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Phase-selective LIBS with secondary resonant excitation demonstrates strongly-enhanced emission in
the in-situ study of flame synthesis of titania nanoparticles.
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Abstract

Low-intensity phase-selective laser induced breakdown spectroscopy (PS-LIBS) with secondary
resonant excitation from the same single laser pulse is employed in the in-situ study of flame
synthesis of TiO;, nanoparticles. Excitation from the third harmonic (i.e. 354.71 nm as measured)
of an injection-seeded Nd:YAG laser breaks down flame-synthesized titanium-dioxide
nanoparticles in-situ into their elements and then subsequently resonantly excites the titanium

electrons. With low-intensity laser excitation (~30 ml/pulse or 2.4 GW/cm®), only the
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nanoparticle phase is selectively broken down, forming nano-plasmas without any observable
Bremsstrahlung radiation. The induced emission at 497.534 nm resulting from the secondary
resonant Ti excitation is markedly stronger than other/primary emissions. Compared to 532 nm
excitation (with no secondary resonant excitation), where atomic emission intensity saturates at a
laser power of ~20 mJ/pulse (1.6 GW/cm® irradiance), the emissions from 354.71 nm excitation
exhibit no saturation with laser irradiance because of the secondary resonant excitation, until gas-
phase breakdown occurs at a laser power of 40 mJ/pulse (3.2 GW/cm® irradiance). Temporal
evolutions of the emissions are also studied, revealing that the 497.534 nm emission maximizes
earlier, but is shorter lived. Interestingly, transient line splitting with dependence on excitation
laser wavelength is observed and investigated. Additional experiments scanning the excitation
laser wavelength around other resonant excitation lines show that the emission intensity can be
enhanced by about 130 times at 282.347 nm excitation. Thus, using the secondary resonant
excitation effect, detection thresholds could be remarkably improved for phase-selective

measurements of nano-aerosols.

Key words: resonant laser induced breakdown spectroscopy (LIBS); phase selective; flame

synthesis; nanoparticles
1. Introduction

Laser induced breakdown spectroscopy (LIBS) has been applied extensively to analyze solids,
liquids, gases, and aerosols in various environments [1-4]. LIBS has become a very popular
analytical method owing to its unique features such as no (or minimal) sample preparation,
applicability to almost any type of sample in almost any environment, capability for in-situ

measurements, and speed of analysis. LIBS analyses on aerosols have been employed in many
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conditions, such as coal gasification [5], ambient environments [6], experimentally-controlled
settings [7,8], and single-particle systems [9]. There have been efforts at gaining better
understanding and at extending the capability of LIBS on aerosols. Hybl et al. [10]
differentiated biological agents from natural background aerosols based on ratios of the atomic
lines. Mukherjee et al. [11] applied LIBS to determine the extent of oxidation or coating
thickness of aluminum nanoparticles. Diwakar et al. [12,13] developed a near real-time
measurement of elemental compositions of aerosols of 30-900nm size at low concentrations by
collecting particles onto a flat-tip microneedle electrode and then performing LIBS on the needle
tip. Théarnhage et al. [14] augmented LIBS with a trigger system such that the laser was fired
only when a particle was expected in the focal zone, thus significantly increasing the hit rate for
detection and classification of micrometer-sized single particles in real-time. Fortes et al. [15]
combined optical catapulting (OC) and optical trapping (OT) with LIBS, permitting separation
and manipulation of particles in a heterogeneous mixture, with subsequent analysis of the
isolated particle of interest by changing the condition of optical trapping. Along with other
various key laser-based diagnostics [16—19], LIBS has been applied widely in combustion
processes, e.g., to monitor the release of elements [20], and to study mixing and other

phenomena [21].

In our previous work [22], a novel low-intensity phase-selective laser-induced
breakdown spectroscopy (PS-LIBS) method for nanoparticle detection during flame synthesis
was developed. We demonstrated that unlike the processes based on conventional LIBS for
aerosols as referenced above, the laser fluence is appropriately low so that only a nanoplasma is
created from each nanoparticle with no gas-phase breakdown or macroscopically-observable

