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A laser Thomson scattering method was applied to investigate the local Saha–Boltzmann equilibrium in alumi-
num laser-induced plasma. Plasma was created in ambient air using 4.5 ns pulses from a Nd:YAG laser at
532 nm, focused on an Al target. Spatially resolved measurements, performed for the time interval between
600 ns and 3 μs, show electron density and temperature to decrease from 3.4 × 1023 m−3 to 0.5 × 1023 m−3

and from 61,000 K to 13,000 K in the plasma core. The existence of local thermodynamic equilibria in the plasma
was verified by comparing the rates of the collisional to radiative processes (theMcWhirter criterion), as well as
relaxation times and diffusion lengths of different plasma species, with the appropriate rate of electron density
evolution and its gradients at given, experimentally determined, electron temperatures. We found these criteria
to be much easier to satisfy for metallic plasma species than for nitrogen. The criteria are also easier to satisfy in
the plasma core of higher electron density.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

Laser induced plasma (LIP) has many applications, including: laser
plasma igniters, high intensity X-ray sources for lithography, pulsed
laser deposition or laser-induced breakdown spectroscopy (LIBS). In re-
cent years LIBS has become a very popular analytical technique, mainly
due to its applicability to various types of samples (gaseous, liquid or
solid), no sample preparation or remote sensing capability. Neverthe-
less, for analytical purposes, a detailed description of the plasma is re-
quired, including knowledge of atom and ion number densities in
their ground and excited states as well as electron number density
and temperature. In the general case, this is attainable through a full ki-
netic description taking into account all possible excitation and de-
excitation processes of both radiative and collisional types. This is, how-
ever, a very difficult task, requiring a huge number of reliable atomic
data. Moreover, in the case of transient and inhomogeneous LIP, the
collisional-radiative description should be supplemented by hydrody-
namic modeling. All of this makes a thermodynamic approach much
more attractive where only a few parameters are sufficient to entirely
describe the system by the Saha–Eggert and the Boltzmann relations.
The use of these relations is justified and meaningful only if local
Saha–Boltzmann equilibrium (LSBE) exists. If, in addition, kinetic ener-
gies of electrons andheavy particles are governed by theMaxwell distri-
butionwith equal temperatures, then local isothermal equilibrium (LIE)
[1,2] is established. Together, LSBE and LIE constitute the local thermo-
dynamic equilibrium (LTE).

The LSBE is the basis of the calibration-free LIBS (CF-LIBS) analytical
method originally introduced by Ciucci and coworkers [3]. In the CF-
LIBS procedure, the full plasma composition is directly calculated from
emission spectra by measuring at least one emission line of each ele-
ment present in the studied sample. Unlike the traditional LIBS ap-
proach, no calibration curves or reference samples are necessary to
quantify the results.

The issue of plasma equilibria was discussed in detail by van der
Mullen [1,2] and recently recalled by Cristoforetti et al. [4,5] for the
case of transient and inhomogeneous LIP. In view of the above discus-
sion validation of the LTE or LSBE in particular, is paramount for the re-
liable application of the CF-LIBS technique and directly motivated this
work.

1.1. Criteria for local thermodynamic equilibrium

Complete thermodynamic equilibrium (CTE) requires all radiative
and collisional processes to be balanced by their inverse process. As
most laboratory plasmas are not optically thick, photons escape from
the plasma and their energy distribution is no longer described by the
Planck radiation law and so CTE is violated. Nevertheless, if the energy
lost due to radiation escape is much smaller than the energy involved
in the other, mostly collisional processes, the Saha–Boltzmann and
Maxwell distributions still correctly describe the system and LTE is
established. For stationary and homogeneous plasmas the LSBE requires

http://crossmark.crossref.org/dialog/?doi=10.1016/j.sab.2014.03.009&domain=pdf
http://dx.doi.org/10.1016/j.sab.2014.03.009
mailto:agata.mendys@uj.edu.pl
http://dx.doi.org/10.1016/j.sab.2014.03.009
http://www.sciencedirect.com/science/journal/05848547


