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The Thomson scattering method was applied to quantify the electron number density and temperature of a
laser spark formed in argon. The laser spark was generated by focusing a 15 mJ beam from the second
harmonic (λL=532 nm) of a nanosecond Nd:YAG laser with an 80 mm focal length lens. Images of the spark
emission were obtained for times between 1 ns and 20 μs after the laser pulse in order to characterize its
spatial evolution. The electron density and temperature for the core of the plasma plume at different instants
of its evolution were determined from the Thomson scattered spectra of another nanosecond Nd:YAG laser
(532 nm, 10 to 60 mJ/pulse). In the time interval between 400 ns and 10 μs between the laser induced plasma
and Thomson scattering probe pulses, we found ne and Te to decrease from 4.3×1023 m−3 to 2.4×1022 m−3

and from 50 700 K to 11 100 K, respectively. Special care was paid to the plasma disturbance by the probe
laser pulse in Thomson scattering experiments due to absorption of laser photons by electrons through the
inverse bremsstrahlung process.
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1. Introduction

A great number of papers and even a few books [1–3] have been
published on laser-induced breakdown spectroscopy (LIBS) in recent
years. Such interest of the research community in LIBS results from
high demand for a simple and versatile analytical technique which
allows for both in-situ and remote measurements. However, despite
much theoretical and experimental work and significant advances in
instrumentation over the last decade, the performance of the LIBS
method is not considerably better. The sensitivity still remainsmodest
(at most few ppm), the quantitative results are subject to large
uncertainties and the matrix strongly affects the signal.

Any further progress can be expected to require a better under-
standing of various plasma processes and their impact on different
plasma parameters such as particle densities, temperatures and
velocities, and their temporal evolution and spatial distribution. Efforts
to improve LIBS performance must combine advanced theoretical
modeling with accurate and reliable plasma diagnostics.

One of the most important tasks in characterization of any kind of
plasma is a knowledge of the distribution of the population of the
different atomic and ionic levels as well as of the electron density (ne)
and electron temperature (Te). For laser induced plasma (LIP), the
electron density is commonly deduced from the Stark-broadened
profiles of a few reference emission lines with known values of their
Stark widths [4], or, much less often, from laser interferometric data
[5–7]. The use of Stark widths is often difficult due to the limited
number of lines with Stark data of satisfactory accuracy with respect
to both their ne and Te dependencies. On the other hand, the electron
temperature of the plasma plume is almost exclusively derived from
emission spectra using the Boltzmann or Boltzmann-Saha plot
methods. The use of these methods is only possible and meaningful
if at least partial local thermodynamic equilibrium (p-LTE) conditions
exist. The validity of the LTE assumption in the literature is assessed
by either the Griem [8] or McWhirter [9] criteria which are obtained
by requiring the collisional depopulation rates for all electronic
levels of the atom to be at least ten times larger than the radiative
depopulation rate. As it is clearly stated in the original work, the
McWhirter criterion was derived for homogeneous and stationary
plasmas defining only necessary but not sufficient conditions if
dealing with inhomogeneous and/or non-stationary plasmas like LIP.
Although physical conditions for LTE to prevail are clearly defined, in
publications on LIP as a rule only the McWhirter criterion is verified
which automatically makes the results very questionable. The issue of
LTE existence in LIP has been recently thoroughly studied by
Cristoforetti et al. [10] who recalls discussion about the same problem
in arc plasmas in the 80th of the last century.

Emission spectroscopy is the methodmost commonly used to study
plasma characteristics, because of its nonintrusive character and simple
experimental arrangement. However, emission measurements only
provide resultswhich are laterally (along a line-of-sight) integrated that
may give erroneous plasma parameters. The local, spatially resolved
values can be deduced by applying the Abel transformation, which is
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indispensable for strongly inhomogeneousmedia such as laser-induced
plasmas.

The spatial inhomogeneity of LIP with large transverse gradients of
temperature can also result in strong absorption of the optical signals
originating from the plasma core in its outer, much cooler zones. This
effect of self-absorption must be either corrected or the absorption
measurements are advisable as it has been recently performed by
Karabourniotis and Ribière [11,12].

