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spectrum of the radiation emitted by the plasmas is a mine of information about the plasma state and therefore
spectroscopy remains one of the key techniques for its investigation. The interpretation of emission spectra, how-

Kﬁgﬂfg;lced plasma ever, requires a deep knowledge of the elementary processes determining the atomic state population and the
Local thermodynamic equilibrium fractional ion densities, and of their balance. The transient character of laser-induced plasmas and the presence
Recombination of spatial gradients introduce time-dependent and non-local effects in the energy level population, and thus in-
lonization crease the complexity of the plasma modeling. The thermodynamic approach, describing the atomic and ionic
LIBS state population by statistical distributions, is the easiest and the most widely used way to model the plasma

state but does not account for non-local and non-steady-state effects. It is therefore in many cases unfit for this
purpose. As a consequence, kinetic modeling of the plasma is often needed, which must be in many cases inte-
grated by hydrodynamic modeling of plasma expansion and appropriate equations describing the transport of
radiation and charged particles into the plasma.
In this complex framework, this paper aims at giving a concise description of theoretical issues, redirecting to the
key literature for more details, and to delineate possible scenarios occurring in the wide range of laser-induced
plasmas. Examples of different classes of laser-induced plasmas are reported, including some experimental re-
sults for completeness. Special attention is devoted to the case of ‘cold’ or thermal plasmas, in particular those
produced in laser-induced breakdown spectroscopy. The occurrence of local thermodynamic equilibrium is, in
that case, discussed as well as the relevance of phenomena leading the system out of equilibrium, such as radia-
tive, transient and diffusive processes. The most important directions for future work, in particular regarding
non-stationary and diffusive effects, are also suggested.

© 2013 Elsevier B.V. All rights reserved.
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1. Introduction

The interest in modeling the dynamic and thermodynamic evolu-
tions of laser-induced plasmas (LIP) has exponentially grown in the
last fifty years, because of the impressive number of applications they
have or potentially could provide in the future, going from the medical
therapy to the chemical analysis of materials, from the production of
X-ray or energetic particles to the micro/nano-structuring of surfaces,
from the research toward nuclear fusion to the astrophysical investiga-
tion. The rapid progress in laser technology provides laser pulses
increasingly short and energetic every day, allowing plasmas hotter
and denser to be investigated, challenging experimental research and
modeling.

Among the experimental techniques, which are commonly used to
investigate laser plasmas, spectroscopy is definitely and historically of
paramount importance, because it provides access to a wealth of infor-
mation about the plasma state. The intensity of the emission lines, in
fact, is strictly correlated with the population distribution among the
atomic energy levels (atomic state distribution function, ASDF) and
among the ionization stages (often referred as charge state distribution
or fractional ion density distribution). At the same time, the intensity
and the spectral distribution of the continuum emission provide infor-
mation about the kinetic energy distribution of the electrons (electron
energy distribution function, EEDF). Thus, a correct interpretation of
the emission spectrum provides an insight into the balance of the
elementary processes populating and depopulating the excited levels,
the ionization stages and the electron energy states. In the most favor-
able case, where thermal equilibria between atomic energy levels and
between electron kinetic energies hold, i.e. ASDF and EEDF can be de-
scribed by Boltzmann and Maxwell distributions, respectively, the spec-
trum inspection allows the temperature of the plasma to be calculated.
In particular cases, the emission spectrum allows one also to derive in-
formation about the kinetic energy distribution of atoms/ions (heavy
particle energy distribution function, HEDF) and, if Maxwell equilibrium
is established between them, their temperature can be calculated.

In order to give a correct interpretation of plasma spectra it is neces-
sary to know what is the thermodynamic state of the plasma, i.e. the bal-
ance established between the elementary processes determining the
population of energy states. In other words, it is necessary to know
the relative importance of collisional excitation/de-excitation processes,
ionization by collisions, photoionization, radiative and three-body re-
combination, radiative decay, photoexcitation and Bremsstrahlung pro-
cesses, dielectronic recombination and autoionization. In this view, we
delineate some extreme ideal cases that can represent a reference
point for the orientation of the spectroscopist.

The easiest situation to depict is that of a plasma stationary and
homogenous, i.e. a plasma where the population of energy states does
not change in time and in space, and is not affected by the diffusion/
transport of particles. Such a situation is evidently not reproducible in
the laboratory; however, this case applies to all the plasmas where the
temporal variation of thermodynamic parameters is sufficiently slow
and the inhomogeneity effects are negligible. In this case, no deviations
from ionization balance (hereafter IB) are produced, which means
that ionization and recombination rates are the same. Moreover, the

population among translational (EEDF and HEDF) and internal energy
levels (ASDF) is uniquely determined by the values of electron density
n. and electron temperature T,. Such values, in fact, fix the rates of
all the elementary processes producing excitation/deexcitation and
ionization/recombination in the ensemble of ions and electrons. In the
general case, by using a collisional-radiative (CR) model, according to
the scheme proposed by Bates et al. [1,2], the population of the energy
states can be numerically or analytically calculated by solving a complex
system of rate equations, which accounts for the occurring elementary
processes and for their respective reaction rates. The treatment of opac-
ity would need the integration of the CR model with a radiation trans-
port model which intrinsically produces non-local effects; however,
such a problem is usually skipped by introducing an escape factor in
the line emissivity, which results in an effective reduced probability of
spontaneous radiative decay. A much easier approach to describe the
population of atoms and ions in stationary/homogenous plasmas can
be however used under particular conditions, for example when all
the elementary processes are in equilibrium,' i.e. the direct and inverse
rates of the process are the same, as in complete thermodynamic equi-
librium, CTE, or, otherwise, when the rate of some of these processes is
low enough to be safely neglected, as for example in the cases of Local
Thermal Equilibrium (LTE) and coronal equilibrium (CE). While CTE
can be approximately realized in laboratory plasmas only in carefully
designed experiments (e.g. in cavities hohlraums), because radiation
usually escapes from the plasma and is therefore decoupled from parti-
cles, CE and LTE represent a sufficiently accurate description for plasmas
in particular situations, when the density of electrons is sufficiently low
or high, respectively.

The scheme outlined above is the most utilized in the literature,
where often the existence of CE or LTE is checked by simply comparing
the measured electron density to the corresponding theoretical thresh-
olds. Actually, such approach is too naive in many practical cases, since a
laser-induced plasma is neither stationary nor homogenous. The tran-
sient character of LIPs and the presence of spatial gradients can produce
important effects in the balance of the elementary processes and lead to
significantly different population balances between the energetic levels.

Accounting for the transient nature of the plasma can be a hard task,
since in that case the plasma modeling is strictly related to its dynamic
evolution, which includes the early stage of plasma formation and the
late stage of plasma expansion and cooling, where in both the stages
the IB is violated. In the former stage, occurring during the laser pulse,
the radiative energy absorbed by the plasma produces a rapid excitation
and ionization of atoms, so that the plasma is ionizing (i.e. ionization
rate is higher than recombination rate). In the latter, both the energy
lost via radiative emission, electron diffusion and interaction with the
background gas, and the conversion of internal energy into translation
energy occurring during the expansion of the plasma plume,? produce
a deexcitation of energy levels and ion recombination, so that the plas-
ma is recombining.

1 In this paper the expressions ‘thermodynamic equilibrium’ and ‘thermal equilibrium’
are used interchangeably.

2 In the context of laser-induced plasmas, the term ‘plume’ indicates the volume con-
taining the ablation products.
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Similarly, deviations from the IB can be produced by plasma inho-
mogeneity, due to an inward/outward spatial flux of ions or neutral
atoms due to particle diffusion.

In both the cases of transient and inhomogeneous plasmas, retriev-
ing the population distribution of an atomic/ionic ensemble can be ob-
tained by utilizing a CR code in conjunction with simulations by a
hydrodynamic plasma code. Alternatively, experimental data describing
plasma temporal and spatial evolutions can be considered in place of
simulations. In these cases, it is crucial to establish how rapidly the tem-
poral and spatial effects produce variations in the free electron and ion
density. If changes are sufficiently slow, the atomic system has enough
time to relax to its new equilibrium and thus evolves through successive
quasi steady states. In this case, which is not practically different from
the stationary state case described before, a CR model can be easily ap-
plied to describe the ASDF at each time and position, provided that local
and time-resolved values of electron density and temperature are
known.

The situation, however, becomes much more complex if the varia-
tion in electron and ion density produced by transient and inhomogene-
ity nature of the plasma is faster than the typical relaxation of the system
to the equilibrium. In this case, the population of energy levels at a cer-
tain time and position depends not only on the local values of the elec-
tron density and temperature at that time, but also on the history of
plasma evolution up to that time. To describe such systems it is neces-
sary to use a time-dependent CR model, coupled to a hydrodynamic
code and to an accurate guess of the initial conditions of the problem.

A satisfactorily treatment of plasma spatial gradients, i.e. of inhomo-
geneous plasmas, requires a model for the diffusion/transport of parti-
cles and a non-local treatment of radiation using a radiation transport
code.

Plasmas belonging to these categories are therefore the most diffi-
cult to describe because an accurate picture of their thermodynamic
state is strictly related to the modeling of the plasma dynamical evolu-
tion and of the non-local effects and needs a sufficiently accurate knowl-
edge of the initial conditions of the atomic energy system. Depending on
the time- and space-evolution, such plasmas can be far from IB and, in
some cases, they can never reach CE or LTE conditions, even for ex-
tremely low or high electron density values. Differently, depending on
the values of electron density and electron temperature, other types of
balances can be reached, as for example ladder-like Excitation Satura-
tion Balance (ESB) in case of ionizing plasmas and Capture Radiative
Cascade (CRC) or ladder-like Deexcitation Saturation Balance (DSB) in
case of recombining plasmas [3].

In the experimental practice, the thermodynamic state of a LIP (i.e.
the type of balance determining the ASDF and the charge state distribu-
tion) mainly depends on the laser irradiance and its temporal evolution,
on the gas/vacuum environment, on the target/plasma composition and
finally on the stage of evolution considered. Given its intrinsic transient
nature, a laser-induced plasma necessarily undergoes a phase of strong
ionization during laser irradiation and a recombination phase during
plume expansion and cooling. Depending on the experimental condi-
tions, many types of balance can occur in laser-induced plasmas, as
shown in the wide literature affording the issue. Here we delineate pos-
sible scenarios occurring in LIP, focusing in particular on situations
where LTE is approached. Because of the multitude of situations that
can occur, after a schematic theoretical description of different scenarios
and after presenting different examples in several classes of plasmas, we
will focus here on the special case of plasmas typical of laser-induced
breakdown spectroscopy (LIBS), i.e. ‘cold’ plasmas (temperatures in
the range 0.5-5 eV in the typical observation window) induced by
laser irradiances in the range 108-10'> W cm™2. Particular attention
will be given to the issue of plume expansion, which is often neglected
in many papers assuming LTE, and to the role played by gas environ-
ment in determining plasma cooling time. A review of the main papers
discussing theoretically or experimentally the problem of LTE occur-
rence in LIBS plasmas will also be given.

2. Theoretical

In this chapter we give a schematic and concise theoretical frame-
work of both the elementary processes determining quantum state
population and different types of balances among them. Clearly, the
presentation cannot be exhaustive of all possible situations, because of
the multitude of processes involved. The reader can find a more detailed
and analytical picture in Fujimoto [4] and van der Mullen [5].

2.1. Electron excitation kinetic plasmas

We will focus our attention to electron excitation kinetic (EEK)
plasmas, where the transitions between energy states are ruled by col-
lisions with electrons rather than with heavy particles. When electrons
and ions have a similar temperature (T, =~ Ty), the rates of collision
among electrons (Ve.), among ions (Vyy) and between electrons and
ions (Vey) obey the relations Vi ~ (Me/Mpy) " *Vee and Vey ~ (Me/Mpy)Vee
This implies that the energy exchange between electrons (bound and
free) is much more effective than that between ions and electrons. Con-
sidering the above scaling laws, in laser-induced plasmas, where usually
the ion temperature Ty is less than, or of the order of, the electron tem-
perature T,, even a small ionization degree of the order of =~ 10~ is suf-
ficient to ensure that electron collisions are dominant. Therefore, the
great majority of LIPs, which have a larger ionization degree, can be
safely included in this class. The cases where Ty > T, need a more com-
plex approach and are not discussed here.

Due to the large collisional rate between electrons, in EEK plasmas
free electrons rapidly reach thermal equilibrium so that the bulk of
EEDF is described by a Maxwell distribution. The electron-electron re-
laxation time 775 = 1/V., expressed in seconds, can be calculated by
the Spitzer formula [6],

5 ’/
ce _33-10°(kT,) /2
rel ™ n, InA

(1)

where kT, is the electron temperature in eV, n, the electron density in
cm ™2 and InA is the Coulomb logarithm [6,7], slowly varying with n,
and T,, whose value in LIPs is typically of the order of 10. Considering
the abovementioned scaling laws of the collisional rates (at T, =~ Ty),
the relaxation time of ions to a Maxwellian distribution, 74 =~ 1/vuy,
and the thermalization time between electrons and ions, 7% =~ 1/V.y,
are larger by a factor of (my/m.)'2and (my/me), respectively.

The escape of radiation from the plasma as well as deviations of
ASDF from Boltzmann distribution can produce improper balances of
inelastic and superelastic collisions and then a distortion in the high en-
ergy tail of the Maxwellian velocity distribution of the electrons, as
shown for example in Refs. [8-10]. Other possible causes of deviation
from a Maxwellian distribution are non-linear plasma processes, as for
example plasma instabilities or collisionless absorption mechanisms of
laser energy. These cases are increasingly important at larger laser irra-
diance values (approximately>10'*W cm™2), where the collisional ab-
sorption of laser energy (i.e. via inverse Bremsstrahlung process)
becomes ineffective, and are briefly mentioned in Section 3 for the
sake of completeness. The bulk of the electrons retains however a ther-
mal equilibrium due to the effectiveness of energy exchange in distant
encounters, so that an EEK plasma can be considered as an ensemble
of atoms and ions immersed in a “Maxwell bath”. For this reason, in
the paper we refer to electron temperature T, i.e. that is expressed in
the Maxwell distribution, also in the cases where the population of the
atomic/ionic levels is not in thermodynamic equilibrium. The descrip-
tion of relativistic plasmas, where the electron kinetic energy is compa-
rable to its rest mass and where EEDF deviates significantly from a
Maxwell distribution, is not in the scope of this paper.
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2.2. The collisional-radiative model

To describe the different thermodynamic states which can occur in
EEK plasmas, it is useful to recall the basic ideas underlying the CR
model, as introduced by Bates et al. [1,2]. According to the CR model,
it is possible to describe the population nz(p) of an excited level p of
the ion Z as the sum of two components, one deriving from the direct
excitation of the ground population nz(1) (hereafter the ground level),
and the other from deexcitation and recombination processes starting
from the population of the ground level n, .. ; of the next ion stage®
(hereafter the ion level). Obviously, in cases where neutral atoms and
singly-charged ions are present in the plasma, as for example in LIBS
case, nyand nz, ; refer to the population of neutral and ions, respective-
ly. On this basis, the departure b(p) of the population nz(p) from the
Saha-Boltzmann equilibrium population, nzsg(p), can be expressed by

_ mz(p) _
b(p) = nes @) 0 (p) +11(p)b(1) (2)

where ro(p) and r1(p) are named respectively the recombining and the
ionizing coefficients. The parameters ro(p) and r{(p) are related to the
processes of deexcitation and recombination from the ion level and to
those of excitation from the ground state, respectively, and to their reac-
tion rate and depend on electron density and electron temperature [4].