spark. Moreover, the breakdown occurs only when nanoparticles are ablated, allowing
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distinguishment of the elements from the solid particle phase. Thus, this technique is particularly
helpful in understanding the gas-to-particle transition process. Further development has been
achieved for two-dimensional imaging of gas-to-particle transition and in-situ measurement of
volume fractions of metal-oxide nanoparticles in a flow field by using the second harmonic mode
(532nm) of the Nd:YAG laser [23]. The absorption-ablation-excitation mechanism in laser-
cluster interactions of the low-intensity PS-LIBS process has been scrutinized by comparing
Rayleigh scattering versus atomic emission of aerosol clusters in this regime by using both first
and second harmonic modes [24]. In contrast to elastic or inelastic scattering at lower laser
irradiance (< 10™ GW/cm?), using PS-LIBS, particles are ablated at a laser irradiance above a
critical threshold but below that for gas-phase breakdown. Noteworthy, this threshold is
significantly influenced by the photon energy and the bandgap of the nanoparticulates. When the
photon energy is not high enough to excite the electrons, higher laser irradiance is needed to
ensure the possibility of multi-photon excitation. For example, under the same nanoparticle
flame-synthesis condition, atomic emission occurs when the 1064 nm laser irradiance exceeds an
onset intensity of 1 GW/cm®, which is about six times higher than that for 532 nm excitation.
However, the atomic emission with 1064 nm laser excitation is much weaker—about one to two
orders of magnitude lower than that for 532 nm excitation at the same intensity [24]. Further
clarification of the underlying physics of PS-LIBS should involve studies at shorter excitation
laser wavelengths, e.g. 355 nm, corresponding to energies above the bandgaps of the materials of

interest.

In the current work, the effect of excitation wavelength is investigated using the third
harmonic of the Nd:YAG laser in low-intensity PS-LIBS instead of the second harmonic as done

in previous research. Interestingly, PS-LIBS with subsequent resonant excitation is observed.
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With low-intensity excitation (~30 mJ/pulse or 2.4 GW/cm’ irradiance), only the particle phase
is selectively broken down, and the induced emission from the subsequent resonant excitation of
the constituent Ti (now in plasma phase) is markedly stronger than other emissions. The
generality of this single pulse PS-LIBS with secondary resonant excitation technique is
demonstrated by scanning the excitation wavelength near different resonant lines of Ti to verify
the enhanced emission effect. For excitation near 282nm, the resonant emission intensity can be
increased by about a factor of 130, demonstrating the capability to achieve a very low limit of
detection for element(s) of interest from the nanoparticle phase, when the excitation wavelength

can be selected.
2. Experimental setup

A stagnation swirl flame setup is utilized to synthesize TiO, nanoparticles, as shown in Fig. 1.
The details of the setup can be found in Refs. [22,25]. In brief, the burner consists of an 18-mm
diameter stainless-steel nozzle with an internal swirler, and a stagnation substrate (temperature
controlled) situated 19-mm downstream. Premixed CH4, O, and N, flow into the burner,
sustaining a premixed flame, while a portion of the N, (2 L/min) runs through a bubbler
containing titanium tetraisopropoxide (TTIP) precursor and carries the precursor to the flame.
The precursor pyrolyzes and oxidizes in the flame forming supersaturated metal-oxide vapor that
condenses into nanoparticles as the gases cool upon reaching the cold substrate [26,27]. TiO;

nanoparticles ~10 nm in size are formed under the given conditions.

The setup for the laser-based diagnostics is shown in Fig. 2. An injection-seeded
Nd:YAG laser that can operate at second (532nm) or third (355nm) harmonic modes serves as

the excitation source. The output laser beam is focused by a 500-mm focal-length plano-convex
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fused silica lens to the region of interest in the flame-generated nano-aerosol. The collection
optics consist of two 400-mm focal-length achromats, an image rotator, and turning mirrors. The
emissions are collected at 90° into a triple spectrometer (Princeton Instruments TriVista), which
is composed of two 0.5m spectrometers and one 0.75m spectrometer, all with 1800 groove/mm
holographic gratings. The triple spectrometer can work in additive mode (which gives high
spectral resolution), subtractive mode (which gives high stray light rejection), or single mode
(where each stage serves as a stand-alone spectrometer). In additive mode, the gratings on all 3
stages contribute to positive light dispersion. In subtractive mode, the first and second stages
work as a tunable bandpass filter, where the first stage disperses light so that only a selected band
passes through the slit entering the second stage which recombines the dispersed light (with a
counter-oriented grating) to focus on the slit either entering the third stage or outputting to a
detector. If a third stage is utilized, then it defines the spectral resolution, with output to the

detector. These modes can be switched by software control.

An ICCD camera (Princeton Instruments PIMAX 3) detects the signal with selected delay
and gate timing to minimize background interference and to study the temporal evolution of the
process. A photomultiplier tube (PMT, Hamamatsu R928) is connected to the spectrometer at
another port, with its signals recorded by a digital oscilloscope (Agilent Infiniilum 54845A
oscilloscope, 1.5 GHz sampling rate), and further assesses the temporal evolution of the
emissions at selected wavelengths. The typical slit width is set to 50-200 pum to minimize

instrumental broadening and to obtain appropriate spatial and spectral resolutions.