62 A. Mendys et al. / Spectrochimica Acta Part B 96 (2014) 61–68
excitation and de-excitation rates between energy levels to be dominat-
ed by inelastic electron collisions. This requirement results in minimal
electron number density Ne

W, derived in slightly different forms by
Griem [6], Drawin [7] and Hey [8], which is sometimes called the
McWhirter criterion, expressed as

Ne m−3
� �

NNW
e ¼ 2:55� 1017 � T

1=2
e ΔE3nm

gh i ; ð1Þ

where gh i is theGaunt factor averaged over the electron energy distribu-
tion function. Te and ΔEnm are expressed respectively in K and eV. ΔEnm
stands for the largest energy gap between adjacent levels, usually be-
tween the ground and the first excited state connected by an optically
allowed transition. This formula was derived for optically thin plasma,
i.e. for negligible self-absorption. If the latter is not true, the effective ra-
diative population rates to the lower states are significantly reduced
(the optical escape factors are less than unity) which also reduces the
minimal Ne necessary for LSBE to exist [4,8].

The transient character of LIPs and the presence of spatial gradients
can produce imbalance in the elementary processes and a significant
departure from LTE. Therefore, in the case of such non-stationary and
inhomogeneous plasmas, two other conditions should be fulfilled.
First, the temporal evolution of plasma thermodynamic parameters,
i.e. electron density and temperature, must bemuch longer than the re-
laxation time τneeded to establish the excitation and ionization equilib-
ria. Apparently, plasma can be then regarded as quasi-stationary and the
following relations hold [4]:

Te r; t þ τð Þ−Te r; tð Þ
Te r; tð Þ

����
����≪1;

Ne r; t þ τð Þ−Ne r; tð Þ
Ne r; tð Þ

����
����≪1: ð2Þ

The thermodynamic relaxation time is given by the slowest process
leading to re-establishment of LTE once the system is suddenly
perturbed from quasi-stationary LTE. This process usually corresponds
to re-equilibration of the ground state, the rate of which is determined
by collisional excitation to the first excited level, hence [4,6,7]:

τ sð Þ≈6:3 � 1010
Ne f 12 gh i ΔE21 kBTeð Þ1=2exp ΔE21

kBTe

� �
; ð3Þ

where f12 is the oscillator strength of the transition. Eq. (3) is an
estimation, assuming complete ionization of the plasma and absence
of self-absorption at the resonance lines. Partial ionization can be taken
into account by multiplying Eq. (3) by ionization ratio Nz + 1/(Nz +
Nz + 1) as shown by Drawin [7].

In the case of plasmas with strong gradients, the diffusion of atoms
and ions can also significantly influence the thermodynamic equilibrium.
Therefore, in addition to criteria (1) and (2), a third criterionmust be sat-
isfied. It states, that the diffusion lengthΛ of atoms and ions during the re-
laxation time ismuch shorter than variation length of plasma parameters,
which is equivalent to:

Te r þ Λ ; tð Þ−Te r; tð Þ
Te r; tð Þ

����
����≪1;

Ne r þ Λ ; tð Þ−Ne r; tð Þ
Ne r; tð Þ

����
����≪1: ð4Þ

Λ = (D ⋅ τ)1/2 can be estimated by assuming that the main processes
determining the diffusion coefficient D are resonance charge-exchange
collisions for atoms [9]:

Da m2
=s
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and Coulomb collisions for ions [9]:
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Dii0 is the diffusion coefficient of the ion i due to collisionswith ions i′. Th is
the temperature of atoms, andMA is the relative mass of a particular ele-
ment with respect to the mass of hydrogen. Nz0 is the density of ions i′, z
and z′ are the charges of colliding species i and i′while ln Λ stands for the
Coulomb logarithm. In fully-ionized plasma other effects, such as the
ambipolar diffusion, can also affect the diffusion length. For trace ele-
ments, the diffusion length of atoms can be significantly increased due
to the lower concentration of corresponding ions while the diffusion of
their ions remains unaffected.

The criteria discussed above clearly display themajor role of electron
number density and temperature, as well as their temporal evolution
and spatial distribution, in establishment of LTE. Therefore, reliable
measurements of Ne and Te in LIP are of primary importance.