In this scheme ground and ion levels can be viewed as sources of
electrons, whose population is sufficiently large not to be affected by
the electron flux populating the excited levels. Moreover, since the re-
laxation time of ground and ion levels is much larger than that of the ex-
cited levels, their population can be considered fixed during the time
the excited levels reach the equilibrium. In conclusion, the population
of excited levels can easily be calculated whenever ground and ion pop-
ulations and ro(p) and r1(p) - i.e. n. and T. — are known, by solving a set
of linear equations of the type reported in Eq. (2).

Determining the populations of the ground and ion levels can then
be considered a decoupled problem. They change on times much longer
than relaxation times of excited levels and are strongly affected by slow
processes, besides ionization and recombination, as ambipolar diffusion,
plasma expansion and plasma cooling. The rate of variation of nz(1) and
nz + 1 can be expressed by the continuity equations [5]

angil) = — N ng(1)w; + nenz e — 1z (1) (3a)
0 ~
% == Nong W, —nenz Qg + Nehz(1)Scr- (3b)

Here w; and w.. have the dimensions of a velocity, the divergence
terms represent a flow (sink or source) of nz(1) and n; . ; populations
and account for the diffusion of particles and for the expansion of the
plume; ok and Scy are the total coefficients of recombination and ioni-
zation. It should be noted here that in non-hydrogenic systems, meta-
stable levels are often present, which have relaxation times much
longer than those of excited levels and of the same order of that of the
ground and ion levels. Therefore, in the CR formulation, metastable
levels should be considered at this stage and appropriate continuity
equations should be considered for them, to be included in the system
of equations expressed in Eqs. (3a) and (3b). The second term on the
right hand side (r.h.s.) accounts for the direct recombination processes
to the ground level plus the deexcitation of that part of population of
the excited levels originating from the ion level. The third term on the

3 In the CR approach, usually, the population of the ground level of the ion stage
ny 4+ 4(1) is considered equal to the total population of the ion n; . ;, since
2 nzi(p)<<nz,1(1). So, we also use indifferently the symbol n; ; ; for both the
p>1

quantities.

r.h.s. accounts for the direct excitation from the ground level subtracted
by the population that comes back by deexcitation processes. It is worth
noting the importance of the first term on the r.h.s. in Egs. (3a) and (3b),
which shows that in LIPs the population of ground and ion levels (and
metastable levels) can be strongly affected by the spatial relaxation
term V-nw. This implies that Eqs. (3a) and (3b) should be solved by
closing the system of equations with an analytical or numerical descrip-
tion of hydrodynamic expansion of the plume and of electron/atom dif-
fusion processes. Self-consistently, also the expansion of the plume is
affected by ionization and recombination flux of the atomic system
that subtract or provide thermal energy to the free electrons, respective-
ly, resulting in a slowing down or in an acceleration of the plume.

2.3. Stationary and homogenous plasmas
In stationary and homogeneous plasmas Eqgs. (3a) and (3b) reduce

to the expression n.nz ; 10cg = Nenz(1)Scr, i.e. the plasma is in IB, and
can be rewritten in the form

nZ+1 :Sﬂ: SZ (4)
nz(1) o 0z N+ Dz + Bz

that gives the fractional density of ions whenever the coefficients of
collisional ionization Sy, three-body recombination «; , 4, dielectronic
recombination D . ; and radiative recombination 3; , ; are known.

In the laboratory this situation can apply whenever the plume ex-
pansion is sufficiently slow and the spatial gradients sufficiently small,
as discussed below in Section 2.5. In this case, the equilibrium balance
between energy levels and therefore the ASDF depends on the local
and instantaneous values of electron temperature and density in the
plasma.

The population of a level p results from the competition between
collisional excitation/deexcitation recombination/ionization processes
and the radiative decay/recombination processes involving that level.
While each collisional process reaches the kinetic equilibrium with its
inverse process after a suitable time (i.e. the principle of detailed bal-
ance applies in stationary plasmas), this does not occur for radiative
processes because LIPs are usually optically thin (at least for most of
the wavelengths). Therefore, the imbalance of radiative processes hin-
ders the onset of a Complete Thermal Equilibrium in a LIP, which
would require that the principle of detailed balance would apply for
all processes. Whenever collisional processes prevail, however, the ef-
fect of radiative imbalance on levels population becomes negligible
and quantum energy states in the plasma (except those involving radi-
ation states) can be safely described by thermal equilibrium statistics.
This type of proper balance is named Local Thermal Equilibrium (LTE)
and holds for sufficiently high values of the free electron density [11].

According to the original criterion proposed by Griem [12], the prev-
alence of collisional versus radiative processes on the population of a
level p can be expressed by

> Cp,q)+>_ F(p.q) +S(p) [ ne=10>_ A(p,q) (5)

qa=p a=p a=p

where A(p,q), C(p,q) and F(p,q) are the radiative decay probability, the
rate of collisional excitation and the rate of collisional deexcitation
from level p to level g and S(p) is the ionization rate coefficient.
Eq. (5) can be simplified by retaining in the summations only the
terms involving the adjacent levels, which are the largest ones, and it fi-
nally gives a threshold for the electron density that ensures the prevail-
ing of collisions in determining the population of level p. Similar criteria,
allowing to calculate the minimum electron density necessary for keep-
ing two energy levels p and q in local thermodynamic equilibrium have
been successively formulated by Drawin [13], Wilson [14], Hey [15] and
McWhirter [16]. Eq. (6), already reported in our previous paper [17], ac-
counts for appropriate quantum-mechanical corrections with the
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introduction of the thermally-averaged effective Gaunt factor (g), as ob-
tained from the formulation of Hey [15]

2.74.10% 3
ne> S (kT) /x (AE,) 6)
where n, is expressed in cm ™2 and both kT, and AE,, (the energy gap
between levels p and q) are expressed in eV. Approximated values of
(g), obtained by averaging over several species, can be found in Refs.
[18,19]. More precise values of the Gaunt factor, obtained theoretically
or experimentally for single species, are nowadays available in litera-
ture, and can differ even by a factor of two from those reported in
Refs. [18,19], especially for complex atomic (ionic) systems. It is worth
pointing out that the (g) values of neutral atoms and ions significantly
detach in the low temperature regime (i.e. AE > kT,), which is due to
the different values of near-threshold cross-sections for collisional exci-
tation of atoms and ions. This may have profound implications on the
LTE validity of cold plasmas, e.g. LIBS plasmas, as discussed in detail in
Ref. [20].

Since the rate of collisional excitation (deexcitation), as expressed in
Bethe-Born approximation [21], is inversely proportional to AE,, and
the radiative decay rate increases as AE,?, it follows that the minimum
electron density necessary for thermal equilibrium of p and q levels in-
creases as AE,,”. This implies that the energy levels that are more easily
dominated by collisions with electrons are those near the continuum,
where the energy gap between the levels is smaller. Such levels are usu-
ally collisionally coupled with upper adjacent levels (Fig. 1b) and there-
fore are finally in thermodynamic equilibrium with free electrons,
whose energy distribution can be considered as a continuum of energy
states separated by infinitesimal gaps of energy. Climbing down toward
the ground level the importance of radiative decay progressively in-
creases and that of collisions with electrons progressively decreases,
so that a level pg usually exists, called the ‘Griem boundary’ (or alterna-
tively the thermal limit or the collisional-radiative limit), for which the
collisional rates equal the radiative depopulation rate. The Griem
boundary subdivides the atomic level system into two parts where dif-
ferent balances apply, i.e. Partial Local Thermodynamic Equilibrium
(PLTE) in the upper part and coronal equilibrium in the lowest end.
The Griem boundary climbs down toward lower energy levels when
the electron density increases and eventually reaches the ground level

]

1
a b

Fig. 1. Two types of equilibrium are illustrated: a) coronal equilibrium; and b) local ther-
modynamic equilibrium. Straight arrows indicate collisional processes with free electrons,
and curved arrows are radiative processes. In (a), we have a balance between collisional
excitation and radiative decay, whereas in (b) each collisional process is balanced by its
inverse.

when the radiative decay rate from the resonance level is much lower
than the collisional excitation rate from the ground level to the first
excited level. In this case, the plasma is in local thermodynamic equilib-
rium. An estimate of the electron density necessary to ensure LTE is usu-
ally obtained by substituting the energy of the resonance level AE;; in
Eq. (6). It is important to note that such electron density is also approx-
imately the threshold for which 3-body recombination predominates
over radiative recombination [4], so that the fulfillment of Eq. (6) for
the ground level ensures also that the ionization balance is in the high
density regime.

It is worth recalling some approximations which have been
employed above. Firstly, Eq. (6) was derived for allowed transitions,
i.e. transitions for which the cross section is given by the dipole term;
the treatment of forbidden transitions makes this scheme incorrect
and needs an appropriate approach [15]. Secondly, we have completely
neglected opacity effects, which can be relevant for the lowest levels of
the atomic system; it is now clear from the above considerations that
self-absorption of radiation helps the system to reach LTE (it can be con-
sidered as a reduction of the effective radiative decay probability).
Griem and Drawin [12,13] estimated that the electron density necessary
for LTE is lower by about an order of magnitude with respect to that
given by Eq. (6), when the resonance transition is optically thick. Finally,
we want to note, as remarked by Drawin [13], that in non-hydrogenic
atoms, it may happen that the largest energy gap is not that between
ground and resonant levels; in this case, the largest gap should be con-
sidered for determining the LTE threshold.

In LTE Eq. (2) reduces to ro(p) + r1(p) = 1, where lower levels are
prevailingly populated by excitation from the ground state, i.e.
r1(p) > ro(p), while higher excited levels are prevailingly populated by
collisional deexcitation from the ion state, i.e. ro(p) >r1(p). The ASDF is
in this case described by the Boltzmann distribution (see Fig. 2) while
the ion population is given by the Saha-Eggert relation, which can be
easily obtained by Eq. (4) in the high-density limit, by neglecting the ra-
diative and dielectronic recombination terms.

Going to the low-density regime, the radiative decay/recombination
processes prevail onto the collisional deexcitation/recombination pro-
cesses and a different equilibrium balance applies, the coronal equilibri-
um, which was introduced by Woosley and Allen for modeling the
equilibrium of the solar corona [22]. In this case, the population of a
level p is given by the balance between collisional excitation from the
ground state C(1,p) and the spontaneous emission from that level
> A(p,q), as depicted in Fig. 1a. This implies that CE is an improper
qa<p

log n

Coron:
s 8'?66.
regime 8oy
i,
npy=ng(p)p™ &
EP

Fig. 2. Boltzmann plot representation of the ASDF for a system in IB, where 1(p) = n(p)/
g(p), g(p) is the degeneracy of the level and E, is its energy, measured with respect to
the ground state. In the coronal equilibrium regime the population expected for a
hydrogenic system is also reported where 1)s5(p) is the population predicted in LTE.
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balance type, i.e. the principle of detailed balance does not apply. The
ASDF is in this case expressed by

S g

strongly depending on the electron temperature via the collisional exci-
tation cross section C(1,p). Eq. (7) also shows that in CE, the population
of the excited levels is proportional to the electron density. The strong
radiative decay in the CE results in an overpopulation of lower levels
with respect to population predicted by LTE (Fig. 2).

Similarly, collisional ionization is balanced by radiative and
dielectronic recombination, so that the ion fractional density can be ob-
tained by neglecting the three-body recombination oz , ; term in
Eq. (4). It is now clear from the above considerations that CE is more
easily fulfilled by lower energy levels, while it needs lower values of
electron density to be verified by the highest levels, which are usually
populated by the recombination of ions. CE model can therefore be ap-
plied to an atomic system when the electron density is so low that the
Griem boundary reaches the ionization level, which can be expressed
by the formula of Wilson [14]

4
n,<1.5-10" (’1/) (8)

zon

where kT, and the ionization energy E;,, are expressed in eV and n, in
cm 3,

The situation in which the electron density is in between the values
given by Egs. (6) and (8) is usually called collisional-radiative equilibri-
um (CRE). As explained above, in this case, the Griem boundary is locat-
ed somewhere in the atomic level system and separates the lower part
balanced by CE and the upper part balanced by PLTE. The ionic state dis-
tribution is obtained by retaining all terms in Eq. (4).

2.4. lonizing and recombining plasmas

The inspection of balances occurring in ionizing and recombining
plasmas is useful to understand the possible deviations of the ASDF
and of the charge state distribution from those described in the preced-
ing section, deviations which are due to the transient and inhomoge-
neous character of a LIP. A plasma is ionizing or recombining according
to the value assumed by the expression nenz(1)Scg — nehz - 10, higher
or lower than zero, respectively, while it is in IB when the expression
vanishes.

Itis useful to consider the extreme cases of purely ionizing and purely
recombining plasmas, where only the term r{(p) or ro(p) in Eq. (2), re-
spectively, contributes to the population of the level p. These extreme
cases can be representative of the conditions of a LIP during the early
stage of plasma formation and during the late stage of plasma cooling, re-
spectively. Balances occurring for different values of T, and n, are sum-
marized in Fig. 3 for hydrogen atoms and hydrogenic ions, according to
the Fujimoto scheme [4], which can be translated qualitatively to other
ionic systems.

