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Molecular Emissions from Stretched
Excitation Pulse in Nanosecond
Phase-Selective Laser-Induced Breakdown
Spectroscopy of TiO2 Nanoaerosols
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Abstract
In phase-selective laser-induced breakdown spectroscopy (PS-LIBS), gas-borne nanoparticles are irradiated with laser pulses
(∼2.4 GW/cm2) resulting in breakdown of the nanoparticle phase but not the surrounding gas phase. In this work, the effect of
excitation laser-pulse duration and energy on the intensity and duration of TiO2–nanoparticle PS-LIBS emission signal is investigated.
Laser pulses from a frequency-doubled neodymium-doped yttrium aluminum garnet (Nd:YAG) laser (532 nm) are stretched from
8 ns (full width at half maximum, FWHM) up to∼30 ns at fixed pulse energy using combinations of two optical cavities. The intensity
of the titanium atomic emissions at around 500 nmwavelength increases by∼60%, with the stretched pulse and emissions at around
482 nm, attributed to TiO, enhanced over 10 times.While the atomic emissions risewith the stretched laser pulse and decay around
20 ns after the end of the laser pulse, the TiO emissions reach their peak intensity at about 20 ns later and last longer. At low laser
energy (i.e., 1 mJ/pulse, or 80 MW/cm2), the TiO emissions dominate, but their increase with laser energy is lower compared to the
atomic emissions. The origin of the 482 nm emission is explored by examining several different aerosol setups, including Ti–O, Ti–N,
and Ti–O–N from a spark particle generator and Ti–O–N–C–H aerosol from flame synthesis. The 482 nm emissions are attributed
to electronically excited TiO, likely resulting from the reaction of excited titanium atoms with surrounding oxidizing (carbonaceous
and/or radical) species. The effects of pulse length are attributed to the shift of absorption from the initial interaction with the
particle to the prolonged interaction with the plasma through inverse bremsstrahlung.
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Introduction

Laser-induced breakdown spectroscopy (LIBS) has been ex-
tensively applied to analyze the composition of almost any
type of sample in almost any environment without (or with
minimal) sample preparation.1 In LIBS measurements, the
behavior of the laser-generated plasma and the quantitative
nature of the emitted signals are influenced by many pa-
rameters, such as laser irradiance,2 laser wavelength,3,4 matrix
and environment,5 and pulse duration.6,7 Significant experi-
mental and computational efforts have been devoted to under-
stand better these involved processes to realize accurate, sensitive,
and quantitative LIBS measurements and interpretations.8,9

The pulse duration of lasers employed in LIBS measure-
ments can range from femtoseconds to nanoseconds, with
distinct behaviors resulting in the laser-produced plasma and
the optical emissions. Typically, for LIBS with nanosecond
lasers, the plasma lasts for over 10 µs; and in the early

moments (tens to hundreds of nanoseconds), the plasma
emissions are dominated by continuum emissions.1,10 As the
pulse duration in LIBS is shortened to femtoseconds, there are
several differences in the laser–matter interaction compared
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to that for nanoseconds lasers, such as negligible electron–
lattice heating and limited thermal conduction at the short
time scale,11 along with a different mechanism for initial
electron generation.12 The plasma lifetime in femtosecond
LIBS (fs-LIBS) is shortened to around 10 µs or even 1 µs,13,14

and the continuum emission is significantly reduced even in the
early phase of plasma formation.15 Additionally, with plasmas of
lower temperature produced by femtosecond pulses, the for-
mation of excited molecules is facilitated.16–18 In contrast, the
longer pulse of conventional nanosecond LIBS reheats the
plasma, generally producing higher temperatures,19 which can
dissociate molecules, leaving mainly excited atoms and ions.20

The change of pulse duration also affects the LIBS emission
intensity. As reported in the literature,21,22 extending the pulse
duration from 20 to 150 ns (with the same pulse energy) by a
modified neodymium-doped yttrium aluminum garnet (Nd:YAG)
laser leads to approximately two times enhancement in the in-
tensity of atomic emission during the LIBS analysis of bulk liquids
and solid surfaces in contact with the liquid.