3. Results and discussions
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To achieve high stray light rejection along with appropriate spectral resolution, the triple
spectrometer first runs in subtractive mode, where the first two stages work as a band pass filter
and the third stage works as the main spectrometer. The entrance slit is set to 200 um. The
emission spectra from 532 nm and 355 nm laser excitation at 14mm away from the burner exit
are shown in Fig. 3. The laser irradiance is 2.4 GW/cm® for both cases at 10Hz repetition rate
with ~10 ns pulse width; and the signal collection time is 150 seconds (1500 shots) with 400 ns

gate width to capture the whole signal emission duration.

For 532 nm excitation, the results are consistent with our previous work [22], with Ti (I)
atomic emission lines at 498.173 nm, 499.107 nm, 499.950 nm, 500.721 nm, and 501.428 nm
identified and no Bremsstrahlung background detected. However, for 355 nm excitation, a new
strong emission line at 497.534 nm appears. As will be discussed, this line corresponds to the Ti
(I) atomic line produced by the transition from upper 3d’(*D2)4p level w'F°; to lower

3d°(*D2)4s level b'D,. The line strength can be calculated from the expression [1]:

I =%exp(—%) (D
where [ is the emission intensity (W/sr); A is Planck’s constant; v is the frequency; 4; is the
transition probability (with Einstein 4 coefficient) from the upper level j to the lower level i with
energy difference of 4v; N is the absolute number density of the atoms at upper level j; Ny is the
total number of atoms; Z is the partition function, usually taken as the statistical weight of the
ground level; E; is the energy of the upper level; g is the statistical weight of energy level j; k is

Boltzmann’s constant; and 7 is the plasma temperature.
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Based on the data from the National Institute of Standards and Technology (NIST) [28]
and Wiese and Fuhr [29], and assuming a local thermodynamic equilibrium (LTE) plasma
temperature of 10,000 K (or 20,000K), which is in the characteristic temperature range of LIBS,
the non-resonant emission intensity at 497.534 nm should be less than 10% (or 20%) of the
emission intensity at 498.173 nm. In fact, the experimentally observed emission intensity at
497.534nm is 50 (or 25) times greater than what it is predicted under LTE conditions assuming a
10,000K (or 20,000K) plasma temperature, indicating another mechanism (i.e. resonance) at play
beyond traditional LIBS or previously-studied PS-LIBS. Moreover, the strength of the new
resonant emission is shown clearly by the comparison of the emission intensity spectra for
532nm and 355nm excitations, at the same fluence, in Fig. 3. Compared to the existing strong
emission at 498.173nm, for both 532nm and 355nm excitations, this new emission at 497.534 nm
is about 5 times stronger. As such, the sensitivity of previously-studied PS-LIBS can be
improved by using the secondary resonance effect. To confirm that the 497.534 nm line is from
Ti atomic emission, rather than from intermediate species in the combustion and decomposition
processes during flame synthesis, inert aerosolized Ti particles are examined. Ti particles are
generated using a spark generator as described in the work by Byeon et al. [30]. Two titanium
rods serve as electrodes, and 3kV difference is applied to the rods in an argon atmosphere,
producing sparks/particles. Using focused 355nm excitation with laser irradiance of 2.4 GW/cm’,
strong emission at 497.534 nm is reproduced, confirming that the emission line is indeed from

atomic titanium.

As mentioned above, the 497.534 nm emission corresponds to the Ti (I) atomic line
produced by the transition from upper 3d’(*D2)4p level w'F°; to lower 3d*(*D2)4s level b'D,.

The ‘355 nm’ laser line is actually measured to be 354.71 nm, equivalent to one-third of the
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fundamental wavelength of the Nd:YAG laser at 1064.13 nm, which is consistent with the value
from the literature [31]. Coincidentally, this laser line matches the Ti (I) absorption line at
354.703nm, with the upper level of this line being exactly the upper level of the 497.534 nm
transition line, such that the electrons can be excited to the upper 3d’(*D2)4p level w'F®;, as
shown in the Fig. 4. Besides the direct emission from the w'F®; level, there can also be some
internal transitions to other states, as 480.541 nm emission (upper level s°D°, with energy

slightly lower than from the w'F°; level) is also observed with high intensity.

