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The absorption-ablation-excitation mechanism in laser-cluster interactions is investigated by measuring
Rayleigh scattering of aerosol clusters along with atomic emission from phase-selective laser-induced
breakdown spectroscopy. For 532 nm excitation, as the laser intensity increases beyond 0.16 GW=cm2, the
scattering cross section of TiO2 clusters begins to decrease, concurrent with the onset of atomic emission of
Ti, indicating a scattering-to-ablation transition and the formation of nanoplasmas. With 1064 nm laser
excitation, the atomic emissions are more than one order of magnitude weaker than that at 532 nm, indicating
that the thermal effect is not the main mechanism. To better clarify the process, time-resolved measurements
of scattering signals are examined for different excitation laser intensities. For increasing laser intensity, the
cross section of clusters decreases during a single pulse, evincing the shorter ablation delay time and larger
ratios of ablation clusters. Assessment of the electron energy distribution during the ablation process is
conducted by nondimensionalizing the Fokker-Planck equation, with analogous Strouhal SlE, Peclet PeE, and
Damköhler DaE numbers defined to characterize the laser-induced aerothermochemical environment. For
conditions where SlE ≫ 1, PeE ≫ 1, and DaE ≪ 1, the electrons are excited to the conduction band by two-
photon absorption, then relax to the bottom of the conduction band by electron energy loss to the lattice, and
finally serve as the energy transfer media between laser field and lattice. The relationship between delay time
and excitation intensity is well correlated by this simplified model with quasisteady assumption.
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Laser-cluster interactions are widespread across funda-
mental physical processes in many disciplines. Depending
on the excitation laser intensity, such interactions can be
used for characterization of particles or aggregates based on
elastic and inelastic scattering (102–108 W=cm2) [1–4],
determination of local chemical compositions based on
laser-induced breakdown or aerosol-fragmentation spec-
troscopy (108–1012 W=cm2) [5–8], and investigation of
laser-driven nonlinear clusters dynamics based on a gen-
eration of energetic photons and x rays (1011–1018 W=cm2)
[9–15]. For scattering-to-breakdown transition, the gener-
ally accepted mechanism involves the production of initial
electrons from multiphoton excitation or tunnel ionization
(distinguished by the Keldysh adiabaticity parameter
[10,16]), followed by fast production of electrons due to
cascade collisional ionization (inverse bremsstrahlung) and
the emergence of shock wave(s) by hydrodynamic or
Coulombic expansion. In practice, the breakdown threshold
is defined by the excitation laser intensity at which the
transmitted laser intensity decreases and the emission of
bremsstrahlung radiation forms. Recently, a new phase-
selective laser-induced breakdown spectroscopy (PS-LIBS)
has been developed for the diagnosis of gas-to-particle

transition at nanoscale [17,18]. The PS-LIBS excites only
constituent atoms (e.g., Ti in TiO2) in the particle phase,
with no breakdown emission occurring for surrounding gas
molecules, presenting a robust technique for cluster or
nanoparticle identification, monitoring, and concentration
mapping for many aerosol systems. Spatially localized
nanoplasmas are found around individual TiO2 nanopar-
ticles, without macroscopic sparks or bremsstrahlung
radiation, while atomic emissions are detected, suggesting
a novel laser-cluster interaction mechanism between the
scattering and breakdown regimes.
Such localized nanoplasmas formed around nanopar-

ticles in PS-LIBS are believed to be produced through
ablation of the clusters. The ablation-driven laser-cluster
interaction differs significantly from the laser-induced
damage of solid materials and microsized particles because
(i) impact ionization (inverse bremsstrahlung heating) is
negligible due to the rare diffusion of electrons to higher
energy levels [19], (ii) avalanching explosive vaporization
on the surface of microparticles has not been observed [20],
and (iii) direct photon-phonon coupling is not the main
mechanism. Moreover, the novel interaction mechanism is
different from those where intense laser photons strike van
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der Waals crystal clusters given the quasisteady feature of
the ablation process and the lack of hydrodynamic or
Coulombic expansion due to the small multiphoton ioniza-
tion rates of electrons [10]. Similar ablation phenomena
have also been observed in laser-induced incandescence of
soot [21] and metal oxide clusters [22,23], with direct laser
heating dominating. Such studies focused on the removal of
material and thermal radiation from particles. Li et al.[24]
and Lucas et al.[8] proposed that lattice defects or surface
excitons facilitate electronic excitation with photons of
subband-gap energy in their investigations on the photo
fragmentation of wide-band-gap particles by UV light.
However, for the weak ablation of narrow-band-gap semi-
conductor clusters without shock wave ahead of ejected
species, a clearer physical picture is needed to better
understand this laser-cluster interaction regime.
Here, the absorption-ablation-excitation mechanism in

