 (314 nm) band, and CN radical originating from the B>X-X?X (388 and
358 nm) band, respectively [27]. In addition, several weak emission bands assigned
to molecular species such as N; (337 nm), NH (336 nm) and OH (307 nm) and atomic
emission lines assigned to atomic species, C (247.7 nm) and H (Balmer-«, 656 nm),
can be seen.

For removing the second order diffraction and the third order diffraction of the
fluorescence emission in the UV wavelength range from the spectrum as well as for
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extracting the spectral information in the long wavelength range with high precision,
a high-pass filter was placed before the spectrometer slit to block the signal below
450 nm. As shown in Fig. 10.4, except for H, (Balmer-«) line at 656 nm, no atomic
emission lines such as N (I) at 744 nm and O (I) at 777 and 845 nm are observed, which
are typically present in nanosecond laser-induced breakdown spectroscopy, in which
optical emission lines from electronically excited fragment species generated from
parent molecules. Therefore, we concluded that the fragmentation and electronic
excitation processes proceeding in the laser induced filament in the flame are much
milder than those in the nanosecond laser induced breakdown. Therefore, FINS is
considered to be a promising technique for monitoring the combustion intermediates
in flames.

10.3.2 Mechanisms for the Fluorescence Emissions
Jrom Radicals in FINS

As described in Sect. 2, the laser intensity in the filament in a combustion flame is
clamped to be ~2.8 x 10'* W/cm?. For a so high intensity, it was questioned whether
the filament-induced fluorescence results from the dissociation and fragmentation of
parent molecules. Therefore, we performed a comparative study by measuring the
flame spectra under different conditions, that is, with the excitation of femtosecond
filament, nanosecond laser-induced breakdown as well as without laser excitation
[26].

Figure 10.5a shows a typical ns-LIBS spectrum of the ethanol-air flame, which we
obtained by focusing 532-nm Nd: YAG laser pulses into the ethanol-air flame using
a fused silica lens of 125 mm. The laser pulse duration and energy were 10 ns and
100 mJ, respectively. The width and delay of the ICCD gate were set to be the same
as those in the FINS measurement presented in Sect. 3.1. By comparing the LIBS
spectrum with that shown in Fig. 10.4, it can be seen that LIBS shows atomic/ionic
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Fig. 10.5 a Typical LIBS spectrum obtained when a 100 mJ, 10 ns laser pulses were focused into
an ethanol-air flame in ambient air using an f =125 mm lens. b Emission spectrum of the flame
recorded without any laser excitation

lines, which are superposed on a broad continuum. These intense atomic emission
lines can be assigned to the Balmer lines (H,, Hg, and H, ), and the emission lines
of C(I, I), N (I, I) and O (I). The FINS (Fig. 10.4) spectrum, in which emission
lines of molecular species dominate, confirms that the decomposition and electronic
excitation do not proceed in an excessive manner in the femtosecond filamentation
in the flame, exhibiting a marked contrast with the LIBS (Fig. 10.5a) spectrum, in
which emission lines from the electronic excited states of fragment atoms and atomic
ions dominate.

The emission spectrum of the ethanol-air flame without laser excitation was also
measured as shown in Fig. 10.5b, in which the molecular emission bands of the inter-
mediate molecular species such as OH, CH and C, created in the combustion flame
can be observed together with a broad continuum originating from the blackbody
radiation of the flames. The accumulation time was set to be 450 ms.

As can be seen in the FINS spectrum (Fig. 10.4) and the laser-free flame spectrum
(Fig. 10.5b), all of the free radical species appearing in the laser-free flame spectrum
appear also in the FINS spectrum, indicating that FINS carries the information on
the intermediates of the combustion flame. However, it should be noted that the
ratios of the relative signal intensities of combustion species OH, CH, CN and C, are
obviously different in these two cases. For example, the signal of CN at 388 nm is
much stronger in FINS than that in the laser-free flame spectrum, which implies thata
part of the CN emission lines appearing in FINS originate from bimolecular chemical
reactions, such as C, + N, though which CN is prepared in the electronically excited
states in the filament-induced plasma.

It can also be seen that the ratio of the signal intensity of CH at 431 nm with
respect to that of C, at 516 nm is much smaller in FINS than that in the laser-free
frame spectrum. It is well known that the dissociation of the parent ethanol molecule
in intense laser fields prefers to form CH than C, [28], the smaller ratio of CH/C; in
FINS may indicate that the CH radical are not produced from the dissociation of the
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parent fuel molecule, and that the plasma-assisted collision might give a contribution
to the formation of C, in FINS.

