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Introduction

The development of compact echelle spectrographs for the observation of broadband spectra in a single exposure started more than 70 years ago [START_REF] Harrison | The production of diffraction gratings: II. The design of echelle gratings and spectrographs[END_REF]. The early systems used photographic plates for signal acquisition and were mostly devoted to the investigation of astrophysical plasmas [START_REF] Schroeder | An echelle spectrometer-spectrograph for astronomical use[END_REF]. Progress in the detector technologies and in particular the development of charge-coupled device matrix detectors in the 90s made echelle spectrometers popular for diagnostics of laboratory plasmas with a particular interest for analytical purposes [START_REF] Becker-Ross | Echelle spectrometers and chargecoupled devices[END_REF][START_REF] Lindblom | New compact echelle spectrographs with multichannel time-resolved recording capabilities[END_REF][START_REF] Becker-Ross | Echelle-spectrograph as a tool for studies of structured background in flame atomic absorption spectrometry[END_REF]. Here, the interest relies in the capability of detecting simultaneously spectral line emission of almost all elements in Mendeleev's periodic table in a single broadband echelle spectrum. The combination with the intensified charge-coupled device (ICCD) made the echelle spectrometer interesting for laser-induced breakdown spectroscopy (LIBS) where the time-gated observation is required [START_REF] Bauer | Laser induced breakdown spectrometry with an echelle spectrometer and intensified charge coupled device detection[END_REF]. Thus, numerous research groups evaluated the analytical performance of LIBS systems equipped with echelle spectrometers [START_REF] Goode | Identifying alloys by laser-induced breakdown spectroscopy with a timeresolved high resolution echelle spectrometer[END_REF][START_REF] Detalle | An evaluation of a commercial echelle spectrometer with intensified chargecoupled device detector for materials analysis by laser-induced plasma spectroscopy[END_REF][START_REF] Florek | A new, versatile echelle spectrometer relevant to laser induced plasma applications[END_REF][START_REF] Salle | Comparative study of different methodologies for quantitative rock analysis by laser-induced breakdown spectroscopy in a simulated martian atmosphere[END_REF]. In so-called calibration-free LIBS experiments, the interest for highly resolved broadband spectra is even increased as these techniques require the observation of spectral lines from all elements of significant abundance [START_REF] Bulajic | A procedure for correcting selfabsorption in calibration-free laser-induced breakdown spectroscopy[END_REF][START_REF] Hermann | On the stoichiometry of mass transfer from solid to plasma during pulsed laser ablation of brass[END_REF][START_REF] Praher | Calibration free laser-induced breakdown spectroscopy of oxide materials[END_REF][START_REF] Beldjilali | Evaluation of minor element concentrations in potatoes using laser-induced breakdown spectroscopy, Spectrochim[END_REF]. The main drawback of the echelle spectrometer is its sensitivity to temperature variation. Compared to other spectrometers such as Czerny-Turner monochromators or Paschen-Runge polychromators, small temperature variations do not only alter the calibration of the spectral axis but also tamper the apparatus response function. This is because the echelle spectrometer exploits the diffraction of light into two orthogonal directions and the signal intensity at a given wavelength originates typically from 1, 2 or 3 pixels only. Thus, even in a temperature-stabilized laboratory environment, small temperature variations of the order of 1 K may alter both the spectral-and the intensity calibration [START_REF] Becker-Ross | Echelle-spectrograph as a tool for studies of structured background in flame atomic absorption spectrometry[END_REF]. The spectral calibration can be easily achieved using radiation of low pressure discharge lamps such as argon-mercury or neon lamps. The measurement of the apparatus response function encounters two main difficulties: (i) based on the recording of emission spectra from radiation standards, these measurements have to be done with the same optical path as the one used for plasma observation. This constraint is however more relaxed for light coupling into an echelle spectrometer with an optical fiber; (ii) The intensity calibration requires a radiation standard with moderate variation of radiance over the measured spectral window. For broadband echelle spectra, this condition is generally not fulfilled by the traditional radiation standards, such as deuterium arcs and tungsten lamps, that exhibit strong variations of radiance over their respective ranges of calibrated emission. To overcome the difficulty of echelle spectrometer intensity calibration, Bibinov et al. [START_REF] Bibinov | Relative and absolute intensity calibrations of a modern broadband echelle spectrometer[END_REF] proposed a method that consists of two successive measurements. First, the emission from a deuterium arc and a tungsten strip lamp was recorded to get a preliminary approximation of the apparatus response function. Second, the rovibrational intensity distribution of NO and N 2 molecular emission from a low-temperature radio-frequency discharge plasma is used to correct the apparatus response function. A correction method based on a laser-induced plasma was proposed by Li et al. [START_REF] Li | Relative spectral response calibration of a spectrometer system for laser induced breakdown spectroscopy using the argon branching ratio method[END_REF]. Generating breakdown in argon gas, the emission of lines from the same upper energy level of Ar and Ar + species was used for calibration. Dell'Aglio et al. [START_REF] Dell'aglio | Laser induced breakdown spectroscopy of meteorites as a probe of the early solar system[END_REF] used spectral lines of iron emitted from a LIBS plasma of meteorite samples to correct the response of their spectroscopic apparatus. Therefore, the measured line intensities were compared to intensities computed for a plasma in local thermodynamic equilibrium. However, these calculations did not account for self-aborption.

