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Shock wave produced by a laser induced spark in argon at atmospheric pressure was examined using
Rayleigh and Thomson scattering. The spark was generated by focusing a laser pulse from the second harmonic
(λ=532 nm) of a nanosecond Nd:YAG laser using an 80 mm focal length lens, with a fluence of 2 kJ·cm−2.
Images of the spark emission were recorded for times between 30 ns and 100 μs after the laser pulse in order
to characterize its spatial evolution. The position of the shock wave at several instants of its evolution and for
several plasma regions was determined from the Rayleigh-scattered light of another nanosecond Nd:YAG laser
(532 nm, 40 J·cm−2

fluence). Simultaneously, Thomson scattering technique was applied to determine the
electron density and temperature in the hot plasma core.
Attempts were made to describe the temporal evolution of the shock wave within a self-similar model, both
by the simple Sedov–Taylor formula as well as its extension deduced by de Izarra. The temporal radial
evolution of the shock position is similar to that obtained within theory taking into account the counter
pressure of the ambient gas. Density profiles just behind the shock front are in qualitative agreement
with those obtained by numerically solving the Euler equations for instantaneous explosion at a point
with counter pressure.

© 2012 Elsevier B.V. All rights reserved.
1. Introduction

Laser-induced plasma (LIP) is an object of great interest, as it gives
insight into the fundamentals of laser-matter interaction and due to
its numerous applications. Laser-produced plasmas are widely used
in laser ablation, micromachining, laser fusion, high intensity X-ray
generation or in switching applications. Laser-induced breakdown spec-
troscopy (LIBS), based on such plasma, has already been established
as a standard spectrochemical method for in-situ analysis of solid, liquid
and gaseous samples [1,2].

Despite great experimental effort and numerous work on LIP
modeling (e.g. [3–6] or Bogaerts [7] for a review), the understanding
of its generation and subsequent evolution is not yet complete. More-
over, since the characteristics of the LIP can be extremely variable in
space and time, its investigation is a very complex and challenging
task. Optical methods like interferometry, shadowgraphy or high-speed
schlieren photography, but predominantly emission spectroscopy
(OES), are commonly used in LIP investigations mainly due to their
relative simplicity and non-invasive character. However, in all these
methods, light, either transmitted or emitted, is integrated along a line
of sight, so only non-local information about the plasma is obtained.
).
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OES also carries no information about non‐emitting species, which are
the major constituent of the LIP at later stages of its evolution. Moreover,
interpretation of the OES data is affected by dubious assumptions about
the plasma equilibrium state in its various regions.

An alternative and complimentary experimental approach in LIP
studies is the application of active laser methods: Raman, Rayleigh (RS)
and Thomson (TS) scattering. All of them are characterized by good
spatial and temporal resolution, simple and straightforward data inter-
pretation and, in principle, can be simultaneously applied using the
same laser and optical system configuration.

This paper examines the laser-induced shock wave in argon using
Rayleigh and Thomson scattering. TS is applied for visualizing plasma
expansion by detection of the laser light scattered fromplasma electrons.
Simultaneously, the RS signal, being proportional to the density of plas-
ma heavy particles, gives information about their spatial distribution —

their rarefaction and compression — and so about the propagating
shock waves. TS and RS results are then compared with plasma expan-
sion visualized by imaging techniques.

