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a b s t r a c t
The shockwave propagation and aerosol formation during femtosecond laser ablation (fs-LA) of dielectric
materials (Li2B4O7, Y:ZrO2) in ambient air were monitored using shadowgraphy and light scattering. Three
independent shockwave fronts were observed originating from (i) the instantaneous compression of ambient
gas during the initial stage of fs-LA, (ii) a secondary compression caused by material ejection, and (iii) an air
breakdown well above the target surface. In addition, particle size distributions were found to be multimodal
implying the co-existence of condensational growth and supplementary particle production pathways such as
phase explosion or critical point phase separation (CPPS). As a consequence, fs-LA of Li2B4O7 resulted in the
formation of primary aggregates reaching diameters of N 10 μm. In contrast, aggregates formed during fs-LA of
Y:ZrO2 covered a size range b 1 μm. Our data, furthermore, indicate the existence of a breakdown channel in
the ambient atmosphere being capable to carry plasmatic, i.e. non-condensed matter beyond the primary
shockwave barrier which may occasionally causes a spatial separation of material released. Assuming the
Taylor-Sedov model of explosion to be valid the over-all energy dissipated in acoustic transients was found to
exceed values of 50%.
© 2010 Elsevier B.V. All rights reserved.

1. Introduction
The utilization of pulsed laser sources is considered a key
technology in numerous scientiﬁc and engineering disciplines. In
fact, pulsed lasers emitting in the UV-VIS-NIR spectral range have
been employed for, e.g., non-contact micromachining, nano-particle
production, thin ﬁlm deposition, and analytical applications such as
laser-induced breakdown spectroscopy (LIBS) or laser ablation
inductively coupled plasma mass spectrometry (LA-ICP-MS) [1–6].
Depending on the wavelength chosen, spot sizes of b1 μm only
deﬁned by the limit of diffraction can be achieved which may,
however, be overcome by delivering the radiation through near-ﬁeld
techniques, if required [7–9]. In doing so, morphology features of
b100 nm are accessible.
Most commonly, excimer-type or Q-switched solid-state lasers are
operated providing pulse durations and energies of a few nanoseconds (ns) and milli-joules (mJ), respectively. However, their
applicability is often restricted to LA of dielectrics since they fail to
smoothly ablate (semi-)conducting materials due to heat diffusion,
resulting in distorted crater shapes, thus, lowering the spatial
resolution to dimensions given by the so-called “heat-affected zone”
(HAZ) [10]. According to the literature, the over-all size of these zones
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is dependent on pulse energy, ambient pressure, as well as the
strength of the material-speciﬁc electron-phonon coupling and can,
worst case, encompass several tens of micrometers. In contrast, the
usage of femtosecond (fs) laser pulses allows for reducing heat
penetration to layers of bb1 μm given by the diffusion length of
electrons and, thus, to maintain the resolution capabilities of LA to
virtually any kind of material. As a consequence, fs-LA systems based
on chirped pulse ampliﬁcation (CPA) [11] has become a widespread
tool over the past years, in particular, for precise material processing.
Furthermore, aerosols formed during fs-LA were found to be
“stoichiometric”, i.e. exactly reﬂecting the composition of the target
material making fs-LA an ideal probe for analytical applications such
as LIBS and LA-ICP-MS.
Several mechanisms that are potentially involved in the aerosol
formation including condensational growth, phase explosion, or
critical point phase separation have been discussed [12,13]. In this
context, morphology studies and compositional analyses of deposited
particles using, e.g., total reﬂection X-ray ﬂuorescence (TXRF) [2] and
scanning electron microscopy (SEM) [14] were carried out which,
however, are “post-mortem” methods giving no temporal information
about the formation process. To explore transient phenomena and the
mechanisms that control the formation of particles in the initial stage
of LA, laser-based ﬂuorescence and shadowgraphic techniques have
been applied allowing one to monitor atomic/ionic emission and any
feature that changes the refractive index such as shockwaves and
electron/ion density variations of expanding material at high

