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2. Optical Spectroscopy for the Investigation of Transient Plasmas

This chapter is dedicated to the presentation of basic concepts of plasma diagnostics via spectroscopy techniques, including optical emission spectroscopy and absorption spectroscopy. The measurements of temperature and electron density are illustrated via several examples of transient atmospheric plasmas generated by electrical and optical discharges, for which the validity conditions and the measurements limitations are discussed. Finally, the influence of self-absorption on plasma emission is discussed, and the appropriate modeling using the radiation transfer equation is introduced. This chapter is addressed to beginners in optical spectroscopy to help them discovering this very powerful technique. Readers wishing to use this technique to diagnose their plasmas are advised to consult more specialized books.

1.

Introduction

The plasmas generated by pulsed discharges are transient in nature and sometimes very small in size. As it is generally impossible to investigate these plasmas by placing electrical probes in the plasmas themselves, the most widely used techniques are spectroscopic ones, ranging from optical emission spectroscopy and absorption spectroscopy to sophisticated techniques such as two-photon absorption laser-induced fluorescence. Given the transient nature of the media to be probed, spectroscopy is particularly well suited because it enables time-resolved measurements to be performed thanks to optical detectors whose temporal resolution can reach values down to the nanosecond, or even shorter.

In this chapter, we present the concept and basic principles of optical emission and absorption spectroscopy to researchers who are not yet familiar with optical spectroscopy. In addition to the theoretical concepts, practical aspects, including equipment, are illustrated. For ease of understanding, we restrict the overview mostly to atomic spectroscopy. Nevertheless, some examples concerning diatomic molecular spectroscopy are given at the end of the chapter. To help the reader, special attention is paid to details concerning the implementation of the spectroscopic techniques, and the basic principles are illustrated by "numerical" or concrete examples. References to literature and more specialized books are given to assist researchers who desire a deeper insight into the subject.

The following section, which deals with optical emission spectroscopy, has five subsections. In the first subsection are presented the basic principles of optical emission with a deliberate focus on spontaneous emission of atomic transitions. A description of the spectral distribution of light emitted by a transition is given and the mechanisms at the origin of the line profile are discussed. In the second subsection is described the light dispersive apparatus used to measure the spectrum of the light to be studied. The third subsection is dedicated to the description of the state of local thermodynamic equilibrium, as well as the criteria for its existence, mainly based on the monograph published by Griem in 1964 [START_REF] Griem | Plasma Spectroscopy[END_REF]. In the fourth and fifth subsections are discussed the measurements of the plasma temperature and electron density using the intensity ratios and Stark broadening of spectral lines, respectively. The measurements are illustrated with several examples taken from previously published papers. This is followed by a section dedicated to plasma diagnostics via absorption spectroscopy, including the description of basic principles and illustrations via examples from literature. In addition to absorption spectroscopic measurements using atomic lines, optical absorption measurements with diatomic molecules such as C2, OH and NO are depicted. Readers interested in the concepts of molecular spectroscopy are advised to consult the renowned book written by Herzberg [START_REF] Herzberg | Molecular Spectra and Molecular Structure[END_REF].

The last section of this chapter deals with the phenomenon of self-absorption that has a strong influence on the emission spectra of atmospheric plasmas. This chapter does not aim to cover all aspects of optical spectroscopy. It is focused to the most useful items to assist the beginners in their first experiments dedicated to plasma diagnostics, excluding for example the exploration of continuum radiation. It addresses researchers in order to initiate them into this field, and encourage them to go further with the help of the cited literature.

2.

Optical Emission Spectroscopy

Concept

According to the large power injected into the pulsed discharge, many plasma species are in excited electronic states. The relaxation to the ground state, possibly passing through other intermediate excited states, is associated to the emission of photons. In agreement with the law of energy conservation, the transition of the outermost electron of the atom or ion from an upper energy level u towards a lower energy level l gives rise to a photon of energy

𝐸 𝑝ℎ = 𝐸 𝑢 -𝐸 𝑙 , (1) 
where Eu and El are the energies of the upper and lower levels, respectively. This is a radiative transition that gives rise to spontaneous emission. Because of the duality of light, the photons are associated to a light wave of wavelength

𝜆 0 = ℎ𝑐 𝐸 𝑝ℎ , (2) 
where c and h are the speed of light in vacuum and Planck's constant, respectively.

It is common to use the term "photon of wavelength " we pick up in this chapter.

Spontaneous emission is isotropic in space. The emission coefficient of a line, that is the power radiated by the transition per unit volume and per unit solid angle, is given by

𝜀 = 1 4𝜋 ℎ𝑐 𝜆 0 𝐴 𝑢𝑙 𝑁 𝑢 . (3) 
Here, Aul is the Einstein coefficient of spontaneous emission of the transition, also called transition probability, and Nu is the population number density of the upper level. So, the power of light emitted by a plasma of volume V in a solid angle , is given by

𝑃 = ℎ𝑐 𝜆 0 𝐴 𝑢𝑙 𝑁 𝑢 Δ𝑉 ΔΩ 4𝜋 . ( 4 
)
This power in units of W, thus in J/s, corresponds to the number of photons of energy Eph emitted per unit time by the plasma volume V in a solid angle .

Theoretically, the population Nu can be determined by measuring this power, if the transition probability Aul is known, the quantities related to the experimental setup V and  can be accurately determined, and an absolute energy calibration at the transition wavelength can be performed in order to convert the measured electrical signal into the captured optical power. This method is valid if all the emitted light relative to this transition exits the plasma completely. That is to say that the light emitted at a given place in the plasma is not absorbed by the plasma in another place. We say then that the plasma is optically thin for the given transition. This will be explained in more detail later in the chapter. In practice, these conditions are difficult to satisfy, therefore, techniques other than optical emission spectroscopy are usually used to quantify population number densities.

In an energetic medium, multiple excited levels of a species are typically populated simultaneously and the associated radiative transitions therefore emit families of photons grouped according to their energies Eph. The received photons are accordingly dispersed in wavelength. The distribution of photons, optical power or light intensity as a function of wavelength, called spectrum, then includes a series of peaks, called atomic (or ionic) lines. In the case where the emission is linked to a molecule, the spectrum is composed of bands instead of individual atomic lines. While a single atomic line may not identify the emitter given the uncertainty in the wavelength, a set of several atomic lines enables the emitter to be identified with certainty. Therefore, optical emission spectroscopy is often used to determine the composition of plasmas.