In this paper, we present a method for both spectral and intensity calibration of echelle spectrometers with particular interest for laser-induced breakdown spectroscopy. The method is based on the recording of emission spectra from the plasma produced by pulsed laser ablation of steel. It exploits the very rich emission spectrum of iron composed of thousands of atomic and ionic transitions. Thus, lines of sufficiently large signal-to-noise ratio are observable over the entire broadband echelle spectrum, and available for the calibration measurements of most of the diffraction orders. For many lines, reliable transition probabilities are available and the accurate simulation of the emission spectrum is possible if the experimental conditions are properly chosen [START_REF] Hermann | Ideal radiation source for plasma spectroscopy generated by laser ablation[END_REF][START_REF] Hermann | Evaluation of pressure in a plasma produced by laser ablation of steel[END_REF]. Based on the comparison of measured and computed spectra, the method enables in LIBS experiments to check and, if required, to correct both the spectral and intensity calibration by simply changing the sample material.

Materials and methods

The here presented results were obtained with a common LIBS experiment. The chosen experimental conditions were previously shown to generate a plasma with properties that favour accurate modeling of the emission spectrum [START_REF] Hermann | Ideal radiation source for plasma spectroscopy generated by laser ablation[END_REF]. We stress that the validity range of the reported findings may cover irradiation conditions that differ from those applied in the present experiment.

LIBS experiment

The experiments are carried out in a temperaturestabilized laboratory environment. The samples were irradiated with Nd:YAG laser pulses of 6 mJ energy and a duration of 4 ns. The laser was operated in the UV spectral range at 266 nm to ensure efficient energy coupling to all kind of sample materials. After beam focusing to a spot of 100 µm diameter, a laser fluence of about 100 J cm -2 was incident on the samples surface. These were placed on a motorized sample holder in a vacuum chamber. During the experiments, the chamber was filled with argon at a pressure of 5 × 10 4 Pa. Optical emission spectroscopic measurements were performed by imaging the plasma with two lenses of Table 1: Minimum and maximum wavelengths of spectral windows λ min and λ max , resolving power λ/∆λ, minimum and maximum orders of diffraction o min and o max of the used echelle spectrometers. LTB and ANDOR stand for the manufacturer names Lasertechnik Berlin GmbH and ANDOR Technology, respectively. Both detectors were manufactured by ANDOR. The Aryelle Butterfly spectrometer has two optical paths that enable spectra recordings in the ultraviolet (UV) and visible/near infrared (VIS/NIR) spectral ranges. The industrial OEM spectrometerbox SA 300 is temperature-stabilized with a system of four watercooled Peltier controllers. 150 and 35 mm focal lengths onto the entrance of an optical fiber of 600 µm core diameter. According to the image magnification 1:5, the entire plasma volume was observed. The fiber was coupled to the entrance of an echelle spectrometer (see Table 1). Photon detection was ensured using an intensified charge-coupled device matrix detector. The apparatus spectral width was measured using a low pressure argon mercury discharge lamp. A preliminary intensity calibration of the spectroscopic apparatus was performed in the visible and UV spectral ranges using a calibrated tungsten lamp (Oriel, model 63358) and a deuterium lamp (Heraeus, model DO544J), respectively. The spectra were recorded with a gate width ∆t g short enough to make sure that the variations of plasma temperature and electron density during the recording were small compared to their absolute values. Thus, the recordings for t = 1.25 and 6.00 µs were obtained with ∆t g = 0.50 and 2.00 µs, respectively. To enhance the signal-to-noise ratio, data acquisition was performed by averaging over 200 ablation events, applying 10 pulses to 20 different irradiation sites. The sites were separated by a distance of 150 µm.