PS-LIBS is investigated by examining Rayleigh scattering
and atomic emissions from clusters, with further analysis of
a dimensionless Fokker-Planck equation. The physical
mechanism involved in PS-LIBS is illustrated in Fig. 1,
along with the experimental setup. The laser intensity at the
scattering-to-ablation transition point is clearly identified
by the reduction of scattering cross sections of clusters and
the onset of atomic emissions. The ablation delay time can
be deduced by time-resolved scattering measurements, and
can be modeled by appropriately nondimensionalizing the
Fokker-Planck equation.
The experimental setup is similar with that employed in

our recent work [18], with the schematic shown in Fig. 1(d)
and more details given as Supplemental Material [25].
Flame-synthesized nanoclusters have a mean diameter of
11 nm, and a number density ∼1011#=cm3, which ensures

the statistical significance of the measurements. The
532=1064 nm laser beam is focused on the axial centerline
of the cluster-laden flow field at 21 mm above the burner
exit. The signals are collected into an Acton-SpectraPro-
300i spectrometer and detected by a PI-MAX3 ICCD
camera. The ICCD gate width is set to 200–600 ns for
measuring the integrated Rayleigh scattering signal and
then set to 2.54 ns for successive time-shifted measuring of
the temporal evolution of the scattering. A series of neutral-
density filters are placed upstream of the beam-focusing
lens to adjust the excitation laser intensity with little change
to the profile and delay time of the laser pulse.
Scattering intensity, scattering efficiency, and atomic

emission of clusters for varying excitation laser intensity
are shown in Fig. 2. The net scattering response of 532 nm
excitation from clusters can be obtained by subtracting
scattering signals of nanoaerosols (gasþ cluster) from that
of pure gases (gas). The flame environment does not change
with or without clusters, ensuring the same gas Rayleigh
cross sections for the two situations. The scattering intensity
of clusters first increases proportionally with the intensity of
532 nm laser excitation, and then flattens out, while the
scattering intensity of pure gases is linear with laser intensity,
for the same range, as depicted in the inset of Fig. 2. The
scattering efficiency of clusters, defined as the ratio of the
scattering signal intensity to the laser intensity, is approx-
imately constant up to 0.8 mJ=pulse (0.16 GW=cm2), and
then begins to decrease after this critical value, showing the
same tendency of scattering cross section and demarcating
the onset of laser ablation of the clusters. Above the ablation
threshold for these conditions, the atomic emission from Ti
atoms excited by 532 nm laser, i.e., from PS-LIBS, is
observed, further corroborating the formation of nanoplasmas
upon ablation. The atomic spectrum of Ti near 500 nm is

FIG. 1 (color online). Schematic of (a)–(c) the absorption-
ablation-excitation mechanism and (d) the experiment setup.
In panel (a), the electrons are excited to the conduction band by
two-photon absorption, then return to the bottom of the conduction
band by electron energy loss and transfer energy from laser to
lattice. The ablated clusters then transform into a nanoplasma, as
depicted in panel (b). Finally, the electrons in the plasma excite the
atoms producing atomic emission, as shown in panel (c).

FIG. 2 (color online). Scattering efficiency of TiO2 clusters
with 532 nm laser excitation (black squares) and atomic emission
intensity of titanium at 498.17 nm with 532 nm laser (blue
triangles) and 1064 nm laser excitation (red circles) at different
laser intensities. The scattering efficiency of clusters with 532 nm
laser excitation is defined as the ratio of the scattering signal
intensity to the laser intensity. The inset shows the comparison of
scattering signals of clusters (black squares) and gases (green
circles) with 532 nm laser excitation.
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shown in the plot of Fig. 1(c). It should be noted that the first
appearance of atomic emission of Ti at the wavelength of
498.17 nm (corresponding to the transition of electronic
energy level 3d34s to 3d34p) occurs exactly at the same laser
intensity as when clusters’ cross sections start to decrease,
demonstrating that the PS-LIBS signal is caused by the
ablation of clusters. The atomic emission intensities saturate
after 1 GW=cm2, implying that the number of electrons after
ablation plateaus at strong laser intensity, which will be
discussed later.
The ablation process is further investigated by changing

the excitation laser wavelength to 1064 nm (red circles in
Fig. 2), to examine the role of the conventional thermal effect.
Under the same flame conditions, atomic emission occurs
when the 1064 nm laser intensity exceeds an onset intensity
of 1 GW=cm2, which is about 6 times higher than that for the
532 nm case. Meanwhile, the atomic emission with the
1064 nm laser excitation is much weaker—about 1 to 2
orders of magnitude lower than that for 532 nm excitation
with the same intensity. The laser intensity is kept below
4.5 GW=cm2 because tiny sparks from breakdown are
observed at high intensities. Since photons with longer wave-
length are more likely to interact thermally with vibrational
modesof thenanoparticles, themuchweaker atomicemissions
and their higher onset threshold at 1064 nm laser excitation
clarify that direct photon-phonon thermal coupling is not the
main mechanism in the ablation process of PS-LIBS.
The ablation process of clusters with 532 nm laser