The spectral shape of a line in a spectrum is not a Dirac function because several mechanisms broaden the spectral distribution of photon emission. The natural broadening due to the limited lifetime of the upper level of the transition is almost always negligible, and that due to the Doppler effect is often negligible except for low pressure plasmas. For pulsed high-power discharges, the dominant broadening is generally due to collisions of the emitting species with charged particles, a mechanism called Stark effect. Due to their small mass, the collisional processes are dominated by the electrons and Stark broadening is thus correlated to the electron number density. The measurement of the line broadening can therefore be used to determine the electron density, as presented later in this chapter. Line broadening means that the plasma emits not only photons at the wavelength  given by Eq. ( 2), but also in the vicinity over an interval that depends on the amount of broadening. The associated full width at half maximum (FWHM) intensity is typically of the order of a few tens of picometers, except for some lines such as H and H that have typically much larger Stark widths. As a result, the Einstein coefficient of spontaneous emission is given by the expression

𝐴 𝑢𝑙 = ∫ 𝐴 𝑢𝑙,𝜆 (𝜆) +∞ 0 𝑑𝜆 = ∫ 𝐴 𝑢𝑙 𝐿 𝜆 (𝜆) +∞ 0 𝑑𝜆 = 𝐴 𝑢𝑙 ∫ 𝐿 𝜆 (𝜆) +∞ 0 𝑑𝜆 , ( 5 
)
where Aul,()d is the integrated emission probability at  over a small interval d and L() is the normalized line profile whose value tends rapidly to 0 when  moves away from . Stark broadening is associated to a line shape described by a

Lorentzian function [3, page 302]

𝐿 𝜆 (𝜆) = 1 𝜋 Δ𝜆 𝐻 (𝜆 -𝜆 0 ) 2 + (Δ𝜆 𝐻 ) 2 , ( 6 
)
where  is the center or resonance wavelength of the transition, and  is the halfwidth at half-maximum (HWHM) of the spectral line shape. The line profile is called normalized, meaning that its integration over the wavelength equals unity. In contrast to collisional Stark broadening, Doppler broadening associated to the thermal agitation of the emitting species is described by a Gaussian function [3 (p268)]

𝐿 𝜆 (𝜆) = 1 Δλ 𝐻 √ 𝑙𝑛2 𝜋 𝑒 -𝑙𝑛2 ( 𝜆-𝜆 0 Δλ 𝐻 ) 2 . ( 7 
)
The Doppler effect dominates at very low pressure. When both the Stark and the Doppler effect contribute to line broadening, the line profile is described by the socalled Voigt profile that is the convolution of a Gaussian function with a Lorentzian function [3, p302].

Considering the line broadening, we obtain from Eqs. ( 4) and ( 5) the spectral distribution of the power radiated by the transition

𝑃 𝜆 (𝜆) = ℎ𝑐 𝜆 0 𝐴 𝑢𝑙 𝑁 𝑢 Δ𝑉 ΔΩ 4𝜋 𝐿 𝜆 (𝜆) . (8) 
Note that a quantity G with an index  (i.e. G) means that it is this quantity per unit of wavelength, i.e. an integral over the wavelength will determine the quantity G. In literature, some authors use G and to obtain the magnitude G, it is then necessary to integrate over the frequency. The transformation from G() to G() requires the multiplication by a factor c/ 2 .

It is noted that the spectrum measuring device contributes to additional broadening of the line profiles. To take this effect into account in order to isolate the intrinsic broadening of the medium to be probed (i.e. excluding the influence of the measuring device), it is necessary to evaluate the apparatus-induced broadening, commonly called apparatus function.

Light dispersing and spectrum recording device

Except in special cases, obtaining a spectrum requires the use of a spectrometer whose key element is a diffraction grating, generally used in reflection mode. The scheme of a Czerny-Turner type spectrometer composed of two spherical mirrors of focal length fS and a rotating diffraction grating is presented in Fig. 1. The resolving power 𝑅 =  ∆𝜆 𝑎𝑝𝑝 [START_REF] Zaepffel | Experimental study of an electric discharge used in reactive media ignition[END_REF] determines the minimum spectral distance ∆𝜆 𝑎𝑝𝑝 for which two lines located close to the wavelength  are observed separately. The resolving power depends on the number of grooves of the grating that are illuminated N via 𝑅 = 𝑚 𝑁 = 𝑚 𝑛 𝑔 𝑊 𝑔 [START_REF] Bielski | A critical survey of atomic transition probabilities for Cu I[END_REF] where m is the diffraction order, ng is the number of grooves per unit length, and Wg is the illuminated width on the grating. Typically, ng ranges from values of a few hundred to several thousand. For a given numerical aperture of the incoming light, the number of illuminated grooves and thus the resolving power increase with the focusing length of the spectrometer. For emission of an isolated line with a spectral width negligible compared to ∆𝜆 𝑎𝑝𝑝 , the recorded line profile will have a width that equals ∆𝜆 𝑎𝑝𝑝 . This profile, commonly called apparatus function, is generally measured using a low-pressure argonmercury lamp, or diffused light from a He-Ne laser. This measurement must be performed with the same numerical aperture for light collection as that used for the spectroscopic measurements of the plasma.

The value of R calculated using Eq. (10) gives the upper limit of the resolving power which is lowered by other parameters such as the width of the entrance slit of the spectrometer. The amount of light that enters into the spectrometer, and consequently the signal-to-noise ratio, increase with the entrance slit width. However, the spectral resolution decreases with increasing slit width. The slit width is generally adjustable and typically set to a value ranging from 10 to 50 µm, depending on the required spectral resolution.

Today, the majority of spectrometers offer the possibility of acquiring a spectrum in a single measurement with a multichannel detector such as a Charge-Coupled-Device (CCD) array. Concretely, the spectrometer images a spectrum on a plane field thanks to a corrected grating with a linear dispersion. Assuming for example a dispersion of 1 nm/mm and a detector of 20 mm size and 1024 pixels, the spectrum in digital format of 1024 points covers a spectral window of 20 nm with a dispersion of 19.5 pm/pixel. In fact, the dispersion varies slightly with the wavelength over the entire range covered, generally the visible light range with possibly the near UV and the near IR. If the dispersion should be determined, one can use appropriate low-pressure discharge lamps.

Besides, typically, one can obtain an apparatus function profile close to a Gaussian profile with a full-width at half-maximum (FWHM) of 3 pixels, corresponding to 58.5 pm, thus the resolving power of about 8500 at 500 nm, which is smaller than the value given by Eq. [START_REF] Bielski | A critical survey of atomic transition probabilities for Cu I[END_REF]. Note that some spectrometers can be used as a monochromator by positioning an additional mirror to direct the dispersed light to an exit slit.