1.2. Measurements of the electron density and temperature

So far thermodynamic equilibria in laser-induced plasmas have been
exclusively studiedwith the use of optical emission spectroscopy (OES).
The electron density is determined from the Starkwidths of some atom-
ic or ionic lines, whereas the electron temperature is inferred from ei-
ther the Boltzmann or the Boltzmann–Saha relations. These relations,
if satisfied, yield solely the excitation and ionization temperatures.

Although simple in arrangement, OES does not allow for local mea-
surements since the spectra are integrated along a line of sight. Local
values of emission coefficients can be obtained only for layers with
axial symmetry by applying the Abel transformation. However, even a
slightly asymmetric plasma column can result in large uncertainties, in-
creasing towards the axis. Moreover, large radial gradients of tempera-
ture in LIP can sometimes result in strong absorption of the optical
signals originating from the plasma core in the outer, much cooler,
zones. Unfortunately, this effect is almost never consideredwhile inves-
tigating LIBS plasmas and, instead, optically thin plasma is commonly
assumed.

To verify LTE in laser-induced plasma in aluminum, created by 20 ns
laser pulses at 1064 nm, Cristoforetti et al. [5] performed spatial and
time-resolved OES measurements. The radial distribution was obtained
by translating the collecting fiber across the plume image and then ap-
plying the Abel transformation. The temporal resolution of their mea-
surements was however very limited by long signal integration times,
about 250–500ns at such short timedelays as 500 ns–2 μs after ablation.
They found that aluminum atoms and ions fulfill the LTE criteria, unlike
oxygen and nitrogen due to the latter's long relaxation times. Similar
studies were carried out by Ma et al. [10] for aluminum LIP, generated
in argon as the ambient gas by 5 ns laser pulses at 1064 nm. Again, tem-
poral resolutionwas very poor because of very long integration times of
the emission signals. They also found that, under their experimental
conditions, LTE was always satisfied for aluminum, while for argon the
McWhirter criterion is broken after 3 μs. Recently, Merten et al. [11] ex-
amined the transient criterion for the existence of LTE in plasma in-
duced on an aluminum target by 0.5 ns pulses of a microchip laser
operating at 532 nm. Temporal investigations showed that the plasma
may be in LTE only for the first few tens of nanoseconds, however the
emission spectrawere not spatially resolved. In all of these experiments
optically thin plasma was assumed and no attempt was made to mea-
sure the electron temperature.

A different approach was presented by Karabourniotis et al. [12]
in investigations of aluminum plasma generated by 4 ns pulses at
532 nm. Comparing synthetic self-absorbed spectral line shapes with
the experimental ones, they determined the electron density as well
as the electron and excitation temperatures. Their results, at 109 ns
after ablation, show Te to exceed Texc by more than 40%, indicating de-
parture from LTE. The method is free from assumptions about plasma
thickness and its equilibrium state. However, not all of the involved pro-
cesses, such as non-radiative transfer, excitation near the line center or
the ion quasi-static broadening of emission line, were considered in the
theoretical model; therefore, it needs further development.
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In this work we applied laser Thomson scattering (TS) to quantify
the electron number density and temperature at different moments of
aluminum LIP and in different regions of the plasma plume.

The principal advantages of TS are high temporal and spatial resolu-
tions, limited only by theduration of theprobe laser pulse and thewidth
of the laser beam in the plasma plume. In addition, Ne and Te are easily
derived from the electron feature of the TS spectra — without any as-
sumptions about the plasma symmetry, its thermodynamic equilibrium
or chemical composition. For Ne and Te, respectively in the range of
1022–1024 m−3 and 5000–100,000 K which are typical for LIP, and
when the plume is probed by the nanosecond laser at a wavelength of
532 nm, the TS spectrum has collective or partially collective character
described by the scattering parameter α≥ 1. In such a case, the electron
feature appears in the form of two satellites, and hence no TS signal cal-
ibration is necessary to obtain absolute values of the electron density.
The comprehensive picture of the spatio-temporal evolution of the ther-
modynamic parameters of the plasma, offered by the TS method there-
fore makes verification of the LSBE possible and very reliable.