The main goal of this paper is the application of the Thomson
scattering (TS) technique to study the laser induced argon spark at 1 atm.

Although air ismost oftenused as an ambient gas in LIBS experiments,
argon is still a fundamental test bed which allows confident assertions
about plasma modeling. This is because of fewer physical processes
involved compared to LIP in air, but also due to themuch better accuracy
of physical data such as excitation, ionization, recombination and
momentum transfer cross sections or transport coefficients.

Thomson scattering is widely used for the measurement of local
electron densities in variety of plasmas but also for determination of
local electron and ion temperatures provided these particles follow
Maxwellian distributions. These parameters are derived by analyzing
spectra of the scattered laser light. The principal advantages of Thomson
scattering are high spatial resolution and the ease with which the
measured data can be interpreted [13]. The standard plasma parame-
ters, the electron temperature and density can be directly derived from
the electron feature of the TS spectrum without any assumptions
about the plasma symmetry, thermodynamic equilibrium or chemical
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Fig. 1. Scheme of the experimental setup. L1, L2 - anti-reflection coated lenses, L3, L4 - achro
PD - fast photodiode, TS - translation stage.
composition, whereas the plasma composition itself can be deduced
from the ion feature [14,15]. TS has played an important role in studies
of nuclear fusion plasmas, where it is still the most reliable method for
measurements of the electron temperature. TS has also been applied to
investigate various kinds of glow discharge plasmas [16–19], pinch
plasmas [20–22], thermal plasmas such aswelding arcs and plasma jets
[23–29] but also to study high-temperature laser-induced plasmas [15]
related to inertial-confinement fusion research.

Unfortunately, there are fewexperiments inwhich low-temperature
LIP was studied using TS. Delserieys et al. [30] used TS for direct
measurement of the electron density and temperature in a Mg LIP
plume. The results of their investigations indicate, for instance, that the
plasma evolution is dominated by dielectric recombination. Diwakar
and Hahn [31] applied the TS method to study the early stages of LIP
induced in atmospheric air. Although significant Thomson scattering
was observed, quantitative analysis of the scattered spectrum was
difficult due to insufficient spectral resolution which made the ionic
feature of Thomson spectrum indistinguishable from the Rayleigh
spectrum. On the other hand, the signal to noise ratio was too poor for
the electron feature to be observed. In fact, the plasma electron density
was determined from the Stark broadening of the nitrogen ion line.
Recently, TS has been successfully applied by Dzierżęga et al. [32] to
study laser induced sparks in air. In that work the TS spectra were
measured from 150 ns to 1 μs after the breakdown pulse, and the
electron density and temperature in the core of the plumewere directly
determined.
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Fig. 2. Sample laser scattered spectrum (black curve) taken at a delay of 1 μs on the axis
and in the focal plane of the breakdown beam. The fit curve (red) corresponds to the
spectral density function [13] with ne=2.2×1023 m−3 and Te=26200 K.
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2. Experimental

2.1. Experimental setup and procedure

A schematic diagram of the experimental setup is shown in Fig. 1.
The experiments were carried out in a vacuum chamber made of
aluminum. The chamber was evacuated and then purged with argon
at atmospheric pressure with a flow rate of 70 l/h. The gas flow
through the chamber was regulated by two needle valves— in the gas
and pumping lines. The chamber was equipped with 6 optical view
ports which enabled introducing the laser beams, and observations of
plasma emission and scattering of laser light at right angles to the axis
of the beams. Undesired reflections and scattering of laser light at the
input and output windows are the main sources of stray light.
Therefore, two windows at the end of the output tubes were mounted
at the Brewster angle and at a long distance from the plasma plume.
Moreover, two circular light baffles were placed in each tube to
further minimize the stray light originating from the input and output
windows.