A general view of the physical picture of the laser–induced break-
down, its spatial and temporal evolution, was established nearly im-
mediately after its discovery by Maker in 1963 [8]. The theoretical
background of the basic processes involved is summarized in the fun-
damental textbooks of Raizer [9] and Zel'dovich and Raizer [10] and it
was also reviewed by Ostrovskaya and Za del' [11].
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As described by Raizer [9], the photon-initiated plasma process
begins when the pulsed laser beam is focused on a small volume,
which triggers gas ionization through the multiphoton ionization
(MPI) process. MPI produces initial electrons which are accelerated by
the laser field leading to successive, mainly cascade, ionization until a
breakdown occurs. Such primary electrons then gain energy by absorb-
ing laser radiation while undergoing collisions with neutral atoms (in-
verse bremsstrahlung mechanism). After accumulating energy, the
electrons may ionize atoms by inelastic collisions, which generate sec-
ondary electrons, and finally a plasma forms. The high plasma density
and temperature make it expands supersonically producing a shock
wave. This shockwave increases rapidly in intensitywithin the short du-
ration of the laser pulse, then decays. The opacity of the created plasma
is so high thatmost of the laser pulse energy is absorbed in a layer facing
the focusing lens. Therefore the spark expands asymmetrically in the
axial direction and the plasma boundary moves towards the focusing
lens (backward with respect to the direction of the laser beam). As a
result a teardrop shaped plasma spot is produced. Once the laser pulse
terminates, plasma expansion continues similar to the case of a strong
detonation from a point. The temperature behind the shock wave
decreases rapidly, reaching values too low (b10,000 K) to maintain
the high ionization level. As a consequence the shock wave is separated
from the luminous plasma core and from that moment they evolve
separately. These processes have already been investigated in air by
shadowgraphic method (i.e. [12,13]).

The simplified theory of strong detonation andblastwaveswas devel-
oped by Sedov [14] and Taylor [15] on the basis of self-similarity. It
assumes that the energy release of the point-like source is instantaneous
and ambient gas pressure and temperature can be neglected.Within this
approximation the radius of the spherical blast wavefront is:

R tð Þ ¼ β
E0
ρ∞

� �1= nþ2ð Þ
t2= nþ2ð Þ

; ð1Þ
Fig. 1. Scheme of the experimental setup. L1, L2 — anti-reflection coated lenses, L3, L4 — ac
mirrors, PD — fast photodiode, TS — translation stage, PL — polarizer.
where E0 stands for energy released in the explosion, ρ∞ is the density
of the undisturbed ambient gas, β is a dimensionless constant, while n
accounts for the dimensionality of the propagation (n=3, 2, 1 for
spherical, cylindrical and planar propagation, respectively). This formu-
la is widely used even for experiments with solid targets [13,16–18,12].
Surprisingly, the theoretical results do not deviate much from the
experimental ones although the assumptions of the model are not
fully satisfied in experiments: usually, the energy released from an
explosion source of finite dimensions lasts for a while; for solid targets,
the blast wave cannot be spherical; finally, the pressure in front of
the shock wavefront is not negligible. The latter is equivalent to the
fact that the sound speed cannot be neglected with respect to the
speed of the blast wave. According to Sedov [14], if the pressure of the
medium at rest cannot be disregarded with respect to the pressure at
the front of the blast wave, the problem is no longer self-similar
and Euler's equationsmust be solved numerically. Unlike Sedov, within
the self-similar model de Izarra et al. [19] proposed a simple formula
describing the behavior of the shock wave from the moment of explo-
sion until it attains the character of a sound wave:

R tð Þ ¼ β
E0
ρ∞

� �1= nþ2ð Þ
t2= nþ2ð Þ þ vst; ð2Þ

where vs is the sound speed in ambient gas. Agreement between
the results of these approaches is relatively poor and they converge as-
ymptotically a long time after explosion. Fitting data reported by Sedov
leads to R(t)≅At0.18+vst. In both models the velocity of the shock wave
tends to the same value which results from physical reasoning.