The TSmethod as applied to the study of different kinds of plasmas is
discussed in several textbooks and review articles [13–16] and is not
presented here.

2. Experimental procedure

A schematic diagram of our experimental setup is shown in Fig. 1.
Plasma was generated by frequency doubled Q-switched Nd:YAG laser
(532 nm), operating at a repetition rate of 10 Hz, with a pulse duration
of 4.5 ns. The laser beamwas focused 5mmbehind the target surface by
an anti-reflection coated plano-convex lens with a focal length of
150 mm. The fluence of the ablating laser pulse was about 30 J/cm2

(6.7 × 109 W/cm2), resulting in a highly reproducible plasma plume.
In order to avoid cratering, the aluminum targetwas continuously rotat-
ed. Experiments were carried out in ambient air and fresh air was
injected into the interaction region to remove the ablation products.

For the Thomson scattering experiment, a separate, single-mode
(Δλ b 0.3 pm) Nd:YAG laser with 6.0 ns pulse duration at 532 nm and
a 10 Hz repetition rate was used to probe the plasma plume. The
beam was arranged orthogonally to the first, plasma-generating laser
beam, and was polarized perpendicularly to the direction of observa-
tion. The energy of the probe beam was varied by a beam attenuator
composed of the half-wave plate and the Glan–Thompson polarizer. It
Fig. 1. Scheme of the experimental setup: TS1, TS2— translation stages; RS— rotation stage;M1,
was then focused by the anti-reflection coated plano-convex lens
with a focal length of 500 mm, yielding a fluence of about 100 J/cm2

(16.6 × 109 W/cm2) in the probed region. The delay between laser
pulses was controlled by a digital delay pulse generator and monitored
using two optical fibers. One tip of each fiber, placed behind the dielec-
tricmirror (M1,M2), collected laser scattered light, while the other illu-
minated a fast photodiode (PD) connected to a digital oscilloscope. In
order to probe selected layers of the plasma plume along its axis, the fo-
cusing lens together with the sample were mounted on a translation
stage. By changing its position, the plasma was moved with respect to
the probing beam.

The emission from LIP and the scattered light were observed in a di-
rection perpendicular to both laser beams by imaging the investigated
plasma volume onto the entrance slit of a Czerny–Turner spectrograph
(750mm focal length, 1.005 nm/mm reciprocal dispersion)with an en-
largement factor equal to 1.4. The spectra of the scattered light were re-
corded over a wavelength range of 13.3 nm around 532 nm and with a
50 μm slit width. The overall spatial resolution of the experiment is de-
termined by the collecting optics, the pixel size of the ICCD, the slit
width (along plasma axis) and the probe laser beamdiameter. Itwas es-
timated to 200 μm in the radial and 30 μm in the axial directions of the
plasma plume.

The optical signals were detected using a gated two-dimensional in-
tensified charge-coupled device (ICCD) camera with 8 ns gate width,
synchronized to the probe laser pulse. The signals were averaged over
2000 laser shots. A razor edge filter was placed in front of the spectro-
graph cutting out radiation below 533.2 nm. This way, the ICCD matrix
was protected from saturation by very strong scattered light at the
probe laser wavelength. Moreover, also the signal-to-noise ratio at
wavelengths of the electron feature of TS was improved. Plasma imag-
ing was performed using the zeroth-order of the spectrograph with
the entrance slit fully opened. Imaging allowed the verification of plas-
ma stability and the selection of the appropriate region of the plume for
further investigations.

3. Results and discussion

Fig. 2 shows the plasma images and the scattering spectra registered
at different moments after ablation of Al samples. The spectra were
collected illuminating the plasma layers as indicated by vertical broken
lines. Each spectrum consists of a broad part corresponding to the
M2—dielectricmirrors;M3,M4— aluminummirrors; LB— light baffles; PD—photodiode.



Fig. 2.The scattering spectra after subtraction of plasmaemission (left) and plasma images
(right) registered with the ICCD camera. The TS spectra were measured for the plasma
layers indicated bydashed vertical lines. The distance along the plasmaplume ismeasured
with respect to the position of the Al target. The ablating laser beamwas incident from the
right hand side. The broad peaks correspond to the electron feature of TS spectra while
narrow lines are components of Raman spectra of Al andMg within the plasma and of ni-
trogenmolecules outside the plasma volume. All the images are normalized to their max-
imum intensities.

