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The laser induced plasma in air produced by 6 ns, 532 nm Nd:YAG pulses with 25 mJ energy was studied using
the Thomson scattering method and plasma imaging techniques. Thomson scattering spectra were registered at
delay times ranging from 150 ns to 1 μs after the breakdown pulses. The electron density and temperature, as
determined in the core of the plasma plume, were found to decrease from 7.4×1017 cm−3 to 1.0×1017 cm−3

and from 101 000 K to 22 700 K, respectively. These electron temperatures were found to result partially from
plasma heating. This effect has been observed between the beginning and the end of the probe (Thomson)
pulse.
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1 Introduction

Laser induced breakdown spectroscopy (LIBS) is a versatile technique of growing importance for elemental
analysis. However, like an optical emission spectroscopy (OES) method on low temperature and dense plasmas,
it suffers from low sensitivity and poor detection limits when compared to other spectroscopic methods [1]. The
LIBS is a technique where one simply focus a high intensity laser pulse over the surface of a sample to analyse
the emission of the plasma consequently generated. As a plasma spectrochemic method, the debate dealing
with the accuracy of the determination of the plasma temperature (usually by Boltzmann-plots) is still acute.
The knowledge of this parameter being connected to the analytical aspects of the LIBS [1], it is then of high
importance to set up efficient plasma diagnostics allowing to derive those values, in an alternative way as to
OES. In particular, the Thomson scattering (TS) technique can infer high spatial resolution measurements, and
user friendly derivations of several useful plasma parameters. The electron temperature and density e.g., can be
directly derived from the electron feature of the TS spectrum without any assumption about the plasma symmetry,
equilibrium state or its chemical composition. Detailed theory and applications of TS can be found in several
monographs [2]. In this work we used TS to investigate the plasma parameters characteristic of LIBS plasma
plumes, and to study the importance of the re-heating effects (due to the inverse bremsstrahlung provoked by the
Thomson pulse) on the performance of the TS analysis.

2 Description of experimental setup

The experiments were performed in atmospheric pressure air with two second harmonic (532nm) Nd:YAG laser
beams arranged in orthogonal geometry. The laser-induced plasma was generated by focusing a 6 ns (FWHM)
pulsed laser beam into a chamber filled with air. The laser was operating at 10 Hz, energy of 25 mJ per pulse

∗ Corresponding author: E-mail: g.travaille@cpmoh.u-bordeaux1.fr, Phone: +33 05 40 00 27 85, Fax: +33 05 40 00 69 70

c© 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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was focused to the 240 μm diameter spot using a lens of 10 cm focal length inducing thus laser fluence of about
50 J·cm−2 at the focal point. The second laser beam, used to re-heat the plasma and for observation of Thomson
scattering, with 50 mJ energy per pulse was focused into the plasma volume to the spot of 500 μm. This way
the fluence of the second, probe beam, was of about 5-6 J·cm−2, i.e. much lower than the fluence of plasma
generating pulse and below the breakdown threshold.

The time delay between the two laser pulses was controlled by an electronic delay generator and monitored
using a fast photodiode and an oscilloscope. The first laser beam, generating the laser-induced plasma and
hereafter called LIP beam propagated horizontally while the second laser beam, used for plasma diagnostic by
Thomson scattering (called probe beam) propagated vertically when crossing the laser-induced plasma volume.
Finally, the light coming from the plasma region and emitted in a direction perpendicular to both the LIP and
probe beams, was analyzed by a spectrograph equipped with an intensified charge coupled device (ICCD). This
detector allowed recording gated spectra with time windows as short as 2 ns for different controlled time delays
after the laser pulses. This experimental setup was operated in two different ways:

• At zero order of the spectrograph, images of the laser-induced plasmas were recorded with the entrance slit
fully opened to 3.8 mm, and the ICCD synchronized to the LIP pulse at different delay times in order to
study the temporal evolution of the plume. The spatial resolution was 31 μm and the single-shot images
were accumulated over 8 ns and averaged over 100 laser shots.