Two frequency-doubled Q-switched Nd:YAG lasers operating at
10 Hz repetition rates were used as the plasma source and to probe
the plasma plume in Thomson scattering experiments. The durations
of laser pulses were 4.5 ns and 6 ns respectively. The laser beamswere
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 44 μm and 440 μm waist
diameters overlapping in the center of the chamber. The energies of
laser pulses entering the chamber were varied by beam attenuators
composed of half-wave plates and Glan-Thompson polarizers. The
fluence (defined for a gaussian beam as FL=2EL / (πw2), wherew is its
radius at 1/e2 and EL is energy of the laser pulse) of the breakdown
pulse was about 2.0 kJ cm−2, resulting in a highly reproducible
plasma plume from shot to shot, the image of which and positionwere
controlled on-line by a CCD camera. On the other hand, the maximum
fluence of the probe beam was 40 J cm−2, and thus below the
breakdown threshold (≈600 J cm−2 [33]) for plasma generation in
argon, which was verified by the absence of breakdown with the
probe laser beam alone. Perfect intersection of the probe beam with
the plasma plume was accomplished by translating the probe beam
across the plasma until the strongest TS signal was obtained. The
beams’ energies were measured by a laser energy meter, while their
delay was controlled by a digital delay pulse generator andmonitored
using two optical fibers. One end of each fiber placed behind the
dielectric mirror (M1, M2) collected scattered light, while the other
illuminated a fast photodiode (PD) connected to an oscilloscope (see
Fig. 1). The temporal jitter between the pulses was below 1 ns. In
order to probe selected layers of the plume on the plasma axis, the
focusing lens L1 was mounted on a translation stage.

The images of the induced plasma plume and the Thomson
scattered light were observed in a direction perpendicular to the laser
beams by imaging the investigated plasma volume onto the entrance
slit of a spectrograph (750 mm focal length, 1.005 nm/mm reciprocal
dispersion) with an enlargement factor equal to 1.2. The TS spectra
were recorded over a wavelength range of 13.3 nm around 532 nm
and with 30 μm slit width. Plume imaging was accomplished at the
zero order of the spectrograph with the slit fully opened, i.e. up to
3.0 mm. The spectral resolution was 0.04 nm while the overall spatial
resolution along the probe laser beam was 25 μm.

The plume images and the TS spectra were recorded using a gated
two-dimensional intensified charge-coupled device (ICCD) camera
and were then averaged usually over 20 (plume images) or 2000 (TS)
laser pulses. The ICCD was synchronized to the maxima of either the
breakdown (plasma imaging) or the probe (TS experiment) laser
pulse. For TS measurements the gate width of the ICCD was set to 6 ns
while for plume images it was varied between 3 ns and 500 ns
depending on the delay between laser pulses.
A typical spectrum of laser scattered light is presented in Fig. 2. The
central part of the spectrum near 532 nm, contains, apart from the TS
(ion feature) and plasma light, also the Rayleigh-scattered light and
stray light, and was discarded from further analysis. The electron
feature of TS appears in the form of two sidebands symmetrically
situated with respect to the laser wavelength, indicating the partially
collective character of TS. The electron density and temperature were
then obtained, as it is described in [29], by fitting the spectral density
function to the experimental spectra assuming Maxwellian distribu-
tion of the electron energy distribution function (Eq. (49) in [13]).

2.2. Electron heating by the probe laser pulse

A very important issue in TS experiments is the possible
perturbation of the plasma by the probe laser pulse. Such perturbation
is negligible in nuclear fusion plasmas of high Te at moderate laser
intensities. Similarly, no disturbance is usually observed in the TS
experiments in glow discharge plasmas of low ne. However, in the
case of plasmas of simultaneously high density (ne≳1022 m−3) and
low temperature (Te≲60 000 K) like in LIP, application of even very
low laser intensities may result in considerable electron heating by
absorption of the laser light predominantly through the inverse
bremsstrahlung (IB) process. These effects have been recently studied
theoretically by Murphy [34] and experimentally by Dzierżęga et al.
[29] for the case of TS in low-temperature and dense atmospheric arc
plasmas.