944

J. Koch et al. / Spectrochimica Acta Part B 65 (2010) 943–949

temporal resolution, respectively. For instance, Margetic et al. [15] and
Russo et al. [16] visualized plasmatic matter at early stages (bb1 ms)
of the LA process using ns and fs laser sources. Recently, Vogel et al.
[17] demonstrated reﬁned shadowgraphic techniques on the basis of
white light sources to provide snapshots with unique richness of
details permitting to distinguish in between different particle sizes on
the basis of color gradients arising from Rayleigh scattering.
Furthermore, Geohegan et al. and Nakata et al. [18,19] investigated
the material ejection for delay times up to several milliseconds which
is far beyond the period of condensational particle growth. For these
purposes, the authors were using light scattering which enabled them
to monitor even strongly dispersed aerosols. However, measurements
were carried out under conditions typically set for pulsed laser
deposition (PLD) and, thus, restricted to ns-LA and low background
pressures.
This article resumes the discussion about the aerosol formation
and expansion in the course of fs-LA and is intended to provide
empirical data on the basis of complementary visualization techniques using light scattering and shadowgraphy aiming to prove the
consistency of models that describe the LA process from basic
principles. For this purpose, Li2B4O7 and Y:ZrO2 were chosen as target
materials since they cover a different range of optical transparency. A
controlled processing of UV-transparent materials such as Li2B4O7 or
CaF2 whose cut-off wavelengths are far below 200 nm has been
reported challenging when using NIR fs laser radiation [20].
2. Experimental
Laser pulses of 1.9 mJ output energy and 150 fs duration were
generated by a Ti:sapphire-based chirped pulse ampliﬁcation (CPA)
laser system emitting at a wavelength of 795 nm (Legend, Coherent
Inc., Santa Clara, CA, USA). The laser radiation was delivered by
dielectric mirrors and subsequently focused onto Li2B4O7 or yttriumstabilized zirconia (Y:ZrO2/Y2O3 content: 9%) targets using a planoconvex lens (f = 50 mm). Throughout this study measurements
were carried out under a class 100 laminar ﬂow hood, i.e. particleﬁltered ambient air. For aerosol visualization, a pulsed, frequencydoubled, and horizontally polarized Nd:YAG laser (Minilite PIV,
Continuum, Santa Clara, CA, USA) was employed as light source.
Whenever shadowgraphy was performed the radiation was delivered to a dye cuvette containing rhodamine 6G in order to excite
ﬂuorescence of about 50 nm spectral bandwidth around the center
wavelength and, thus, to partially destroy the laser's coherence,
which otherwise would have resulted in the formation of interference fringes. In addition, shadowgraphs were background-corrected
for breakdown emission using a frame acquired at a very short delay
time (b15 ns).
In contrast to shadowgraphic imaging which required line-of-sight
observation, laser scattering was accomplished side-on. The utilization of horizontally polarized laser radiation, furthermore, allowed to
suppress Rayleigh scattering from particles bb1.0 μm towards
the camera. Light reaching the CCD detector, therefore, mainly
covered the Debye and Mie size range NN100 nm, as indicated in Ref.
[21]. The scattered radiation was monitored by a high-resolution
(1600 × 1200 pixels), scientiﬁc grade CCD camera of 10 bit dynamic
range (JAI-M2, Stemmer Imaging GmbH, Puchheim, BY, Germany)
equipped with a macro objective. During laser scattering, unspeciﬁc
radiation emitted by the expanding plasma plume or laboratory
lightning was rejected by an interference ﬁlter (λ = 532 nm± 5 nm),
positioned in front of the camera objective. Camera as well as Nd:YAG
laser (ﬂash lamp and Q-switch) were synchronized using a multichannel delay box (Stanford Research Systems, DG-535, Sunnyvale, CA,
USA) triggered by the ablating laser pulse. A temporal resolution of
approximately 15 ns was achieved given by the repetition rate of the
seed laser which, in the CPA system used, was not phase-locked with
the pump laser of the regenerative ampliﬁer. All relevant laser