For all of the LIBS measurements mentioned above, the
plasma lifetimes are on the order of 1 µs or longer. However,
in recently developed low-intensity phase-selective LIBS (PS-
LIBS) using a nanosecond laser,23 the plasma lifetime is less
than 100 ns for nanoaerosol measurements during flame
synthesis.24,25 In this PS-LIBS measurement, the laser irradi-
ance is controlled to be appropriately low (i.e., 2.4 GW/cm2

or even less with a pulse duration of ∼10 ns), to the extent
that breakdown only occurs when particles are present but
without breakdown of the surrounding gas phase, including
the vapor precursor. The absorption–ablation–excitation
mechanism in laser–particle interaction of the PS-LIBS process
has been scrutinized by comparing the intensities of Rayleigh
scattering and atomic emission of aerosol particles at different
laser irradiances.26 The signal from the PS-LIBS measurement
can be enhanced by hundreds of times with resonant exci-
tation from the same laser pulse when the laser wavelength is
tuned to match a certain atomic transition of a neutral atom or
ion.24,25 The PS-LIBS technique has been successfully applied
to conduct two-dimensional measurement of the vapor-to-
particle transition process,27 measuring particle volume
fraction at parts-per-billion level,28 studying sodium release in
coal combustion,29 and examining the doping mechanism
during flame synthesis.30

For the short-lived plasma in PS-LIBS (∼100 ns), it is of
fundamental interest to investigate the effect of pulse duration
on the plasma properties and the resulting emissions. The
laser–matter interaction in laser-induced plasma from solids
can be divided roughly into three processes: (i) laser heating
and vaporization of the solid, (ii) plasma formation with atomic
excitation and ionization in the vapor,31 and (iii) laser–plasma
interaction leading to additional energy deposition through
inverse bremsstrahlung. These processes are coupled and can
occur almost simultaneously in laser-induced plasma, where
the laser energy can be absorbed by the solid or the plasma. By
changing the pulse duration, it is possible to modify the

temporal overlap and thus how energy is fed into the system.
Separating these effects supports the understanding of the
emissions caused by laser-induced plasma and thus might lead
to further development in laser-based diagnostics by making
the most of the related effects.

Phase-selective LIBS can also be a source of potentially
interfering signals in laser-induced incandescence (LII) mea-
surements in nanoaerosols,32 where the aim is to heat the
particles to incandescent temperatures without generating
additional plasma emission. Depending on the particulate
material of the nanoaerosol and the laser fluence, however,
there can be a transition and super im position between both
processes that must be understood to prevent interference.
The transition between both processes can also be used to
gain additional information about the particulate material.33,34

In TiO2, the transition from LII to LIBS is known to occur at a
particularly low threshold, and the combined signal has been
termed laser-induced emission (LIE).35 Altogether, these
optical diagnostics methods for nanoaerosols36,37 provide
important input in understanding and designing processes for
nanomaterials synthesis.

In this study, the laser pulse is stretched by an optical delay
setup to modify the pulse duration in the nanoseconds scale to
interact with TiO2 nanoaerosol for further development and
characterization of the PS-LIBS technique. A strong en-
hancement (∼10 times) in a given wavelength range of
emissions, later concluded to be TiO molecular emission, is
observed. The spectral differences and the temporal behav-
iors of the Ti-atomic and TiO-molecular emissions under
different configurations of pulse stretching are examined.

Experimental Setup

The setup for the spectrally and temporally resolved PS-LIBS
measurements is shown in Fig. 1. An Nd:YAG laser (Spectra-
Physics Quanta-Ray PRO-250-10) at 10 Hz repetition rate
serves as the excitation source, with a pulse duration of about
8 ns at full width at half-maximum (FWHM). The laser beam
can be optionally elongated temporally by a pulse stretcher,
which consists of two optical ring cavities based on the
method described by Kojima and Nguyen,38,39 thereby ad-
justing the pulse duration. As the laser beam reaches the beam
splitters, 40% of the laser pulse energy gets reflected, while
the rest passes into the optical ring cavity. The ring cavity traps
and stores a portion of the laser energy, releasing the energy
gradually over an extended period, thereby stretching the
laser pulse. The beam dumps (BD) in the two cavities can be
switched in and out of the light path, yielding four different
configurations of the stretcher, that is, with no cavities (BD-1
and BD-2 in light path), with Cavity 2 only (BD-1 in light path,
BD-2 out of light path), with Cavity 1 only (BD-1 out of light
path, BD-2 in light path), and with both cavities (both BD-1
and BD-2 out of light path). The pulse energy of the input laser
beam is fixed for all configurations, and a series of neutral
density filters are placed at the outlet of the pulse stretcher to
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adjust the total laser pulse energy to the set value (e.g., 30 mJ/
pulse).