We now introduce the Byron boundary pg[23], which is necessary to
understand the balance equilibrium occurring in the high density re-
gion, i.e. for p > pg, where collisional processes are dominant. It corre-
sponds to the level pg for which the collisional depopulation rate
nen(pp)F(psps — 1) toward the lower adjacent level pg — 1 is equal to
the collisional depopulation rate n.n(pg)C(pp,ps + 1) toward the higher
adjacent level pg+ 1. Physically, it depends only on the electron temper-
ature and is located roughly in the atomic energy system near the level
for which thermal energy kT, is equal to the energy gap AEpppp + 1.
Energy levels located over the Byron limit may be labeled as ‘hot’
(kTe > AE,, + 1) and are depopulated toward higher levels, while

a lonizing plasma component
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Fig. 3. Summary of balances occurring in hydrogen atoms and hydrogen-like ions in case
of purely ionizing (a) and purely recombining plasmas (b), mapped according to
Fujimoto's scheme [4]. The lines indicated with labels Griem and Byron represent Griem's
and Byron's boundaries. The quantity reported on the abscissa shows that the balances of
the system scale as n./z’ where z is the charge of the hydrogen-like ion.

those located below may similarly be labeled as ‘cold’ (kT. << AEp, 1)
and are depopulated toward lower levels.

We begin to describe the case of purely ionizing plasmas, i.e. ro(p) =0,
which is sketched in Fig. 3a. In the limit of low electron density, all the
excited levels are in the Corona regime, being populated by direct excita-
tion from the ground state and depopulated by spontaneous emission.
An increase of n, results in the descent of the Griem boundary pg,
where levels located over pg enter in the saturation phase, for which col-
lisional processes prevail over radiative ones. lonizing plasmas produced
in the laboratory (e.g. laser-induced plasmas at early times of plasma for-
mation) are usually hot according to the above labeling, so that the low-
temperature case is here not described (the reader can find more details
in Ref. [4]). It is worth noting that, contrarily to the IB regime, high-
excited levels in the saturation region are populated by the multistep
ladder-like excitation-ionization mechanism (excitation saturation bal-
ance, ESB) and do not reach LTE. In the ESB equilibrium, electrons excited
from the ground state into these levels, rather than radiatively decaying
again to the ground state, can undergo multi-step excitation and finally
result in ionization. For sufficiently high n, values (i.e. pc = 2), all levels
are populated by the ladder-like excitation mechanism.

The improper balances described above strongly reflect on the ASDF
and on the fractional ion distribution. In this case, the population ratio
nz 4 1/nz is lower than that predicted by IB (by considering the same
values of n. and T,); at the same time, the ground state of the energy sys-
tem is overpopulated with respect to that obtained by IB (i.e. b(1)>1). A
sketch of the ASDF of a typical ionizing system is shown in Fig. 4a. Most


image of Fig.�3

G. Cristoforetti et al. / Spectrochimica Acta Part B 90 (2013) 1-22 7

a
Griem
boundary
i
\ .
N Ladder-like
:_n \‘\. saturation
= £ regime
~ N~
R, n(p)«ng(p)p™
Corona T
im S
regime ‘?ﬁa
n(p)xng (p)p™
= >
P
b
Griem
boundary
B LTE
En regime
CRC 28,
regime Uy
E,
C
Griem Byron
boundary boundary
\ CRC
k- : Ladder-like
regime
= \'\. 8 saturation LTE
§° e _\:-\ regime regime
. TN
“
: ™
‘:L I \\ &
3 ~ A
/'—\ Gol%éa
n(p) = p** n(py« p™ &)
E, -

Fig. 4. Boltzmann plot representation of the ASDF, where 7)(p) = n(p)/g(p) and E, is the
energy of the level, for (a) an ionizing system, (b) a hot recombining system and (c) a
cold recombining plasma. Dashed and dot-dashed lines represent the population distribu-
tions expected for plasmas in LTE and in B, respectively. In the various regimes, the pop-
ulation dependence expected for hydrogenic systems is reported where 7sg(p) is the
population predicted in LTE. The dotted line in frame (c) is due to the contribution of ion-
izing component in laboratory plasmas.

of the levels are overpopulated with respect to the ASDF obtained for IB
plasmas and thus also with respect to Saha-Boltzmann distribution. It is
worth noting that the overpopulation of levels under the Griem's
boundary with respect to the IB case — where in both cases population
is produced by the ionizing component ry(p) - is due to the higher pop-
ulation of the ground level in a purely ionizing plasma, i.e. b(1)>b;(1).
The slope of the distribution is therefore not constant and does not
allow the calculation of electron temperature. In case of hydrogenic-
ions the average population per state in level p, i.e. n(p) = n(p)/g(p),
where g(p) is the degeneracy of level p, scales as 1)s5(p) - p~°° in the

Corona region, i.e. for lower energy levels,* and as nsz(p) - p~® in the sat-
uration region, i.e. in the highly excited levels (see Ref. [4] for more
details).

The case of purely recombining plasma, i.e. r1(p) = 0, is sketched in
Fig. 3b. In the low electron density limit, all levels are in the capture-
radiative cascade (CRC) regime, being populated by radiative recombi-
nation and radiative transitions from upper levels and depopulated by
radiative decay toward lower levels. With the increase of n. the Griem
boundary pg climbs down and the levels lying over pc enter in the
saturation regime, i.e. their population becomes driven by collisional
excitation/deexcitation processes. Contrarily to the case of ionizing
systems, the Byron boundary pp here plays a fundamental role in the
balance reached between levels. Highly excited levels, over the Byron
limit, are hot (kT. > AE,, + 1), while, for sufficiently cold plasmas, it
can happen that lower levels are under such limit and therefore they
should be considered cold (kT << AE,p, 41).

A hot level p (i.e. p> pp) in the saturation regime is populated by
deexcitation processes from the adjacent upper level p + 1 and is pref-
erentially depopulated by excitation processes toward the same level
p + 1. This implies that such a level is in thermal equilibrium with
level p +1 and also with all the upper levels until the continuum states
(i.e. with free electrons), since AE,, 1 decreases with p, and then is in
partial local thermal equilibrium. This regime can be extended down to
all excited levels (p>1) for sufficiently large values of the electron den-
sity (i.e. for ps<2) and of the electron temperature (i.e. for pg<2). In
many cases of recombining cold plasmas, however, some levels are in
the conditions for which ps<p<pg, i.e. they are populated by collisions
but they are cold according to Byron's definition. Such levels are popu-
lated by collisional deexcitation from upper levels but are depopulated
by collisional deexcitation toward lower levels, undergoing a multistep
ladder-like deexcitation mechanism (Deexcitation Saturation Balance
Equilibrium, DSB). The Byron boundary can thus be considered as a bot-
tleneck of the atomic energy system, since electrons originating from
the continuum states and reaching the PLTE states can easily return
back to the continuum states, while those crossing downward the
Byron limit can no longer cross this boundary and are destined to flow
down to the ground state.

The above distinction between hot recombining plasmas and cold
recombining plasmas reflects also in the ASDF. In both cases, the popu-
lation ratio nz , 1/nz is higher than that predicted by IB and the ground
state of the energy system is underpopulated with respect to that ob-
tained by IB, i.e.b(1) < bg(1). Moreover, in both cases, the population
of highly excited levels is in PLTE. However, in case of hot plasmas
(ps < 2) the levels following Saha-Boltzmann distribution extend
down to the Griem boundary and even the levels below it are very
near to PLTE population (for very high temperatures the population of
lowest levels can be even higher than Saha-Boltzmann level). Such sit-
uation, shown in Fig. 4b, is called pseudo-LTE and depends on the bal-
ance between capture and radiative cascade in the high temperature
limit [5,24]. Otherwise, in case of cold plasmas (see Fig. 4c), only the
highest end of the ASDF, including levels higher than the Byron limit,
follows Saha-Boltzmann distribution, while all the lower levels are un-
derpopulated with respect to it. In case of hydrogenic-ions, it is possible
to show that the average population per state 1(p) =n(p)/g(p) scales as
p'? in the CRC region (i.e. for p<p¢) and as p~° in the DSB region (i.e. for
Pc<p<ps), as discussed in Ref. [4]. It is evident that, also in this case, the
experimental slope of the ASDF does not allow the calculation of elec-
tron temperature, except by considering only highly excited levels (as
for example in [25]).

So far in this section, we have discussed the balances occurring in
purely ionizing and purely recombining plasmas, i.e. where ro(p) or
r1(p), respectively, could be neglected. Although such extreme cases

4 Actually, the comparison of populations derived by considering r;(p) o p~%° with CR
numerical calculations reveals that the approximation becomes poor at the lowest levels

£
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can be good approximations in some classes of plasmas, in most of the
situations both the ionizing and the recombining components should
be considered, even where one of them predominates over the other.
Generally speaking, the ionization coefficient r;(p) becomes dominant
at low densities and high temperatures, while, on the contrary, the re-
combination coefficient ro(p) predominates under the opposite condi-
tions. Moreover, usually the ionization coefficient is considerable for
the lowest levels while the recombination coefficient is hardly negligi-
ble for highly excited levels. This is the reason why, in laboratory ioniz-
ing plasmas, the levels near the continuum are in PLTE (see Fig. 4a),
differently from what is expected by the relation 1(p) o nsg(p) - p~,
and, on the other hand, the population of the lowest energy levels in
laboratory recombining systems is much larger than that predicted ex-
clusively by CRC balance (see dotted line in Fig. 4c).

So, to conclude, we can say that the scheme delineated in the present
section is significant for understanding the qualitative behavior of ASDF
and ion populations in transient and inhomogenous plasmas and their
dependence on the plasma parameters. At the same time, it is clear
that populations in slightly ionizing and recombining systems should
be calculated by accurate CR models which include both ro(p) or r1(p)
coefficients.

2.5. Criteria for local thermodynamic equilibrium

Among the different balances described in the previous section, spe-
cial attention must be paid to local thermodynamic equilibrium, be-
cause it considerably simplifies the interpretation of spectral line
intensities from laboratory plasmas. In this case, the population of all
the levels, included the ground level (and therefore the ionization ra-
tios), is driven by collisional processes. Details and criteria concerning
Partial LTE can be found in Ref. [26].

According to the description sketched in Section 2.2, in LTE the EEDF
has a Maxwellian form defining the temperature T, of the system, the
ASDF is described by the Boltzmann distribution

8(p) exp(—Ey/kT, )

U, (T,) ®)

le(p) =n,

and the population of different ionization stages is described by the
Saha-Eggert equation

3
NNy q U, (Te) mkT, /2 _ Eion—AEipy
2 um) \ame) P, 1o

where U(T,) is the partition function, m, is the mass of the electron, k is
the Boltzmann constant, # is the Planck constant divided by 2 and AE;,,
is the correction of the ionization energy due to the plasma effects. Dif-
ferently, photons are not coupled with electrons (bound and free) and
heavy ions can be not coupled too, so that the kinetic energy distribu-
tion of heavy particles (HEDF) and the photon energy distribution can-
not be described respectively by Maxwell and Planck distributions at
temperature T.

The fulfillment of Eqs. (9) and (10) implies b(p) = 1 for all
levels, which is granted if b(1) = 1. In laboratory plasmas such condition
is hardly reached because radiative processes cannot be excluded at all
and because of the recombination/ionization character of the plasma.
Therefore, in practice, the plasma is considered in LTE if 0.1 <b(1) <10,
i.e. if deviations due to the above phenomena are small.

The previous sections clearly indicate that a plasma is in LTE when a)
the population of its atomic energy levels depends only on the collisions
(and not on the radiative processes), b) the plasma can be considered
quasi-stationary and c) spatial gradients are sufficiently small so that
the effects of diffusion can be safely neglected. Such conditions may be
expressed by three criteria which should be accomplished to ensure
the validity of LTE approximation, i.e. to ensure that 0.1 < b(1) < 10.

In the following we summarize such criteria, derived in Refs.
[12,13,15,27,28], which were previously discussed in more detail in
Ref. [17].

The condition a) is fulfilled if the electron density is high enough that
radiative processes can be neglected for all energy levels or, which is the
same, the Griem boundary climbs down to the ground state. The condi-
tion is verified when Egs. (5) and (6), usually known as McWhirter
criterion (or sometimes Griem criterion) are fulfilled for all levels. Ap-
propriate corrections should be applied for the opacity effects. Among
the conditions a), b) and c), the McWhirter criterion is the most used
in the literature and is often considered a sufficient condition to ensure
LTE. However, it is necessary to remark that the fulfillment of such crite-
rion is only a necessary condition and does not ensure LTE in case of
strongly recombining or ionizing plasmas.

The condition b) accounts for the transient regime of the plasma and
is fulfilled if the variation of thermodynamic parameters (T, 11¢) is small
over the times characterizing the establishment of excitation and ioni-
zation equilibrium. In that case, the plasma evolves through quasi-
steady states and its recombination or ionization character can be
neglected. It can be expressed by

Te (11)

Trel ST, /dt

T <L ———
el dn, /dt

where 7, is the time needed by the system for the establishment of
excitation and ionization equilibrium. A detailed estimation of 7, in
laser-induced plasmas can be obtained by using a time-dependent
collisional-radiative model, coupled with Radiation Transport equa-
tions and with a hydrodynamic code accounting for plasma expansion.
However, an order of magnitude estimate can be easily obtained by sim-
ple considerations. According to the standard CR model, excited levels
nz(p) reach the equilibrium with the ion population nz  ; much more
rapidly than the ground level nz(1); therefore the relaxation time is of
the order of the time needed to reach the ionization equilibrium, i.e.
the equilibrium between nz(1) and n; , ;. According to Eqs. (3a) and
(3b) and neglecting the spatial relaxation term, the transient phase,
during which the population of the two levels relaxes to the equilibri-
um, lasts for a time approximately given by

1

Tl = S + ) (12)
where Scy is the total ionization rate and oy is the total recombination
rate, including 3-body, radiative and dielectronic terms. In case of LTE
plasmas, however, ionization/recombination occurs mainly via inter-
mediate excited-state levels; therefore, the time needed for the
establishment of ionization equilibrium is roughly dictated by the
slowest among the collisional excitation processes in the ionization/
recombination multi-step chain. Thus, for LTE plasmas 7, is of the
order of the time necessary to reach the equilibrium between ground
and first excited levels, as proposed by Griem and Drawin [12,13], i.e.
the inverse of the collisional excitation rate between such levels. This
can be understood in another way, by considering that near LTE the
Griem boundary is lower than the first excited level; therefore, whenev-
er an electron is excited over this boundary, it becomes in equilibrium
with the continuum of free electron states and with ions states because
of the efficiency of collisional processes. According to Bethe-Born ap-
proximation [21] as modified by Van Regemorter [18], for LTE plasmas,
Tre Can be expressed by

1 6.3-10 12 (AE21>
— = AE, (kT exp( == 13
N,(01V)  Nf12(8) 21(KTe) P kT, (13)

Trel~
where f, is the transition oscillator strength, (0,1 is the cross section
of inelastic collisions 1 — 2 averaged over the Maxwellian-distributed
EEDF, n, is in cm™> and both AE,; and kT, are expressed in eV. The
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previous estimate holds for complete ionization of the plasma; in case of
partial ionization, the value given by Eq. (13) should be multiplied by
the ionization percentage n, ; 1/(n, + n, + 1), which accounts for the
fraction of atoms that must be excited. A correction to the value given
by Eq. (13) should be applied when self-absorption of the resonance
line is present [13]. In cases where the energy gap between ground
and first excited level AE,; is not the largest energy gap in the atomic
system, T, is the time necessary for establishing the thermal equilibri-
um between the two adjacent levels separated by the largest gap.