Spectra simulation

The computed spectra were obtained by calculating the spectral radiance of a plasma in local thermodynamic equilibrium (LTE). Details about these calculations can be found in previous papers [START_REF] Gerhard | Quantitative analyses of glass via laser-induced breakdown spectroscopy in argon[END_REF][START_REF] Hermann | Local thermal equilibrium plasma modeling for analyses of gas-phase reactions during reactivelaser ablation[END_REF]. Briefly, the spectral radiance of a uniform plasma in LTE is calculated by [START_REF] Cooper | Plasma spectroscopy[END_REF] 

B λ = U λ (1 -e -α(λ)L ), (1) 
where U λ is the blackbody spectral radiance and L is the plasma size along the line of sight. The wavelengthdependent absorption coefficient of transitions between bound levels is given by [START_REF] Griem | Plasma spectroscopy[END_REF] 

α line (λ) = πr 0 λ 2 f lu n l P(λ) 1 -e -hc/λkT , (2) 
where r 0 is the classical electron radius, h is the Planck constant, c is the vacuum light velocity, T is the temperature, f lu and n l are the absorption oscillator strength and the lower level population number density of the transition, respectively. The normalized line profile P(λ) is calculated considering Doppler and Stark effects that are the dominant mechanisms of spectral line broadening in strongly ionized laser-produced plasmas [START_REF] Zhao | Spatial distributions of electron-density in microplasmas produced laser ablation of solids[END_REF]. In spectra calculations for intensity calibration, all spectroscopic data were taken from the NIST database [START_REF] Kramida | NIST Atomic Spectra Database (version 5.5.6)[END_REF] in which accurate transition probabilities are available for numerous lines of iron atoms and ions. In calculations for wavelength calibration, the data were completed with those taken from the Kurucz database [START_REF] Smith | Atomic spectral line database built from atomic data files from[END_REF]. The Stark broadening parameters of most transitions were not found in literature and therefore measured in a separate experiment (see Table A .3). Details about these measurements are given in previous papers [START_REF] Axente | Accurate analysis of indium-zinc oxide thin films via laser-induced breakdown spectroscopy based on plasma modeling[END_REF][START_REF] Cirisan | Stark broadening measurement of Al II lines in a laser-induced plasma[END_REF][START_REF] Burger | Stark broadening measurements in plasmas produced by laser ablation of hydrogen containing compounds[END_REF].

Wavelength calibration

Principle of operation

Pulsed laser ablation generates a plume that expands rapidly into the surrounding atmosphere until a pressure equilibrium is reached [START_REF] Hermann | Evaluation of pressure in a plasma produced by laser ablation of steel[END_REF]. Accordingly, the temperature and the electron density decrease and the plasma emission undergoes a progressive transformation from a broadband continuum to a spectrum of discrete emission lines [START_REF] Giacomo | Laser-induced plasma emission: from atomic to molecular spectra[END_REF]. The line intensities decrease with temperature and the choice of the delay for observation of sharp, weakly broadened line profiles is given by a compromise between sufficiently high signal-to-noise ratio and the minimization of line broadening. This compromise was found for a measurement time of t = 6 ± 1 µs (corresponding to a gate delay t d = 5 µs and a gate width ∆t g = 2 µs) for which the electron density is of about 2×10 16 cm -3 and most Fe and Fe + transitions have Stark widths and shifts < 10 pm (see Table A.3). According to the plasma temperature of 7200 K [START_REF] Hermann | Evaluation of pressure in a plasma produced by laser ablation of steel[END_REF] the Doppler width is of 3.4 pm, while a Doppler blue shift of about 1 pm is expected during the late stage of plume expansion [START_REF] Touchet | Laser-induced breakdown self-reversal isotopic spectrometry for isotopic analysis of lithium[END_REF]. Given the maximum Stark shift values, the precision of the calibration measurements depends on the uncertainties of the Stark shift parameters that were therefore accurately measured for each chosen line (see Section 2.2). An echelle spectrum of steel recorded for the chosen delay is displayed in Fig. 1(a). It was obtained by combining the UV and VIS/NIR ranges of the Aryelle Butterfly spectrometer (see Table 1).