The outgoing laser beam from the pulse stretcher is then
focused by a 500 mm focal-length, plano-convex fused-silica

lens to the region of interest in the flame synthesis flow field,
having a beam waist of∼400 µm and a laser fluence of 24 J/cm2

for a laser pulse energy of 30 mJ/pulse. The emissions are
collected at a right angle into a spectrometer (Acton Spec-
traPro 500i, f = 500 mm, f# = 5.9, 900 grooves/mm grating,
200 µm entrance slit width) and detected by an intensified
charge-coupled device (ICCD) camera (Princeton Instru-
ments PIMAX 3) triggered by the Q-switch output from the
laser. The collection optics include two 400 mm focal length
achromats (with a diameter of 50.8 mm), an image rotator,
and turning mirrors, which project a 1:1 image of the region of
interest onto the entrance slit. The collection optics are not
UV transparent; therefore, in the detection range relevant in
this work, overlap with second-order diffraction of UV signal
can be ruled out. The relative timings of Q-switch, laser pulse,
and image intensifier gating are monitored with a 1.5 GHz
oscilloscope (Agilent Infiniium 54545A). The relative delay
time and the gate width of the image intensifier can be adjusted
to record the total emission with a wide gate width (e.g.,
200 ns) and a fixed delay time (0 ns). Temporal emissions can
be deduced from repetitive acquisition using a narrow gate
width (e.g., 2.5 ns or 10 ns) with a sequence of delay times, for
the steady-state flame synthesis process. Typically, the signal
from 300 single laser shots is accumulated on the chip.

The temporal intensity of the laser pulse under different
stretcher configurations is characterized by recording Ray-
leigh scattering from clean air with a gate width of 2.5 ns and a
sequence of gate delay times with 2.5 ns interval. Figure 1c
shows the temporal intensity variation of the laser pulse for
four configurations but with the same total pulse energy of
30 mJ/pulse (measured with an Ophir Nova laser energy
monitor after the neutral density filters as shown in Fig. 1b).
The unstretched pulses can be fitted with a Gaussian distri-
bution, with a pulse width (FWHM) of 8.4 ns, which is
consistent with the specifications of the laser. The pulse width
increases to about 14 ns with Cavity 2 only. When using
Cavity 1 only (Fig. 1b), the pulse manifests as a series of pulses
with an interval of about 14 ns because of the much longer
optical delay length (∼4.2 m). These individual pulses partially
overlap. With both cavities combined, the laser pulse is
smoother and lasts for ∼30 ns.

To examine the occurrence of Ti and TiO emissions, we
use three experimental setups to modify the composition/
species in the aerosol and to compare possible routes for
TiO* (with the star denoting electronic excitation) formation.
Table I lists the three experimental configurations. First, a
premixed stagnation swirl-flame setup of CH4, O2, and N2

generates TiO2 nanoparticles, as shown in Fig. S1 (Supple-
mental Material). The details of the setup can be found in
Xiong et al.24 and Wang et al.40 Titanium tetra-isopropoxide
(TTIP) is carried by N2 into the flame as the precursor, which
decomposes and reacts with other species in the flame to
form TiO2 nanoparticles because of the supersaturation
created by the temperature drop from the cooled substrate.
The TiO2 nanoparticles grow in the flow, reaching an average

Figure 1. Schematics of (a) the laser diagnostics setup and (b) the pulse
stretcher. (c) Plots of the temporal intensity variation of laser pulses
under different stretcher configurations as measured by Rayleigh
scattering in clean air for nominally identical laser pulse energies of 30mJ.
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size of about 13 nm (with up to 20% variation among particles)
before reaching the substrate,24,40 which is 19 mm down-
stream from the burner exit. The measurements are carried
out along the nozzle centerline axis in the aerosol generated
between the nozzle exit and the aluminum cooling plate.