2. Experimental setup and procedure

A schematic diagram of the experimental setup is shown in Fig. 1
and is described in detail in ref. [20]. Briefly, the experiments were
hromatic lenses, LB — light baffles, M1, M2 — dielectric mirrors, M3, M4 — aluminum
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carried out in an aluminum vacuum chamber equipped with 6 view
ports. The chamberwas evacuated and then purgedwith argon at atmo-
spheric pressure with a flow rate of 70 l/h. Two frequency-doubled
Q-switched Nd:YAG lasers operating at 10 Hz repetition rates with
pulse durations of 4.5 ns and 6.0 ns were used respectively as the
plasma source and to probe the plasma plume in scattering experi-
ments. Their spectral widths were narrower than 28 pm and 0.28 pm.
The laser beams were arranged orthogonally and were focused
using anti-reflection coated plano-convex lenses with focal lengths of
80 mm (L1) and 500 mm (L2), creating focal spots of approximately
75 μm and 160 μm (FWHM) waist diameters overlapping in the center
of the chamber. The L1 lens was mounted on a translation stage, which
enabled positioning of the focus of the LIP generating beam and thus
selection of the studied plasma layer. The energies of the laser pulses
entering the chamber were varied by beam attenuators composed of
half-wave plates and Glan-Thompson polarizers. The fluence of the
breakdown pulse was about 2.0 kJ·cm−2, resulting in a highly repro-
ducible plasma plume from shot to shot, the image and position of
which were controlled on–line by a CCD camera. On the other hand,
the maximum fluence of the probe beam was only 40 J·cm−2, much
below the breakdown threshold (b600 J·cm−2 [11]) for plasma gener-
ation in argon. The images of the induced plasma plume and the
scattered light, together with plasma emission, were observed in a di-
rection perpendicular to the laser beams (i.e. along the x‐axis) by imag-
ing the investigated plasma volume, with an enlargement factor equal
to 1.0, onto the entrance slit of a spectrograph of 750 mm focal length
and 1.005 nm/mm reciprocal dispersion. The spectra were recorded
over a wavelength range of 13.3 nm around 532 nm and with 15 μm
slit width (spectral mode). Plume imaging was performed at the zero
order of the spectrograph with the slit fully opened, i.e. up to 3.0 mm
(imaging mode). The plume images and the spectra were recorded
using a gated two-dimensional intensified charge-coupled device
(ICCD) camera consisting of 1024×1024 pixels of 13×13 μm2 size,
limiting the observed area to 13.3×13.3 mm2. The overall spatial reso-
lution of the experiment was determined by the pixel size (z direction),
the slit width (y direction) and the beam diameter (x direction).
Plasma images and scattering spectra were usually averaged over
10 (imaging mode) or 2000 (spectral mode) laser pulses with the
ICCD gate width set to 10 ns. The time delay between the two laser
pulses and camera triggering was controlled by an electronic delay
generator and monitored by means of a fast photodiode and a digital
oscilloscope.

At given delay time between laser pulses, 2D (in the y–z plane)
mapping of the scattered spectra was accomplished by translating
the L1 lens over a distance of 2.7 mm. In this way, different layers
of the plasma plume (perpendicular to its axis) were illuminated with
the probe beam. At each position two spectra — with and without the
probe beam — were collected. The first corresponded to plasma emis-
sivity, while their difference gave solely the scattering spectrum. The
plasma kernel boundaries were determined from the Abel inverted
plasma emission spectra and by deconvolution of the spatial profile of
the probe beam from the scattering signal.
Fig. 2. Temporal evolution of visible emission from an argon spark recorded with an ICCD c
intensity. The exposure time was 10 ns, and the images were integrated over 20 laser shots.
as marked by arrow on the first image.
3. Results and discussion

3.1. Spark expansion

Fig. 2 presents images of the plasma plume recorded at different
delay times after the breakdown pulse. Each image is normalized to
its maximum intensity. Initially, shortly (b50 ns) after the breakdown,
plasma expands axially opposite to the laser beam, taking the form of
a teardrop. After about 70 ns the spark dynamics is dominated by
shape evolution, in both the axial and radial directions and its expan-
sion towards the lens is the fastest. This leads to the formation of a
pear-like bimodal structure, clearly observed at 800 ns, which further
transforms from an elongated to a near-spherical geometry. Around
8 μs the plasma takes an oblate shape, from which a distinct toroidal
form emerges at about 20 μs. The plasma decays to ambient conditions
during about 100 μs. All these observations are consistent with those
made, for instance, by Glumac et al. [21] and Nassif and Hüwel [22] in
air and nitrogen as well as by Longenecker et al. [23] and Harilal [24]
in argon. These images are also consistent with calculations performed
by Ghosh and Mahesh [25] concerning vortices and turbulences arising
in such kinds of plasmas.