Condition c¢) accounts for the effects produced by spatial gradients,
which are usually caused by the plume expansion and by the dissipation
of heat via electron conduction and via radiative processes at the edges
of the plume. In case of steep gradients, the diffusion of atoms/ions
becomes significant in determining the population of the levels; here
(similarly to the case of radiation transport), non-local effects affect
the ASDF since the population of excited and ionized states of the
atom/ion does not depend on the local values of temperature and
electron number density, but rather on the values of such parameters
in the region of the plasma from which the atom/ion comes from [12].
It is worth remarking that condition c¢) accounts for the diffusion-
driven deviations from LTE, and not for the spatial variations of con-
centrations of chemical elements along the plume, which can also
occur and are sometimes indicated in literature with the term
‘demixing’ [29].

The criterion derived from condition ¢) requires that the diffusion
length of atoms/ions, during a time period of the order of the relaxation
time 7, is shorter than the characteristic length of variation of temper-
ature and electron number density in the plasma [12,27], i.e.

T

L T
}\(Trel)<< dne/dx )\(Trel)<< dTe/dX (14)

where A = (D'T,;)"? is the diffusion length during the relaxation time

Trerand D is the diffusion coefficient. The experimental check of such cri-
terion needs an estimate of the diffusion coefficient D of the atoms and
of the ions in the plasma, which requires the knowledge of mole frac-
tions and collision integrals of all the species present in the plasma,
via a complex multi-component approach. By utilizing the Chapman-
Enskog method, which is widely used to calculate the transport proper-
ties of gases in the general case, diffusion can be described by calculating
1 q* +q—2) ordinary coefficients where q is the number of species
present in the plasma [30,31]. A simplified approach was presented by
Murphy et al. [32-34], which described the gas diffusion in a binary
mixture by introducing four combined diffusion coefficients, accounting
for the diffusion due to concentration, temperature, and pressure gradi-
ents and to electric fields. Such approach relies however on the assump-
tion of LTE.

In order to simplify the issue, we here consider an approximated ap-
proach, where only the species with the largest diffusion coefficient is
considered. Usually, the diffusion length of atoms/ions in the ground
state is the largest one and therefore the most restrictive, since atoms/
ions in the ground state are characterized by the smallest cross section
versus collisions. Thus, the relaxation time 7, to be used for calculating
the diffusion length is the same expressed by Eq. (13). In the following,
we list some possible situations that can occur in laser-induced plasmas,
addressing the reader to more detailed works for a complete treatment
of the matter [35].

In case of cold plasmas, which are only partially ionized - as for ex-
ample LIBS plasmas in the cooling stage or inductively coupled plasmas
(ICPs) - the diffusion of neutral atoms is the most restrictive for LTE es-
tablishment, since atoms have diffusion lengths typically larger than
ions. In single-element partially ionized plasmas, the diffusion coeffi-
cient of neutral atoms is usually dominated by the cross section of
charge-exchange collisions with ions (A + A" — A" + A). In fact,
among the collisions involving a significant momentum exchange, the
charge-exchange cross section is much larger than the cross sections

of collisions with other neutral atoms and with electrons.’ The diffusion
coefficient can in this case be expressed (in cm?s™!) as

19 I(TH
nM,

D~3-10 (15)

where Ty is the kinetic temperature of the atoms/ions and kTy is
expressed in eV, n™ is the absolute number density of ions in cm™>
and M, is the relative mass of the element considered (Mpydrogen = 1)
[17]. In the case of a cold multi-element plasmas, the diffusion length
D of minor and trace elements is generally larger than that given by
Eq. (15) since a low amount of ions of the element considered is avail-
able for resonance charge-transfer collisions. In this case, the elastic col-
lisions with the background atoms/ions become predominant, which
can lead to diffusion lengths of minor/trace element atoms up to one/
two orders of magnitude larger than that predicted by Eq. (15) [13].
By considering a binary mixture and by approximating neutral atoms
as rigid spheres, the diffusion coefficient (in cm?s~!) of the trace spe-
cies B into the main gas species A can be expressed by

(kTy)"/?

21

D!, p~13-10
trace B 2

N407sMap

(15b)

where n4 in cm™3 is the number density of the main gas, kTy is

expressed in eV, My is the reduced mass of species A and B in units of
the hydrogen mass and 0ag = (0a + Og) /2, where O, and Op are effec-
tive values of the atomic diameter in Angstrom units [31].

Hot plasmas, where the density of neutral species is negligible, de-
serve a different approach. The ion collisions with other ions, whose
rate is ~(my/m,) '/ times larger than the collisional rate with electrons,
are the events limiting the non-local effects in energy state population
and the respective diffusion coefficient should be considered here.

The diffusion length of ions is determined by the Coulomb collisions
and the diffusion coefficient of the ion species i due to collisions with
species i’ can be approximately calculated by

(kTy)>"?

Dy ~129——"+——
! 227*M,2n, InA

(16)

where z and z’ are the charges of species i and i’, kT is expressed in eV,
neis in cm™3 and InA is the Coulomb logarithm. It is clear that the diffu-
sion lengths of highly charged ions are much lower than those of low
charged ones; however, for what concerns the calculation of the diffu-
sion length, this is usually balanced by the larger time 7., needed by
highly charged ions to relax to the thermodynamic equilibrium. In
fully-ionized plasmas, other effects strongly affect the ion diffusion as
the ambipolar diffusion and the presence of magnetic fields; a detailed
discussion about these effects, which are not treated here, can be
found in classical plasma textbooks [36,37].

At the end of this section, we want to emphasize that in many laser-
induced plasmas the criteria for LTE imposed by the transient and inho-
mogeneous character are often much more stringent than the criterion
needed to ensure the collisionality of the plasma. For this reason, the
simplified approach of checking only the fulfillment of the McWhirter
criterion can be misleading and should be supplemented by a check of
the additional relevant criteria expressed above.

3. Hot plasmas

Here we discuss thermodynamic properties of plasmas produced
in vacuum by laser irradiances greater than 10'>W cm™2. Given the

5 We note here that in the context of diffusion, the cross section of collisions involving a
momentum loss should be considered, e.g. collisions producing large angle scattering. In
contrast, when thermalization times among and between plasma species have to be calcu-
lated, the cross section of collisions involving energy exchange must be considered.
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widespread variety of plasmas included in this class and the com-
plexity of physics to be treated, we here only intend to give a snap-
shot of the topic, which can be useful to the reader to have a global
picture of the situation and to trace similarities and differences with
respect to ‘cold’ plasmas. The interest in such plasmas is usually fo-
cused to early times of plasma formation or times immediately suc-
cessive, that is mainly dictated by their current or potential
applications, including the optimization of X-ray, y-ray and hot par-
ticle (electrons, ions) sources, the study of nuclear fusion schemes
based on laser plasma compression (i.e. inertial confinement fu-
sion), the investigation of ‘warm dense matter’ properties which
can be useful for astrophysical research, etc. For this reason, atten-
tion is also here focused on this time range; longer times of plasma
evolution are affected by ‘plasma freezing’, which is briefly de-
scribed in Section 4 for ‘cold plasmas’ induced in vacuum.

3.1. Long and short intense laser pulses

In case of plasmas produced by nanosecond (here: long) and pico-
second (here: short) pulses, irradiances greater than 10'>W cm™2 can
be easily achieved with small, table-top lasers. Hot plasmas are often
produced by the irradiation of solid targets placed in vacuum as
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shown in Fig. 5a and exhibit characteristic density, temperature and ex-
pansion velocity profiles as shown in Fig. 5b. According to this plot, the
electron density can be as high as 10>®electrons/cm’ and temperatures
of several keV can be achieved in the underdense plasma region (i.e. in
the region where electron density n,. is lower than the critical density n,
see below) where atoms with atomic number as high as 13 (Al) or 14
(Si) can be almost fully ionized, making H-like and He-like ions the
dominant species in the plasma.

While in the very early stage of laser ablation, occurring in the lead-
ing edge of the laser pulse, a plasma is formed in front of the target, in a
successive stage, covering the most part of the laser pulse duration, the
laser light propagates into the plasma only up to the critical density n.,
which is given by n. = m.w?#/4me? = 1.1 10'A\; 2 where n. is expressed
incm™3, w; (sec™ ') and A, (here expressed in um) are the laser angular
frequency and wavelength, e and m, are the charge and the mass of the
electron, respectively. Electrons oscillate in the laser e.m. field E; with a
quiver velocity vq = eE; /meLQZSAL\ﬁ where laser wavelength A; and
intensity I are expressed in um and W cm™2, respectively, and the pulse
energy is transferred to the plasma mainly via collisional processes (i.e.
inverse Bremsstrahlung). As laser light cannot propagate beyond the
critical density region, electron conductivity accounts for energy trans-
port beyond this region, leading to the heating of the colder, denser
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Fig. 5. a) Schematic representation of a laser-induced plasma X-ray source. The laser beam is focused on a massive target and produces a high density plasma from which X-rays and par-
ticles are emitted. The low density, hot plasma blow-off which expands in the vacuum towards the laser beam is also shown (not to scale). b) Temperature, density and expansion velocity
profiles of a plasma generated by irradiation of a solid target by a nanosecond laser pulse focused at an irradiance of 10'* W/cm?. The figure has been rearranged from Ref. [41].
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plasma up to the solid target where ablation and heating of new target
material occur.

As the laser intensity increases above 10'*Wcm™?2, the EEDF of heat-
ed electrons departs significantly from a Maxwellian distribution, intro-
ducing additional complexity in the modeling of spectral emission
[38,39]. In fact, at these laser intensities, laser-induced instabilities
into the plasma like Stimulated Raman Scattering and Two Plasmon
Decay, as well as the onset of resonance absorption mechanism occur-
ring at the plasma critical density, give rise to the formation of longitu-
dinal electron plasma waves. These waves can undergo collisionless
Landau damping leading to the production of a component of energetic
electrons, which also reflects on the spectrum of X-rays emitted by
Bremsstrahlung as shown in Ref. [40]. In these circumstances, the
EEDF can be modeled assuming two temperatures, a lower temperature
for the “thermal” electrons accounting for most of the electrons and a
higher temperature describing the small component of more energetic
“hot” electrons.

For relatively long pulses and moderate intensities, for which energy
transfer is mainly due to collisional (inverse Bremsstrahlung) absorp-
tion, an estimate of the electron temperature of laser produced plasmas
in the underdense region, neglecting energy loss mechanisms like radi-
ation emission and plasma expansion, can be obtained by equating the
absorbed laser intensity I s to the electron heat flux. This leads to an
electron temperature T, given by:

kT, = (%)2/3m'/3z3 107 (j’g'—bz)z/3 17)

where kT, and I are expressed in eV and in Wem™?, respectively, n is
in cm™3 and f<1 is the “flux limiter” parameter that accounts for flux
inhibition effects due to deviations from the classical Spitzer description
of heat conduction [6]. For typical parameters I = 4,, 10> Wcm™2, f=
0.1, n,=10*" cm™3, Eq. (17) gives kT, ~ 0.65 keV.. In the overdense re-
gion extending from the critical density layer to the ablation front and
whose spatial extent can be of the order of only 10um, the electron tem-
perature typically decreases down to less than 100eV.

In the general case, once the plasma has gained thermal energy, ra-
diation is emitted via free—free, free-bound and bound-bound transi-
tions. Line emission can be profitably used to investigate equilibrium
properties of the plasma region from which it comes from. Due to the
wide range of electron temperatures in these plasmas, going from
tents of keV in the overdense region to a few keV in the underdense re-
gion up to tens of keV characterizing ‘hot’ electrons, different regions of
X-ray spectra originate from different regions of the plasma [41]. Typi-
cally, the spectral X-ray region below 1keV derives from the overdense
region, that in the range 1-10keV from the underdense hot region and
the most energetic X-rays are produced by free-free Bremsstrahlung ra-
diation from hot electrons. Most of the studies are focused to the emis-
sion of the hot underdense region, dominated by bound-bound and
free-bound transitions from highly-charged ions. These include the
widely studied K-shell spectra and the most-complex spectra originated
by L-shells and M-shells, which can be all used to infer temperature and
electron density values. In the following, we also will focus on the
underdense hot region of the plasma.

In the typical laser-plasma conditions obtained in laboratory, elec-
tron density is neither low enough to satisfy the coronal equilibrium
(CE) condition, nor high enough for local thermodynamic equilibrium
(LTE); then we have the case where both radiative and collisional
decay must be taken into account in the collisional-radiative equilibri-
um, as discussed in Section 2.3. The plasma emission spectrum at a
given time during the interaction process can be obtained using an
atomic physics simulation code, as for example the kinetic code FLY
[42], allowing the rate equations governing plasma ionization to be
solved in a collisional-radiative equilibrium appropriate for low-to-
medium Z ions (from hydrogen to iron). In the FLY code, the detailed
structure of the levels with principal quantum numbers p from 1 to 10

is considered for the H-like ions, while for He- and Li-like simplified
hydrogenic formulas are used for p > 6; only the ground state is consid-
ered for lower charge states. The rate equations are solved on a single
cell, that is, no spatial dependence is considered. Radiation trapping is
included through the so-called escape factors. A more recent version
called FLYCHK [43] has recently been developed and provides accurate
description of non-LTE equilibrium for low and medium Z plasmas, ei-
ther in a steady state or in a time-dependent configuration. The model-
ing of high-Z plasmas requires more complex codes, as for example the
HULLAC code [44], able to calculate atomic structure and cross sections
for collisional and radiative atomic processes, in the general case.

Such codes use hydrodynamic plasma parameters, including
electron density, electron temperature and plasma size, as input param-
eters. In the case of a time-dependent kinetic modeling, a time evolution
of hydrodynamic parameters should be provided as input. Hydrody-
namic parameters are usually obtained by means of appropriate hydro-
dynamic codes simulating plasma expansion (e.g. MEDUSA [45],
POLLUX [46], MULTI [47], etc.). In case of quasi steady-state plasmas,
the temporal evolution of the X-ray emission is simply obtained by
the evolution of the hydrodynamic parameters. In the general situation,
however, plasma hydrodynamic conditions may change on a time-scale
fast compared to the typical time-scale of atomic processes. In this case,
the population of excited and ionized states is not in equilibrium,
therefore the steady state approximation is no longer valid, and time-
dependent rate equations will have to be solved. In these circumstances,
transient processes are set by ionization, excitation and recombination
rates [48]. The inclusion of autoionization and dielectronic recombina-
tion rates appears crucial, in particular for medium to high Z plasmas,
in determining the charge state distribution of low density coronal re-
gions [49].