When the spectrometer is operated as a monochromator, light of a very narrow spectral band centered on a given wavelength  reaches the detector through the exit slit. In this case, a single-channel detector such as the photomultiplier tube can then measure the intensity of light at the wavelength  as a function of time. A photomultiplier converts the received photons into an electric current which is generally measured using a resistor whose value must be low enough to ensure a fast response of the detection system. A resistor of 50  is often used to match the impedance with the cable and the input impedance of the used recording device. The response time is typically of the order of a nanosecond. With a spectrometer equipped with a single channel detector, a spectral scan via the rotation of the grating produces a spectrum which can be exploited only if the plasma generation is reproducible over the measurement duration. This implies that either the plasma evolves much more slowly than the time required for the acquisition of the spectrum, or that the transient plasma is reproducible.

Fast time-resolved measurements made with a charge-coupled device (CCD) array require the use of a shutter. A temporal resolution better than a microsecond can be obtained by using an optoelectronic shutter, such as an image intensifier that can achieve shuttering of the order of a nanosecond. Since, on a short time, the number of photons captured is proportionally lower, the second property of the intensifier consisting in the amplification of the signal is thus useful. Using an intensified charge-coupled device (ICCD), the dispersed light illuminates the intensifier and the intensifier screen illuminates the CCD strip.

The generalization of the use of imaging spectrometers and opto-electric detectors in two dimensions (i.e. CCD matrix detectors) makes it possible to perform spatially resolved spectroscopic measurements by exploiting the height of the entrance slit. For example, if we illuminate separate regions of the entrance slit height with different optical fibers, the corresponding spectra will be recorded simultaneously on distinguished rows of the CCD array. Several authors have exploited this property to acquire in a single measurement a set of spectra from a nonuniform plasma of cylindrical symmetry, to obtain the radial distribution of emission via the Abel inversion [1, p176]. We took advantage of this property to acquire simultaneously the two spectra shown in section 3.3 of this chapter to investigate excited copper atoms.

In optical emission spectroscopy, line emission is characterized by the measured luminous intensity in Wcm -2 that is proportional to the radiated power of the line given by Eq. ( 8). The optical detector then gives an analog (or digital) signal I0, also called intensity,

𝐼 0 = 𝐶 𝐴 𝑢𝑙 𝑁 𝑢 ℎ𝑐 4𝜋𝜆 0 𝑆(𝜆 0 ) ( 11 
)
where S() is the spectral sensitivity of the whole detection system at the wavelength  and C is a proportionality constant related to the experiment including for instance V and . It is stressed that Eq. ( 11) only applies under the assumption of optically thin radiation (see section 2.1).

The measurement of the intensity of a line then gives the population Nu if S() and C are known thanks to the preliminary calibrations. As a calibration in absolute value is difficult to make, most spectroscopists perform the intensity calibration in relative value, therefore, this technique alone is very rarely used to determine densities.

Local thermodynamic equilibrium

In a plasma, energy exchange between different particles occurs via collisional and radiative processes. When the principle of microreversibility is satisfied and each process is compensated by its inverse process, the plasma is in thermodynamic equilibrium and fully described by statistical laws of equilibrium [1, p131].

In that case, the particle velocities are described by Maxwellian velocity distributions. The population number densities of an energy levels i are given by the Boltzmann distribution

𝑁 𝑖 = 𝑁 𝑡𝑜𝑡 𝑔 i 𝐹(𝑇) 𝑒 -𝐸 i 𝑘𝑇 , ( 12 
)
where gi and Ei are respectively the statistical weight and energy of level i, k is the Boltzmann constant, Ntot is the number density of the species, and F(T) is the partition function of the species given by

F(𝑇) = ∑ 𝑔 i 𝑒 -𝐸 i 𝑘𝑇 𝑖 . ( 13 
)
The ionization equilibrium is described by the Saha equation as

𝑁 𝑒 𝑁 𝑡𝑜𝑡,z+1 𝑁 𝑡𝑜𝑡,z = 2 [ 2𝜋𝑚 𝑒 𝑘𝑇 ℎ 2 ] 3/2 𝐹 z+1 (𝑇) 𝐹 z (𝑇) 𝑒 -𝐸 𝑧 𝑘𝑇 , ( 14 
)
where Ne is the electron density, me is the electron mass, Ntot,z and Ntot,z+1 are the densities of species with charge z and z+1, respectively, Fz(T) and Fz+1(T) are the partition functions of these two species, and Ez is the ionization energy of the species of charge z.

In case of radiation equilibrium, the spectral radiance (in Wm -2 m -1 sr -1 ) of the plasma equals that of the blackbody given by Planck's law

𝛽 𝜆 (𝜆) = 2ℎ𝑐 2 𝜆 5 1 𝑒 ℎ𝑐 𝜆𝑘𝑇 -1 , ( 15 
)
where T is the temperature.

Given the limited size of laboratory plasmas typically smaller than the characteristic length of absorption, the principle of microreversibility is not satisfied for the processes of emission and absorption processes and the spectral radiance of the plasma is not described by Planck's law. However, for a given category of plasmas, in particular atmospheric strongly ionized plasmas, the other equilibrium laws, namely the Maxwell, Boltzmann and Saha laws, still apply. These plasmas, commonly named thermal plasmas, are in a state called local thermodynamic equilibrium (LTE).

Criteria for local thermodynamic equilibrium

As the equilibrium condition in laboratory plasmas is not satisfied for radiation processes, the Boltzmann equilibrium distributions of excited states population number densities can be only established if the rates of collisional excitation and de-excitation are much larger than the rates of radiative decay. As the collisional processes are dominated by the light electrons, the establishment of local thermodynamic equilibrium is thus conditioned by a sufficiently large electron density. In most atoms or ions, the ground state and the first excited state are separated by the largest energy gap in the atomic structure, and present the strongest radiative decay. The collisional equilibration of population number densities is therefore the most difficult for ground state and the first excited state. Considering this bottleneck in the establishment of the Boltzmann equilibrium distribution, Griem established a validity criterion of LTE based on the calculation of a minimum electron density [1, p151] 

𝑁 𝑒 ≥ 9 × 10 17 ( 𝐸 2 𝐸 𝐻 ) 3 ( 𝑘𝑇 𝐸 𝐻 ) 1 2 ⁄ 𝑐𝑚 -3 , ( 16 
)
where E2 is the energy of the first excited level and EH is the ionization energy of the hydrogen atom. The minimum electron density is obtained in units of cm -3 . As examples, the threshold electron densities for sulfur and fluorine plasmas of 15000 K temperature (i.e. kT =1.3 eV) are 310 16 cm -3 and 2.410 17 cm -3 , respectively. According to Griem the threshold electron density given by Eq. ( 16) is reduced by one order of magnitude if the resonance line between the first excited level and the ground state is strongly self-absorbed. The condition of strong self-absorption is quantified by [1, p152]

𝑁 1 𝑑 ≥ 4 × 10 9 𝑓 12 𝜆 21 ( 𝑘𝑇 𝑚 𝐴 𝐸 𝐻 ) 1 2 ⁄ 𝑐𝑚 -2 , ( 17 
)
where N1 is the population number density of the ground state in cm -3 , d is the dimension of the plasma along the line of the sight in cm, f12 and 21 are respectively the absorption oscillator strength and the wavelength of the transition, mA is the mass number (relative atomic weight) of the element. Assuming a helium plasma of diameter d = 1 cm, we have mA = 4, f12 = 0.2762 and 21 = 58.43 nm, and the population number density of He ground state atoms must be greater than 3.810 14 cm -3 to reach sufficiently large self-absorption to reduce by one order of magnitude the threshold electron density for LTE according Eq. ( 16).