3.2. Spatial distribution of TS and RS spectra

The measurements of the scattered spectra were performed for
time delays ranging from 200 ns to 15 μs. A typical spatial distribu-
tion (across the plasma plume) of the scattered light and the plasma
image at delay of 800 ns are shown in Fig. 3a–c. The central part of the
spectrum — at laser wavelength — contains the Rayleigh-scattered
light from heavy particles of the plasma and ambient gas but also
the Thomson-scattered light from electrons constituting the plasma.
Under the conditions of our experiment, TS has partially collective
character and therefore appears in the form of 3 peaks [26,27,20].
The central component, called the ion feature, represents the cou-
pling with Landau-damped ion acoustic waves propagating parallel
and antiparallel to the scattering wave vector. The two other peaks
appear symmetrically with respect to the laser wavelength and are
called the electron feature. They represent coupling with the plasma
Langmuir oscillations and their spectral distance is proportional to
the plasma frequency. The TS spectrum registered on the plasma
axis, e.g. at z=0 mm, is shown in Fig. 3d.

The spatial extent of the TS signal determines the plasmaboundaries
and corresponds to the boundaries of the plasma image. Outside the
plasma region the scattered light has solely Rayleigh origin. Fig. 3e
shows the spatial distribution (along the probe beam at laser wave-
length) of the RS signal normalized to that from the ambient gas. The
same figure also presents the corresponding distribution of plasma
emissivity. Since the total power of the RS signal is proportional to the
number of scattering particles, the atomic density can be deduced pro-
vided that RS is dominated by scattering on atoms in their ground states
[28,29]. In our case, this was verified by measuring the depolarized
component (perpendicular to the laser polarization) of the RS signal,
amera in a linear pseudo-color scale. All the images are normalized to their maximum
The laser fluence was 2.0 kJ·cm−2. The breakdown laser beam enters from the left side
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Fig. 3. Observations of the laser light scattered on the LIP 800 ns after plasma ignition
for layer y=0 mm (see Fig. 2) together with the plasma image. (a) Plasma image in a
pseudo-color linear scale as in Fig. 2. (b) Image of the scattered light spectrum recorded
by ICCD camera. The image was integrated over 10 ns and averaged over 2000 laser
shots. The scale was chosen to show the electron feature of TS. Details of the part of
the spectrum near 532 nm are shown at (c) using different intensity scale. (d) Spectral
distribution of the signal intensity for the cross section for z=0. (e) Spatial intensity
distribution for cross section at λ=532 nm. Signal intensity was obtained by integrat-
ing over the apparatus profile. Abel inverted continuous emission registered without
probe beam is shown for comparison (dotted line). Arrows indicate the location of
the shock front.

Fig. 4. Image of the fireball in a linear pseudo‐color scale together with the position of
the shock front (points) as derived from Rayleigh scattering measurements, 400 ns
after the breakdown.

Fig. 5. Map of the shock front position derived from Rayleigh scattering measurements
for several times after breakdown: 200 ns, 400 ns, 1 μs, 4 μs and 10 μs. For delays up to
1 μs, where the shock front position can be determined above and below the axis of
symmetry, the continuous lines are the smooth cubic B-splines passing through
the points. For times >1 μs, when the front leaves the lower part of the ICCD matrix,
an ellipse was fitted to the points (see text for details).
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which was found to be negligible. In the case of argon such a signal
would come from laser light scattered on excited atomic states and
the ion ground state.