excitation is further examined by time-resolved Rayleigh
scattering measurements, as shown in Fig. 3. The time-
resolved scattering intensities of both gases and clusters are
normalized with respect to maximum intensity. The starting
relative time of the temporal evolution of the signals is set
to zero, concurrent with an incoming laser pulse, i.e., the

initial occurrence of the gas Rayleigh signal. When the
laser intensities are below the ablation threshold, as seen in
Figs. 3(a) and 3(b), the Rayleigh scattering of clusters
(black triangles) is nearly synchronous with the gas
Rayleigh signal (fitted by Gaussian functions shown as
solid red curves), revealing an elastic response of the
clusters to the laser pulse. When the laser intensities exceed
the ablation threshold, the scatterings or emissions of
clusters significantly deviate from that for pure gas,
displaying an obvious drop after the first few nanoseconds,
before increasing again. The drop points of the scattering
curves indicate the reduction of cross sections, i.e., the
scattering-to-ablation transition during the laser pulse. The
atomic spectrum of Ti also appears at this instant.
Therefore, the signals before the transition point come
from the scattering response of clusters, while after that,
they come from scattering of ablated fragments. To
quantify fragmentation degree, the scatterings of clusters
before the transition moment are fitted with a Gaussian
function (i.e., red dashed curve). The fragmentation degree
during ablation can be assessed by the vertical gap between
the cluster Gaussian curve and the scattering signals from
the ablated fragments, which increases with laser intensity,
consistent with the decrease of integrated cross sections at
larger laser intensities as shown in Fig. 2. The ablation
delay time, which is marked in Fig. 3 as the obvious
dropping point of cluster scattering, becomes shorter with
increasing laser intensity for the range examined.
According to semiconductor absorption theory [28], the

direct absorption of 2.34 eV photon by TiO2 nanoparticles
is difficult because (i) the photon energy is below the
3.2 eV band gap, (ii) the lattice absorption region is located
in the infrared spectrum, and (iii) the surface effect does not
enhance the absorption of 532 nm light significantly [29].

FIG. 3 (color online). Time-resolved measurements of scattering signals of clusters (black triangles) and Gaussian fitting of Rayleigh
scatterings (red curves) at different laser intensities. The elastic scatterings of clusters before the transition moment are fitted by Gaussian
curves (dashed red curve), which extrapolate beyond the transition moment, with similar profiles but different magnitudes compared to
the normalized gas Rayleigh curves (solid red curve).
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The weak atomic emissions from 1064 nm laser excitation
further confirm that the ablation process is not caused by
direct photon-phonon coupling. Therefore, conduction-
band electrons from multiphoton excitation are believed
to be responsible for the ablation process. The energy
distribution of electrons can be described by the Fokker-
Planck equation [19,30], i.e., the convection-diffusion
equation in energy space:

∂
∂t fðu; tÞ ¼

∂
∂u

�
ðBu;t − Au;tÞfðu; tÞ þDu;t

∂fðu; tÞ
∂u

�
þ S;

ð1Þ
where fðu; tÞdu is the number of electrons with energy
between u and uþ du at time t in one cluster, and S ¼
SMPI þ Simp represents the sources and sinks of electrons
considering multiphoton excitation and impact ionization.
(The recombination term can be neglected given the rela-
tively large band gap of 3.2 eV for TiO2 considered here.)
The first term on the right is the net number of electrons
across an energy value u per unit time, including the
convection and diffusion of conduction-band electrons in
energy space. The convection term contains the rate of
absorption of electromagnetic energy by electrons via
collisions, i.e., joule heating rate Au;t, and the rate of electron
energy loss to the lattice Bu;t for which the formulas are
presented in detail in Refs. [19,30–32]. The Fokker-Planck
equation can be nondimensionalized to the form

∂f�
∂t�

tconv
tlaser

¼ ∂
∂u�

�
f� þ tconv

tdiff

∂f�
∂u�

�
þ tconv

treact
Fmpiðu�Þ; ð2Þ

where tlaser is the time scale of the laser pulse (∼10 ns),
tconv ¼ Ebg=ðB-AÞ is the convection time (10−7–10−6 ns),
tdiff ¼ Ebg