A quantitative analysis of the transition rates using such modeling
tools shows that, in the range of density and temperatures of interest
for hot plasmas, excitation and de-excitation processes are in general
faster than ionization and recombination processes. Therefore, excited
states of a given ion can be considered, in most cases, in equilibrium
with the corresponding ground state. Calculations using semi-
analytical expressions [50] of the transition rates for aluminum show
a dramatic increase of the relaxation time from He-like to H-like ions,
compared to ionization from Be-like to Li-like and from Li-like to He-
like. This is mainly due to the large increase of the ionization energy of
He-like ions involving the tightly bound K-shell electrons. According
to these results, the time needed by an aluminum plasma with an elec-
tron temperature of 500 eV and an electron density of 10%! cm ™3, to
achieve equilibrium between He-like ions and H-like ions is of the
order of several hundred picoseconds. At a density of 1.5 - 1022cm™3, re-
laxation to H-like Al ions is now reduced to a few tens of picoseconds or
less, mainly as a consequence of the scaling of the time constant with
the electron density. A steady state modeling is therefore expected to
provide an accurate description of X-ray radiation emitted during plas-
ma formation by nanosecond laser pulses at a shorter wavelength
where the higher value of the critical density, scaling with A, =2, leads
to energy deposition in the region at higher electron density. In contrast,
at longer wavelength laser irradiation, namely lower values of the criti-
cal density, more restrictive conditions are established and X-ray emis-
sion spectroscopy should be modeled using a time-dependent modeling
regime. It should be noted, however, that other processes including, for
example, charge-exchange recombination, can contribute to a faster re-
laxation. In contrast, in the case of lower Z plasmas like oxygen and car-
bon plasmas, equilibrium is established on a picosecond time-scale or,
as in the higher density case, on a sub-picosecond time-scale, making
time-dependent calculations not necessary in the case of nanosecond
pulses.

From an experimental point of view, the temporal evolution of plas-
ma parameters like electron temperature and density can be inferred by
comparison of measured line intensity ratios with the predictions of
atomic physics simulation codes based upon collisional-radiative
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equilibrium. A common case is the measurement of electron tempera-
ture from the intensity ratio between emission lines from different ion-
ization stages. Interestingly, in the case of laser-plasmas, the X-ray
source size is very small, typically much less than 1 mm, and extremely
bright. In these circumstances, a simple X-ray spectrometer consisting
of a flat crystal set in a first order Bragg configuration can be employed
to measure emission spectra. Higher spectral resolution analysis can be
obtained by using bent focusing crystals, which can also be mounted in
configurations allowing a spatial resolution of the X-ray source. The
analysis of the temporal evolution of the emission requires the use of
fast detectors with sub-nanosecond temporal resolution. X-ray streak-
cameras are often used for such purpose. The temporal resolution of
such a device can now be as high as a fraction of a picosecond.

As an illustrative example of experimental temperature measure-
ments we consider the case of plasmas generated by irradiation of alu-
minum targets. In these plasmas, strong line emission from highly
stripped Al ions, namely, He-like and H-like ions, occurs, generating
the typical resonance series in the range from 1.600 KeV to 2.242 KeV,
usually labeled according to the analogous Lyman series of the hydro-
gen atom. We show the case of time-resolved spectroscopy of a hot,
transient plasma produced by nanosecond laser irradiation of an alumi-
num foil, taken from Ref. [51]. A typical, raw time-resolved X-ray spec-
trum of K-shell emission, corrected for the geometrical streak-camera
distortion, is shown in Fig. 6a. The temporal resolution is about 20 ps.
The resonance series of He-like ions and the main resonance line of H-
like ions including the corresponding dielectronic satellites [41] are
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Fig. 6. a) Typical raw time-resolved X-ray spectrum of early K-shell emission from Al plas-
ma observed at 45° from the plasma expansion axis. The resonance series of He-like ions
and the main resonance line of hydrogenic ions including the corresponding satellites
are clearly visible; b) temporal evolution of the experimental Ly-o to He-3 intensity
ratio (diamonds + solid line) compared to the intensity ratio calculated assuming a
steady-state (square) or a time-dependent (circle) model. The figure has been reproduced
with permission from Ref. [51].

clearly visible. Line ratios obtained from the spectra are compared
with simulated ratios calculated with the code suite FLY, applied to hy-
drodynamic plasma parameters simulated by the hydrodynamic code
POLLUX. Match of calculated and experimental line ratios yields a vali-
dation of hydrodynamic plasma parameters and of possible deviations
from steady-state solutions of energy level population [51,52].

In the case of Fig. 6, calculations show a highly localized X-ray emis-
sion in a narrow planar slab near the critical density layer, characterized
by rapidly changing hydrodynamic conditions, leading to a substantial
deviation from the steady-state solution. In Fig. 6b, the experimental
ratio of Lyo/Hep lines, calculated from spectra in Fig. 6a, is reported
with steady-state and time-dependent solutions of collisional-radiative
rate equations. It is evident that the ion populations calculated by
accounting for the transient regime better fit the experimental data
for a time lasting a few hundreds of picoseconds. After such time lag,
plasma relaxes to a stationary situation, so that steady-state and time-
dependent calculations give the same result.

3.2. Ultra-short ultra-intense laser pulses

The scenario described above for long pulses changes dramatically
when ultra-short and ultra-intense laser pulses are used, whose dura-
tion is much shorter than the typical expansion time of the plasma.
The advent of chirped pulse amplification [53] has led to high power
lasers capable of delivering several joules in tens of femtoseconds.
These lasers allow laser-matter interaction to be studied at irradiances
exceeding 102° W cm™2. At such high laser intensities the electric field
of the laser radiation overcomes by several orders of magnitude the
atomic electric field. Matter is ionized in a fraction of the wave period,
i.e. almost instantaneously, as can be studied directly by pump and
probe interaction in gases [54].

At such very high laser intensities and ultra-short pulses, electrons
exhibit relativistic quiver motion and collisional absorption processes
(i.e. inverse Bremsstrahlung processes) discussed in the case of long
pulses become much less effective. In the case of solid targets,
collisionless processes like resonance absorption or the so-called Brunel
effect [55] play an important role in the laser absorption in the proxim-
ity of the critical electron density n.. These processes lead to the gener-
ation of a significant fraction of hot electrons that in this scenario are
referred to as “fast” electrons, even at relatively small laser energies as
shown in Ref. [56]. It is worth mentioning that massive production of
fast electrons with an ultra-intense laser pulse has been proposed as a
possible way to ignite a precompressed target in inertial confinement
fusion in the so-called Fast Ignition scheme [57]. In addition to
collisionless absorption processes, as in the case of nanosecond pulses
discussed above, parametric instabilities like Stimulated Raman Scatter-
ing and Two Plasmon Decay also play a role in the laser absorption lead-
ing to the generation of plasma waves that contribute to heat the
plasma electrons, producing additional fast electrons. In general, exper-
iments show that fast electrons energy can be modeled assuming an ex-
ponential distribution. Scaling laws [58,59] have been derived or
compared with experiments which can be used to estimate the
expected fast electron “temperature” for a given laser intensity on tar-
get. These fast electrons give rise, via Bremsstrahlung emission, to
hard X-ray radiation, well above the typical thermal emission from
such plasmas. According to current ionization models (see for exam-
ple [60,61]) at the high intensities attainable by ultra-intense femtosec-
ond lasers, the time required to ionize the target is extremely short, so
that the plasma becomes opaque to the impinging radiation in a fraction
of a period of the laser field oscillation. A strong electron heating is pro-
duced in a very short time, so that the electron distribution function is
far from a Maxwellian and the plasma, despite the high density, is
away from thermal equilibrium. The high density and the high electron
kinetic energy make these plasmas bright sources of X-ray bursts, with
photon energy extending up to the MeV region. These strong changes in
the electron distribution function also reflect in the determination of the
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population distribution among levels. Current collisional-radiative
models include provision for the component of “fast electrons” as in
the code FLYCHK.

A dominant X-ray spectroscopic feature of ultra-short pulse laser in-
teraction with solid targets at high intensity, above 10'>Wcm ™2, is the
emission of fluorescence emission from the K-shell of plasma or target
ions and atoms due to impact of the fast electrons streaming in the for-
ward direction through the dense plasma towards the solid target. As in
any cathode X-ray source, electrons propagate and knock inner-shell
electrons out leading to K-shell emission due to transition of electrons
into the available K-shell level. Unlike X-ray cathodes, in this laser-
driven case, the electron current is so high to be above the Alfven limit
[62] and therefore a balancing cold electron return current is generated
into the target and allows the fast electron current to propagate. The re-
turn current is strongly collisional and gives rise to moderate heating of
the target producing a high density relatively low-temperature plasma
usually referred to as Warm Dense Matter, which provides a valuable
tool for laboratory astrophysics studies [63]. In such plasmas, local ther-
modynamic conditions may apply with some limitations to the Warm
Dense Matter region, but the general description is beyond the capabil-
ity of analytical or semi-analytical models.

From a theoretical point of view, the complexity of such plasmas
makes a fluid description unsatisfactory and the hydrodynamic codes
used for plasmas produced by long pulses cannot be used successfully.
In the general approach, Particle In Cell simulations are used to where
possible. Alternatively, when Particle In Cell simulations are computa-
tionally too expensive, hybrid models may be used where the Particle
In Cell method is applied for the kinetic description of some species of
the plasma, while other species, that can be described by a Maxwell dis-
tribution, are treated with a fluid model.

X-ray detection is extensively used in such laser-matter interaction
conditions to infer plasma conditions in experiments. A wide class of ex-
periments in this context is indeed carried out using custom made tar-
gets with signature layers of known composition. Layered targets are
typically used in which the signature layers are buried under the laser
interaction layer where the hot plasma is produced. The propagation
of fast electron through the signature layers activates characteristic
fluorescence emission whose properties carry out information of the
local warm and dense plasma conditions. In these circumstances, high
resolution X-ray spectroscopy can be used to measure the exact struc-
ture of K-alpha emission, including width and shift, to determine tem-
perature and density of the emitting dense plasma (Ref. [64] and
references therein). At the same time, high-resolution X-ray imaging
provides key information on the divergence of the fast electron beam,
a crucial parameter that controls the energy deposition inside the
material.

4. LIBS plasmas

In this section the attention is focused on the occurrence of local
thermodynamic equilibrium in LIBS plasmas. These are usually induced
by laser pulses in the irradiance range 108-10'>Wcm™2 and are typically
colder and less dense than those described in the previous section. In the
typical temporal window of observation, usually extending from a few
hundred nanoseconds to several microseconds or tens of microseconds
after the end of the laser pulse, the electron temperature kT, is in the
range 0.5-3 eV and the electron density n. in the range 10'°-10'° cm—3.
These characteristics place the LIBS plasmas in the wider class of
thermal or pseudothermal plasmas, which are approximately in the
LTE state at least in some temporal windows or spatial regions, and
include among the others the ICP plasmas and the DC or RF discharge
plasmas.

The interest in the subject is motivated by the need of establishing
the optimal experimental conditions for obtaining reliable quantitative
analysis of materials via the LIBS technique. In particular, substantial de-
viations from LTE can strongly invalidate the quantitative results

obtained by Calibration-Free methodologies (CF-LIBS, see Ref. [65] and
references therein), which calculate the concentration of the different
plasma species by assuming that the population of the atomic/ionic
levels is described by the Saha-Boltzmann distribution.

The present chapter is mainly focused on plasmas induced in air at
atmospheric pressure and in particular on their cooling stage, occurring
after the laser switched off, which is the most common condition
for LIBS measurements. In the paragraph devoted to the ionization-
recombination balance, however, the plasma thermodynamic states
during the laser ablation process and in case of expansion in vacuum
or in a low-pressure environment are also briefly discussed.

Three possible approaches can be utilized to investigate the occur-
rence of LTE in LIBS plasmas. The first approach relies on the direct mea-
surements of the level population into the plasma, or, which is similar,
on the measurements of the temperatures characterizing the ASDF or
the charge state distribution (or portions of these distributions) and
the temperature describing the kinetic energy of electrons and heavy
particles.® The temperatures obtained are compared successively for
consistency. This approach is used in a considerable number of works,
as for example in Refs. [66-74]. The second approach, which is indirect,
consists of checking the LTE criteria described in Section 2.5, i.e. the
McWhirter criterion and those concerning the transient and the inho-
mogeneity nature of the plasma. Very few papers check the fulfillment
of all the criteria [25,75,76], while most of them take into account only
the McWhirter criterion, which constitutes a necessary but not a suffi-
cient condition for LTE. Finally, the issue of LTE in LIBS plasmas can be
investigated by theoretical modeling (Ref. [77] and reference therein),
using CR or analytical codes. Few authors utilized this approach
[10,78-80] and only very few papers make use of time-dependent
modeling [10,78,81], which is fundamental to establish the relevance
of recombination and ionization in determining level population. To
our knowledge, none of the theoretical works published so far tackled
the issue of non-LTE effects produced by atom/ion diffusion.

Outlining the framework concerning the thermodynamic state of
LIBS plasmas is not an easy task. The literature dedicated to the issue
is limited and the results obtained are often partial, not comparable
and sometimes even contradictory. After describing the main experi-
mental techniques that can be used to measure the different plasma
temperatures in Section 4.1, the problem of LTE is discussed by tackling
separately the issues expressed by the LTE criteria, i.e. the balance of ra-
diative—collisional processes, the balance of ionization-recombination
due to the rapidly varying plasma parameters and the possible devia-
tions produced by plasma inhomogeneity.

4.1. Plasma temperatures and diagnostics

When Complete Thermal Equilibrium holds, the population among
atomic (and ionic) excited levels, ionization stages, translational states
of electrons and heavy particles, as well as photon energy states can
be described by the well-known Boltzmann distribution, Saha-Eggert
equations, Maxwell and Planck distributions, respectively, all taken at
the same temperature value, i.e. Texe = Tjon = T, = Ty = T,n. However,
when deviations from CTE are present - i.e. some improper balance oc-
curs between the energy levels - departures from the above statistical
laws are produced or, which is the same, the temperatures measured
from the various distributions can differ from each other.”