Other LTE validity criteria have been established [START_REF] Drawin | Validity conditions for local thermodynamic equilibrium[END_REF][START_REF] Mcwhirter | Ch. 5. Spectral Intensities[END_REF]. Among them, the validity condition proposed by McWhriter [START_REF] Mcwhirter | Ch. 5. Spectral Intensities[END_REF] is the mostly used LTE criterion due to its simplicity. According to McWhriter, LTE is established if 𝑁 𝑒 ≥ 1.6 × 10 12 √𝑇 (∆𝐸) 3 𝑐𝑚 -3 , (18) where the temperature is expressed in Kelvin, and the largest energy gap between adjacent levels E is expressed in eV.

Validity criteria for LTE in a homogeneous transient plasma

The LTE validity criteria given in the previous section are valid for a stationary and spatially uniform plasma. If the plasma is uniform, but transient, local thermodynamic equilibrium can still be established if the plasma is in a quasi-stationary state. This state is reached if the characteristic time of changes of plasma temperature and electron density is larger than the relaxation time that is the time required to establish the LTE state. According to Griem, the relaxation time can be estimated by [1, p153]

𝜏 = 1.1 × 10 7 𝑁 𝑖 𝑓 21 𝑁 𝑒 (𝑁 𝑎 + 𝑁 𝑖 ) 𝐸 2 𝐸 𝐻 ( 𝑘𝑇 𝐸 𝐻 ) 1 2 ⁄ 𝑒 𝐸 2 𝑘𝑇 , ( 19 
)
where Na and Ni are the number densities of atoms and ions in cm -3 , respectively. When the characteristic time of temperature-and electron density variation is large compared to the equilibration time given by Eq. ( 19), the transient plasma is characterized by a succession of LTE states.

LTE validity for a nonuniform stationary plasma

For a stationary, but spatially nonuniform plasma, the plasma reaches LTE only if the diffusion length of species during the time of thermalization is small compared to the characteristic length of temperature and electron density variation. According to Griem, the diffusion length of species during the time of thermalization can be estimated by [ 

) 20 
where MH and MA are the atomic masses of hydrogen and the considered element, respectively. The number densities are in units of cm -3 and d is in cm.

Temperature measurement

A plasma in local thermodynamic equilibrium is characterized by a unique temperature that characterizes the distributions of velocities, excited states and the chemical equilibrium. The temperature can be measured using different methods. The mostly applied method is based on the measurement of the intensity ratio of spectral lines having different upper level energies.

Let us consider two optically thin, isolated lines emitting at wavelengths  and  with intensities of I1 and I2, respectively. The ratio of these two intensities is given by

𝐼 2 𝐼 1 = 𝐴 𝑢𝑙,2 𝑁 𝑢,2 𝜆 2 𝑆(𝜆 2 ) 𝐴 𝑢𝑙,1 𝑁 𝑢,1 𝜆 1 𝑆(𝜆 1 ) = 𝜆 1 𝜆 2 𝑆(𝜆 2 ) 𝑆(𝜆 1 ) 𝐴 𝑢𝑙,2 𝐴 𝑢𝑙,1 𝑁 𝑢,2 𝑁 𝑢,1 . (21) 
It can be seen that this intensity ratio enables the population ratio of two levels to be determined if the relative spectral sensitivity of the detection device is known for the two wavelengths. The temperature is deduced from the population number density ratio obtained with Eq. ( 21) using the Boltzmann law. We can write

𝑁 𝑢,2 𝑁 𝑢,1 = 𝑔 2 𝑔 1 𝑒 -𝐸 2 -𝐸 1 𝑘𝑇 ( 22 
)
where g1, g2, E1, E2 are the upper level statistical weights and energies, respectively of both transitions. Combining Eqs. ( 21) and ( 22), we obtain

𝐼 2 𝐼 1 = 𝜆 1 𝜆 2 𝑆(𝜆 2 ) 𝑆(𝜆 1 ) 𝐴 𝑢𝑙,2 𝐴 𝑢𝑙,1 𝑔 2 𝑔 1 𝑒 -𝐸 2 -𝐸 1 𝑘𝑇 ( 23 
)
and the temperature can be written as

𝑇 = 𝐸 2 -𝐸 1 𝑘 𝑙𝑛 ( 𝜆 1 𝜆 2 𝐴 𝑢𝑙,2 𝐴 𝑢𝑙,1 𝑔 2 𝑔 1 𝑆(𝜆 2 ) 𝑆(𝜆 1 ) 𝐼 1 𝐼 2 ) = 𝐸 2 -𝐸 1 𝑘 𝑙𝑛(𝐷 𝑀) , ( 24 
)
where

𝐷 = 𝜆 1 𝜆 2 𝐴 𝑢𝑙,2 𝐴 𝑢𝑙,1 𝑔 2 𝑔 1 and 𝑀 = 𝑆(𝜆 2 ) 𝑆(𝜆 1 ) 𝐼 1 𝐼 2 ( 25 
)
depend respectively on the spectroscopic data and experimental parameters only.

Ciobanu et al. [START_REF] Ciobanu | Experimental study of a low-voltage circuit breaker, by analysis of complex spectra, including the self-reversed profiles of copper resonance lines[END_REF] measured the temperature of a pulsed arc as a function of time using the intensity ratio of Cu I 510.55 and Cu I 515.32 nm lines. The emission was due to copper ablated from the electrodes during the arc ignition process. The spectral response of the apparatus was measured with tungsten and deuterium lamps.