Table 1
Laser speciﬁcations and experimental settings used for fs-LA and aerosol visualization.
LA-protocol
Center wavelength
Pulse duration
Pulse energy
Crater diameter

795 nm
150 fs (Fourier-limited)
1.9 mJ
150 μm

Visualization
Laser source
Pulse duration
Temporal resolution

Nd:YAG (2ω)/pulsed operation
5 ns
15 ns⁎

⁎Deﬁned by inverse frequency of the seed laser.

speciﬁcations and experimental settings used for fs-LA and aerosol
visualization are summarized in Table 1. For further details about the
experimental arrangement used please refer to Ref. [21].
3. Results/discussion
As already suggested above, visualization by shadowgraphy and
laser scattering provides complementary information about the LA
process including the formation of particles, acoustic transients, and
plasmatic matter. In Figs. 1 and 2, series of shadowgraphs taken
during fs-LA of Y:ZrO2 and Li2B4O7 at delays of up to 4800 ns are
shown. Apparently, complex patterns consisting of three partly
interfering shockwaves are formed which, according to Zeng et al.
[22] and Zhang et al. [23] originate from (i) the instantaneous
compression of ambient gas during the initial stage of material
ejection due to rapid heating and evaporation (1st compression
shockwave, CSW-1), (ii) a secondary compression (CSW-2), and (iii)
a breakdown above the target surface (breakdown shockwave,
BSW). The occurrence of CSW-2 and its inward traveling counterpart
were recently discussed in the context of material removal caused by
phase explosion, i.e. the delayed relaxation of a metastable liquid
which is capable to simultaneously release a heterogeneous mixture
of vapor and droplets. Its formation as depicted in Figs. 1 and 2,
furthermore, demonstrates CSW-2 to precede a delayed eruption of
dense material which, in the case of Li2B4O7, decomposes to
aggregates large enough to be visualized by shadowgraphic imaging.
This decomposition process was found to last for several tens of
microseconds. At this stage, however, CSW-2 has already been
dispersed. Unfortunately, there is no way of judging whether these
structures are only decomposition products or also a result of
hydrodynamic instabilities as proposed by Hergenröder [24]. In
contrast, shadowgraphs taken during fs-LA of Y:ZrO2 gave no
indication for the existence of such large aggregates.
The expansion patterns shown in Figs. 1 and 2 indicate the
velocity of both CSW-1s to be similar and, therefore, consistent with
the Taylor-Sedov model of strong explosion that assumes the
propagation to be controlled by pulse energy and gas density only
[25]. In the ﬁrst four columns of Table 2, initial velocities, widths,
pressures, and temperatures of the CSW-1s are listed. For this
purpose, data points of the respective expansion plots, shown in
Fig. 3, were initially ﬁtted to the expression a ⋅ tb resulting in
exponents of 0.39 b b b 0.5 (CSW-1), i.e. less than 20% off a value of
0.4 expected for hemispherical symmetry. In fact, the application of
the Taylor-Sedov model has been reported to adequately describe
the propagation of CSW-1 within the intermediate stage of free
expansion and drag force-driven motion, i.e. 10 ns b t b 1 μs. Initial
widths, pressures, and temperatures of CSW-1, listed in columns #
3–5 were calculated from formulas derived by Landau and Lifshitz
[26]. For further data treatment, exponents were ﬁxed to the
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Fig. 1. Shadowgraphs acquired during fs-LA of Li2B4O7 in ambient air applying a ﬂuence of 10.8 J/cm2. Lower cases a, b, and c mark the positions of BSW, CSW-1, and CSW-2,
respectively. Shockwave radii were systematically measured between their origin and the intersection of BSW and CSW-1.

theoretical value permitting to determine the amount of energy
carried by CSW-1, that can be written as
ECSW−1 =