Because of the escape of radiation from the plasma the distribution
of photon energies is always decoupled from those of electrons (free
and bound) and heavy particles in the plasma, so that the measured
photon temperature Ty, is different and usually lower than the other

6 We here recall that the kinetic energies are distributed among a continuum of energy
states.

7 One should note here that in non-LTE plasmas the populations of the energy levels can
no longer be described by the abovementioned statistical laws, so that the measured value
of the temperature refers to a few levels or corresponds to an average over the levels.
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temperatures. As an example, David et al. [82], focusing a 65 ns ruby
laser pulse on a carbon target at ~10° W cm™ 2 in vacuum, measured a
photon temperature of 0.7 eV (at the end of the laser pulse), which
was lower than the excitation (~1eV) and the electron temperatures
(~8.5 eV). Similarly, De Giacomo et al. [83], focusing a 8 ns Nd:YAG
laser pulse (\ =532 nm) on a Ti target in air at ~3 - 10° W cm ™2, mea-
sured the photon and excitation ionic temperatures in the temporal
range 0.25-3 s, finding a significant discrepancy which reduced with
the delay time.

The temperatures characterizing the translational motion of the
electrons and of the heavy particles (i.e. describing the EEDF and the
HEDF) are named the electron and heavy particle temperatures T, and
Ty, respectively. In some papers the temperature of heavy particles is
also named the gas temperature. T, is usually calculated by measuring
the continuum contribution in the emission spectrum (via the line-to-
continuum ratio or via the absolute continuum emission methods)
[66,84-86] or through the Thomson scattering by using an external
light source [87]. The simultaneous measurement of Thomson and Ray-
leigh scattering can provide both the values of electron and gas temper-
atures [88,89]. In many papers, the heavy particle temperature Ty is also
estimated by measuring the rotational T, or vibrational T, temperatures
of molecules present in the plasma [90-93], by assuming that Ty =T, =
T,; this approach is justified by the strong effectiveness of energy
exchange between translational and roto-vibrational states of heavy
particles. Other techniques that can be used to estimate plasma temper-
atures can be found in Ref. [94] and in the references therein. As report-
ed in the theoretical section, due to the large Coulombian cross section
between charged particles, in typical LIBS conditions the bulk of elec-
trons and heavy particles can be described by Maxwell distributions,
where deviations are possible in the high energy tail of the distribution
[8]; significant deviations to this picture can be present only for ioniza-
tion degrees as low as 10~% [9]. However, due to the inefficiency of
kinetic energy transfer between electrons and heavy particles, the tran-
sient character of laser-induced plasmas can lead to a decoupling of
their temperature, i.e. to a 2-T plasma state [5], in particular situations,
as discussed in Sec. 4.3. Apart from cases of very low plasma ionization,
however, electron collisions are much more effective than ion collisions
in inducing the excitation of a bound electron, so that the temperature
of Saha-Boltzmann distribution, describing the ASDF of atoms/ions at
thermal equilibrium, is the temperature of the electrons T, [5]. There-
fore, although a 2-T plasma of the kind above-described cannot be
fully considered as an LTE state, it usually does not produce significant
deviations in plasma spectroscopy.

The temperature characterizing the atomic state distribution func-
tion is usually called the excitation temperature T,y In case of non-LTE
plasmas, the measured T, is not the same in different portions of the
ASDF and approaches the value of the electron temperature T, for highly
excited states [95]. Texc is usually measured through the Boltzmann or
Saha-Boltzmann plot of the emission lines, where the second approach
makes use of lines deriving from different ionization stages and thus as-
sumes the ionization-recombination equilibrium. One should note here
that both the approaches have the limitation of being unable to probe
the population of the ground level. This point is extremely important
and casts doubt on the use of this method to assess LTE in a plasma. In
fact, the ground level is the state more prone to non-LTE deviations in-
duced by the radiative decay and has the longest relaxation time to
equilibrium and the largest diffusion length. We want here to point
out two different methodologies that can be used to tackle this problem.
The first method is the construction of a Boltzmann plot by using abso-
lute line intensities. Such technique, which can be indeed challenging
from an experimental point of view, has the advantage that also the
ground state population can be plotted, after it has been calculated by
using the ideal gas law with the experimental gas temperature [95].
The second method is the construction of a special Boltzmann plot by
utilizing self-absorbed lines, where the population of the energy levels,
including the ground, can be calculated from the quantification of self-

absorption of optical transitions [96] and, consequently, of the optical
depth of the lines. Such method allows the calculation of the excitation
temperature of the lower energy part of the ASDF that can be succes-
sively compared to that of the highly excited levels, calculated through
the traditional Boltzmann plot technique [96]. Other ways to measure
the excitation temperature, which however have been rarely used in
LIBS plasmas, are those making use of laser-induced absorption or fluo-
rescence, where the former allows also the quantification of the ground
state population (see Ref. [96] for references).

Another way to assess the departure from LTE condition due to lack
of ionization/recombination balance is that of comparing the population
ratio of two energy levels belonging to a neutral atom and to a positive
ion, as calculated by measured line intensities, with the ratio predicted
by the Saha-Eggert equation at the measured electronic or excitation
temperature. Alternatively, in some papers, the above ratio is used to
calculate the temperature value that is predicted by the Saha-Eggert
equation and such value is named ionization temperature T;,,. We want
here to remark that Tj,, does not have a real physical meaning, when
ionization-recombination equilibrium is violated.® However, this ap-
proach is immediate and useful to assess departures from such equilib-
rium, so that it has been utilized in many LIBS works [67-71,74]. It is
worth to remark that the results of this method can be strongly affected
by the presence of temperature spatial gradients in the plasma, which
produce a different spatial distribution of neutral and ionized species.
The non-uniformity of electron temperature produces also a distinction
of excitation temperatures measured from neutral and singly ionized
species or even from neutral atoms originating from elements with dif-
ferent ionization energies, due to the different spatial distributions of the
emitters, as shown in some papers [97,98]. Therefore, as suggested by
Aguilera et al. [97], spatially-resolved measurements are needed to fix
these problems.

4.2. Collisional vs. radiative processes: the McWhirter criterion

All the papers dealing with LTE in LIBS plasmas make use of the
McWhirter criterion, reported in Eq. (6), which expresses the conditions
for which the collisional processes prevail upon the radiative ones in
populating the excited levels. This occurs whenever the plasma electron
density is larger than a certain threshold slightly depending on the elec-
tron temperature. Most of the papers, however, refers to such a criterion
as it were a sufficient condition for LTE, while it is actually only neces-
sary but not sufficient, and therefore assumes the presence of LTE when-
ever Eq. (6) is fulfilled.

In a previous paper [17], several considerations on the McWhirter
criterion in LIBS plasmas were already reported; there, in particular,
the effects of plasma composition, background gas pressure, self-
absorption and delay time of acquisition were discussed. Here, we
give a brief summary of these points, making use of some experimental
results reported in the literature.

In Fig. 7 the trends of the measured electron density and of the elec-
tron density needed for the fulfillment of the McWhirter criterion for
various plasma species, calculated by utilizing the experimental values
of the electron temperature, are compared. The data plotted in the fig-
ure were obtained by rearranging the results of Barthelemy et al. [68]
(Fig. 7a), and of El Rabii et al. [99] (Fig. 7b). In Ref. [68] the plasma
was obtained by focusing a XeCl laser pulse (A = 308 nm, T = 10 ns)
onto an aluminum target (with traces of Fe and Mg) in air. The work
in Ref. [99] investigated the plume induced by focusing a Nd:YAG
laser pulse directly in air at atmospheric pressure (N = 355 nm, T =
7 ns). These results, for consistency, will be also used in the following

8 The Saha eq. is obtained by considering the thermodynamic equilibrium between ex-
cited levels and free electron states; therefore, its temperature dependence derives from
two terms, accounting for the electron temperature and the excitation temperature in
the ASDF.
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Fig. 7. Fulfillment of the McWhirter criterion, expressed by Egs. (5) and (6), for several plas-
ma species at different evolution times. The McWhirter thresholds have been calculated by
utilizing the experimental values of the electron temperatures.

The data were rearranged from the works of Barthelemy et al. [68] (a) and El Rabii et al. [99]
(b).

paragraphs to discuss the effects of the transient and inhomogeneity na-
ture of the plasma.

Fig. 7 shows that the criterion is generally fulfilled at early times be-
cause of the high value of the electron density, which makes the colli-
sional excitation/deexcitation and ionization/3-body recombination
processes very effective. At a certain time, depending on the species,
the radiative processes tend to become predominant and LTE is violated.
The time when it occurs depends on the extent of the largest energy gap
between adjacent levels in the atomic system, which usually coincides
with the gap between the ground and resonant excited levels, as tabu-
lated in Table 1 of Ref. [17]. Non-metal species usually have larger ener-
gy gaps and therefore require much larger values of the electron density
for the fulfillment of the criterion; therefore, for non-metal species, the
criterion is fulfilled only at early times (t<300-400ns in Fig. 7b). Metal
species, on the other hand, usually fulfill the criterion for longer times,
which often overlaps with the time of LIBS signal acquisition. It is also
worth remembering that the self-absorption of the resonance line,
which is often strong at late times for neutral species, leads in a lowering
of the threshold by roughly an order of magnitude, which contributes to
the fulfillment of the criterion, especially for metal species: in Fig. 7a, for
example, self-absorption of the resonance line of Mg I at 285.2 nm, here
non-quantified, could result in the fulfillment of the criterion even at
times larger than ~1 ps.

Travaillé et al. [80] developed a CR model, based on a set of atomic
data obtained by an optimized effective potential method, for investi-
gating the deviations from LTE in a steady-state and homogeneous

plasma. Considering the case of aluminum, they showed that the
McWhirter criterion well agrees with the threshold given by the CR
model, and that in typical LIBS conditions, the aluminum plasma is in
LTE, which agrees with Fig. 7a. They also showed that the ionic species
are more restrictive than the neutral ones by one order of magnitude
on n,, because of the largest energy gap between ground and first excit-
ed levels. However, by considering the McWhirter criterion expressed
by Eq. (6), which accounts for quantum-mechanical corrections via
the thermally averaged effective Gaunt factor (g), one may find that,
under low-temperature conditions, the criterion is more restrictive for
neutral species (e.g. Mg species in Fig. 7a and N and O species in
Fig. 5b), since their (g) factor is lower by a factor ~10, as pointed out
in Sec. 2.3 [18-20].

When laser ablation occurs in vacuum or at reduced background
pressure, the stage at which the radiative processes prevail upon the
collisional ones shifts to much earlier delay times because of the fastest
expansion of the plume.

It is also worth noting that the criterion can be fulfilled in the inner
region of the plume but not in its periphery, as shown in Ref. [17],
where the spatial- and temporal-resolved measurements of Aguilera
etal. [100] (Fe target, A = 1064nm, T =4.5ns) were utilized for the pur-
pose. It was there shown that, at 1000 mbar, the criterion is fulfilled in
the 0.5-1 ps temporal range in all the measured plasma regions, while
at later times it is verified only in the core of the plasma and not in its pe-
riphery. Differently, in the case of plasmas induced at 10 mbar, the crite-
rion is fulfilled only in the 0.5-1 us time window, while it is not verified
at later times. A similar conclusion was drawn in Ref. [101], where the
Calibration-Free approach for quantitative analysis was tested on radial-
ly resolved spectra from a copper-based alloy. It was there shown that
the concentration of elements in the core of the plasma was very close
to the nominal composition, while a discrepancy was found by using
the spectra emitted from the outer regions. This was explained by the
gradual departure of the plasma from local thermodynamic equilibrium
conditions at increasing plasma radius values, due to the significant de-
crease of the electron density in the external shells of the plasma.

4.3. Dynamic evolution of the plasma: ionization vs. recombination

Even in the cases where collisional processes prevail against radia-
tive ones, which are often verified in LIBS plasmas, the transient nature
of the plasma can put severe constraints for the fulfillment of the LTE
condition. When the evolution is too rapid, in fact, the plasma does
not have enough time to reach the ionization equilibrium and can be
significantly ionizing or recombining. Rearranging the first condition
of Eq. (11), which is the most stringent in an expanding plume, by
using Eqgs. (3b) and (13), this occurs when

1dn, 1 |/dn
o Kw) (S e =ng(o2v) (18)

where the left hand side (Lh.s.) represents the rate of electron density
variation and the r.h.s. is the rate of collisional excitation to the first ex-
cited energy level (or to the upper level of the largest energy gap). In the
equation nzand ny_, ; were substituted by n and n™", indicating the den-
sity of neutral atoms and singly-charged ions, because in LIBS plasmas
these are the two most populated charge stages.’

The former rate depends on two terms, accounting respectively for the
electron depletion due to plasma expansion (dne/dt)e,, deriving from the
spatial relaxation term V-n,w in Eq. (3b), and for the combined effect of
total ionization and recombination processes nen(1)Scg — nen”aicg. As
we shall see in the following paragraphs, the expanding nature of the

9 During the laser ablation process, especially for metal species, the density of doubly-
ionized species can be no more negligible, and ionization/recombination equilibrium be-
tween singly- and doubly-ionized species should be considered.
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plasma, via the term (dn,/dt)ex,, strongly affects the characteristic times of
plasma evolution and therefore the attainment of LTE.

4.3.1. Early phase of laser heating

The LIBS user is mainly interested in the state of the plasma during
the cooling phase; nevertheless, it is useful to sketch rapidly what hap-
pens during the plasma formation, both for the sake of completeness and
because the early phase constitutes the starting point and thus the
boundary condition for the following evolution stages. When the laser
pulse is on, the photon energy is absorbed via inverse Bremsstrahlung
or photoionization processes and then converted into thermal energy
of the electrons that rapidly thermalize and reach a Maxwellian distri-
bution. By considering typical values of electron density and tempera-
ture during the LIBS plasma formation, it can be shown that electron-
electron relaxation time 77g, as given by Eq. (1), is of the order of tens
or hundreds of femtoseconds, that is, in most of the cases, much shorter
than the pulse duration. This also implies that when a fs laser pulse is
used, significant deviations from Maxwell distribution can be expected
in the EEDF at the end of the laser pulse.

Due to the inefficiency of energy exchange between electrons and
heavy particles, during the laser absorption the gas can remain colder,
as shown for example in Amoruso et al. [102]. Such 2T-condition de-
pends on the larger thermalization time 74 between electrons and
ions, which, according to Spitzer formulation, is ~’,’,‘1—‘:'Tﬁ§l. In typical
LIBS conditions 7 is of the order of the nanosecond, which can be lon-
ger than the plasma heating time, in particular in case of ps- and fs-laser
ablation. Relying on the above scaling of the relaxation times, the 2T-
condition should rapidly cease at the end of the laser pulse [102,103], al-
though some experimental measurements suggest that different T, and
Ty can persist for a much longer time [72,89,91].