The relative uncertainty of the measured temperature T/T can be expressed as a function of the uncertainties due to the spectroscopic data D/D and intensity measurements M/M. Applying the standard formalism of error propagation to Eq. ( 24), we obtain

∆𝑇 𝑇 = 1 ln(𝐷 𝑀) √ ( ∆𝐷 𝐷 ) 2 + ( ∆𝑀 𝑀 ) 2 = 𝑘𝑇 𝐸 2 -𝐸 1 √ ( ∆𝐷 𝐷 ) 2 + ( ∆𝑀 𝑀 ) 2 . ( 26 
)
The temperature measurement uncertainty is shown to decrease critically with increasing difference of upper level energies 𝐸 2 -𝐸 1 . However, a large gap is often associated with a strong difference in line intensity, and thus to a large intensity measurement uncertainty M/M. The choice of the most appropriate lines is therefore not straightforward. Other difficulties arise from the large uncertainties associated with the Einstein coefficients of spontaneous emission of many transitions and the apparatus response. To overcome these difficulties, the temperature measurement uncertainty is often reduced via a statistical approach. The temperature is deduced from the intensity measurement of multiple lines via a method called "Boltzmann diagram".

Combining Eqs. ( 11) and ( 12), the intensity of a line can be written as Plotting the left-hand side as a function of Eu for multiple lines of different upper level energies, we obtain a linear function with slope -1/(kT). The first term of the right-hand side is independent of spectral line and leads to a vertical shift of the linear function that depends on the number density and the partition function of the emitting species. Plotting the Eu-values in units of eV, the deduced temperature is in eV and can be converted into Kelvin (K) by multiplying it by 11 600. Hong et al.

𝐼 𝑖 =
[7] measured the temperature of an arc plasma using the Boltzmann diagram of the four copper lines displayed in Fig. 2a. In that work, the transition probabilities were taken from the Kurucz database [START_REF] Kurucz | Atomic Line Data, Kurucz CD-ROM[END_REF] (see Table 1). In the Boltzmann diagram displayed in Fig. 2b, the data points for the Cu I 515.32 and 522.01 nm transitions are merged. According to the slope of 1.23 eV -1 , a temperature of 0.813 eV (i.e. 9430 K) is deduced. This method with these same lines was also used to measure the temperature of a plasma used to initiate combustion [START_REF] Zaepffel | Experimental study of an electric discharge used in reactive media ignition[END_REF]. The Aulvalues of copper tabulated by the Kurucz database originate from the work of Bielski [START_REF] Bielski | A critical survey of atomic transition probabilities for Cu I[END_REF]. As the Kurucz data are given without any uncertainty, researchers generally give priority to data from NIST. The transition probabilities tabulated by both databases may considerably differ as illustrated for the transitions Cu I 515.32, 521.82 and 522.01 nm for which a disparity of about 30% is observed (see Table 1). Table 1. Spectroscopic data of copper lines used for the Boltzmann diagram: energy E and statistical weight g of lower (index l) and upper (index u) levels, transition probabilities Aul tabulated by the Kurucz [START_REF] Kurucz | Atomic Line Data, Kurucz CD-ROM[END_REF] and NIST [START_REF] Kramida | NIST Atomic Spectra Database (ver. 5.9)[END_REF] databases, and Aul accuracy given by NIST. These four lines are close in wavelength and can therefore be easily measured at the same time. The accuracy of the temperature measurement is however reduced by the fact that three lines have almost equal upper level energies. The Boltzmann diagram may be improved by including additional lines with significantly different upper level energies such as the Cu I 427.51 and 465.11 nm transitions for which Eu = 7.74 eV. Babich et al. [START_REF] Babich | Spectroscopic data and Stark broadening of Cu I and Ag I spectral lines: Selection and analysis[END_REF] published a Boltzmann diagram using about ten neutral copper lines with upper level energies of 3.8, 5.3, 6.2 and 7.7 eV.

Cu I (nm)

El

In case of a spatially uniform plasma, the emission of atoms and ions originates from the same volume and the temperature can be deduced from the so-called Saha-Boltzmann plot that combines spectral line emission from both neutral and ionized species [START_REF] Aguilera | Multi-element Saha-Boltzmann and Boltzmann plots in laser-induced plasmas[END_REF]. Compared to the classical Boltzmann plot, the increase in the number of available transitions and the larger range of the associated upper level energies leads typically to an improved temperature-measurement accuracy. Based on the use of both Boltzmann and Saha Equations [Eqs. [START_REF] Babich | Spectroscopic data and Stark broadening of Cu I and Ag I spectral lines: Selection and analysis[END_REF] and ( 14)], the Saha-Boltzmann plot requires the knowledge of the electron density.

Temperature measurements using the Saha-Boltzmann plot can achieve high accuracy as shown in Fig. 3, where the cooling of a laser-produced plasma is evidenced for two measurements with a different delay between the laser pulse and the detector gate. In the present case, self-absorption was considered, replacing the measured intensity by the emission coefficient that was deduced from simulation of the spectra [START_REF] Hermann | Ideal radiation source for plasma spectroscopy generated by laser ablation[END_REF]. Fig. 3. Saha-Boltzmann plot of Fe and Fe + transitions for emission from a plasma produced by pulsed laser ablation of steel. The squares and triangles correspond to spectra recorded with delays of 230 ns and 500 ns between the laser pulse and the detector gate, respectively. Reprinted figure with permission from [START_REF] Hermann | Ideal radiation source for plasma spectroscopy generated by laser ablation[END_REF] Copyright (2017) by the American Physical Society.

Electron density measurement

In strongly ionized atmospheric plasmas, the Stark broadening dominates the spectral line width [3 (p269)]. Over a wide range of electron densities and temperature, the FWHM of atomics lines, due to the Stark effect, is given by [3 (p277)]

∆𝜆 𝑆 = 2[1 + 1.75 × 10 -4 𝑁 𝑒 1/4 𝛼 (1 -0.068 𝑁 𝑒 1/6 𝑇 -1/2 )]10 -16 𝜔 𝑁 𝑒 (29)
where temperature and the electron density are in units of K and cm -3 , respectively.

The parameters  and  are tabulated for many isolated atomic lines by several authors. The monograph of Griem [START_REF] Griem | Plasma Spectroscopy[END_REF] is a reference document in the domain. For lines of known Stark broadening parameters, the electron density can be deduced from the measurement of the Stark width using Eq. ( 29). This formula may also be applied to lines of single ionized atoms if the factor 0.068 is changed to 0.11 [3, p277].

In strongly ionized plasmas, Stark broadening is dominated by collisions with the electrons and the second term in the brackets of Eq. ( 29), representing the ion contribution, is negligible. The Stark width increases thus linearly with the electron density. Ciobanu et al. [START_REF] Ciobanu | Experimental study of a low-voltage circuit breaker, by analysis of complex spectra, including the self-reversed profiles of copper resonance lines[END_REF] measured the electron density via Stark broadening of the Cu I 515.3 nm line, for which the Stark width has a value of 19 pm (FWHM) for an electron density of 1.010 16 cm -3 [START_REF] Fleurier | Broadening and shift of CuI and CuII lines in plasma[END_REF][START_REF] Konjevic | Experimental Stark Widths and Shifts for Spectral Lines of Neutral and Ionized Atoms (A Critical Review of Selected Data for the Period 1983 through 1988)[END_REF]. Konjevic and co-workers collected Stark broadening parameters for many isolated atomic lines [START_REF] Konjevic | Experimental Stark Widths and Shifts for Spectral Lines of Neutral and Ionized Atoms (A Critical Review of Selected Data for the Period 1983 through 1988)[END_REF][START_REF] Konjevic | Experimental Stark Widths and Shifts for Spectral Lines of Neutral and Ionized Atoms (A Critical Review of Selected Data for the Period 1989 Through 2000)[END_REF]. It is noted that the Stark effect also induces a spectral shift that may present a significant fraction of the Stark width. Alternative measurements of the electron density via the Stark shift are therefore available for specific lines.