2=D is the diffusion time (0.1–102 ns), treact ¼
2hv=βI2Vp is the excitation time of two-photon absorption
(10−6–1 ns) which is strongly dependent on the laser
intensity from 0.02–20.4 GW=cm2 (β is the two-photon
absorption coefficient, I is the laser intensity, hv is the
photon energy), f� ¼ fEbg is a nondimensional distribution
function of electron number in one cluster, and Fmpiðu�Þ is a
nondimensional function that describes the energy distribu-
tion of electrons generated from multiphoton ionization. The
Strouhal number SlE, defined as tlaser=tconv (analogous to that
defined in fluid dynamics) [33], expresses the ratio of the
intrinsic time scale to the convective time scale and is about
107–108. Thus the whole ablation process reaches quasis-
teady state. The Peclet number PeE, defined as tdiff=tconv, is
about 105–109. Thus diffusion of conduction-band electrons
in energy space can be neglected, and impact ionization by
diffused electrons to higher energies is not considered here.
The dimensionless reaction parameter DaE, defined as
tconv=treact (analogous to the Damköhler number in combus-
tion systems [34]), ranges from ∼10−6 (weak laser intensity
0.02GW=cm2) to∼1 (strong laser intensity 20.4 GW=cm2).

At moderate values of laser intensity, electrons relax to the
bottom of the conduction band after two-photon excitation.
For SlE ≫ 1, PeE ≫ 1, and DaE ≪ 1 conditions, the elec-
trons are excited to the conduction band by two-photon
absorption, and return to the bottom of the conduction band
by electron energy loss via collisions with the lattice, as
previously described and depicted in Fig. 1(a). This absorp-
tion-ablation-excitation laser-cluster interaction is different
from conventional laser-induced breakdown and intense
laser-cluster interaction. For the conventional laser-induced
breakdown regime, diffusion of electrons to a higher energy
level contributes to impact ionization, and thus PeE reaches 1
[19]. While for the intense laser-cluster interaction regime,
the assumption of SlE ≫ 1 is invalid due to the ultrashort
laser pulse (e.g., femtosecond) [10]; and the whole process
cannot be regarded as quasisteady state. For the laser induced
fragmentation of metal particles, a large source of nearly free
electrons leads to DaE ≫ 1 [35].
Based on the above analysis, a simplified ablation model

is proposed with the assumption that all the conduction-
band electrons N are created by two-photon excitation:

∂N
∂t ¼ βI2Vp

2hν
: ð3Þ

The cluster lattice is heated to vaporization by joule heating
from conduction-band electrons under an electric field with
the power of AN. The clusters are ablated in shorter time for
stronger laser field due to faster production of conduction-
band electrons and stronger joule heating, which is observed
in the time-resolved measurement and well predicted by the
model, as shown in Fig. 4. The small deviation at large laser
intensities may be caused by the less rigorous assumption of
DaE ≪ 1 and the possibility that not all the electrons are at
the bottom of the conduction band. At the minimum ablation
laser intensity (∼0.16 GW=cm2), as denoted by the vertical
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FIG. 4 (color online). The ablation durations at different laser
intensities are denoted by the black line (model result) and the
symbols (time-resolved measurements). At the minimum ablation
laser intensity, which is marked by the red dashed line, the delay
time of ablation is about the same as the duration of the laser
pulse. The modeled electron number is characterized by the blue
dashed line, which increases and saturates with increasing laser
intensity.
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red dashed line, the delay time of ablation is about the same
as the laser pulse duration. Below this intensity threshold, the
time required for ablating particles is even longer than the
laser pulse duration, which makes ablation incomplete. As
the laser intensity increases, the number of free electrons first
increases and then tends to saturate (blue line in Fig. 4). This
saturation trend of electron numbers can partially explain the
saturation of Ti atomic emission with increasing laser
intensity, as given in Fig. 2. Further interpretation needs a
complete knowledge of the electron energy distribution in
the ablation-formed nanoplasmas, which is beyond the scope
of this Letter.
In summary, temporal Rayleigh scattering measurements

and atomic emissions from 532=1064 nm laser excitation,
together with the model derived from the Fokker Planck
equation, divulge a new regime of laser-cluster interaction.
Both the scattering signals and the atomic emissions point to
theoccurrenceof ablationof clusters at an onset laser intensity
of about 0.16 GW=cm2. With time-resolved data and dimen-
sional analysis, the physical mechanism of TiO2 nanoparticle
ablation is clarified, where electrons are first excited to the
conduction band by two-photon absorption, then return to
the bottom of the conduction band by collisional loss to the
lattice, and finally become the energy transfer media between
the laser field and the lattice. For conditions of SlE ≫ 1,
PeE ≫ 1, and DaE ≪ 1, this interaction between weak
intensity laser and semiconductor clusters is believed to be
novel and distinct from conventional LIBS, laser-induced
incandescence, and laser induced fragmentation.
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