Fig. 3. The laser scattering spectra (black lines)fittedwith the Thomson scattering spectral
density function (red lines). (For interpretation of the references to color in this figure leg-
end, the reader is referred to the web version of this article.)
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electron feature of TS with maxima at about 538.5 nm, 537 nm and
535.5 nm, respectively 800 ns, 1.2 μs and 2.5 μs after the ablating pulse.

The spatio-spectral shape of this contribution reflects the radial
(across the plasma plume) gradients of the electron density and
temperature. That is, the lower Ne and Te are, the smaller the shift and
width of this satellite. Apart from the spectrally broad TS signal, the
spectra registered within the plasma also include the Raman scat-
tering spectra (RS). These RS are attributed to transitions between
terms 2P1/2∘ → 2P3/2∘ (532.2 nm) within the ground state of Al
atoms as well as to transitions between fine structure levels in Mg
atoms: 3P1∘ → 3P2

∘ (533.15 nm) and 3P0∘ → 3P2∘ (533.7 nm) of the
3s3p configuration [17]. Such interpretation is supported by similar
observations made for magnesium LIP by Delserieys et al. [18] and
by the emission spectra of our plasma also revealing the presence
of magnesium and manganese atoms and ions. Numerous lines ob-
served outside the plasma region are associated with the rotational
RS of nitrogen and oxygen molecules constituting ambient air.

The electron number density and temperature, for each radial posi-
tion, were obtained by fitting the spectral density function to the elec-
tron feature of the TS spectrum as described for instance in [19]. The
quality of the fits is shown in Fig. 3.

Due to the very small cross section for the TS process, and large sta-
tistical fluctuations of the plasma radiation background, the measure-
ments always need laser pulses of high fluence. This way, the plasma
can be perturbed by single and multi-photon ionization or, much
more likely, by electron heating in an inverse bremsstrahlung (IB) pro-
cess. In our experiments, these effects were verified and minimized by
measuring the scattering spectra at different fluences (from 100 J/cm2

to 200 J/cm2) of the probe laser pulse. In none of the studied cases,
was an increase of Ne or Te noticed.
3.1. Temporal evolution of plasma parameters

Fig. 4 shows the temporal evolution of the electron density and tem-
perature, measured on the plasma axis and 0.9 mm from the sample
surface. Under our experimental conditions, we found Ne decreasing
from 3.4 × 1023m−3 at 600 ns down to 5.0 × 1022m−3 3 μs after the ab-
lating pulse. This is in very good agreement with the experimental re-
sults of Barthélemy [20] in aluminum plasma generated by a 6 ns laser
pulse at 532 nm. Very similar results were also obtained by Laville
et al. [21] for Al plasma but with hemispherical geometry. As concerns
the electron temperature, our studies show that it decreases from
about 61,000 K to 13,000 K in the studied time interval. These findings
significantly differ from the excitation temperatures obtained using
the Boltzmann plot method (9000 K at 600 ns and 7500 K at 3.0 μs)
and reported in [20], as well as those calculated in [21] (8000 K at
600 ns and 7500 K at 3.0 μs). Recently, Liu et al. [22] also measured
the electron temperature in Al LIP using the TS method. They reported
Te as high as 100,000 K at 400 ns and reaching 20,000 K at 2.5 μs,
which are more consistent with our observations, even though their
plasmawas generated by a laser of a different wavelength. They also in-
dicate a huge discrepancy between Te and Texc, although the latter tem-
perature was derived from laterally integrated emission data.

In general, the electron temperature from TS experiments signifi-
cantly surpasses the excitation temperatures from OES experiments.
Such large discrepancies can be partly explained by different experi-
mental arrangements but also by improper calculations of Texc using
space-integrated emission data [22,23] of poor temporal resolution [5,
24] or/and with no corrections for the effect of self-absorption [24].
However, it also implies plasma deviations from the LTE whichwere al-
ready shownby Barthélemy et al. [23]. Utilizing Fe andMg spectral lines,
they obtained different Texc and Tion in Al plasma at least until 1 μs and
considerably lower than our Te values.