Second, a spark particle generator creates nanoparticles
consisting of variable elemental compositions. The spark
generator is similar to the one described by Byeon et al.41

Briefly, there are two titanium rods placed inside a chamber
with a gap of∼1 mm between the ends of the rods. During the
experiments, a voltage difference of 3 kV is applied to the
titanium rods to break down the gas in the gap and ablate Ti
(from the electrodes), which then reacts with the environ-
ment and forms nanoparticles through homogeneous nucle-
ation in the cooling flow. The environment can be altered
between O2/Ar, N2, and O2/N2 to change the elemental
composition of the nanoaerosol.41–43 PS-LIBS with stretched
pulses is conducted at the exit flow of the spark particle
generator.

Third, a modified Hencken burner produces nanoparticles
in the Ti–O–N–C–H system in non-premixed flames with a
tunable C/H ratio to study the influence of carbonaceous
species. More details of the modified Hencken burner can be
found in Zhang.44 Briefly, the burner consists of over 200
tubes (with an inner diameter of 0.5 mm) running a 2D array
of H2–O2/N2 normal (over-ventilated) diffusion flames to
provide uniform temperature and species field downstream,
and one central tube (with an inner diameter of 6 mm) for the

delivery of TTIP with a carrier gas to generate TiO2 nano-
particles in the flow field. The flow rates for H2, O2, and N2

are 2, 8, and 6.6 L/min, respectively. The carrier gas is
switched between 80% N2/20 % H2 and N2/CH4, with a total
flow rate of 0.5 L/min. The molar fraction of CH4 in the carrier
gas ranges from 9% to 45%. PS-LIBS with a stretched pulse is
performed on the aerosol generated from the central diffusion
flame, at a location of 2 cm above the exit of the central tube,
along the axial centerline.

Results and Discussions

Effect of Laser Pulse Duration

The measurements are first conducted in the stagnation swirl
premixed flame setup, at a distance of 14 mm downstream
from the burner exit, along the axial centerline, where all TTIP
precursors have converted to TiO2 nanoparticles with a di-
ameter of about 12 nm.23 Under all stretcher configurations,
the breakdown occurs in the PS-LIBS regime, where there are
no nitrogen or oxygen atomic emissions (or bremsstrahlung
radiation); and the signal is collected almost concurrently with
the laser pulse. The gate width of the ICCD is set to 200 ns to
collect all the emissions. The emission spectra under different
stretcher configurations are shown in Fig. 2, with strong
Ti atomic emission lines (i.e., 498.173, 499.107, 499.950,
500.721, 503.996, 506.465, 517.374, 519.297, and
521.038 nm)45 marked with vertical lines. Without pulse

Table I. Three experimental configurations used in this study.

No. Name Purpose Refs.

1 Stagnation swirl-flame Main setup, for general study 25, 40
2 Spark particle generator To create nanoparticles consisting of variable elemental compositions 41
3 Modified Hencken burner To study the influence of carbonaceous species 44

Figure 2. Emission spectra integrated for 200 ns with different stretcher configurations, with the same laser pulse energy of 30 mJ/pulse. Red
vertical lines mark the locations of Ti atomic emissions.
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stretching, only the titanium atomic emission lines are strong,
while the emissions around 482 and 505 nm are fairly weak.
However, with pulse stretching, the emissions around 482 and
505 nm are significantly heightened, that is, about 10 times for
the emission at 481.666 nm. The Ti atomic emissions around
500 nm are also increased by ∼60%, but not as much as the
emissions around 482 nm. The emissions around 482 nm can
be fitted with three peaks at 480.668, 481.666, and
483.770 nm, while no strong atomic emissions can be found
corresponding to the NIST database.45 Furthermore, how the
emission increases with a stretched pulse is different for
emissions around 482 nm versus atomic emissions around
500 nm. For the atomic emissions around 500 nm (e.g.,
498.173 nm), the signal is boosted by 1.24, 1.58, and 1.35
times with Cavity 1 only, Cavity 2 only, and both cavities,
respectively. The highest signal occurs with Cavity 2 only. In
contrast, for emissions around 482 nm, the signal is boosted
by 2.42, 4.95, and 9.46 times with Cavity 1 only, Cavity 2 only,
and both cavities, respectively. The intensities continue in-
creasing as the pulse is stretched further. The emission around
505 nm displays the same trend as does the emission around