There are several relevant mechanisms for describing this phenomenon, namely LIBS
with laser-induced fluorescence (LIBS-LIF), resonant enhanced laser induced breakdown
spectroscopy (RELIBS), and resonant laser induced breakdown spectroscopy (RLIBS). For
LIBS-LIF, one laser pulse creates the plasma and another pulse excites selected states to produce
fluorescence [32-35]. Two laser pulses, usually two lasers, are employed, which may result in
system complexity. For RELIBS, one pulse performs the ablation and another pulse resonantly
excites atoms, along with rekindling the plasma. A delay time of 30 ns or more relative to the
second pulse is needed for signal collection [36,37]. For the RLIBS technique [38—42], which is
a combination of resonant laser ablation (RLA) [43—46] and optical emission detection, only one
laser pulse of selected wavelength is employed to create the plasma and also excite the electrons
resonantly. In the RLIBS process, the first-come photons ablate the sample and then the other
photons resonantly excite and ionize the vapor [47]. There are also some enhanced desorption
for the ablation process [48], exothermic collision for vapor heating and reaching LTE [49], and
transition of the energy from excited species to other components [39]. Based on the energy
levels and the description of these three mechanisms, our observed phenomenon is most related

to the RLIBS mechanism, with the 354.71 nm laser ablating the samples and then resonantly
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exciting the electrons of Ti atoms from a'Gy level to w'F; level. The excited electrons then
undergo radiation processes, transitions, and exothermic collisions. It is worth noting that the
a'Gy level is not the ground level of Ti, and thus the number of electrons in this level is not very
large compared to that in the low-energy levels, which means that the signal can be enhanced,

upon strategically selecting the excitation laser line.

RLIBS and RLA have been applied to major and trace element detections, manifesting
part-per-billion sensitivity [38,45,46,50] and potential for quantitative measurements [41].
Some modeling work has been done to better understand the process [51]. However, for all the
literature found, the RLIBS and RLA have been done with solid bulk samples or pure gas vapor.
The current work presents the first study of the RLIBS effect in nanoparticle aerosols. More
importantly, combining resonant ablation and low-intensity phase-selective LIBS will create
some new features. The resonant ablation process is shown to be capable of selectively ionizing
different target analytes from the same composite sample [50,52]. Combined with the low-
intensity PS-LIBS on nanoparticles, it is possible to perform phase-selective and analyte-

selective LIBS with low detection limits.

2

However, the diagnostic also needs to consider the possible direct excitation of “target
atoms already in the gas phase, e.g. Ti, prior to interaction with the laser. Here, an initial scan at
very low laser excitation intensity below the ablation threshold for pure Ti nanoparticles should
divulge the presence of any “pre-existing” atomic Ti that would be excited directly by the 354.71
nm laser. If such is the case, then non-resonant excitation, e.g. 532nm, should be used for PS-
LIBS. Nevertheless, in diagnosing specific systems, such as flame synthesis of metal oxides, the
presence of pure metal atoms in the post-flame gases would be almost non-existent, especially

for lean flames (as in our setup here), where the goal is to produce the metal oxide. Only in a
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specially-tailored highly-reducing environment would such metal atoms be found.
Notwithstanding, proper application of the PS-LIBS with secondary resonant excitation
diagnostic would require understanding of the given system’s innate synthesis characteristics,

along with perhaps other techniques to discriminate any concurrent effects.

To demonstrate phase-selectivity, emission intensities along the centerline axis of the
synthesis flow from 532 nm and 355 nm laser excitations are presented in Fig. 5. The calculated
diameter from a simple monodisperse population balance model [22] is also displayed to indicate
the expected phase-change or particle growth along the axis. The ‘total’ intensities are
calculated by integrating the emission from 497 nm to 502 nm. The emission intensities for
355nm excitation show quick increases at 5-12 mm downstream from the burner exit, where the
flame region is located, indicating phase change and particle growth. Parenthetically, the trend
of the increasing emission signal along the centerline axis of the flow field (Fig. 5) further
confirms that we are identifying TiO, nanoparticles in our lean flame synthesis system, as Ti-
containing species convert to TiO, particles and grow along the axis [53]. In contrast, if Ti
atoms existed prior to laser-induced breakdown of the nanoparticles, then their direct excitation
would have instead resulted in decreasing emission along the axis. Moreover, for 354.702 nm
excitation, the lower energy level of Ti (a'Gs, 1.502¢V) of the excitation process is not at the
ground state, which can be beneficial since the fraction of atoms at this state at the temperatures
of the post-flame gas is very low without excitation by the laser-induced plasma. Nonetheless,
differences exist for these two excitation wavelengths. At 2 mm downstream from burner exit
(before particle growth), there is no emission around 500nm for 532nm excitation, while there
exists emission for 355 nm excitation, albeit with low intensity. Since in this low-swirl flame

burner the gases and precursor are pre-mixed prior to the burner exit, the TTIP precursor
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encounters O, and there will be some reaction in the gas phase at ~ 100°C to form some TiO;
monomers/clusters at the burner exit, eventually producing TiO, particles at longer residence
times [54,55]. These clusters may absorb the 355 nm laser light and be excited and broken
down, while the 532 nm laser light is not absorbed much, attributable to different absorption
efficiencies for the different wavelengths [56,57]. Because some of the Ti-containing species do
not have large enough absorption cross section, they will not interact as ‘particles’ with the
excitation laser beam for certain wavelengths; and the emitted signal will increase until these
gas-phase species grow to become ‘particles’ at a specific size (dy). Then, they will be
selectively broken down (with no gas phase breakdown). The dy will be different for different
excitation wavelengths, as shown in Fig. 5. For example, at the initial stage, some species are
excited by 355nm excitation, but not by 532nm. Such emission is related to the plasma
production and strong emission from it. The dissimilar cluster/particle size detection threshold

may be further developed to become a quantitative method for size characterization.