Line broadening and shifting are illustrated for the Mg I 285.21 nm transition in Fig. 4 where spectra emitted from a laser-produced plasma are displayed for different delays between the laser pulse and the detector gate. It is shown that the line profile observed for short delays is strongly broadened and shifted towards the red as a result of the high electron density during the early stage of laser plume expansion. Fig. 4. Line profile of a magnesium resonance transition observed from a plasma produced by laser ablation of hydrated calcium sulfate. The spectra measured for different delays between the laser pulse and the detector gate (black lines) are compared to computed ones (red lines). Reprinted from [START_REF] Burger | Stark broadening measurements in plasmas produced by laser ablation of hydrogen containing compounds[END_REF], Copyright (2016), with permission from Elsevier.

As discussed in section 2.1, the Stark broadened line profile of Lorentzian shape is convoluted with the apparatus spectral profile that is generally well described by a Gaussian function (see Fig. 5). When both the Lorentzian and the Gaussian contribution are significant, the measured line shape is described by the so-called Voigt profile. In that case, the electron density measurement is not straightforward as it requires to deduce the Stark width from the measured line width via the dependence of the Voigt width wV on the Gaussian width wG and Lorentzian width wL (see Fig. 6). Instead of using the line dependence displayed in Fig. 6, many authors compare the measured line profile to the computed Voigt profile and deduce the Stark width (Lorentzian contribution) from the best agreement.

The H and H lines are strongly broadened by electron collisions and their profiles are therefore only marginally modified by the apparatus function. Therefore, their widths are directly used for the determination of the electron density, even if their spectral shapes are more complex than simple Lorentzian profiles, and their Stark widths do not increase linearly with the electron density. Zaepffel et al. [START_REF] Zaepffel | Experimental study of an electric discharge used in reactive media ignition[END_REF] measured the electron density in a plasma used to initiate combustion by comparing H or H profiles to line shapes computed with tabulated data from Griem [START_REF] Griem | Plasma Spectroscopy[END_REF].

Numerous authors deduce the electron density from line width measurements using simplified empirical formulas that relate Ne to the Stark width. For example, we used data published by Griem [START_REF] Griem | Plasma Spectroscopy[END_REF] to synthesize the H line profiles of different electron densities and established a relationship between the electron density and the profile's FWHM [START_REF] Hong | Diagnostic de plasmas denses -Mise au point des instruments de mesure -Application à la mesure des profils de raies de Soufre et de Fluor dans un plasma de Z-pinch -Application à l'étude d'interaction faisceau d'ions lourds -plasma[END_REF] 𝑁 𝑒 = 1.06 × 10 16 (∆𝜆 𝑆 ) 1.488 

cm -3 , ( 30 
)
where S is given in nm. This formula is equivalent to an expression proposed by (31) Fig. 7. Line profile of H transition emitted from a plasma produced by laser ablation of hydrated calcium sulfate. The spectra measured for different delays between the laser pulse and the detector gate (black lines) are compared to computed spectra (red lines) to deduce the electron density that diminishes from 2.510 17 cm -3 at 350 ns to 4.710 15 cm -3 at 6 µs.

Reprinted from [START_REF] Burger | Stark broadening measurements in plasmas produced by laser ablation of hydrogen containing compounds[END_REF], Copyright (2016), with permission from Elsevier.

Electron density measurements via Stark broadening of the H transition are illustrated in Fig. 7 for a plasma produced by laser ablation of hydrated calcium sulfate. Here, the formula proposed by Gigosos et al. [START_REF] Gigosos | Computer simulated Balmer-alpha,beta and -gamma Stark line profiles for non-equilibrium plasmas diagnostics[END_REF] was applied to measure Ne in the range  110 17 cm -3 whereas a slightly different expression was applied in the range of larger electron density values.

3.

Optical Absorption Spectroscopy

3.1.Basic concept

Assuming an atomic transition that absorbs photons at the wavelength  according to Eq. ( 2) and thus depopulates the lower energy level in favor of the upper energy level. Similar to the process of spontaneous emission, the process of photo-excitation involves not only photons of wavelength , but photons close to the center wavelength of the transition. The wavelength-dependent absorption coefficient is then given by

𝛼(𝜆) = 𝐴 𝑢𝑙 𝜆 0 4 8𝜋𝑐 𝑔 𝑢 𝑔 𝑙 𝑁 𝑙 𝐿 𝜆 (𝜆), (32) 
where the symbols are those defined in section 2. Here, the normalized line profile is identical to the line profile in emission because the processes of emission and absorption are correlated via

𝐴 𝑢𝑙 𝐵 𝑙𝑢 = 𝑔 𝑙 𝑔 𝑢 8𝜋ℎ 𝜆 0 3 , ( 33 
)
where Blu is the Einstein coefficient for photon absorption.

According to formula (32), the measurement of the absorption coefficient at a given wavelength can then be used to determine the population number density of the lower energy level of the transition Nl. Since the absorption is strongest at the center of the line, absorption measurements have highest sensitivity at the wavelength . If the wavelength cannot be accurately controlled, it is preferable to carry out the absorption measurement on all of the line profile.

For transitions with non-negligible upper level population number density, the stimulated emission partially compensates the absorption, and the absorption coefficient becomes

𝛼(𝜆) = 𝐴 𝑢𝑙 𝜆 0 4 8𝜋𝑐 𝑔 𝑢 𝑔 𝑙 (𝑁 𝑙 - 𝑔 𝑙 𝑔 𝑢 𝑁 𝑢 ) 𝐿 𝜆 (𝜆) . ( 34 
)
Absorption measurements require a probed medium that is spatially uniform along the line of sight, and an auxiliary light source of known spectral distribution.

According to the Beer-Lambert law, the intensity of the transmitted light is given by 𝐼(𝜆) = 𝐼 0 (𝜆) 𝑒 -𝛼(𝜆) 𝑑 , (

where I0() is the intensity of incident light and d is the length of the optical path in the medium. The spectral transmission curve, i.e. the intensity ratio I/I0 as a function of wavelength, can be measured either by scanning a tunable laser over the line profile or with a broadband light source.