Decays of our Ne and Te with time were fitted with power laws.
Electron density decreases as t−0.81(5) for times shorter than 1.5 μs
and as t−1.60(3) at later times. Such behavior of Ne corresponds to
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Fig. 4. The McWhirter criterion expressed by Eq. (1) for several plasma species (a). Ne
W

values were calculated for the experimental values of Te (b).
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the physical picture presented in [9], (chapter 4.3.2, p. 17). The depletion
of electron density accelerates once it is governed by recombination pro-
cesses instead of expansion of the plasma plume. In our case it happens
after about 1 μs. The index exponent equals then to−0.86 which is char-
acteristic for a strong point explosion and an adiabatic expansion of
spherical symmetry. Similar evolution of electron depletion was also
found by Barthélemy et al. [23] (see Fig. 9 in [9]). On the other hand,
the evolution of Te in our experiment can be described by a single
power law t−0.97(6) in the whole investigated time period.

3.1.1. McWhirter criterion
Based on our experimental Te values and Eq. (1), theminimal electron

density Ne
W necessary for the LTE existence in our LIP was calculated for

several plasma species including iron andnitrogen and they are presented
in Fig. 4. The latter elements canbepresent in the plume as constituents of
some Al alloys and ambient air, respectively, and so are worth studying.
Table 1
Spectroscopic data used in calculations. Only allowed transitions were considered, neglecting i

Lower level

Species ΔEnm (eV) fnm Configuration

Al I 3.14 1.15 · 10−1 3s23p
Mg I 4.35 1.80 2p63s2

Fe I 3.21 2.17 · 10−2 3d64s2

N I 10.33 4.32 · 10−2 2s22p3

Al II 7.42 1.83 2p63s2

Mg II 4.42 3.03 · 10−1 2p63s
Fe II 4.77 2.39 · 10−1 3d6(5D)4s
N II 11.44 1.11 · 10−1 2s22p2
Calculationswere performed using the spectroscopic data presented
in Table 1. The Gaunt factors for atoms and singly charged ionswere ap-
proximated following Van Regemorter [25].

Fig. 4a shows that on the plasma axis, theMcWhirter criterion is ful-
filled at early times (b1.5–2.0 μs) for all metallic species, independently
of their ionization stage. Simultaneously, for nitrogen the electron den-
sity is too low to ensure the predominance of the collisional excitation/
deexcitation and ionization/3-body recombination processes over the
radiative ones. At a certain time, depending on the species, the condition
is no longer satisfied. The larger the energy gap ΔEnm, the sooner it oc-
curs, but this moment is also influenced by the Gaunt factor, depending
on Te. Because non-metal species usually havemuch larger energy gaps,
they requiremuch higher electron densities to fulfill theMcWhirter cri-
terion. In our case, besides nitrogen, this criterion can be hard to satisfy
for Mg atoms and Al ions at times already longer than about 2.5 μs.

Even though the collisional processes prevail against radiative ones,
the transient nature of LIP superimposes extra conditions for the fulfill-
ment of the LSBE as expressed by Eq. (2). Fig. 5a presents relaxation
times calculated according to Eq. (3) with corrections for the ionization
ratios. For each element, these ratios were estimated from the model of
the single-element plasma in LTE using experimentally determined
electron temperatures and densities.