• By imaging the region of interest of the laser-induced plasma (the one illuminated with the probe beam)
onto the 50 μm entrance slit of the spectrograph operating at its first order, the Thomson scattered spectra
were recorded over a wavelength range of about 20 nm, close to the 532 nm incident wavelength and with
a spectral resolution of 0.032 nm. In this case the ICCD was synchronized to the probe pulse while varying
the time delay between the probe and LIP pulses. The Thomson spectra were recorded with 2 ns gate of the
ICCD and averaged over 1000 laser shots.

3 Results and analysis

A fast imaging of the plume was carried out so as to determine the exact location of the scattering within the
plasma plume. Using this tool, we were able to gather only the photons coming from a part of the scattering zone
(50 μm wide, defined by the entrance slit of the spectrometer). One can find a more extensive description of our
proceedure in [3].

3.1 Thomson Scattering spectra

In this work, the location of the TS beam was always set to cross the core of the plasma plume. This particular
location was controlled by imaging it onto the 50 μm entrance slit of the spectrograph. A very intense signal at
532 nm (not shown in this paper, see [3]) was related to the Rayleigh scattering of the TS beam on the plasma
plume mixed with unresolved contributions originating from ionic features of Thomson scattering and a minor
contribution of stray light. In addition, symmetrically on both sides of this intense signal, two tiny signals were
observed, originating from 90◦ Thomson scattering of the TS beam by the plasma plume. The locations of the
maxima of these signals were observed to be clearly dependent on the time delay between the LIP and TS pulses.
The plasma emission was the third contribution to the signal, as it was indeed still present without the TS pulse
(and decaying rapidly in time after the LIP pulse). In the case of argon (not shown), some very narrow peaks were
observed inside this signal, related to emission lines of argon. Fortunately, it was possible to partially separate
these different signals. Indeed, a substraction of two images with and without the TS beam allowed to record
images displaying nearly only the TS features.

Raw data of Thomson scattering spectra are displayed in Fig.1 for air plasmas at different time delays between
LIP and TS pulses, along with their theoretical fits obtained from [4]. We can see in this figure the good agreement
lying between the experimental data and those generated with our model (see eqn.40 in [4]). Unfortunately,
several perturbations tend to gradually arise for early delays between the pump and the probe, as the signal to
noise and signal to background ratios tend to diminish. For those reasons, the Thomson scattering spectra were
retrieved after vertical binning over few lines of the corrected images. Nevertheless, those very problems affect
sufficiantly the derivation of (ne, Te) to prevent any further analysis below delays such as 150 ns, for which
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the analysis of the ionic signals may be of significant help. Unfortunately, the detection of narrow peaks very
close the laser wavelength usually require for those kind of plasmas some very performant apparatus in terms of
spectral resolution (Δλ/λ ≥ 50000 at 532 nm) and narrowness of the laser (better than 0,1 Å), that we did not
have at our disposal.

Fig. 1 Experimental distribution (only one side) of Thomson emission (black dots) compared to the theoretical fit (red line)
from [4] displayed for several time delays : a) 150 ns, b) 400 ns, c) 600 ns, and d) 1000 ns. In the lower boxes lie the residuals
of the fitting. (Color figure: www.cpp-journal.org).

Fig. 2 Corresponding values of (ne,Te), ob-
tained with heating effect corrections.

Fig. 3 Pulse resolved (pulse of 6 ns FWHM, ICCD gate time of 2
ns FWHM) TS spectra taken during the transit of the TS pulse for
air plasma, and a time delay of 200 ns. (Color figure: www.cpp-
journal.org).

Finally, both the electron temperature Te and the electron density ne were extracted, for each value of time
delay between the LIP and TS pulses. In the case of data displayed in Fig.2, ne and Te were found to decay from
≈ 7.4× 1017 cm−3 and ≈ 101.000 K at 150 ns to 1.0 × 1017 cm−3 and 22.700 K for 1 μs. These early values of
Te seemed surpringly high compared to the ones reported for similar experimental conditions (below 30 000 K,
see e.g. [5]). Based on these observations, plasma heating by the TS beam has been suspected. This point will be
detailed in the next section.