The wavelength scanning of a tunable laser is ideally suited for a plasma in a steady state or perfectly reproducible at a high repetition rate. On the other hand, for a single-shot transient plasma, a broadband radiation source should be used to enable the acquisition of an absorption spectrum in a single measurement. For our studies of a pulsed arc, we generated the intense broadband spectrum shown in Fig. 8 by an electric discharge using the Z-Pinch effect [START_REF] Hong | A radiation source developed for broad band optical absorption spectroscopy measurements[END_REF]. 

Measurement of ground state population number density

In a previous work [7], we performed absorption measurements of copper ground state atoms to characterize the afterglow of a gliding arc in a simplified low-voltage circuit breaker illustrated in Fig. 9 to determine the "hot gas" temperature behind the moving arc. In opposition to the arc plasma (see Section 2.4), the here-investigated medium has a temperature more than one order of magnitude lower, and most atoms are in the ground state. The absorption measurement for the resonant lines Cu I 324.75 and 327.40 nm was performed, using the optical setup shown in Fig. 10, which is the end view of the study model presented in Fig. 9. The incident spectrum delivered by the Z-Pinch discharge plasma whose radiation is shown in Fig. 8 and the transmitted spectrum is displayed in Fig. 11 

Probing population number densities of excited states

The intense radiation delivered by the auxiliary source made it possible to extend the absorption spectroscopic measurements to excited levels of the arc in order to measure the corresponding population number densities [7]. However, these measurements require corrections to account for the perturbation by the radiation emitted from the arc. For this purpose, the optical arrangement was set up with polarized light to distinguish the "pump" radiation from the auxiliary source from the light emitted by the plasma itself (see Fig. 12).

The spectral transmission of the arc, deduced from the spectra recorded via the optical fibers Ftrans and Femi, is displayed in Fig. 13 for the spectral range of a silver line and several copper transitions. The population number densities derived from the absorption measurement are given in Table 2. The values obtained for the copper atoms were used to determine the temperature and the number density of copper atoms using Boltzmann's law. The Ag I 520.91 nm line absorption enables the evaluation of the amount of silver atoms thanks to the temperature deduced by the Cu I lines absorption and the Boltzmann law. 

3.4.Molecular absorption

Plasmas produced by high-power pulsed discharges are composed mainly of atoms and ions during the early stage of their evolution, so the emission is mainly governed by the atomic and ionic lines. But during the late stage of their evolution, molecular formation is significant. In the past years, pulsed discharges attracted increasing interest to exploit the non-thermal behavior during the late stage of their evolution. Thus, molecular emission is used to characterize these non-thermal plasmas. For instance, in plasmas produced in ambient air, the spectrum of the second positive system of the N2 molecule is often used to determine the rotational excitation temperature of the molecule which is expected to be close to the kinetic temperature of the weakly ionized gas. Many analyses of molecular spectra emitted by pulsed plasmas are reported in literature [START_REF] De Giacomo | Laser-induced plasma emission: from atomic to molecular spectra[END_REF]. Compared to atomic spectroscopy, molecular spectroscopy is more challenging, although the concept is identical. In this section, we report absorption measurements for different molecular systems.

In addition to the above reported atomic absorption measurements, Hong et al.

[7] exploited the broadband auxiliary radiation source to measure the absorption spectrum of C2 Swan bands in order to determine the number density of carbon diatomic species ablated from the plastic walls of the discharge chamber (see Fig. 14). In another study, Hong et al. [START_REF] Hong | Compact Z-pinch radiation source dedicated to broadband absorption measurements[END_REF] measured the absorption spectrum of the OH radical in a plasma used for the ignition of a CH4 combustion process (Fig. 15). This spectrum showed the presence of the OH radical and can be used to determine the ground state population number density. Moreover, since the broadband emission spectrum from the auxiliary Z-Pinch light source extended to the limit of vacuum UV, the authors were able to perform measurements of the absorption by the NO molecule between 202 and 216 nm (Fig. 16). Fig. 16: Spectral transmission around 210 nm of a gas containing NO (absorption due to the transitions X 2  -A 2  (0, 1) and (1, 2)). Reproduced from [START_REF] Hong | Compact Z-pinch radiation source dedicated to broadband absorption measurements[END_REF], with the permission of AIP Publishing.

Radiation transfer equation

In section 2, we assumed that the observed spectral lines were optically thin, so the emitted photons have a negligible probability of being re-absorbed within the plasma (i.e. the so-called self-absorption). This condition is fulfilled when the plasma diameter d is small compared to the characteristic length of absorption 1/𝛼. Introducing the optical thickness 𝜏 = 𝛼 𝑑 , (36)

the condition of negligible self-absorption can be expressed by 𝜏 ≪ 1. In the opposite case, when this condition is not satisfied, the plasma is not optically thin and the concepts outlined in section 2 cannot be applied without corrections. 

In the particular case of negligible emission, Eq. (38) simplifies to the Beer-Lambert law (see Eq. ( 35)). In the general case, integration over the plasma diameter along the direction 𝑥 ⃗ gives 𝐼 𝜆 (𝜆, 𝑑) = 𝜖 𝜆 (𝜆) 𝛼(𝜆) (1 -𝑒 -𝛼(𝜆) 𝑑 ) (39)

For a plasma in LTE, the emission and absorption coefficients are related via Kirchhoff's law of thermal radiation to the blackbody spectral radiance [see Eq. [START_REF] Fleurier | Broadening and shift of CuI and CuII lines in plasma[END_REF]]. We thus have 𝐼 𝜆 (𝜆, 𝑑) = 𝛽 𝜆 (𝜆) (1 -𝑒 -𝛼(𝜆) 𝑑 ) .

(40)

When the optical thickness is small, Eq. (40) becomes Thus, the spectra radiance of most intense lines is expected to saturate at the blackbody spectral radiance level. This saturation is evidenced by the observation of a plateau at the center of the ionic titanium line displayed in Fig. 18. Here, the intensity is measured in arbitrary units. Spectra recording with a detection system calibrated in energy would enable to derive the plasma temperature directly from the spectral radiance of the plateau according to Planck's law. Fig. 18. The plateau in the line center indicates that the spectral radiance reaches the blackbody level that is expected for most intense lines of very large optical thickness. Reprinted from [START_REF] Hermann | Diagnostics of the early phasis of an ultraviolet laser induced plasma by spectral line analysis considering self-absorption[END_REF], with the permission of AIP Publishing.