First of all, it is evident that the relaxation time to establish excitation
and ionization equilibria increases quickly with time for all atomic spe-
cies due to the fall of electron density and temperature. For ionic species
however, deviation from complete ionization results in a decrease of τ
after certain amount of time, which is especially evident for nitrogen
ions after 1 μs. Considering metallic atoms, τ is the shortest for Mg
and, in the studied time interval, varies from 20 ps to 4 ns at 3 μs after
ablation. On the other hand, Fe atoms are characterized by longer relax-
ation times e.g. from 900 ps to 70 ns. Relaxation times for all metallic
ions show similar behavior, first increasing from 40 to 100 ps at
600ns, reachingmaximal values of about 600–800 ps after 1.6 μs;finally
they slightly decrease down to about 400 ps for Al II and Fe II, and 700ps
for Mg II. The relaxation of nitrogen atoms is several orders of magni-
tude slower than that ofmetals, reaching 80 μs at the longest investigat-
ed delay. For nitrogen ions it drastically drops after 1 μs and reaches only
9 ps at a 3 μs delay. Analysis of relaxation times and decay of plasma pa-
rameters implies that the second condition of LSBE is fulfilled for all me-
tallic species as well as for nitrogen ions at all the times we studied (see
Fig. 5b and c). However, it does not happen for nitrogen atoms at times
already longer than about 1.5 μs.

Using a similar approach, Cristoforetti et al. [9] rearranged the data of
Barthélemy et al. [23] to compare the plasma decay times and relaxation
times of different neutral metallic species (Al, Mg and Fe). All the species
exhibit relaxation timesmuch shorter than the plasma decay time during
the investigated time interval (from 400 ns to 3 μs) which implies LTE ex-
istence.Moreover, Cristoforetti et al. [5] andMa et al. [10] showed that the
transient criterion is fulfilled by themetallic species but not by the species
from the background gas, respectively air and argon.

Deviations from LTE due to the transient character of LIP were also
investigated by comparing the excitation and ionization temperatures
ntercombination ones.

Upper level

Term J Configuration Term J

2P° 1/2 3s24s 2S 1/2
1S 0 3s3p 1P° 1
a5D 4 3d6(5D)4s4p(3P°) z5D° 4
4S° 3/2 2s22p2(3P)3s 4P 1/2
1S 0 3s3p 1P° 1
2S 1/2 2p63p 2P° 1/2
a6D 9/2 3d6(5D)4p z6D° 9/2
3P 0 2s2p3 3D° 1



a b c

Fig. 5. Relaxation times (a) calculated according to Eq. (3) and fulfillment of the quasi-stationary plasma criterion (b, c) expressed by Eq. (2). Calculations performed for different plasma
species.
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[23,26–28]. Their results demonstrate large discrepancies between
these two temperatures at early times which decrease at later times.
Such conclusions are in contrast with our experiment and the results
of Cristoforetti and Ma. However, these results are obtained from spa-
tially integrated emission spectra which makes them unreliable as
was shown by Aguilera et al. [29]. Here we can conclude that experi-
ments with spatially and time resolved measurements indicate that
plasma at early times (b1 μs) of its evolution is more likely to be in
LTE than at later times.

Outside the plasma axis, a decrease of both the electron density and
temperature is observed although the gradients of Te are not as strong as
those of Ne. This way, in the peripheries of the plasma plume, Ne

W varies
slower than the electron density and it is more difficult to fulfill the
McWhirter criterion.
3.2. Spatial distribution of plasma parameters

The third condition of LSBE, expressed by Eq. (4), was investigated
bymeasuring the spatial distributions of plasma parameters at 3 differ-
ent times: 800 ns, 1.2 μs and 2.5 μs and the results are presented in Fig. 6.
Fig. 6. Spatial distributions of electron density (top row) and electron temperature (bottom row
are spline interpolated. The distance along plasma axis is measured with respect to the positio
The measurements were carried out for positions indicated by black
dots, whereas the values in between result from a spline interpolation.
In other plasma regions, the measurements were impossible either
due to a very intense plasma radiation background or too strong light
scattering at the laser wavelength, especially when probing the layers
very close to the surface of the sample.

It is apparent that the electron density exhibits a distinctmaximumon
the plume axis and steep gradients are observed in the radial direction.
Moreover, with time, the maximum moves in the direction opposite to
the sample. Unlike Ne, the electron temperature is much more homoge-
neous in the plasma volume, with the largest gradients at early times.

Qualitatively similar results were reported by Cristoforetti et al
(Figs. 3 and 7 in [5]). On the contrary, for time delays investigated in
our work, Barthélemy [20] presented axially homogeneous electron
densities. However, direct comparisonwith our results is very question-
able as their emission data were laterally integrated.
3.2.1. Diffusion length
Fig. 7 shows diffusion lengths, i.e. the distance traveled by the plas-

ma species during relaxation time, as calculated using Eqs. (3), (5)
). Black dots correspond to experimentally determined valueswhile the values in between
n of the Al target.