Assuming the absence of any cooling channels, the upper limit for
the laser-induced increase of Te can be evaluated as [13,35]
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=
2
3
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where FL is the laser fluence in the probed plasma region and kB is the
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where Z is the ion charge, ni,Z is the density of ions in the Z-th
ionization stage, me and e are electron mass and charge respectively,
λL is the laser wavelength and gff denotes the Gaunt factor for free-
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free transitions. Substituting the absorption coefficient Eq. (1) re-
writes

ΔT
Te

= 6:6 × 10−5 ∑Z Z
2ni;Z

T3 = 2
e

FL

× gff λLð Þλ3
L 1−exp

−hc
kBTeλL
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:
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As a result, the increase of Te strongly depends on the transient
electron temperature and density and in general is nonlinearly
dependent on the laser fluence. The results of our calculations of ΔT/Te
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el
ec

tr
on

 d
en

si
ty

 (
10

23
 m

-3
)

a

3.2

4.0

4.8

5.6

6.4

7.2

44

48

52

56

60

64

b

1.6

2.0

2.4

2.8

3.2

3.6

5 10 15 20 25 30 35 40 450 5 10 15 20 20

Fig. 4. Electron density (full circles) and temperature (open circles) determined from TS spec
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depending on ne, FL and for different initial Te are shown in Fig. 3. They
were performed assuming a singly ionized plasma (Z=1, ni,1=ne) of
constant electron density during the 6 ns long laser pulse. Since the
measured TS spectra are dominated by photons originating from the
central part of the laser pulse, the determined Te corresponds to the
temperature at themaximum intensity of thepulse and so isΔT/Te in our
calculations.

The results of our calculations indicate rapid increase of the electron
temperature with fluence of the TS probe laser and ne. Moreover, the
lower the initial Te, the higher is the relative increase of electron
temperature. Nevertheless, under conditions of real LIP where high
(low) electron temperature usually corresponds to high (low) electron
density the relative increase of Te does not exceed a few percentage
providing the fluence of the probe pulse is lower than 20 J cm−2.

Apart from theoretical considerations, the issue of LIP heating by
the probe pulse and the credibility of TS results were also investigated
experimentally. Fig. 4a–c show ne and Te depending on the laser
fluence as determined at 400 ns, 1 μs and 5 μs after the breakdown
pulse. The values and their uncertainties are calculated based on the
results of 4–5 independent experiments. Regardless of the initial
plasma conditions and the laser fluence no increase (within
uncertainty limits) of ne is observed. On the contrary, while increasing
laser fluence by a factor of 4, Te is elevated by more than 10%. The
results of our experiment show that, under our experimental
conditions, the impact of a probe laser with fluence lower than
20 J cm−2 on the LIP is negligible.

In another experiment we also studied the transient character of
the heating process. The gate width of the ICCD was set to minimum
3 ns and it was delayed with respect to the probe pulse with relatively
high fluence of 40 J cm−2. Fig. 5a–c present ne and Te as determined
from TS spectra at successive instants of the probe pulse. Again,
almost no variations of ne, within uncertainty limits, are noticed
during the laser pulse. However, at the same time Te rises considerably
(even by 30%) with respect to its initial values which we consider
unperturbed and which are consistent with results obtained for probe
fluences lower than 20 J cm−2. Such procedure of careful verification
and correction of Te for laser heating effect has been successfully
applied in the studies of thermal arc plasma in argon [29] and neon
[36] and their results have proved, for instance, no departure of such
plasma from LTE.

3. Results and discussion

3.1. Spark expansion

Fig. 6 presents series of images of the plasma plume recorded
at different delay times after the breakdown pulse. Each image is
normalized to its maximum intensity. Initially (b12 ns) the plasma
expands axially, opposite to the direction of the laser beam. After
breakdown the small volume of the gas in the focal plane is rapidly
 (J·cm-2)
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heated due to absorption of the laser energy by electrons through an
inverse bremsstrahlung process. These hot electrons immediately
release their energy in collisions with nearby atoms and ions, which
results in direct and cascade ionization and finally the plasma is being
formed. The layer of gas outside the plasma, although initially
transparent to the laser beam, is heated by strong plasma radiation
and becomes ionized to such an extent that it strongly absorbs the
laser light. Therefore, this layer is further rapidly heated and, by the
time a new layer of plasma becomes strongly absorbing, the boundary
of the plasma moves towards the focusing lens. This way the spark
becomes optically thick and absorbs almost all radiation reaching the
focal point.