We also performed the FINS measurements at the different spatial positions in the
flames, by moving the burner vertically and found that the intensities of all the free
radical species in FINS become weaker when the position becomes closer to the wick
of the alcohol burner [29]. Because the concentration of the parent fuel molecules
is higher at the positions closer to the burner wick, the observation clearly indicates
that the dissociation of the parent fuel molecules induced by the intense laser fields
in the femtosecond filament may not contribute to the FINS signals. Therefore, it can
be said that the combustion intermediates appearing in FINS are not those created
by the fragmentation of parent fuel molecules but those excited electronically by
the femtosecond laser light and/or collisions within the laser induced filament in the
combustion flame.

10.3.3 Feasibility of FINS for Combustion Diagnostics

In order to further explore the possibility of the application of FINS to the sensing of
combustion intermediates, we systematically investigated the FINS phenomena in
various environmental conditions. We first measured the FINS spectra at the different
spatial positions in the ethanol-air flame along the vertical axis of the central com-
busting flow, and plotted the signal intensities of different combustion intermediates
as a function of the distance between the filament and the wick tip of the alcohol
burner [29]. As shown in Fig. 10.6a, the signals of the four species, C,, CH, CN
and C, first increase and then decrease as the distance increases, which reflects the
concentration distribution of the four intermediate species in the flame. In the region
just above the burner wick the combustion has not been fully developed, resulting
in a low concentration of combustion intermediates. As the distance increases, the
combustion further develops, resulting in the formation of a large number of combus-
tion intermediates, and thus the increased fluorescence signals. When the distance
increases further, the combustion intermediates are consumed in the fully developed
combustion zone, resulting in the decreased signals. This result shows the possibility
to map the concentration distributions of combustion intermediates using the FINS
technique.

We also performed the FINS measurements for five different alkanol-air flames
fueled by methanol, ethanol, n-propanol, n-butanol, and n-pentanol [30]. The anal-
ysis of the FINS spectra of the five different alkanol-air flames showed that the
combustion reactions with the five different fuels produce almost the same combus-
tion intermediate species. This means that the combustion intermediate species can
be the same as long as fuel molecules are composed of the same elements, that is,
C, H and O. On the other hand, the spectral intensities of the four main combustion
intermediates C, C,, CH, CN increase as the number of carbons contained in a sin-
gle fuel molecule increases. It was also found that the ratios of the signals of these
intermediates produced in the five different alkanol combustion flames exhibit char-
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Fig. 10.6 a Signal intensities of the four filament-induced combustion intermediates, C, C, CH,
and CN, in the ethanol flame recorded by the FINS measurements as a function of the distance
between the filament and the tip of the alcohol burner wick. b The ratios of the signal intensities
of the three combustion intermediates with respect to the signal intensity of C for the five different
fuel molecules, methanol (m =1), ethanol (m =2), n-propanol (m =3), n-butanol (m =4), and
n-pentanol (m =5), where m stands for the number of carbon atoms within a fuel molecule

acteristic dependences on the number of carbon atoms in a fuel molecule as shown
in Fig. 10.6b. Therefore, by the FINS measurements, alkanol species that are fueled
for producing the alkanol-air flames can be readily identified based on the intensity
ratios of the combustion intermediates.

10.4 Third Harmonic Generation in Flames

Femtosecond filamentation generated by 800-nm Ti:Sapphire laser pulses induces
not only nonlinear fluorescence emission but also nonlinear frequency conversion. In
this section, we investigate third harmonic generation inside the combustion flames
using femtosecond laser filaments and show a potential applicability of Rayleigh
scattering spectroscopy using the third-harmonics in the UV range to remote and
in situ measurements of distributions of soot nanoparticles in combustion flames
[31].

10.4.1 Third Harmonic Generation in Flames

Figure 10.7a shows the forward third harmonic spectra induced by the filamentation
in air as well as in the alkanol—air flames fueled with methanol, ethanol, n-propanol,
n-butanol, and n-pentanol. In this measurement, the laser pulses whose pulse energy
is 0.6 mJ was focused by a fused silica lens (f =50 cm) into the flame and a single
filament was generated. The filament position was set to be at about 28 mm above the
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Fig. 10.7 Third harmonic signals measured from the forward direction along the laser propagation
(a) and those measured from the side of the filament (b) for air and the four different flames fueled
with ethanol, n-propanol, n-butanol, and n-pentanol

tip of the alcohol burner wick. The third harmonic produced by the femtosecond laser
filamentation in the flame was measured in the forward direction after the attenuation
using two wedge plates. The width and delay time of the ICCD gate were set to be
At =20 ns and t =—5 ns, respectively. As shown in Fig. 10.7, the third harmonic
at ~267 nm was generated by the laser induced filament in air as well as in the four
different flames.