Another illustration for the saturation of the most intense lines at the blackbody spectral radiance is given in Fig. 19 for emission spectra of a plasma produced by the laser ablation of steel. Here, the measured spectra are compared to those computed using Eq. (40) for the ranges labelled A, B and C. The excellent agreement between measured and computed spectra shows that the laser-produced plasma combines two properties which are usually not found together: the plasma is spatially uniform and in local thermodynamic equilibrium. This opens multiple perspectives in plasma spectroscopy and in the field of elemental analysis of materials [START_REF] Hermann | Ideal radiation source for plasma spectroscopy generated by laser ablation[END_REF]. 

Fig. 1 .

 1 Fig. 1. Scheme of a Czerny-Turner spectrometer. A: Incoming light of given numerical aperture, B: Entrance slit, C: Collimating mirror, D: Grating, E: Focusing mirror and F: Multichannel detector.

Fig. 2 .

 2 Fig. 2. a) Emission spectrum of an arc plasma showing four copper lines (see Table 1) and the Ag I 520.91 nm transition. The best fit is used to determine the line intensities. b) Boltzmann plot using the emission intensities of the copper lines. © [2005] IEEE. Reprinted, with permission, from [7].

  Fig. 2. a) Emission spectrum of an arc plasma showing four copper lines (see Table 1) and the Ag I 520.91 nm transition. The best fit is used to determine the line intensities. b) Boltzmann plot using the emission intensities of the copper lines. © [2005] IEEE. Reprinted, with permission, from [7].

Fig. 5 .

 5 Fig. 5. Lorentzian profile with 60 pm FWHM of a line emitted by the plasma (thin line), Gaussian apparatus spectral profile with 40 pm FWHM (dashed line) and measured Voigt profile of 81 pm FWHM (thick line) resulting from the convolution of the emitted line profile with the apparatus profile. According to the applied sampling of 10 pm/pixel, the FWHM of the Gaussian and Lorentzian profiles correspond to 4 and 6 pixels, respectively.

Fig. 6 .

 6 Fig. 6. Ratio of the emitted line width WL over the measured line width Wv versus the ratio of the apparatus width WG over the measured width Wv according the data published by Davies and Vaughan [3 (p303), 19]. Here, the emitted line and the apparatus profile are assumed to have Lorentzian and Gaussian shapes, respectively.

  Gigosos et al. [21] for the Stark width of the H line  𝑆 = 4.800 nm ( 𝑁 𝑒 10 23 m -3 ) 0.68116 .

Fig. 8 .

 8 Fig.8. Broadband quasi-planar emission spectrum generated by an electric discharge using the Z-Pinch effect. Reproduced with permission from[START_REF] Hong | A radiation source developed for broad band optical absorption spectroscopy measurements[END_REF], Copyright 2003 ©IOP.

Fig. 9 .

 9 Fig. 9. Sketch of a simplified low-voltage circuit breaker (side view) dedicated to physical phenomena investigations. A and K are two parallel electrodes. The circle corresponds to a view port to perform optical absorption spectroscopic measurement. © [2005] IEEE. Reprinted, with permission, from [7].

Fig. 10 .

 10 Fig. 10. Optical setup for OAS measurements in hot gas regions. The thickness of the absorption medium is 0.6 cm. © [2005] IEEE. Reprinted, with permission, from [7].

  Fig. 11. a) Incident and transmitted intensity spectral distribution of copper resonance lines; b) Transmission spectrum and computer simulation for a ground state population number density of 1.410 14 cm -3 . © [2005] IEEE. Reprinted, with permission, from [7]

Fig. 12 .

 12 Fig. 12. Setup for broadband absorption measurements in an arc. The Z-Pinch radiation is delivered via the optical fiber FZ and polarized (P1) before transmission through the arc. The polarizer (P2) is used to separate the p and s polarized light to collect the arc light with equal intensity by two optical fibers Femi and Ftrans, while the transmitted Z-pinch light is directed to the Ftrans fiber only. © [2005] IEEE. Reprinted, with permission, from [7]

Fig. 14 .Fig. 15 .

 1415 Fig. 14. Measured and computed absorption spectra of the C2 Swan bands (0,0) and (1,1) for the hot gas described in the beginning of the 1.3.2. © [2005] IEEE. Reprinted, with permission, from [7]

Fig. 17 :

 17 Fig. 17: Scheme presenting the propagating radiation flux in an emitting and absorbing medium.

17

 17 

  ), the change in intensity due to the processes of emission and absorption is given by 𝐼 𝜆 (𝜆, 𝑥 + 𝑑𝑥) -𝐼 𝜆 (𝜆, 𝑥) = 𝑑𝐼 𝜆 (𝜆, 𝑥) = 𝜖 𝜆 (𝜆) 𝑑𝑥 -𝛼(𝜆) 𝐼 𝜆 (𝜆, 𝑥) 𝑑𝑥, (37)where () is the spectral emission coefficient of the plasma at wavelength . This equation can be written as 𝑑𝐼 𝜆 (𝜆, 𝑥) 𝑑𝑥 = 𝜖 𝜆 (𝜆) -𝛼(𝜆) 𝐼 𝜆 (𝜆, 𝑥)

  𝐼 𝜆 (𝜆, 𝑑) ≈ 𝛽 𝜆 (𝜆) (1 -(1 -𝛼(𝜆) 𝑑)) = 𝛽 𝜆 (𝜆) 𝛼(𝜆) 𝑑 = 𝜖 𝜆 (𝜆) 𝑑 (41)In the opposite case of strong self-absorption, when 𝜏 ≫ 1, Eq. (40) simplifies to 𝐼 𝜆 (𝜆, 𝑑) ≈ 𝛽 𝜆 (𝜆) .(42)

Fig. 19 .

 19 Fig.[START_REF] Davies | A New Tabulation of the Voigt Profile[END_REF]. Emission spectra of a plasma produced by laser ablation of steel in an argon atmosphere recorded for different delays between the laser pulse and the detector gate. The strongest transitions are shown to saturate at the blackbody spectral radiance. The temperature was deduced from the intensity distribution of optically thin lines. The excellent agreement with the spectral radiance computed using Eq. (40) shows that the emission originates from a uniform plasma in local thermodynamic equilibrium. Reprinted figure with permission from[START_REF] Hermann | Ideal radiation source for plasma spectroscopy generated by laser ablation[END_REF] Copyright (2017) by the American Physical Society.

  

Table 2 .

 2 Energy El and weight gl of lower energy level, transition probability Aul from the Kurucz database [8], and lower level population number density Nl deduced from the absorption measurement for several copper transitions and a silver line [7].

	Cu I (nm)	El (eV)	gl	Aul (µs -1 )	N l (10 12 cm -3 )
	510.55	1.39	6	1.95	390
	515.32	3.79	2	103.4	5.4
	521.82	3.82	4	122.2	11
	522.01	3.82	4	21.8	12