Much more important for the plasma diagnostics are the deviations
from LTE in the population of the levels and of the ionization stages.
These often occur since the scaling time of plasma heating, which is of
the order of the laser pulse duration, is in many cases shorter than the
relaxation time given by Eqs. (12) and (13). The relaxation time for
metal species is typically of the order of the nanosecond while that for
air species and typical background gas species (Ar, He, etc.) is larger
by 2-3 orders of magnitude. This implies that deviations from LTE are
expected to be much more severe in case of short and ultra-short pulses.
Moreover, significant deviations are also expected in case of breakdown
occurring directly in gas, because of the long relaxation time of gas spe-
cies as N, O, Ar, He, etc.

During the laser heating, the rate of electron density variation in
Eq. (18) is dominated by the ionization term, which is much larger
than the expansion and the recombination terms. The ASDF and the
charge state distribution are therefore those typical of an ionizing plas-
ma (see Fig. 4a). It is worth noting that in case of ns laser pulse, the pres-
ence of a background gas can result in the onset of a Laser Supported
Detonation regime, which significantly modifies both the scaling time
of plasma formation [104] (i.e. the expansion term in Eq. (18)) and
the relaxation times of plasma species (because of the change of n,
and T,), so that the issue should be checked case by case.

A confirmation of this scenario can be found for example in David
et al. [82] and in Ogino et al. [105,106]. David et al. [82] irradiated a
graphite slab in vacuum by using a Q-switched ruby laser (7 =~ 60-
70 ns, I = 10°-10"° W cm™2) and measured, via interferometric and
spectroscopic techniques, the temperature of the electrons T, and that
given by Saha equation Tj,, at the end of the laser pulse. The results
showed that the electron temperature is larger than the Saha tempera-
ture by a factor of ~8 at the laser irradiance | = 10°Wcm™2, and that this
discrepancy reduces at larger laser irradiance values, reaching a LTE
condition already at the end of the pulse at 1= 10'""W cm ™2 The condi-
tion Tj,, < Te is typical of an ionizing plasma, since the low value of Tj,,
denotes an overpopulation of neutral atoms with respect to ions. The
condition Tj,, =~ T, obtained at larger irradiance is explained by the au-
thors by the steeper growth of electron density and energy in the

leading edge of the laser pulse, leading to a higher ionization rate; this
results in a higher value of Tj,, and correspondingly in a lower value
of T - part of the thermal energy of the electrons is spent for the ioniza-
tion - at the end of the laser pulse, as experimentally measured.

Ogino et al. used a time-dependent CR model to simulate the early
phase of plasma formation in Ar [105] and in air [106], showing that
the ionizing character of the plasma induces a faster propagation of
the blast wave in the medium, as experimentally found, and a transient
non-LTE excited state distribution.

4.3.2. The plasma cooling stage

When the laser pulse switches off, the plasma continues to expand
and cool, both as a result of energy conversion from thermal to transla-
tional and of the interaction with cold molecules of the background gas.
The plasma is therefore recombining. However, depending on the fulfill-
ment of Eq. (11), the plasma can still be in LTE. It is evident that the na-
ture and the pressure of the background gas strongly affects both terms
of Egs. (11) and (18), i.e. the timescale of plasma decay and the relaxa-
tion time toward thermal equilibrium. Here, in order to give a picture of
the phenomenon we consider the cases of plume expansion in vacuum
and in background gas at atmospheric pressure, being the latter the
most common LIBS condition. Other experimental conditions which
apply to particular LIBS applications, as for example measurements at
reduced or high pressures (e.g. for space exploration, analysis inside fur-
naces or underwater, or in combustion engines environments), should
be investigated case by case.

Regarding the case of expansion in vacuum, let's consider for a while
the adiabatic spherical expansion of a fully ionized gas. This scheme is
not applicable at early times when the expansion is planar (it also ne-
glects the occurrence of ion recombination). In this model, the conser-
vation of mass requires that the velocity of a fluid element is
proportional to the radius and does not depend on the time, i.e. r o< t,
which implies that the electron density falls as np o< > oc t~ 3, The adi-
abatic expansion, at the same time, implies that the temperature de-
creases as T, cc t 3 =1 and thus for y = 5/3, T, o< t~2. If we assume
that the plasma is in LTE at the end of the laser pulse and we consider
Saha equation, it is evident that the scaling laws described above lead
the system out of LTE during the following evolution, since the r.h.s. in
Eq. (10) falls more rapidly than the Lh.s. term because of the presence
of the exponential term; physically, this depends on the fact that the
ionization rate falls very rapidly when the temperature becomes
lower than the ionization energy. Such imbalance of ionization equilib-
rium, occurring approximately when kT, =~ E;,,,, implies that the effect of
ion recombination should be considered to describe the plasma evolu-
tion. Rumsby et al. discussed such an issue, showing that the recombina-
tion does not produce significant variations in the electron density
decay rate except at late times of expansion, and therefore the behavior
continues to be valid even if recombination is taken into account, as ex-
perimentally confirmed [107]. This means that the sum of the second
and third terms on the Lh.s. of Eq. (18) is negligible. Conversely, the ef-
fect of recombination on the plasma temperature is significant, since re-
combination releases thermal energy to free electrons and significantly
changes the rate of temperature decay. Both by modeling and by exper-
imental approach, it has been shown that for sufficiently ionized
plasmas, recombination reduces the cooling rate of the plasma, which
asymptotically acquires the dependence T, oc t~! [108]. The transfer of
energy to free electrons, in turn, can stop the ion recombination so
that the degree of ionization becomes frozen at a certain time, as exper-
imentally observed [78,109,110]. The scaling law T, o< t~ ! also implies
an increase of the electron—ion collisional times (7% e ), which pro-
duces a decoupling of electron and ion temperatures at late times of the
expansion [107].

Deviations from LTE can be present much earlier than the ‘freezing
time’, which can be of the order of a few microseconds. Just to have an
idea, the expansion timescale of the plasma and the relaxation times
of singly-ionized carbon species, calculated and extrapolated from the
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data published by Rumsby et al. [107] (T=20ns, =7 - 10'°°Wcm™2,
carbon target) are plotted in Fig. 8. It is evident by the figure that both
the expansion timescale and even more the relaxation time of plasma
species noticeably change during plasma evolution. The relaxation
time of singly-ionized carbon is much lower than the expansion time-
scale for times lower than ~200 ns, suggesting that LTE can be present
in this range, while it becomes much higher at late times of evolution.

Now, we discuss the case of LIBS measurements performed in air at
atmospheric pressure by using the same approach used for the vacuum
case, since recombination-ionization processes and plume expansion
are strictly related. Such an approach, even if not decisive in practical
cases for determining the violation of LTE, can be useful for sketching
the occurring phenomena and is quite new in the LIBS forum.

When laser ablation is carried out in air, in the cooling stage the ex-
pansion of the plume is much slower than that occurring in vacuum,
which strongly affects both the rates of cooling and of electron deple-
tion. The expansion of the plasma plume in the background gas can be
described by the point strong explosion model solved by Sedov [111],
as experimentally verified in many investigations [112-115]. The self-
similar solution formulated by Sedov predicts that the blast wave
expands in spherical geometry as gy oc t*° at early times of plasma evo-
lution (lasting for a few microseconds), while corrections should be ap-
plied at later times when the counterpressure of the background gas
becomes comparable to the pressure behind the shock wave (SW). At
the end of the laser pulse, the plasma is in contact with the SW, which
is able to ionize the background gas [114]. However, since the plasma
cools during the expansion and the SW rapidly weakens, the plasma de-
taches from the SW front at times of the order of hundreds of nanosec-
onds and stops at a radius of the order of a mm [113]. Therefore, the
expansion of the plasma can be roughly subdivided into two phases, a
first one following blast point wave model and a second one dominated
by the background gas confinement.

In the former phase, the rate of electron depletion in Eq. (18) is usu-
ally dominated by the expansion term (dne/dt)exp, similarly to the vacu-
um case. According to the strong point explosion and considering a
spherical symmetry, the particles density (and then also the electron
density) near the center of the explosion goes as 1, < t~°Y, which be-
comes n, o t~ %8 for y = 7/5 [116]. Similarly, for planar expansion,
which can be applicable for large focal spots and early times of expan-
sion, electron density goes as n, o< t~ %48, Such trends account only for
the effects produced by the plume expansion and neglect both recombi-
nation and diffusion processes. Here, differently from the vacuum case,
where the expansion is much more rapid, the occurrence of recombina-
tion-ionization processes brings a significant contribution to the rate of
electron depletion, i.e. the sum of 2nd and 3rd terms in Eq. (18) is not
negligible with respect to the 1st term. More precisely, this contribution
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Fig. 8. Timescales of plume expansion and relaxation times of singly-ionized carbon spe-
cies, calculated from data in Ref. [107], where the ionization degree is Z = 1.8, slightly
changing in the observed temporal window.

is negligible at early times but becomes more and more important with
increasing the delay from the laser pulse, resulting in a more steep de-
crease of electron density, going as n, o< t© with ¢ < — 0.86. This can be
clearly seen in Fig. 9, obtained by rearranging the data obtained by
Barthelemy et al. [68], which shows the trend of electron density and
the instantaneous value of the coefficient c as a function of time. Fig. 9
shows that at early times (t<150 ns) the c value changes from ~—0.5
to ~—0.8, denoting the transition from planar to spherical symmetry
expansion, and that it progressively decreases with time, due to the in-
creasing contribution of recombination processes [116], up to 1 ps. The
change of the trend at ~1 ps is due to the fact that background gas
counterpressure is no more negligible and the plume progressively
slows down and finally stops, so that the expansion term in Eq. (18) be-
comes negligible with respect to the other two terms in the Lh.s. The re-
sidual depletion of electrons at times larger than ~1 ps is produced by
the recombination. The change of regime in the plume expansion was
observed in other experiments to occur in the delay time range
300ns<t<1500ns[117,118].

Values of ¢ coefficients lower than —0.86, and therefore denoting
the presence of ion recombination, can be easily obtained also by
rearranging other data published in literature regarding LIPs produced
in air [70,97,116]. Similarly, Dzierzega et al. [89], focusing a Nd:YAG
laser pulse (T =4.5ns, A =532 nm) in He at atmospheric pressure at
~2.5-10""Wcm™2, found a coefficient c = — 0.9, lower than the value
¢ = —0.72 predicted by the point strong explosion theory in spherical
symmetry in a monoatomic gas (y=>5/3). Litvak et al. [116] investigated
laser produced plasmas in hydrogen gas at 1-70 atm, showing that the
contribution to electron depletion due to ion recombination increases
with time both in the blast wave expansion phase and in the quasi iso-
thermal phase, confirming the framework delineated above. As in the
vacuum case, it can be also shown that the presence of recombination
leads to a smoother decrease of plasma temperature, if compared to
the adiabatic trend, due the release of thermal energy to free electrons
by the recombination process.

In the temporal range t>1 s, electron depletion is mainly due to re-
combination processes. The expansion is inhibited, because of gas con-
finement. In this phase the plasma loses thermal energy by diffusion
and by collisions with cold background atoms, which is however partly
balanced by the release of energy produced by electron-ion recombina-
tion rapidly converted into thermal energy. This balance results in a
smooth decrease of electron density and temperature, so that, often,
this temporal range is referred as quasi isothermal phase. The slow
cooling rate due to the confinement effect, on one side, results in an in-
crease of the characteristic time of plasma expansion and then favors
the attainment of thermal equilibrium. On the other hand, however,
the plasma in this phase can be significantly recombinant because the
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ionization rate is very low (kT, < E;,;) and very sensitive to temperature
changes and cannot fully balance the recombination rate. Moreover, the
recombination character can be reinforced by the increase of radiative
recombination with the fall of plasma temperature that to some extent
balances the decrease of 3-body recombination rate [10]. Thus, the re-
combination character of the plasma in this stage, given by the sum of
2nd and 3rd terms in Eq. (18), can be significant, depending on the
atomic system and on the value of the ionization energy. We note that
non-metals are expected to be more recombinant than metals because
of the greater ionization energy, and then are again more prone to
non-LTE effects. To conclude, in the quasi-isothermal phase, we expect
that the 1st term in Eq. (18) decreases while the sum of 2nd and 3rd
terms can increase, depending on the plasma composition, so that the
LTE attainment should be checked case by case.

Many papers in the last years tackled the issue of possible deviations
from LTE due to the transient character of the LIBS plasmas. Most of
them investigated the issue by comparing the experimentally measured
ionization and excitation temperatures at different times of plasma evo-
lution [68-70] or, which is the same, by comparing the l.h.s. (named the
ionization reaction quotient) and r.h.s. (i.e. the equilibrium ratio) of the
Saha equation reported in Eq. (10) [67]. Their results, usually obtained
by spatially-integrated measurements, show a significant discrepancy
between T,y and Tj,, at early times of plasma life while the two values
tend to converge at times of the order of a few ps. All these works con-
clude that LTE is violated in the earlier phase of plasma evolution be-
cause of the short timescales of plasma decay during the expansion;
differently, it is reported that LTE is likely to occur in the second phase
because plasma confinement results in much longer decay timescales.
In a detailed work, however, Aguilera et al. [97] showed that Abel-
inverted spatial-resolved measurements lead to comparable values of
Texc and Tj,, While spatial integrated measurements produce a signifi-
cant discrepancy of these values, since neutral and ionized species are
differently distributed into the plasma plume. Hence, Aguilera et al.
cast doubts on the validity of the method described above for checking
LTE, when it relies upon spatially-integrated measurements. Following
their view, the approaching of Te and Tj,, values at late times could
be caused by the progressive homogenization of the plasma [119].
Other authors explained this discrepancy by hypothesizing a non-
equilibrium due to the effects of radiative recombination or by the inad-
equacy of the Boltzmann plot to quantify the population of highly-
excited states of neutral species [10,83].