To further investigate the characteristics of PS-LIBS with resonant 355 nm excitation on
nanoparticles, the emission intensity change with laser irradiance is studied, as exhibited in Fig.
6. The inset compares the emission intensity change at 532 nm laser excitation. For both cases,
the measured location is 14 mm downstream from the burner exit with precursor concentration
116 ppm. The particle size is ~10 nm [22]. With 355 nm excitation, the laser irradiance
increases from 0.04 GW/cm® to 2.8 GW/cm® without gas-phase breakdown or visible spark,
which is observed at 3.2 GW/cm®. The resonant emission at 497.534 nm can be detected and
distinguished easily by the ICCD, even at 0.04 GW/cm” laser irradiance, corresponding to a laser
fluence of 0.4 J/cm®, which is still above the breakdown threshold for most metals [58]. Note

that the ablation threshold is generally much higher for metal-oxides (given the lack of free
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electrons in the conduction band) than for metals. With 532 nm excitation, the PS-LIBS
emission intensity saturates at a laser power of 1.6 GW/cm’, plateauing until gas breakdown at
5.6 GW/cm®. Nevertheless, the emission intensities from 355 nm laser excitation exhibit no
saturation, even up to gas-phase breakdown at 3.2 GW/cm®. The saturation at 1.6 GW/cm® with
532nm excitation corresponds to complete ablation of the particles. In contrast, PS-LIBS with
355 nm resonant excitation can continue to excite more electrons to the w'F°; upper level, with
the upper level transitioning to other energy levels (s’D°, b'Da, and others), thus leading to

continuous increase of the 497.534 nm emission as well as other emissions.

The temporal evolution of the emissions at a laser irradiance of 2.4 GW/cm’ is then
investigated with gated ICCD camera and PMT. The gated ICCD camera records the emission
spectrum at a gate width of 5ns with different delay times relative to the laser pulse. The PMT
obtains more detailed temporal evolution for emissions in a certain wavelength range. The triple
spectrometer is run in single and double mode. To obtain the temporal evolution using the ICCD
with sufficient emission intensity, the camera is placed at the output of the first stage of the
TriVista system; and the width of the entrance slit is set to 50 pm. For the PMT setup, the PMT
is placed at the output of the second stage of the TriVista system, with the first and second stages
working in the double subtractive mode as a fine band pass filter (with 40 um intermediate slit

size, corresponding to a band-pass width of 0.04 nm).

The temporal evolution of the emission spectrum recorded by the ICCD camera from
relative delay time 2.5 to 32.5 ns (the time when the detected elastic scattering of the laser pulse
from the same measurement volume reaches its maximum is set to 0) with 5 ns gate width is
shown in Fig. 7. The curve at 2.5 ns relative delay time is the emission collected from 0 to 5 ns;

the curve at 7.5 ns relative delay time is the emission collected from 5 ns to 10 ns, and so forth.
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As a result of the property of the low-intensity PS-LIBS, the white noise is low even at 2.5 ns
relative delay time. The 497.534 nm emission is fairly strong at 2.5 ns relative delay time and
then decays with time until it vanishes at 27.5 ns relative delay time. However, for the other
emissions, e.g. 498.173 nm, they increase from 2.5 to 12.5 ns relative delay time, and then
decline gradually. They are still detectable at 32.5 ns relative delay time, but disappear by 37.5
ns relative delay time. The 497.534 nm emission decays faster than the 498.173 nm emission.
As calculated above, for LTE, the 497.534 nm emission should be much weaker than the
498.173 nm emission. The high emission intensity at 497.534 nm at the early stage is due to the
selective excitation by the laser, which produces more electrons in the w'F’s level than that for
the LTE condition. However, this excited state is closely coupled to the optical pump by the
laser, and will decay rapidly after the laser pulse. The timing of the rise and decay will be
further elaborated upon in the discussions that follow, along with presentation of the detailed

temporal emissions measured by PMT.