Rn + 2 ρ0
2d αt 2

ð1Þ

In this expression, n and α refer to the SW symmetry (spherical:
n = 3/α = 1.175), R and ρ0 denote the SW radius and gas density,

respectively, whereas the factor of two occurring in the denominator
of expression (1) corrects ECSW−1 for hemispherical expansion. The
results, given in the ﬁfth column of Table 2, suggest that more than
30% of the initial pulse energy is converted into acoustic transients.
However, the total amount of energy dissipated is supposed to be
even higher as the contribution from the BSW was not taken into
account. Therefore, values determined should be considered minimum ones. According to a recently published study [27], energy-to-

Fig. 2. Shadowgraphs acquired during fs-LA of Y:ZrO2 in ambient air applying a ﬂuence of 10.8 J/cm2. As can be seen, CSW-2 appears by far less intense than the one formed during fsLA of Li2B4O7.
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Table 2
Initial velocities v0, shockwave widths ΔR, pressures P, and temperatures T, and
percentages of the acoustic energy E carried by CSW-1 and BSW in relation to the initial
pulse energy.
v0 [m/s]⁎

ΔR [m]⁎

PCSW−1 [Pa]⁎

TCSW−1 [K]⁎

ECSW−1 [%]

EBSW [%]

Li2B4O7
1360

2.2E−5

4.5E6

2280

29

–

Y:ZrO2
1480
2200#

2.4E−5
2.7E−5#

5.3E6
6.0E6#

2700
3070#

43
64#

–
16#

⁎ Calculated for Δt = 100 ns taking into account ECSW−1.
#
Focus position: 0.5 mm above the target surface.

shockwave-conversion ratios calculated here were three to four times
larger than those found for ns-LA under similar conditions.1
Apparently, the amount of energy consumed by the BSW is only
one contribution among the over-all losses which can be traced back
to the air breakdown including ionization, subsequent heating,
expansion, and radiation. An estimation of these losses on a
theoretical basis, however, is difﬁcult regarding the variety of
processes involved. For LA using ns laser sources, inverse bremsstrahlung [25] is reported to be the dominant mechanism for energy
consumption which, in case of fs-LA, can be excluded since the
breakdown builds up on a timescale of pico- to nanoseconds after
the laser pulse. In addition, air breakdowns provoked by LA are
known to often depart from the thermodynamic equilibrium [29]
preventing to calculate the energy by pyro-spectrometric diagnosis.
Otherwise, the total breakdown energy could be derived from
Planck's law of black body radiation provided that the “initial”
temperature and volume is known. Here, the term “initial” refers to
an early point in time when thermodynamic equilibrium has
established but well before extensive energy exchange with the
ambient involving shockwave formation and detachment has begun.
Alternatively, the amount of energy not reaching the target surface
can be measured as the difference between the laser pulse energy in
front and behind the air breakdown using, e.g., pyroelectric detection.
For the conditions chosen above, however, such measurements would
have been less meaningful since the focal plane was shifted below the
target surface to avoid beam distortion and, thus, irregular crater
shapes. Strictly speaking, an air breakdown induced by LA is not
conﬁned within a small spherical volume around the actual beam
waist position but tends to form longish ﬁlaments. Depending on the
pulse energy supplied and Rayleigh length obtained the over-all size
of these ﬁlaments may encompass several millimeters, as can be seen
from the BSW formation shown in Figs. 1 and 2. In case of shifting the
focus position sufﬁciently far from the target surface, however,
pyroelectric measurements should, at least, give a good approximation of the energy portion consumed by the breakdown (see
discussion below).
To learn more about the differences observed among fs-LA of
Li2B4O7 and Y:ZrO2, the material ejection was, additionally, studied by
light scattering which, as a dark ﬁeld method, provides a higher
contrast ratio. Light scattering, moreover, permits one to visualize the
material ejection in an “undisturbed” way, i.e. without the projection
of shockwaves and other features that alter the refraction index. In
Figs. 4 and 5 the material ejection is shown using the same conditions
chosen before. For better comparison, frames were inverted and their
background brightness adjusted to the ones captured by shadow-

1
Obviously, the energy-to-shockwave-conversion ratio depends on the ﬂuence and/
or pulse energy applied. Values given in Table 2 are, therefore, not representative for
any LA-protocol and, particularly, low-energy fs-LA applied to analytical depthproﬁling of thin layers [28].