It can be seen in Fig. 10.7a that the signal intensities of the filament-induced
third harmonic in the combustion flames are almost the same for all the four alkanol
species, showing that the third harmonic generation is not sensitive to the fuel species
used in our experiment. It can also be seen that the third harmonic generated in the
flames are stronger than that in air, which may be explained as follows. The intensity
of the generated third harmonic is expressed using the clamped laser intensity in
the filament Zeiamp s Tharmonic @ (0712)*(Iclamp)®. As determined in Sect. 2.1, the
value of 15 in the ethanol-air flame (40 x 1072° cm?/W) was about four times larger
than that in air (12 x 1072 cm?/W), and the clamped laser intensity in the flame
filament was about 56% of that in air. Therefore, the intensity of the filament-induced
third harmonic in the ethanol-air flames is expected to be roughly twice as large as
that in air, which is in good agreement with the experimental observation shown in
Fig. 10.7a. The observation shown in Fig. 10.7a that the third harmonic intensities
for all the four alkanol-air flames are almost the same indicate that the second order
nonlinear refractive index coefficient n, and the clamped laser intensity /cjamp for
these four fuel species are close to each other.

We also examine the dependence of the conversion efficiency in the third harmonic
generation in the flame filaments on the polarization state of the fundamental laser
light. By rotating a quarter wave plate inserted in the fundamental laser beam with
which the polarization of the fundamental laser light can be varied from linear to
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circular, we find that the intensity of the third harmonic signals decreases dramatically
as the polarization of the fundamental laser changes from linear to circular [31].

10.4.2 Third Harmonic Scattering in Flames

In order to examine the scattering of the third harmonic by the soot particles produced
in the combustion flames, we measured the third harmonic from the side of the laser
filament. Because the third harmonic propagates along the propagation direction
of the fundamental laser pulse, the signal intensity of the third harmonic recorded
from the side of the filament can be regarded as the scattering of the particles in the
combustion flame. The experimental conditions were the same as in the measurement
from the forward direction. For collecting the emission signal, we employed a 2f-2f
imaging scheme with a fused silica lens of f =60 mm.

As shown in Fig. 10.7b, the intensity of the scattered third harmonic signals from
the four alkanol-air flames increases as the number of carbon atoms in the fuel
molecular species increases whereas no signals of the scattered third harmonic can
be seen in air. This is because the third harmonic signals are scattered by carbonous
nanoparticles existing in the flames originating from the incomplete combustion,
which are typically from a few to tens of nanometers [3, 32], and because the number
density of the nanoparticles in the flames increases as the carbon number in the fuel
molecule increases. Therefore, the filament-induced third harmonic spectroscopy
can be used for monitoring the density distribution of nanoparticles in combustion
flames. The observation that no detectable scattering signals of the third harmonic
were recorded in air indicates that the number density of carbonous nanoparticles
was considerably low in air in the laboratory environment.

10.5 Summary

In this chapter, by referring to our recent studies on femtosecond laser filamentation
in combustion flames, we show the feasibility of the detection and diagnosis of com-
bustion intermediates using femtosecond filament-induced nonlinear spectroscopy
(FINS). By measuring the focal positions of ultrafast laser pulses versus the laser
energy, and comparing the difference of the laser energy transmitted through a pin-
hole drilled on a metallic foil by the filament itself, we determined the critical power
and the clamped intensity of femtosecond laser filaments in combustion flames in
ambient air. We further demonstrated that the clamped intensity in combustion flames
is high enough to induce characteristic optical emissions from multiple combustion
intermediates, and found that the intensities of these intermediate emissions vary sen-
sitively to the fuel species as well as the positions of the filament within the flame.
We also introduced the phenomena of the filament-induced third harmonic genera-
tion in flames and demonstrated that the third harmonic can be efficiently scattered
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by nanoparticles formed in flames. We demonstrated that FINS has a high potential
applicability to remote and in situ sensing of the spatial distributions of combustion
intermediates in flames as well as to combustion diagnostics for understanding the
combustion processes, leading to a new scheme with which the combustion efficiency
is to be raised with low-pollution products.
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