Intriguingly, at 2.5 ns relative delay time (peak of the laser excitation), the emission at
497.534 nm is composed of two peaks, and this is further investigated close to the onset of the
laser pulse, i.e., from -7.5 ns to 2.5 ns relative delay, as shown in Fig. 8. At -7.5 ns relative delay
time, there are two peaks straddling 497.534 nm, distinct from each other. At -2.5 ns relative
delay time, the intensity of the emissions increases, and the two peaks get closer together. At 2.5
ns relative delay time, the two peaks get even closer, but are still distinguishable from each other.
The two peaks are fitted with Lorentzian profile, and the center wavelength evolution is shown in
the inset of Fig. 8. The two peaks are 0.3 nm away from each other at -7.5 ns relative delay time

(for emissions collected from -10ns to -5ns, where at -5ns time the laser intensity is half of the
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maximum intensity), about 0.15 nm from 497.5 nm on both sides. Thereafter, they move

towards 497.53 nm, and merge into a single peak at 7.5 ns relative delay time.

It is possible that this splitting is due to the influence of the magnetic field via the
Zeeman effect. Magnetic field generated in laser-induced plasma has been observed since the
early 1970s [59] and is shown to be about coincident with the laser pulse [60]. The Zeeman
effect has been employed to determine the strengths of magnetic fields [60-62]. Based on the
energy difference of the split peaks, the configuration of the electrons [28], and the formula
given by Drake [63], the temporal magnetic field is calculated to be 2.8 T, 1.4 T, and 0.3 T, at -
7.5 ns, -2.5 ns, and +2.5 ns relative delay time, respectively. These field strengths may seem
exceedingly large, but are actually consistent with the values given by McLean et al. [60], for
laser power at this range. However, as seen from Figs. 8 and 9, the split peaks are farthest apart
before the detected laser pulse has reached its maximum intensity, which is not expected as the
magnetic field should be correspondingly large for the Zeeman effect. Yet, it is worth noting
again that the laser pulse characterized here is actually elastic scatter from the same measurement
volume as from the other emissions, using the same collection optics, triple spectrometer, and
detector, but with the gratings turned to the laser excitation wavelength. Although we assume
that the Rayleigh scatter is instantaneous [64], matching the excitation laser pulse, other effects
may come into play, affecting its temporal nature, given the early breakdown of the nanoparticle
phase. For example, the corresponding electric field from the laser is large enough to breakdown
the nanoparticles and form nanoplasmas, despite also being early in the laser pulse process.
Moreover, the exact temporal evolution of the magnetic field may not be the same as that for the
laser pulse under this condition. The generated magnetic field depends strongly on the laser-

matter-plasma interactions [59,65,66]; and especially in the present case, the mass of the
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nanoparticles will be reduced quickly within the first several nanoseconds [24], which will
influence the magnetic field generated. Nevertheless, this line-splitting phenomenon is very

interesting, and needs further investigation.

Detailed temporal responses captured by the PMT detector for different wavelengths are
given in Fig. 9. The emissions around 497.53 nm are examined to show the detailed evolution of
different wavelengths, i.e., from 497.35 nm to 497.70 nm at 0.05 nm intervals, to show the
detailed evolution of the fine structure around 497.534nm, and to confirm the peak splitting. The
evolution of emission centered at 498.17 nm is also displayed for comparison. The pulse width
(FWHM, full width at half maximum) of the laser is fitted to be 10 ns, and the time when the
laser pulse reaches its maximum is set to zero. The emissions around 497.53 nm increase rapidly
when the laser pulse is present. However, the 498.17 nm emission rises slowly but lasts for a
longer duration. The sequence when the emissions reach their peaks is shown in Fig. 10.
Relative to the laser pulse peak, the emissions around 497.53 nm maximize about 3 to 6 ns later,
while the 498.17 nm emission maximizes about 12 ns later. The emissions around 497.53 nm
maximize 6-9 ns prior to the emission around 498.17 nm. The emissions at 497.35nm and
497.70nm maximize at ~3ns after the laser peak, but this time value increases monotonically to
6ns as the peaks of the other emissions converge toward 497.53nm from either side. If the time
for all the emissions to maximize were the same, then only a single integrated peak would result.
Thus, this sequence of the peaks for the different emissions again corroborates the splitting. The
laser excites the electrons resonantly, leading to fast increase in emission at 497.53 nm.
However, this emission is highly dependent on laser presence and decays as the laser pulse

diminishes. After the laser pulse ends at ~15 ns, the emissions around 497.53 nm last for another
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15 ns, corresponding approximately to the transition decay time for the Ti (I) 497.534 nm line,

which is on the order of 1/4;;= 16 ns based on the data given by Wiese and Fuhr [29].