Fig. 3. Expansion plots of CSW-1s based on the shadowgraphs acquired during fs-LA of
Li2B4O7 and Y:ZrO2 up to a delay time of 600 ns. Solid lines refer to the data ﬁt with a
ﬁxed exponent of 0.4.

graphy. As expected, the contact front deﬁned by the location of CSW2 coincides with the material expansion perimeter and supports the
above-made hypothesis of CSW-2 to arise from a secondary
compression of ejected material. A direct comparison of frames
acquired during fs-LA of Li2B4O7 and Y:ZrO2, in addition, reveal
pronounced differences in the over-all material uptake as well as the
size of aggregates.
Although the dimensions of certain features shown in Figs. 1, 2, 4,
and 5 appear to be well deﬁned, a reliable sizing could not be
performed since the depth of focus given by either the thickness of
the light sheet or numerical aperture of the optical system used was
greater than 500 μm and 100 μm, respectively. From a fundamental
point of view, it also fails if the dimension of particles to be monitored
falls below the limit of diffraction (b1 μm). In those cases, an accurate
size determination can, for instance, be done by classifying scattering
events based on a size vs. scattering intensity calibration, commonly
referred to as optical particle counting (OPC). To circumvent
technical problems associated with the dynamic range of the CCD
used or critical aerosol densities that may have resulted in spatially
overlapping particles a commercial OPC device was employed
providing particle size distributions (PSD) in the range of 0.06
to 1.0 μm. In Fig. 6, volume-normalized PSDs of aerosols produced
by fs-LA of Li2B4O7 and Y:ZrO2 are shown and suggest severe
differences, in particular, with respect to the relative volume of
mesoscopic particles. Furthermore, PSDs turned out to be multimodal implying the co-existence of condensational growth and secondary particle production pathways such as splashing, spallation, or
phase separation. The relative amount of mesoscopic particles
N200 nm for Y:ZrO2 exceeded the one of Li2B4O7 by a factor of
about two which, at a ﬁrst glance, contradicts the visual impression
gathered from Figs. 4 and 5. However, the size of aggregates
monitored in the initial stage of material ejection does not necessarily
reﬂect the terminal PSD as the over-all duration of the decomposition
process above the target surface was found to last for several tens of
microseconds. Furthermore, aggregates composed of weakly bound
particles tend to disperse due to diffusion and turbulences during
transportation, thus, altering the PSD at later stages [21]. It should,
nevertheless, be re-emphasized that the dynamic range of the OPC
device employed is limited to the classiﬁcation of particles b1 μm, i.e.
far below the upper cut-off size of particles expected for fs-LA in
ambient air. Therefore, SEM of Li2B4O7 and Y:ZrO2 particles deposited
on polycarbonate membranes (mean pore size: 400 nm) was

J. Koch et al. / Spectrochimica Acta Part B 65 (2010) 943–949

947

Fig. 4. Material ejection monitored during fs-LA of Li2B4O7 by light scattering using the same conditions chosen for shadowgraphy. The white semi-circles inserted to frames #1–4
highlight the position of CSW-2.

performed in order to supplement the OPC data and to prove the
consistency of the above-made argumentation. In fact, the micrographs, shown in Fig. 7, indicate a higher production rate of particles
N1 μm during fs-LA of Li2B4O7. In contrast, only few μ-sized particles
could be found for Y:ZrO2.