After about 75 ns the spark dynamics is already dominated by
shape evolution, both in the axial and radial directions. LIP images
displayed in Fig. 6 clearly show a transformation from an elongated
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Fig. 6. Temporal evolution of visible emission from an argon spark recorded with an
ICCD camera. The exposure time was 3 ns, 5 ns, 15 ns, 50 ns and 500 ns for time delays
up to 12 ns, 75 ns, 800 ns, 15 μs and 20 μs, respectively. The images were integrated
over 20 laser shots. The laser fluence was 2.0 kJ cm−2. All the images are normalized to
their maximum intensity. The breakdown laser beam is incident from the left-hand side
and focused at 0.0 mm axial position. The direction of the probe laser beam is marked
by the dashed line.
ellipsoid to a near-spherical geometry around 6 μs and then to an
oblate shape fromwhich the spark in the form of the torus emerges at
about 20 μs with a diameter of 1.0 mm. All these observations are
consistent with observations made (for instance) by Longenecker
et al. [37] or Harilal [38] and calculations by Gosh [39]. The emission of
the spark rapidly decays since the bremsstrahlung process decreases
following the drop of the electron density related to the large number
of recombination processes.

3.2. Evolution of electron density and temperature

Images of the TS spectra as registered by the ICCD camera are shown
in Fig. 7. Theywere obtained by illuminating the plasma plumewith the
probe beam along the focal plane (x=0.0 mm) of the breakdown beam
as marked by the dashed lines in Fig. 6. These spectra were obtained
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Fig. 7. ICCD images of the TS spectra recorded at different time delays between the
breakdown and the probe laser pulses. The images were integrated over 6 ns and
averaged over 2000 laser shots. Laser fluence of the breakdown and probe pulses was
2.0 kJ cm−2 and 16 J cm−2, respectively.



696 A. Mendys et al. / Spectrochimica Acta Part B 66 (2011) 691–697
with low laser fluence of 16 J cm−2 to avoid heating effects. The
consecutive images of the scattering spectra were recorded at different
time delays between laser pulses. The electron part of the TS spectrum
wasobserved,with reasonable signal-to-noise ratio, only for timedelays
longer than 400 ns. For shorter delays, since the electron temperature
and density are considerably higher, the electron feature not only
becomes very broad but also its overall intensity falls. These effects
together with strong continuous plasma emission make the signal-to-
noise ratio for TS very low and preclude its detection. For time delays
shorter than 1.5 μs, due to large separation between sidebands, only one
side of the TS spectra could be recorded at the same time. The spectra in
Fig. 7 clearly reveal that the peaks converge and become narrower with
time, meaning that both ne and Te are decreasing. Moreover, one can
observe variations of the intensity and distribution of TS spectra across
the plasma plume that is along the probe laser beam which result from
the gradients of the plasma parameters. If large gradients of ne and Te
exist over the width of the laser beam the final results obtained by TS
method can be substantially disturbed due to spatial averaging of TS
signals. In particular, itmay concern the plasmaboundaries aswell as its
initial stages when the transverse dimension of the plasma is usually
smaller than the width of the laser beam. Comparing diameter of
the probe beam with plasma images and TS spectra we consider our
plasma to be fairly homogeneous within the laser beam on the plasma
axis and for delays longer than about 800 ns. For shorter delays the
spatial averaging effect leads to Te overestimation while ne can be
underestimated.

The temporal evolution of ne and Te on the plasma axis and in the
focal plane of the breakdown pulse is presented in Fig. 8a,b. The
electron density decreases from 4.3×1023 m−3 at 400 ns to
2.4×1022 m−3 at 10 μs after the breakdown pulse. In the same time
the measured electron temperature drops from 50700 K to 11100 K.
The uncertainties of the electron density and temperature do not
exceed 3% and 10%, respectively and they are of statistical origin.

The decays of ne and Te with time were fitted with power laws. We
found ne to fall off as t−0.74 in the entire investigated time interval,
whereas Te decays proportionally to t−0.72 and t−0.36 approximately
for times shorter and longer than 1.5 μs, respectively. The decay rate of
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ne is directly related to the rate of the plume expansion, which affects
particles’ densities governed by the state equation (Dalton's law) and
radiative and electronic recombination rates.