3.3. Investigation of the shock wave

As is evident in Fig. 3e, approaching the expanding plasma bound-
ary, the RS signal grows rapidly, which indicates gas compression and
occurrence of the shock wave (SW). Behind the shock wave, RS signal
(and so gas density) decreases until it completely disappears at the
plasma boundary. The position of the wavefront of the SW (marked
by arrows) can be obtained directly from the experimental data with-
out further calculations. The 2D map of the shock wave front can be
obtained by measuring scattering signal for successive plasma layers
to determine the shock wave position as shown in Figs. 4 and 5.

In Fig. 4 the shock wave front at 400 ns is superimposed with
the appropriate plasma image. It is evident that the SW is already
detached from the plasma core and its shape is not spherical but resem-
bles the pear-like form of the hot plasma core. The 2Dmap of the shock
front positions derived from Rayleigh scattering measurements for
several times after breakdown: 200 ns, 400 ns, 1 μs, 4 μs and 10 μs is
presented in Fig. 5. For time delays shorter than 1 μs, where the shock
front position can be determined above and below the axis of symme-
try, the continuous lines are smooth cubic B-splines. Contours which
could not be fully captured by our setup were obtained by fitting an
ellipse described by the equation zsh=z0+(A−b ysh

2 )1/2. A, b and z0
are free parameters to be determined while ysh and zsh are the coordi-
nates of the measured SW front. It turns out that for such contours at
4 μs and 10 μs the center (z0) of the ellipse is located at the same
point at a confidence level of 98%. The eccentricity vanishes at 10 μs as
the shock wave becomes spherical. For times longer than 10 μs the
density drop at the shock front is difficult to be determined since the
RS signals are already at the noise level. For times longer than about
20 μs, the SW front leaves the region observed by the ICCD camera.

These results cannot be directly compared with other works
due to the lack of adequate data in the literature. The data available
usually concern shock waves created by a spark in air and by laser
pulses of very different parameters. Nevertheless, qualitative agree-
ment exists with Thiyagarajan and Scharer [12] and Zhang et al. [30].
The interferograms obtained by Zhang at early stages (t≤100 ns) of
the spark in air also indicate a pear-like shape of the shock wave
contour. The shadowgrams of Thiyagarajan and Scharer reveal that
the SW front evolves from ellipsoidal to spherical geometry.

Fig. 6 presents spatial distributions of the scattering signal
obtained for several time delays by probing the plasma layer asmarked
in Fig. 2. Unlike shadowgraphy, which enables only visualization of the



Fig. 6. Distribution of scattered light intensity along the z axis, at y=0, for different
times after breakdown. The signal was normalized to the Rayleigh scattering signal in
pure argon.

Fig. 8. Evolution of shock front position derived from RS measurements at y=0 mm
with different models fitted to the data points. Positions of the fireball boundary are
shown for comparison (see text for details).
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shock front, the RS signal also follows the density distribution behind
the shockwave. Gas behavior behind the SW front was studied in detail
by Sedov [14]who presented pressure and density distributions behind
the shock front for several radii. Calculations were performed both
within the self-similar model as well as taking into account pressure
in front of the shock wave (Figs. 92 and 93 in ref. [14]). In the frame of
the self-similarity model, gas density behind the SW rapidly drops to
zero and its distribution remains constant in time. However, taking
into account counter pressure of the ambient environment, the density
distribution loses its self-similar character and becomes dependent on
the blast wave radius.