To examine the inﬂuence an intense air breakdown may have on
material expansion the beam focus was shifted approximately 0.5 mm
above the target surface which is being considered less favorable for
fs-LA due to crater distortions, though. Subsequently, another series of
shadowgraphs was taken for fs-LA of Y:ZrO2 applying delay times up

Fig. 5. Material ejection monitored during fs-LA of Y:ZrO2 by light scattering using the same conditions chosen for shadowgraphy.
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Fig. 6. Volume-normalized PSDs of aerosols released by fs-LA of Li2B4O7 and Y:ZrO2
assuming aggregates to be spherical. The dashed line represents the particle size
fraction N 200 nm. Channel # 17 needed to be interpolated due to a calibration artifact.

to 2000 ns. As can be seen in Fig. 8, the ejected material expands in a
similar fashion documented in Fig. 2. However, frames acquired at
delay time ≤250 ns suggests the expansion to be somewhat hindered
by the air breakdown in front of the target. For delays N250 ns the
breakdown starts to dissolve CSW-2 resulting in the formation of a
narrow channel at the interface layer. During further expansion, a thin

ﬁlament of material detaches and penetrates into the region beyond
the barrier of CSW-1, highlighted in the ﬁfth frame.
These ﬁndings are in agreement with the short lifetime of CSW-2
already shown in Figs. 1 and 2. In fact, the temperature built-up inside
the breakdown is supposed to be in a range of 10,000–20,000 K [22]
and should be capable of disintegrating a local pressure increase two
orders of magnitude higher than ambient atmosphere. According to
the data listed in Table 2, shockwave pressures achieved under
conditions set in this study did not exceed values of a hundred
atmospheres. Thus, material separation as shown in Fig. 7 may reﬂect
a common scenario whenever intermediate focusing cannot be
avoided or less care is taken to keep the beam waist sufﬁciently
close to the target surface.
Shifting the focus above the surface also enabled us to determine
the over-all energy consumed by the air breakdown applying
differential pyroelectric measurements in front and behind the focus
position, i.e. plasma ﬁlament, and, thus, to draw up a comprehensive
energy balance, as already discussed above. Corresponding values are
given in the last two rows of Table 2 and suggest that, on the one hand,
more than 80% of the initial pulse energy passes through the
intermediate focus. On the other hand, a portion of only 20% remains
for material decomposition and ejection when taking into account the
energy carried by CSW-1.
4. Conclusion
The shockwave and aerosol expansion during fs-LA of Li2B4O7 and
Y:ZrO2 was examined using shadowgraphy and light scattering. In
the initial stage of fs-LA, the formation of three partly interfering
shockwave fronts originating from (i) the instantaneous compression of ambient gas, (ii) a secondary, i.e. delayed compression, and
(iii) a breakdown above the target surface was observed. The
perimeter of secondary compression shockwaves was found to
coincide with the contact front of expanding material which conﬁrms
their appearance to be triggered by phase explosion or critical point
phase separation. PSDs measured by OPC were found to be
multimodal giving further evidence for the co-existence of condensational growth and supplementary formation mechanisms. As a
consequence, fs-LA of Li2B4O7 resulted in the ejection of aggregates
reaching diameters of N10 μm by visual impression which, however,
could not be classiﬁed by OPC. Furthermore, shadowgraphic imaging
of the fs-LA process using strongly defocused radiation gave rise to
the formation of a breakdown channel in the ambient atmosphere
being capable to carry plasmatic matter beyond the shockwave
barrier. The over-all energy dissipated in acoustic transients was
found to exceed values of 50%. In open systems and cylindrical LA
cells being used for, e.g. LIBS and ICP-MS analyses this energy diffuses
or is transformed to standing waves and, ﬁnally, dissipates to heat.
However, matching non-hemispherical cells to the directional
characteristics of primary shockwaves would permit to passively
refocus acoustic energy and, thus, to (i) reheat the plasma formed
above the target surface, (ii) re-mobilize debris (surface cleaning), or
(iii) even trigger a cascade of material eruptions until the shockwave
energy falls below the threshold of LA. Due to the ﬁnite width of
shockwave fronts that is in the range of a few tens of μm, each of those
“events” may last for several ns provided that shockwave dispersion
is negligible.
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Fig. 8. Shadowgraphs taken during fs-LA of Y:ZrO2 using defocused radiation (beam waist position: 0.5 mm above the target surface). In contrast to Figs. 1 and 2 no background
correction was performed.
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