3.2 Study of plasma heating

In order to display an evidence of plasma heating by the TS beam, a time-resolved Thomson scattering experiment
has been set up. To that purpose, the gate width of the ICCD has been set down to 2 ns in order to perform a
time-sampling of the Thomson scattering signal by finely adjusting the time delay between the TS pulse and the
ICCD acquisition. As shown in Fig.3b), the ICCD was thus opened during 2 ns, before, during and after the TS
pulse. If any heating effect was present, the value of Te was expected to increase between the beginning and
the end of the TS pulse. Indeed, a change in the feature of Thomson scattering signal is clearly visible and the
evolution of ne and Te during the TS pulse duration was confirmed by the data treatment.
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This has been repeated for different values of time delay between LIP and TS pulses and the results for 3 time
delays, 200 ns, 600 ns and 1000 ns are reported in Fig.4. One can clearly conclude that the data related to the 200
ns delay seem to be much more affected than the ones corresponding to the other time delays. An enhancement
of 20% for Te could be concluded, whereas for delays longer than 600 ns, the TS pulse does not seem to induce
any significant disturbance both for the electronic density and temperature determination. Except for very early
delays (below 300 ns), for which of correction of ne is necessary, a very good stability was observed for the
electron density results.

Fig. 4 Evolutions of the plasma parameters a)ne,b)Te during the ar-
rival of the TS beam (solid line), shown for 200 ns, 600 ns and 1μs.
The time scale indicate the evolution of time with respect to the in-
stant where the first signal of TS is detected. (Color figure: www.cpp-
journal.org).

Fig. 5 Error bars obtained by the method de-
scribed in 3.2 for the retrieval of Te, for a
plasma generated in air (delay : 400 ns). The
time scale indicate the evolution of time with re-
spect to the instant where the first signal of TS is
detected. (Color figure: www.cpp-journal.org).

The knowledge of the temperature of the undisturbed medium is essential to adress the discrepancies found
previously between our measurements and the ones usually made in LIBS [5]. To that aim, it is necessary to
linearly extrapolate the evolutions to the initial time before energy deposition by the TS pulse inside the plasma.
The validity of this approach to derive correctly the electronic temperature (or density) of an unperturbed plasma
is extensively discussed in [6].

The uncertainties on Te determination happened to be larger for small time delays between LIP and TS pulse,
and were exposed to be issued mainly from the positionning of the incident probe beam with respect to the
orthogonal plane of detection (that strongly influence the amount of Thomson light scattered in the solid angle of
the spectrometer) together with the shot to shot non reproducibility of the laser generated plasma. To determine
the extent of those perturbations on the measurement, we chose to play on the tilt of the probe laser by making
it cross more or less orthogonally the plane of scattering. By adjusting it until the nearly complete disapearrance
of the signal, we repeated several runs of experiments to draw the several error bars presented in the Fig.5. The
uncertainties retrieved were found to be of ≈ 5% for the prediction of Te and below 2% for ne.

4 Conclusion

In this paper, heating effects have been observed to occur in laser induced plasmas of air. So as to derive correct
plasma parameters these effects have been taken into account, especially for small LIP-TS delays (< 500 ns). A
sizeable extent of the values (up to 30%) derived in those cases can be attributed to the disturbance induced on the
plasma by the second probe (Thomson) pulse. However, we have also underlined that this effet nearly vanishes
for delay times greater than 500 ns, even if the values presented in this work continue to be superior to the ones
usually reported in LIBS. The derivation of the electronic temperature needs therefore to be taken into account
only for short delay times in our experimental conditions. This assessment is supported by several experiments
depicting the fairly good uncertainties generated by our evaluations.

If further confirmed, this separation between TS and OES would promote the existence of a high degree
of non equilibrium in the plasma, and would constitute a piece of evidence indicating the non applicability of
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temperature measurements by the means of Boltzmann diagrams, at least during a significant part of the plasma
lifetime. In the future, we plan to extend this experiment to laser induced Argon plasmas, in order to compare the
parameters derived using TS from those obtained via OES.
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