Recently, Merten et al. [76] investigated the occurrence of LTE in
transient plasmas by comparing the timescale of plasma decay with
the relaxation time to LTE, calculated according to Eq. (13), at different
times of plasma evolution. They carried out time-resolved measure-
ments of micro-LIBS plasmas induced by a microchip laser (A =
532 nm, T = 0.5 ns) on aluminum target in air, argon and helium
gases. Although the experimental conditions utilized by Merten et al.
are markedly different from those typical of LIBS measurements (e.g.
the lifetime of their microplasmas is of the order of only 100 ns), it is
however worth summarizing their results, which significantly differ
from those reported by the previous literature. In fact, they found that
the second criterion of LTE., i.e. Eq. (11), is fulfilled in air and in argon
gases at short times of evolution (respectively t <25 ns and t <40 ns)
but not at longer times while the criterion is never fulfilled in helium.
Using the same approach we compare in Fig. 10 the timescale of plasma
decay and the relaxation times of different neutral species calculated at
different evolution times. The data were again obtained by rearranging
the results of Barthelemy et al. [68] and of El Rabii et al. [99], the same
utilized in Fig. 7. Fig. 10a and b shows that at early times, all the species
exhibit relaxation times much shorter than the decay timescale of the
plasma. This is similar to what happens in vacuum and agrees with
the fact that at the end of the laser pulse or immediately after it, the
plasma enters in LTE leaving its ionizing character and maintains this
state until the electron density becomes so low that it is no more able
to keep the system in LTE. Therefore, this approach suggests that despite
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Fig. 10. Characteristic time of plasma decay (black squares) and the relaxation times to LTE
of different neutral species, calculated at different evolution times, from the works of
Barthelemy et al. [68] (a) and El Rabii et al. [99] (b).

the rapid expansion following the breakdown, at early times the elec-
tron density is large enough for ensuring LTE, which is in contrast
with the conclusions drawn in Refs. [68-71]. With elapsing the time,
the relaxation times of all the species increase due to the fall of electron
density and temperature, so that LTE assumption can become critical
at later times of evolution. At these times, however, the stopping of
the plume can strongly facilitate the maintaining of LTE. The transitions
of plasma decay timescale at ~2 ps and ~0.8 pis in Fig. 10a and b, respec-
tively, denote the effect of plasma confinement and suggest that the re-
duction of the 1st term in Eq. (18) is predominant onto the (eventual)
increase of the sum of 2nd and 3rd terms. According to the picture de-
lineated in Ref. [17], metal species more easily remain in LTE than
non-metal species, as clearly shown in Fig. 10, because of the smaller en-
ergy gap between the ground and the resonance level. From Fig. 10b it is
evident that the effect of plasma confinement is significant but not suf-
ficient to grant the LTE attainment for neutral nitrogen. This agrees with
the results of Cristoforetti et al. [25] and Ma et al. [ 75], which both show
that the transient criterion is satisfied for metal species but not for spe-
cies deriving from the background gas (which are respectively air and
argon). The validity of this approach, utilizing the transient criterion,
seems confirmed in Ref. [25], where a spatial-resolved detection appa-
ratus is used, by the finding that Tj;, = Texc for aluminum, while T > Texe
for nitrogen, which testifies its recombination character. Similarly,
Boker and Bruggemann [86], analyzing laser-induced plasmas induced
in air at 0.8-1.6 MPa pressures by a ns Nd:YAG laser pulse, observed de-
viations from LTE at times larger than 3.5 ps, where deviations seem to
increase with the delay time.
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In Ref. [99], from which the data in Fig. 10b are taken, the authors
theoretically investigated the LTE assumption by modeling the plume
expansion according to the point strong explosion solution. The com-
parison of theoretical results, based on LTE fulfillment, and the experi-
mental results shows a substantial agreement except that at the
longest delay times (t> ~1 ps), which is explained by the authors by
the unreliability of blast wave model at large delay times. The trends
of relaxation times plotted in Fig. 10b show that such discrepancy
could also be produced by the recombination character of nitrogen at
such times.

We want to remark that deviations from LTE due to transient effects
for times shorter than 400 ns in Fig. 10a, for example produced by the ra-
diative recombination of Al?* ions, could be possible and should be
taken in consideration; more in general, the recombination of multiply-
ionized species at early times could constitute a cause of deviation
from LTE.

It is also worth noticing that in a multi-element plasma it may hap-
pen that only some elements are in LTE; in case of experiments carried
on at atmospheric pressure, it often occurs that the plasma is dominated
by the background species, which therefore drive its evolution [25].
Similarly to what is found in Ref. [25], Hermann et al. [120] showed
that metal-target atoms are in LTE, despite the background gas (in this
case helium) is significantly recombining.

The more critical situation for LTE at long times agrees also with the
fact that during the evolution, the plasma becomes more and more re-
combinant with elapsing the time, as shown by the trend of the
power coefficient c in Fig. 9. It is also worth to remark that deviations
from LTE at late times (107®-107° s) can be also produced by the
onset of radiative recombination of singly-ionized species, by the spon-
taneous emission from metastable low-lying levels and by inelastic and
superelastic electron collisions, as shown in Ref. [10].

In conclusion, the modeling and the experimental results investigat-
ing on LTE deviations due to the transient character of the plasma, show
some discrepancy about the times which are more favorable for the es-
tablishment of LTE. In fact, basic considerations about typical times of
expansion and recombination suggest that early times are more suitable
for LTE than late times, even if gas confinement can strongly help to
maintain LTE conditions in the latter phase of plasma life. This however
contradicts some experimental results. New experiments utilizing
spatially-resolved measurements and focused on the investigation of
LIBS plasmas at early times, appear necessary to give a more accepted
and decisive picture of the phenomenon.

4.4. Diffusion processes and LTE

The issue of particle diffusion in thermal plasmas, such as arc dis-
charge plasmas, ICP torches or flames, was investigated in some papers
[29,33,121], aimed at determining the diffusion coefficients of plasma
species, at detecting spatial variation of chemical elements concentra-
tion (i.e. the ‘demixing’ effect) or at studying the deviations from LTE.
Snyder et al. [29] studied the diffusion processes in an argon-hydrogen
plasma induced by an arc discharge at atmospheric pressure by using a
two-photon laser-induced fluorescence; they found a spatial profile of
hydrogen not compatible with the profiles calculated by assuming the
thermodynamic equilibrium and explained this result by demonstrating
that the diffusion rate of atomic hydrogen is larger than its recombina-
tion rate.

The diffusion in LIBS plasmas is still almost unexplored and just a
small number of paper reports on its effects on the establishment of
LTE. To our knowledge, no paper in the literature tackled this phenome-
non in detail. This lack is probably due to the complexity of the issue,
which, if treated theoretically, would require the calculation of a large
number of collision cross sections for a multi-element plasma. On the
other hand, an experimental determination of the diffusion coefficients
is complicated by the inhomogeneity and transient character of the plas-
ma. Experimental measurements of diffusion coefficients in LIBS plasmas

were carried out by Hohreiter and Hahn [122] and Diwakar et al. [123]
by using ICCD imaging of atomic emission. The coefficient for hydrogen
measured by Diwakar et al. was in good agreement with the theoretical
value and at least an order of magnitude higher than the coefficient for
calcium. By considering the obtained coefficient for hydrogen and typical
plasma parameters, they remarked that the diffusion length of hydrogen
during the thermal relaxation time is significantly larger than the typical
plasma scale-length, implying the presence of deviations from LTE. Other
papers where the effects of diffusion on LTE were discussed are the
works of Cristoforetti et al. [17,25] and Ma et al. [ 75], where the criterion
in Eq. (14) is checked by utilizing experimental results. In Ref. [17], the
data obtained in Ref. [97] were utilized, where the plasma was induced
by a ns Nd:YAG laser on a Fe-Ni target in air at atmospheric pressure.
By considering the temporal window 3-3.5 s, it was observed that the
criterion is easily fulfilled for metal species (Cu, Fe, Ni), while it is not
for non-metals (O, H). In Ref. [25], where an Al plasma induced in air
by a ns Nd:YAG laser is observed at the delay time 1-2 ps, the criterion
is fulfilled for both metal and non-metals.

In the paper of Ma et al. [75] the plasma was induced by a ns Nd:YAG
laser on an Al target in Ar gas and the criterion was checked in the time
windows 600-800ns and 3-4ps. While at the shorter delay time the cri-
terion was fulfilled for both Al and Ar species, at the longest one, the Ar
species did not fulfill it, similarly to what found in Ref. [17].

Here, we present other examples which reinforce the picture given
by the results reported above. In Fig. 11 the diffusion length of plasma
species vs. the delay time in three different cases are reported. The
blue triangles and red circles data are rearranged from Ref. [68] and
refer to Al I and Mg I species in an Al plasma. The diffusion length of
Al atoms, which is the matrix element, was calculated by utilizing
Eq. (15), while that of Mg, which is a trace element, was calculated by
means of Eq. (15b). In both cases, we assumed T, = T. The comparison
between Al and Mg confirms that the diffusion length of neutral atoms
of trace elements is higher than that of matrix elements, as reported in
Ref. [13], and suggests that trace elements are more easily affected by
non-LTE effects.

The diffusion lengths of nitrogen atoms are calculated from the
data in Ref. [99], and therefore apply to different experimental condi-
tions. However, the values appear comparable to those calculated in
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Fig. 11. Comparison of typical diffusion lengths of atomic species with plume dimensions.
Blue triangles: Al I species in an Al plasma from Ref. [68]. Red circles: Mg I species in an Al
plasma from Ref. [68]. Green squares: N [ species in an air plasma from Ref. [68]. Black
symbols represent the plume position measured in different experiments at atmospheric
pressure: circles from Ref. [117] (Ti target in air), empty squares from Ref. [124] (Cu target
in Ar), triangles from Ref. [114] (steel target in air), and empty stars from Ref. [113]
(plasma in air). The dashed line represents the limit above which diffusion effects can pro-
duce LTE violation.
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Refs. [25,75] an thus confirm that non-metals are more prone to LTE de-
viations than metals.

By looking at the figure, it is also evident that the diffusion length in-
creases with the time delay, because of the reduction of the density and
of the growth of the equilibration times.

In order to compare the diffusion lengths with typical plasma
dimensions, we reported in Fig. 11 values of LIBS plume dimensions,
as measured in different experiments [113,114,117,124]. Despite the
variety of experimental conditions - where the irradiance, the target
composition, the focusing conditions and the background composition
are different - the dimensions of the plume do not vary significantly
and are within a factor of 2-5, depending on the delay -time. By using
these data, we plotted in the graph the limit for which the criterion is
satisfied, indicated by the dashed line in the figure. The limit suggests
that deviations from LTE more easily occur at late delay times, i.e. after
a few microseconds, and for non-metals species. This result agrees
with those presented in Refs. [17,25,75].

From the above considerations, it is also obvious that the situation
becomes particularly critical in cases where non-metals are present in
the plasma as traces, as for example for the LIBS analysis of soils.

We want here to emphasize that the above results and conclusions
have been drawn by utilizing approximated values of the diffusion coef-
ficients, calculated by means of Eqs. (15), (15b), that can be largely inex-
act. In order to confirm the picture delineated above, it appears crucial
to intensify the research toward the experimental measurements of dif-
fusion coefficients in LIBS plasmas as well as to the theoretical calcula-
tion of coefficients in multi-element plasmas.

5. Conclusions

In this work, we have outlined the general framework describing the
population of energy states in atomic/ionic systems in laser-induced
plasmas. Beside a quick theoretical overview of the main aspects, the
most frequent scenarios occurring in the laboratory were presented, re-
ferring to the relevant literature. The main differences in the population
distribution in the atomic energy system driven by the duration of the
laser pulse, the laser irradiance, the background gas environment, the
target composition and the observation time of the plasma were
discussed, tracing the effects of the different experimental parameters.

Plasmas produced by intense and ultra-intense laser pulses were
quickly described with the purpose of giving a general, even if incom-
plete, overview. Research about hot plasmas is mainly focused to obtain
intense sources of X-rays, y-rays, electron or proton beams, to achieve
experimental conditions suitable for the inertial confinement fusion or
to mimic in the laboratory processes of astrophysical interest. The typi-
cal ne-T, values imply that collisional-radiative models need to be uti-
lized, since n, is too high to produce coronal equilibrium and too low
to fulfill the LTE condition. The observation time of the plasma is usually
that of laser-plasma interaction or immediately successive, where non-
steady state effects can be significant. This is particularly true in the case
of ultra-short, ultra-intense laser pulses. For this reason, CR models
should be time-dependent and coupled to hydrodynamic codes describ-
ing plasma expansion.

Particular emphasis was given to the occurrence of local thermody-
namic equilibrium in LIBS plasmas, which appears to be a key issue for
the beneficial utilization of the technique. The issue is particularly cru-
cial for methodologies, aimed at determining quantitatively the compo-
sition of the target, that rely on the so called calibration-free approach.

The main causes of deviation from LTE in LIBS plasmas - namely
radiative, transient and diffusive processes - were discussed, both
from a theoretical point of view and by referring to experimental results
present in the literature. The theoretical investigation, based on the sim-
plified approach of the LTE criteria and not on the utilization of complete
kinetic codes, accounted only for the dominant processes in the plasma
and is therefore subjected to some uncertainties. Nevertheless, it allows
an intuitive comprehension of the phenomena which play a role that

appears to us fundamental. Results of such analysis, making use of ex-
perimental results present in the literature, converge to the picture
that a LIBS plasma enters into LTE near the end of the laser pulse and
maintains this status for a certain time, depending on the background
pressure and on the plasma composition. In this temporal range,
which could be of the order of a microsecond, the electron density is
in fact large enough to ensure the predominance of collisional processes
in level population, short times of relaxation to the equilibrium and re-
duced diffusion lengths of particles. This picture, however, could be sig-
nificantly modified if the radiative recombination of multiply-charged
ions at early times would play an important role.

Earlier times can be dominated by ionization, in particular in case of
fs laser pulse, while successive times could be dominated by radiative
effects (spontaneous decay and radiative recombination), by the strong
recombination and diffusive effects. The plasma confinement occurring
at a later stage of evolution can help the system to maintain in LTE, but
its effect contrasts with the increase of relaxation times with the delay
time; therefore, this point needs to be investigated.

LIBS measurements performed in vacuum or in low pressure envi-
ronments are especially critical because of the rapid fall of electron den-
sity, which produces a faster exit from LTE. The quantitative analysis of
non-metal species in LIPs appears also insidious, since their large energy
gap from the ground to the first excited level leads to more restrictive
conditions for the electron density needed to ensure the validity of the
steady-state approximation and the predominance of collisional pro-
cesses in determining level population. The same applies to the analysis
of trace elements because of their large diffusion lengths in the plasma.

The picture delineated above is in a striking contradiction with the
results obtained in a certain number of experimental works based
on space-integrated measurements. In those works, mentioned in
Section 4, different values of excitation and ionization temperatures
up to times of the order of a microsecond were obtained, which was
interpreted as an indication of the non-steady-state condition of the
plasma in this time lag. To resolve this controversy, new experimental
measurements utilizing space- and time-resolved apparatus appear
necessary.

We finally want to emphasize that, while in the community working
on hot and dense plasmas the modeling approach is well established,
and commercial and free codes are available and became popular, in
case of LIBS plasmas this approach is rare and deficient. This is probably
caused also by the hard task of modeling plasma breakdown and plume
expansion in a background gas at atmospheric pressure. Nevertheless,
theoretical investigation of transient effects, i.e. kinetic modeling,
sided by the utilization of hydrodynamic codes appears necessary as
well as the modeling of particle diffusion in multi-element plasmas.
The discussion of the latter issue is at the moment completely absent
in the LIBS literature.
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