In the case of electron temperature the cooling rate is slower than
the t−2 expected from the simple adiabatic expansion within Sedov-
Taylor approximation [40,41] of the perfect gas because the decay
rates are governed rather by gas dynamics and energy losses than by
the equilibrium state of the plasma. At early stages of the plasma
fireball (it means of luminous core - see [33]) radiative losses due to
continuum emission and expansion rate are very high constituting
two dominant cooling channels. These channels are significantly
suppressed at later times and energy is radiated through emission of
spectral lines. On the other hand, the plasma fireball is heated in the
three body recombination (3BR) process. In early stages 3BR is
dominated by recombination of ArIII ions which release on average
27.6 eV while at later times only 15.6 eV is released in 3BR of ArII ion.
These processes result in different cooling rates of the plasma fireball
and finally in 2 rates of temperature decay. Although in Fig. 8 no
abrupt change of temperature decay can be observed, nevertheless we
can clearly assume 1–1.5 μs as the time interval at which the plasma
cooling rate starts to change. At that moment Te is already about
25 000 K which - under conditions of LTE argon plasma - corresponds
to plasma composition dominated by doubly ionised ions. This way
transfer from plasma dominated by 3BR of ArIII to plasma dominated
by 3BR of ArII can explain, at least partially, the change of cooling
rates. Several aspects of an influence of internal processes - including
3BR - within the self-similarity model of plasma expansion upon the
decay rate of Te was discussed by Rumsby and Paul [42] and by
Ostrovskaya and Zaidel [33].

Comparison of our results with others is difficult predominantly
due to very limited number of papers on laser-induced sparks in
argon. Moreover, since such sparks are strongly inhomogeneous and
transient plasmas, which properties significantly vary with laser beam
configuration, direct comparison of different experiments is not quite
advisable. Longenecker et al. [37] and Cadwell and Huwel [43] studied
laser-created argon sparks at delays between 60 and 140 μs using
emission spectroscopy and Rayleigh scattering. At these later times
they found the temperatures and electron densities varied from 9600
to 5600 K and 2.4 to 0.6×1022 m−3, respectively. At the same time
interval extrapolation of our results gives ne and Te varied from 6900
to 5100 K and 1.0 to 0.55×1022 m−3, respectively. On the other hand,
also using emission spectroscopy, Harilal [38] investigated argon
sparks for shorter (≤450 ns ) delay times. For instance at 400 ns delay
he determined the electron density and temperature to be about
1.5×1024 m−3 and 18 000 K which are difficult to compare with
4.3×1023 m−3 and 50 700 K derived from our TS experiments. The
results presented in foregoing works are derived from laterally
integrated line intensities without performing Abel transformation.
This way underestimation of temperature and overestimation of
electron densities (determined from Stark profiles) are inevitable and
this effect is the stronger the larger gradients are in plasma. The
uncertainty of electron temperature, usually associated with the
excitation temperature in emission experiments, is additionally
increased when the plasma is far from p-LTE and its existence must
be carefully verified which was not the case in these works.

4. Summary and conclusions

In this work the Thomson scattering method was applied to quantify
the electron number density and temperature of a laser spark formed in
argon at atmospheric pressure. The laser sparkwas generated by focusing
a 15 mJ beam from the second harmonic (λL=532 nm) of a Q-switched
Nd:YAG laser. Moreover, plasma perturbation by the probe laser pulse
due to the inverse bremsstrahlungprocesswas studied. Itwas shown that
the electron heating effect can be either reduced or included in data
analysis.
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We have shown that at delays between 400 ns and 10 μs the
electron density and temperature decrease from 4.3×1023 m−3 to
2.4×1022 m−3 and from 50 700 K to 11 100 K, respectively. We have
also found that while ne and Te decrease at the same rate up to about
1.5 μs, this rate for Te is then significantly decelerated which can be
explained by three body recombination processes reheating electrons.

We consider the Thomson scatteringmethod very promising in LIP
studies for the sake of its locality and since it does not rely on
assumptions about plasma thermodynamic equilibrium. The large
discrepancies between our results and those obtained with emission
spectroscopy clearly call for further investigations of LIP but also
indicate the necessity of complementary and alternative methods in
studies of this highly inhomogeneous and non-stationary plasmas.
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