In order to compare our results with Sedov's calculations, the
measured signal distributions presented in Fig. 6 were normalized
to the radius of the SW and gas density and the results are shown
in Fig. 7. Although qualitative agreement exists, the quantitative
results differ significantly. In fact, contrary to the Sedov model, energy
is not instantly released in a point, so the blast wave cannot be spherical
(n≠3) at early and middle times of its evolution. Moreover, ambient
gases with different heat capacity ratios were used (air with γ=7/5
in ref. [14], argon with γ=5/3 in our experiment). Finally, complex
Fig. 7. Distribution of scattered light intensity behind the shock wave front along the z
axis (y=0) for different times after breakdown. Each curve was normalized to the
corresponding shock front dimension and gas density.
phenomena of volumetric character are present leading to spark crea-
tion and the detachment of the shock wave from the plasma core —

an effect which is not predicted by the Sedov–Taylor theory. It must
be emphasized that within the S–T theory gas density in the region
of the plasma core is zero and temperature rises to infinity which
contradicts observations. The S–T approximation is also useless in anal-
ysis of the plasma core (fireball) evolutionwhich is governedmainly by
hydrodynamic and radiative loses.

Figs. 8 and 9 show the temporal dependence of the shock front
position and velocity studied for the same plasma layer as in Fig. 6.
The velocity along the z‐axis was obtained as a derivative of the SW
position. For comparison, corresponding quantities for the plasma
core boundaries are also included. This boundary was defined as the
point at which Abel inverted volumetric emission drops to 1% of its
maximal value. The detachment of the SW and the plasma core occurs
at about 200 ns with the SW velocity largely exceeding the speed of
the plasma expansion.

It is very useful to verify whether the S–T theory or the de Izarra
model better describe our results. The first task is to define the radius
Fig. 9. Velocity of the shock front at y=0, calculated by numerical differentiation of
shock wave position. The solid line corresponds to “best fit” formula as in Fig. 8,
while dashed line is a smooth cubic B-spline passing through the points. For compari-
son, the speed of sound in argon is marked by a dotted line.
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of the investigated SW front for the case of asymmetrical shape.
Therefore we decided to perform analysis of the temporal evolution
of the shock front position along the z-axis for y=0. The choice of
the plasma layer was motivated by the position of the center of the
shock front ellipsoid at long delays.

Several hypotheses were then tested and different formulae were
fitted by the least squaresmethod. First, a simple S–T allometric formula
z(t)=A· t0.4 was used and we found very poor agreement with our ex-
perimental results. No satisfactory agreement was also obtained using
the de Izarra formula z(t)=A· t0.4+vst (sound speed in argon at
normal condition is 323 m/s). However, our experimental results
are perfectly reproduced by the expression: z(t)=(1.15±0.013)·
t(0.34±0.013)+(0.262±0.01)·t (t in μs and z in mm). Although the
F-test for an additional term shows that in the approximated formula
z(t)=A· tb+vs· t all parameters are statistically significant, its physical
interpretation is difficult.

In reality, the blast wave asymptotically approaches the sound
speed, which is also indicated by the results presented in Fig. 9 (see
the smooth cubic B-spline — dashed line). The temporal derivative
of our best fit formula (solid line) in time interval 0–20 μs gives a
SW velocity higher than the sound speed in argon, while for later
times it becomes lower than the sound speed. Therefore the fit
describes our measurement only locally and cannot be extrapolated
for longer times. The origin of the aforementioned discrepancies is
that the temporal evolution of the SW cannot be described by a
simple relation, since the sound speed is a real physical asymptote for
the velocity decreasing in supersonic expansion. An attempt to model
the intermediate phase of the blast wave and spark evolution in argon
could explain the observed effects.

Profiting from the fact that RS and TS are simultaneously measured,
electron density and temperature can be determined together with
the shock wave position. The determination of electron density and
electron temperature using the electron feature was described in
ref. [20] so only results are reported here. Fig. 10 shows the temporal
dependence of the electron density ne and electron temperature Te on
the axis and for the layer z=0. The electron temperature Te drops
rapidly during initial 2 μs. The evolution of electron density is more
monotonic and can be described as ne∝t−0.7. These results are included
in this paper for completeness. Nevertheless, it should be noted that it is
an advantage of the scattering methods that local values of the plasma
parameters in the plasma core and shock wave parameters can be
determined simultaneously, during the same experiment.
Fig. 10. Plasma parameters: electron density and electron temperature derived from
Thomson scattering signal, obtained simultaneously with the observations of the
shock wave evolution.
4. Conclusions