482 nm. Besides 482 and 505 nm, emissions around 563 and
595 nm are also significantly augmented in intensity.

The laser-induced plasma excitation temperature is de-
termined by the Boltzmann plot method,25,31 using the rel-
ative intensities of the atomic line emissions around 500 nm
(i.e., 498.173, 499.107, 499.950, and 500.721 nm) and 520 nm
(i.e., 517.374, 519.297, and 521.038 nm) based on the NIST
database.45 Parameters used in the temperature fitting are
listed in Table S1, and the fitted plasma temperatures under
different stretcher configurations are shown in Fig. S2 (Sup-
plemental Material). The plasma temperature without the
pulse stretcher is determined to be∼7280 K, which decreases
to ∼6500 K when the laser pulse is stretched with both
cavities. However, it should be noted that the plasma tem-
perature fitting assumes partial local thermodynamic equi-
librium (LTE) and the absence of signal trapping, for which
more work is required to check their validity.25,46 Moreover,
our Boltzmann plot is based on the integrated emission over
200 ns, resulting in a calculated “average” temperature. Al-
though the decrease of temperature leads to the decrease of
the instant intensity of the atomic emissions, the total emission

Figure 3. Temporal evolution of emissions with 30 mJ/pulse excitation energy for pulse stretching integrated for 10 ns with different delay
times, (a) and (b) emission spectra from 0 to 100 ns with both cavities, (c) and (d) change of emission intensities with different stretching
configurations.
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intensity is also related to the temporal evolution of the
emissions.

The temporal evolution of the emissions around 482 and
500 nm produced by excitation laser pulse with both cavities is
shown in Fig. 3a and b. For the signal detection, the gate width
of the camera is set to 10 ns to obtain a sufficient signal with a
high signal-to-noise ratio. Note that the time labels in the
figure indicate the delay times, for example, label 0 ns denotes
that the signal is integrated from 0 to 10 ns after the onset of
the laser pulse. The Ti atomic emission around 500 nm rises
and reaches the maximum almost simultaneously with the
laser pulse (∼30 ns) and decays quickly as the laser pulse ends.
On the other hand, the emissions around 482 nm peak much
later (∼50 ns) than do the Ti atomic emissions around 500 nm,
but last longer. When the intensities decay to half of their
maxima, the durations are ∼35, ∼50, and ∼80 ns for laser
pulse, atomic emissions around 500 nm, and emissions around
482 nm, respectively. The observed temporal evolution of the
atomic emissions is typical for PS-LIBS measurements of
nanoparticle aerosols.24 However, the temporal emissions
around 482 nm are different from the atomic emissions, along
with the enhanced emissions around 505.6, 563, and 595 nm.
The dissimilar temporal behavior of these enhanced emissions
implies a mechanism different than that producing the atomic
emissions.

The detailed temporal variation of the emissions with
different excitation laser pulse durations using different
stretching configurations are further studied, as shown in Fig.
3c and d. To demonstrate the trend, we average the atomic
emissions from 496 to 503 nm and from 477 to 487 nm to
represent two different emissions. The atomic emissions with
different pulse stretchers all follow a similar trend, that is,
rising simultaneously with the laser pulse and decaying quickly
as the laser pulse ends. The emission at 10 ns with only Cavity
2 is almost the same as that with no cavities, although the laser
power at this time is much less. However, at 20 ns, the
emission with Cavity 2 is much stronger because of the further
excitation of the plasma by the stretched laser pulse. As the
laser pulse is stretched more with Cavity 1 or both cavities,
the emissions at 10 ns decrease. Nevertheless, the subsequent
photons of the pulse keep heating the plasma at 10 ns and thus
produce more atomic emissions at 40 ns and later through
thermal excitation of the related species.