Fig. 7. Diffusion length calculated according to Eqs. (3), (5) and (6) for different times at given distances from the target: 800 ns and 0.56 mm, 1.2 μs and 0.53 mm, 2.5 μs and 0.71 mm,
respectively.
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and (6) for specific layers and at specific times. For all delays,Λ is several
orders of magnitude shorter for ions than for atoms which results from
their frequent Coulomb collisions. It amounts to several nanometers for
atoms and it does not exceed a picometer for ions at any time.

By combining the spatial distributions of plasma thermodynamic pa-
rameters and the calculated diffusion lengths, we were able to validate
the third criterion for the LSBE existence expressed by Eq. (4). The re-
sults for selected layers at specific times are shown in Fig. 8. In each
case, all the investigated species fulfill the criterion which implies that
they equilibrate before diffusing to the plasma regions of other Ne and
Te. The diffusion lengths are so short that even if they would increase
Fig. 8. Fulfillment of the quasi-homogeneous plasma condition expressed by Eq. (4) for different
target: 800 ns and 0.56 mm, 1.2 μs and 0.53 mm, and 2.5 μs and 0.71 mm.
by 2 orders of magnitude, as may happen in the case of trace atomic el-
ements, the criterion will be still satisfied.
4. Summary and conclusions

In thisworkwe have investigated aluminum laser induced plasma in
respect of the existence of the local Saha–Boltzmann equilibrium. The
laser Thomson scattering method was used to obtain time and space-
resolved electron number densities and temperatures. These parame-
ters are derived directly from the TS spectra without any assumptions
plasma species. Calculations performed for different times and at given distances from the
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about the plasma thermodynamic state, its composition, optical thick-
ness or symmetry.

Plasmawas created in ambient air by focusing a Nd:YAG laser beam
(30 J/cm2 and 4.5 ns pulses at 532 nmwavelength) on the Al target. The
measurements were performed within the time interval from 600 ns to
3 μs after ablation. In the brightest, central parts, of the plasma plume,
Newas found to decrease from3.4 × 1023m−3 to 0.5 × 1023m−3. Simul-
taneously, Te drops from asmuch as 61,000 K down to 13,000 K. At each
moment, Ne displays a distinct maximum in the center of the plume
while relatively large axial and in particular radial, gradients are
observed. On the other hand, our results indicate quite uniform Te in a
great volume of the plasma.

The occurrence of the LSBE was studied by comparing the rates of
electron collisions with radiative processes (McWhirter criterion) but
also comparing the rate of electron density evolution and the gradients
of their spatial distribution with respective relaxation times and diffu-
sion lengths of the plasma species. Under our experimental conditions,
theMcWhirter criterion is always fulfilled for iron (Fe I and Fe II), alumi-
num neutrals (Al I) and magnesium ions (Mg II). For Al II and Mg I it is
satisfied at times shorter than about 2.5 μs while it is never fulfilled either
for nitrogen atoms or ions. This criterion usually yields overestimated
minimal electron densities by disregarding radiation processes in popula-
tion redistribution. Strong absorption occurring at resonance transitions,
like in nitrogen, facilitates equilibration of the system. Then, our plasma
can be treated as quasi-stationary (Eq. (2)) for all metallic species and
also for nitrogen, but not later than about 1.0 μs after ablation. Finally, in
the studied time interval, Eq. (4) is easily fulfilled by all the investigated
species in the whole plasma volume.

It is evident that all conditions for the existence of LSBE are more
easily fulfilled for metals than for nitrogen, predominantly due to
much smaller energy difference ΔE12. Therefore using nitrogen emis-
sion spectra should be avoided in diagnostics of LIBS plasmas. We also
conclude that for the LSBE, each species should be considered separate-
ly, which is consistentwith results of Ref. [5]. They foundAl species to be
in the LTE, whereas nitrogen atoms violated the quasi-stationarity
criterion.
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