Another interesting phenomenon is the dissimilarity observed for the emissions resulting
from laser excitation with and without injection seeding. For seeded laser excitation, as shown
above, the 497.534 nm emission splits into two peaks with the onset of laser irradiation. On the
other hand, for unseeded laser excitation, the 497.534 nm emission does not display complete
splitting, but rather broadens. As presented in Fig. 11, the fitted FWHM is 0.18 nm at the
beginning and then decays with time. The cumulative emission spectrum collected from -10 ns
to -5 ns relative delay times is shown in the inset. From 25 ns to 30 ns, the emission at 497.534
nm vanishes, which is the same as for the seeded case. Furthermore, the 480.54 nm emission is 4
times stronger for the excitation with unseeded versus seeded laser. We currently cannot provide

a good explanation for this phenomenon, and additional research is required.

Finally, to demonstrate the generality and to quantify the signal augmentation of the
effect of secondary resonant excitation by the same laser pulse, a tunable dye laser (Sirah
PrecisionScan) pumped by the second harmonic (532nm) of an Nd:YAG laser (Quanta-Ray LAB
170, Spectra Physics) is employed to investigate the dependence of emission intensity on
excitation laser wavelength. The frequency of the output of the dye laser is then doubled passing
through a KDP (potassium dihydrogen phosphate) crystal. The Lambdalock feature ensures
accurate control of the laser wavelength to less than +2.5 pm. The wavelength of the laser is
tuned around one atomic line of Ti (I) at 282.347nm (lower state 3d*4s’, energy level a’Fj,
higher state 3d°(*P)4p, energy level w’D®,). The laser energy is 7 mJ/pulse and is focused by a
150mm focal-length fused-silica plano-convex lens to conduct PS-LIBS with secondary resonant

excitation. The results are shown in Fig. 12 for different excitation laser wavelengths. The
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emission lines around 450 nm and 500 nm are strong at 282.22 nm laser excitation, while the
emissions around 460 nm are fairly weak. When the excitation laser line is tuned close to the
resonant excitation line at 282.347 nm, the emissions around 460 nm increase dramatically.
Closer inspection divulges that the strongest emissions around 460 nm are actually 462.934 nm
and 463.936 nm, both from emissions with upper energy level w’D°%. The intensity of the
emission lines at 463.936 nm increases from less than 500 au (almost at the noise level in this
case) to 65,000 au. This large enhancement establishes the potential to improve emission signals
considerably with well-selected excitation laser lines for a given elemental composition of

interest.
4. Concluding Remarks

Low-intensity PS-LIBS with secondary resonant excitation from the same single laser pulse is
employed in the in-situ study of flame synthesis of TiO, nanoparticles. Besides the phase-
selectivity property of the low-intensity LIBS, the new emission at 497.534 nm, caused by
secondary resonant excitation from the same single laser pulse (~355 nm), is found to be much
stronger than other/primary emissions. Because of the continuous resonant excitation of the
atoms, the emissions show no plateauing as they do with 532 nm laser excitation. The 497.534
nm emission is highly dependent on laser presence, maximizing prior to other emissions and
decaying fast as the laser pulse diminishes. The temporal evolution of the emissions also evinces
that the 497.534 nm emission splits into two lines at early times, which may be due to the
magnetic field generated by the laser pulse via the Zeeman effect; however additional

investigation is needed.
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The combination of phase-selective LIBS and resonant LIBS on nanoparticles
measurement leads to a high-intensity signal for particle phase detection. The technique has the
potential to make elemental measurements of nanoparticles at very-low detection limits, as well
as phase-selective analyte-selective measurements. As shown by scanning the excitation
wavelength, other resonant lines not only show the same effect, but also result in emission lines
that are exceedingly strong (i.e. enhanced by 130 times), suggesting that the technique is widely
applicable. With short focal-length lenses, laser power can be lowered significantly while still
maintaining strong signal. This setup can even be utilized with micro-LIBS technique [67-69]
to improve detection limit. In conjunction with the resonant LIBS process, there is also
possibility to create lasing. Mirrorless lasing has been performed in air [70] and metal
vapors [71]; and lasing with titanium vapor at different wavelengths have been examined [72—
75]. With long focal-length lenses, far-distant remote detection with high signal intensity can be

realized if backward emission lasing occurs, which is the subject of on-going work.
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10 Figure Captions list:

Fig. 1. Schematic of stagnation swirl flame synthesis setup. TEM of nanoparticles collected on

16 substrate from the setup shows ~10nm particle size, where the scale bar is 20 nm.

19 Fig. 2. Schematic of the PS-LIBS setup.

22 Fig. 3. Spectra of emissions (around 500 nm) from PS-LIBS of titania nanoparticles at 14mm
distance from the burner from (a) 532 nm and (b) 355 nm laser excitations, with the same

27 excitation laser irradiance (2.4 GW/cm®). The lines correspond to the NIST data for Ti.