The temporal evolutions of the emission around 482 nm
are markedly different from the atomic emissions around
500 nm under different pulse stretching configurations.
Without the pulse stretcher, the emission is weak and decays
promptly to zero at around 50 ns, although emitting slightly
longer than do the atomic emissions for the same excitation
laser pulse duration. With the pulse stretched by Cavity 2
only, the instant emission intensity increases significantly
during 20 to 30 ns and decreases to almost zero at 60 ns.With
the laser pulse stretched by Cavity 1 only, the emissions
continue increasing, albeit moderately, reaching a maximum at
60 ns, with an overall duration of about 100 ns. With the laser

pulse stretched by both cavities, the duration of the emissions
is about the same as that for Cavity 1 only, but the emission
intensity is enhanced prominently by a factor of 2.15. The
lifetime of the emissions at 482 nm is closely related to the
lifetime of the atomic emissions at 500 nm. As the laser pulse is
stretched with Cavity 1 or with both cavities, there are still
some atomic emissions at 80 and 90 ns; and the 482 nm
emission decays quickly to zero after the plasma is gone. This

Figure 4. Effect of excitation laser energy, (a) emission intensity and
plasma excitation temperature, (b) temporal evolution of
emissions at 496–503 nm, and (c) temporal evolution of emissions at
477–487 nm. Both cavities are used for pulse stretching.
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result indicates that the presence of the plasma, although weak
at 90 ns, influences the strong emissions around 482 nm. Such
influence could be from the plasma itself or the high char-
acteristic temperature, which is discussed later.

Dependence of Emission on Laser Energy and Location
in the Flow Field

The excitation laser energy (and thus the produced plasma
intensity) is then varied to investigate the dependence of the
482 nm emission and atomic emission on the excitation laser
energy. For this purpose, the laser pulse is stretched by both
cavities, and a series of absorptive neutral density filters
(Edmund Optics #63-470, with optical densities from 0.1 to
2.5) are utilized to modify the laser pulse energies. The in-
tensities of two typical atomic lines at 499.107 and
519.297 nm, and two emission peaks around 482 nm (i.e.,
480.668 and 481.666 nm), versus a series of laser excitation
energies from 1 to 220 mJ/pulse, are plotted in Fig. 4a. Typical
emission spectra at three laser energies, that is, 1, 3, and
30 mJ/pulse, are shown in Fig. S3 (Supplemental Material). The
emissions all increase as the laser energy increases; however,
the trend is different between the atomic lines and the
emission around 482 nm, especially for the low laser energies
from 1 to 10 mJ/pulse. For the atomic lines at 499.107 and
519.297 nm, the intensities increase quickly at the beginning
(1–10 mJ/pulse), and then the increasing rate decreases.
However, for the emissions at 480.668 and 481.666 nm, the
intensities keep increasing moderately. These emissions
around 482 nm are less affected by the low intensity of the
plasma, as compared to the atomic emissions around 500 and
520 nm. The plasma temperatures are also fitted by the
Boltzmann plot method,25,31 and are shown as a function of
laser pulse energy in Fig. 4a. The temperatures are 4880, 5420,
5684, and 6055 K for cases with laser energies of 1, 3, 5, and
10 mJ/pulse, respectively.

When the laser energies increase, the temporal evolution
of the emissions changes as well, as shown in Fig. 4b and c.
Note that the intensities are multiplied by appropriate factors
for a better comparison, as indicated in the figure. For the
atomic emissions around 500 nm, as shown in Fig. 4b, the
temporal evolution between 3 and 30 mJ/pulse is close, with
one peak intensity at 20–30 ns. As the laser energy increases
to 100 mJ/pulse, there are two peak intensities, at 10 and
50 ns, respectively. However, for all laser energies, the atomic
emissions decay after 50 ns. For the emissions around 482 nm,
the decay time is delayed at higher laser energies.