In this work the shock wave produced by a laser induced spark
in argon at atmospheric pressure was examined using Rayleigh and
Thomson scattering. Several layers of plasma were investigated for
various delay times starting from 200 ns to 15 μs after the breakdown.
Once the shockwave is detached from the plasma core, Rayleigh scatter-
ing enabled determination of the gas density in the wave while TS was
applied to determine electron density and temperature in the hot
plasma core. On the basis of the determined shock wave position, we
can conclude that under our experimental conditions the spatial shape
of the front is asymmetrical from the detachment up to ~1 μs. The
shape starts from the teardrop‐like at detachment, becomes ellipsoidal
at ~4 μs and finally spherical at ~10 μs. Temporal evolution of the
shock front cannot be described (at least in the radial direction) within
the self-similar model, either by the simple Sedov–Taylor formula or
by its extension deduced by de Izarra. The behavior of the temporal
radial evolution of the shock position is similar to that obtained within
theory taking into account the counter pressure of the ambient gas.
Density profiles just behind the shock front are in qualitative agreement
with numerical solutions of the Euler equations for instantaneous explo-
sion at a point with counter pressure. Expansion of the hot core of the
plasma is much slower than the shock wave and they proceed indepen-
dently. The expansion of the core plays a crucial role in its cooling.
Further measurements and modeling are desired to fully understand
the process. The laser scattering methods applied in this work have
proved to be very useful in investigations of the evolution of the laser
induced sparks.
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[20] A. Mendys, K. Dzierżȩga, M. Grabiec, S. Pellerin, B. Pokrzywka, G. Travaillé,
B. Bousquet, Investigations of laser-induced plasma in argon by Thomson scattering,
Spectrochim. Acta Part B (2011) 691–697.

[21] N. Glumac, G. Elliott, M. Boguszko, Temporal and spatial evolution of the thermal
structure of a laser spark in air, AIAA J. 43 (2005) 1984–1994.

[22] D. Nassif, L. Hüwel, Appearance of toroidal structure in dissipating laser-generated
sparks, J. Appl. Phys. 87 (2000) 2127–2130.

[23] M. Longenecker, L. Hüwel, L. Cadwell, D. Nassif, Laser-generated spark morphology
and temperature records from emission and Rayleigh scattering studies, Appl. Opt.
42 (2003) 990–996.
[24] S. Harilal, Spatial and temporal evolution of argon sparks, Appl. Opt. 43 (2004)
3931–3937.

[25] S. Ghosh, K. Maheshy, Numerical simulation of laser induced breakdown in air,
In: AIAA, 2008, p. 1069.

[26] D. Evans, J. Katzenstein, Laser light scattering in laboratory plasmas, Rep. Prog.
Phys. 32 (1969) 207–271.

[27] I. Hutchinson, Principles of Plasma Diagnostics: Second Edition, second edition
Cambridge University Press, London, 2002.

[28] H. Kempkens, J. Uhlenbusch, Scattering diagnostics of low-temperature plasmas
(Rayleigh scattering, Thomson scattering, CARS), Plasma Sources Sci. Technol.
9 (2000) 492–506.

[29] A. Murphy, A. Farmer, Temperature measurement in thermal plasmas by Rayleigh
scattering, J. Phys. D Appl. Phys. 25 (1992) 634–643.

[30] H. Zhang, J. Lu, Z. Shen, X. Ni, Investigation of 1.06 μm laser induced plasma in air
using optical interferometry, Opt. Commun. 282 (2009) 1720–1723.


	Laser light scattering in a laser-induced argon plasma: Investigations of the shock wave
	1. Introduction
	2. Experimental setup and procedure
	3. Results and discussion
	3.1. Spark expansion
	3.2. Spatial distribution of TS and RS spectra
	3.3. Investigation of the shock wave

	4. Conclusions
	Acknowledgments
	References