30 Fig. 4. Partial Grotrian diagram of the energy levels of titanium atoms involved in ‘355’ nm

32 resonant excitation and corresponding emissions at 497.534nm and 480.541nm.

Fig. 5. Integrated emission intensity along centerline axis of synthesis flow for 532 nm and 355
38 nm laser excitations. The computed diameter is also displayed to indicate the expected

40 phase-change or particle growth along the axis.

Fig. 6. Emission intensity change for 497.534 nm and other emissions with laser irradiance at
46 355nm excitation. Inset shows the intensity change with laser irradiance at 532nm

48 excitation.

Fig. 7. Temporal evolution of the emission spectrum from 2.5 to 32.5 ns relative delay time for

54 355nm laser irradiance of 2.4 GW/cm®.
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Fig. 8. Temporal evolution of the emission spectrum from -7.5 to 2.5 ns relative delay time,
showing the peak split and convergence centered at 497.534nm. Note: Ons relative delay
time corresponds to the peak of the excitation laser pulse. The inset plots the center
wavelength of emission peaks converging to 497.543nm from -7.5 to 7.5 ns relative delay

time.

Fig 9. Temporal evolution of the emissions around 497.534 for different wavelengths using PMT,

for 355nm laser excitation.

Fig. 10. Relative time (with respect to the laser pulse peak) for emissions near 497.534 to reach

peak value.

Fig. 11. Temporal evolution of peak width (FWHM) of 497.534 nm emission for excitation with
unseeded laser. The inset shows the cumulative spectrum collected from -10ns to -5 ns

relative delay time.

Fig. 12. Emissions at different excitation laser wavelengths, with resonance at 282.347nm.
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41 Fig. 1. Schematic of stagnation swirl flame synthesis setup. TEM of nanoparticles collected on
substrate from the setup shows ~10nm particle size, where the scale bar is 20 nm.
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Fig. 3. Spectra of emissions (around 500nm) from PS-LIBS of titania nanoparticles at 14mm
distance from the burner from (a) 532 nm and (b) 355 nm laser excitations, with the same

excitation laser irradiance (2.4 GW/cm®). The lines correspond to the NIST data for Ti.
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Fig. 4. Partial Grotrian diagram of the energy levels of titanium atoms involved in ‘355’ nm

resonant excitation and corresponding emissions at 497.534nm and 480.541nm.
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Fig. 5. Integrated emission intensity along centerline axis of synthesis flow for 532 nm and 355
a4 nm laser excitations. The computed diameter is also displayed to indicate the expected phase-

46 change or particle growth along the axis.



©CoO~NOUTA,WNPE

Journal of Analytical Atomic Spectrometry

s

§2E+05 e : -

'% A 497 t0 498nm

g 1E+05 | O 498 to 502nm . O@f

() [ e® A A

E r O .
£ 5E+04 | &

» - O A

< 5E+03;

o O A 1 o O
~ 1E+03, &

$ 2E+04) 5E+02] o

S A 1E 00:0 __
>‘ - + Lo BLBLELLLLL BELELALLLLL B
%1E+04_ o 00104 1

5, 0.02 00501 02 05 1 2

c

Fig. 6. Emission intensity change for 497.534 nm and other emissions with laser irradiance at

355nm excitation. Inset shows the intensity change with laser irradiance at 532nm excitation.

Laser irradiance (GW/cm?)

’;:‘
5E+04 &
(e
ke
(7))
0
1E+04 5
] -
I5E+03 &
] o
K]
Q
(o0
1E+03
I5E+02 2
.c"%
C
(O]
I=

Page 36 of 42



Page 37 of 42 Journal of Analytical Atomic Spectrometry

©CoO~NOUTA,WNPE

19 50000
- 2 a Ve

21 g4t

23 >3000f

25 @ 2000f

26 [} 3

27 < 1000¢ M~

29 f06 497 298 499 500 501 502 503
31 wavelength (nm)
34 Fig. 7. Temporal evolution of the emission spectrum from 2.5 to 32.5 ns relative delay time for

36 355nm laser irradiance of 2.4 GW/cm®.
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Fig. 8. Temporal evolution of the emission spectrum from -7.5 to 2.5 ns relative delay time,
showing the peak split and convergence centered at 497.534nm. Note: Ons relative delay time

corresponds to the peak of the excitation laser pulse. The inset plots the center wavelength of

emission peaks converging to 497.543nm from -7.5 to 7.5 ns relative delay time.
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Fig. 9. Temporal evolution of the emissions around 497.534 for different wavelengths using

a4 PMT, for 355nm laser excitation.
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Fig. 10. Relative time (with respect to the laser pulse peak) for emissions near 497.534 to reach

peak value.
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Fig. 12. Emissions at different excitation laser wavelengths, with resonance at 282.347nm.
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