Phase-selective LIBS with a stretched pulse (with both
cavities) is applied to the swirl premixed flame burner at
different distances downstream from the exit of the burner to
study the effect of the growing size of the particles along the
flow-field axis.24 The emission spectra along different dis-
tances are shown in Fig. 5. At a distance of 6 mm away from
the burner exit, the particle size is ∼5 nm,24 and there are no

emissions. As the nanoparticles grow in the flame-synthesis
flow field, increasing their size and volume fraction,24 the
intensities of the emissions increase, which indicates that the
phase selectivity is maintained with a stretched excitation
pulse. The intensities of emissions around 482 and 500 nm rise
with increasing distance from the burner exit along the axis;
however, interestingly, the emission intensity ratio of 477–
487 nm to 496–503 nm remains constant, as plotted in the
inset. Along the axis, the size of the particles increases, but the
elemental composition remains the same. The constant ratio
of the two emissions may be related to the elemental com-
position of the nanoparticles in the sampling volume.

Exploration of the Origin of the Enhanced Emission

Further investigations are conducted to decipher the origin of
the significantly enhanced emissions. A linear polarizer is
placed in front of the image rotator (Fig. 1) to check the
emissions’ polarization by rotating the line polarizer’s direc-
tion. Figure S4 (Supplemental Material) shows s-polarized and
p-polarized emissions around 482 and 607 nm. As expected,
the N2 Raman at ∼607 nm (2331 cm–1 shift with 532 nm laser
excitation) is s-polarized. However, the emission at ∼482 nm
shows similar intensity for both s-polarized and p-polarized
components, which signifies that the emission at ∼482 nm is
not polarized. The result distinguishes it from polarized
emissions (such as Raman and laser-induced fluorescence) and
emphasizes that the excitation here is purely thermal.

The emissions around 482, 563, and 590 nm match several
transition bands in the TiO C3Δ–X3Δ transitions well.47,48

For example, the emission around 482 nm could be attributed
to the (4,2), (3,1), and (2,0) bands in the C3Δ–X3Δ transition
system. The radiative lifetime of the excited TiO species in the
C3Δ state is determined experimentally to be around
30 ns.49,50 The TiO molecules could be excited by plasma51 or

Figure 5. Emission spectra measured along the axis of the swirl
burner. The inset shows the ratio of the integrated emission
intensity of 477–487 nm to the intensity of 496–503 nm.
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chemical reaction of Ti atoms with surrounding gaseous
species.47,52,53 The laser-induced plasma produces Ti atoms
that can react readily with gaseous species to produce excited
TiO*, with corresponding chemiluminescent emission.
Moreover, plasma-excited Ti atoms (a5F) require no activa-
tion energy to react with oxygen-containing species such as
O2, NO, and N2O to form TiO*,54 leading to reaction rates
two orders of magnitude higher than those of ground-state Ti
(a3F).55,56 Because of the different mechanisms leading to
emission, the intensity changes of the emissions around 482
and 500 nm with respect to laser energy are expected to be
different, as shown in Fig. 4.

To assess whether the TiO emission may be caused by
direct plasma excitation of TiO species, we conduct PS-LIBS
measurements with stretched pulses in another setup making
aerosols of TiO2 nanoparticles. Titania nanoparticles are
produced by a spark generator with titanium rods as elec-
trodes and O2/Ar or O2/N2 as flowing gas.

43,44 Three kinds of
flowing gases, including O2/Ar, N2, and O2/N2, are employed
to generate Ti–O, Ti–N, and Ti–O–N species. Yet, under all
these conditions, no enhanced emissions are observed around
482 nm. As TiO exists in the laser-induced plasma in the Ti–O
and Ti–O–N system, the absence of emissions around 482 nm
implies that the emission at ∼482 nm is not from the plasma
excitation of TiO. These results also imply that the TiO
emissions are not from the reaction of Ti with species in the
Ti–O–N system. It should be noted that the TiO chem-
iluminescence emission spectra also depend on the electronic
state of the Ti atom (e.g., ground a3F state or excited state
such as a5F) and the gaseous oxidant (e.g., N2, N2O, or
O2).

54,57,58 For example, as shown in Dubois and Gole,47 the
chemiluminescence spectra from the Ti–O2, Ti–NO2, and Ti–
N2O reactions are very different in terms of the relative
intensities at different wavelengths. The results lead to the
assumption that the TiO emission observed in our experi-
ments is chemiluminescence resulting from reactions in the Ti–
O–N–C–H system.

Further experiments are conducted on the Ti–O–N–C–H
system using a diffusion-flame-based Hencken-type burner,
where the carrier gas composition in the center tube is
switched between N2/H2 and N2/CH4 to change the con-
centration of carbonaceous species. The emission spectra
with different carrier gases are shown in Fig. 6, with the in-
tensities normalized to the peak at 498.173 nm.With N2/H2 as
a carrier gas to deliver TTIP to the hot flow field, emissions
around 482 nm can be observed, with a maximum value of
0.25. When the carrier gas switches from N2/H2 to N2/CH4

(91% N2 and 9% CH4 to keep the same flame height), the
emission around 482 nm significantly increases. As the con-
centration of CH4 increases from 9 to 45%, there is only a
slight increase in the emission around 482 nm.

There are significantly higher concentrations of carbona-
ceous species and radical species in hydrocarbon flames than
those in hydrogen flames.59 As revealed in Senba et al.,58, the
reaction rate of Ti with some carbonaceous species could be

orders of magnitude higher than other species. It is likely that
carbonaceous species or radical species in the flame, such as
CO2, CO, and OH, react with excited Ti atoms resulting in
TiO* chemiluminescence. A hypothesis about the effect of
pulse duration in this study is then proposed based on the
above reasoning. With a short pulse (no pulse stretcher),
TiO2 nanoparticles vaporize, and plasma is formed in the close
vicinity of the nanoparticle. However, because of the rapid
cooling following the plasma expansion, there is not enough
time in the high-temperature region to facilitate the reaction
and production of TiO*. Longer (stretched) pulses can
continue to feed energy into the plasma to sustain a sufficiently
high temperature condition (but not too high where de-
composition of radicals/molecules outcompetes their for-
mation); and with the right reactive species from the flame, the
observed TiO* chemiluminescence emission is engendered.
Nevertheless, more evidence is needed, and the detailed ki-
netics require further study.

Conclusion

A nanosecond laser pulse is optically stretched to investigate
the effects of pulse duration on the nanosecond-plasma
produced during phase-selective LIBS (PS-LIBS) of gas-
borne titania nanoparticles. With the stretched pulse, there
is a significant enhancement of emissions around 482 nm
(attributed to TiOmolecular emissions) compared to the mild
enhancement of the Ti atomic emissions around 500 nm. The
temporal evolution of the emission with the stretched laser
pulse shows that the emissions around 482 nm rise later than
do the atomic emissions but last longer. The 482 nm mo-
lecular emission dominates at low laser pulse energy, and its
intensity is less dependent on the laser pulse energy than are
the 500 nm atomic emissions. Aerosol systems with different

Figure 6. Emission with different gas environments above the
Hencken-like burner, with 30 mJ/pulse excitation energy and both
cavities for pulse stretching.
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elemental compositions are used to investigate the origin of the
molecular emission. The results suggest that the 482 nm
emission is chemiluminescence from excited TiO species from
the reaction of excited Ti with oxygen-containing species. A
prolonged interaction between the laser pulse and plasma could
be facilitated with a longer pulse, sustaining a longer high-
temperature condition for chemical reactions to produce
excited TiO species and chemiluminescence. These results
demonstrate that in the nanosecond-plasma, the duration of the
nanosecond laser pulse not only affects the atomic emissions but
also plays an important role for the molecular emissions.

The enhanced emissions also imply the potential devel-
opment of double-pulse PS-LIBS, which may carry the ad-
vantages of phase-selectivity and enhanced emission from
double pulse conventional LIBS. Moreover, the results
demonstrate that excited species and the reactions in the
plasma can be strongly affected by the pulse duration, along
with the temporal variation in laser fluence. Therefore, by
changing the pulse duration and temporal fluence profile, it
may be possible to change the plasma temporal evolution and
the associated chemical reactions.60
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