To check and to correct the wavelength calibration, the spectral ranges corresponding to the 87 diffraction orders are processed successively. Thus, for each order, the transitions appropriate for the comparison between measured and computed line were searched in the ranges at the red and the blue borders indicated by the red and blue vertical lines for the order 60 in Fig. 1 1) for laser ablation of steel with t = 6 ± 1µs. (a) Entire echelle spectrum composed of 87 diffraction orders (gray lines). (b) Zoom on diffraction order 60. The ranges at the red and blue border of the diffraction order are used for shift and dispersion measurements, respectively. measured spectrum λ meas using

λ corr = λ max -∆λ shi f t + f disp (λ meas -λ max ). (3) 
Here ∆λ shi f t is the shift at the red limit, where λ meas = λ max [see Fig. 1(b)], and f disp is a correction factor of the dispersion. The measured spectrum with the wavelength corrected according to eq.( 3) is compared to the spectrum computed according to eq.( 1) and ∆λ shi f t and f disp are deduced from the best agreement between both spectra by minimizing

χ 2 = i [I meas (λ i ) -I comp (λ i )] 2 I comp (λ i ) . (4) 
This is illustrated in Fig. 2 for the shift that is obtained from the comparison of both spectra close to the red limit, where λ meas ≈ λ max and the contribution of the dispersion correction is small according to eq.( 3). Once ∆λ shi f t is determined, f disp is deduced from the comparison of both spectra in the range at the blue border [see Fig. 1(b)], where the difference λ meas -λ max and thus the influence of the dispersion correction is maximum. To improve the accuracy, ∆λ shi f t is measured again by using the previously determined f disp -value for the wavelength correction. The new ∆λ shi f t -value is then used to measure f disp more accurately.

The shift and the dispersion correction factor measured for the Aryelle Butterfly spectrometer are displayed in Fig. 3 as functions of the diffraction order. This spectrometer has two optical paths (see Table 1) that are calibrated independently. In the VIS/NIR range, the max-imum shift is smaller than 20 pm while the largest dispersion correction of about 0.1% corresponds to a shift of a few pm at the blue edge of the diffraction order. The lower accuracy of calibration in the UV range indicated by the larger corrections ∆λ shi f t and f disp may have two origins: (i) the dispersion increases with the diffraction order and the absolute error of the spectral position naturally increases; (ii) The initial wavelength calibration 5) are illustrated by the continuous green lines.

with a low pressure argon-mercury lamp is less accurate because of the reduced number of transitions emitted in the UV range. To obtain the calibration curves for shift and dispersion versus diffraction order, these quantities are approximated by functions

f corr (o) = a cos(b (o -c) d ) + e, (5) 
where o is the diffraction order and a, b, c, d, and e are adjustable parameters.

Time-evolution of spectral calibration

The shift versus diffraction order measured for the UV range of the Aryelle Butterfly spectrometer is displayed in Fig. 4 for different measurement days. Although the apparatus is located in a temperaturestabilized laboratory environment, small changes of the order of 1 pm are observed for two consecutive measurement days. The measurements separated by an entire year are characterized by a slightly larger change of a few picometers. A larger change of the shift of more than 15 pm is observed for the period from d -1.5 years to d -1 year during which an interruption of the temperature stabilization occured. This shows that the optical alignment is not restored when the systems operating temperature is re-established.

Behavior of different echelle spectrometers

The measured shift is displayed for the temperaturestabilized SA 300 echelle spectrometer in Fig. 5. Compared to the calibration of the Ayrelle Butterfly spectrometer (see Fig. 4) the measurement procedure could be successfully operated at higher diffraction orders for the SA 300 spectrometer. The wavelength corresponding to the highest successfully measured order is however equal for both spectrometers (λ 225 nm). This indicates that measurements at shorter wavelength fail because of the low emission intensity of spectral lines in that range. Indeed, Fe or Fe + transitions emitted for λ < 225 nm have large excitation energies and their upper level population number densities are reduced according to the moderate temperature at the late observation time of 6 µs.

The measurements performed at different working days show small variations of the shift despite the temperature-stabilization of the SA 300 spectrometer. These variations of a few pm may be explained by temperature changes due to heating by the ICCD detector. To compensate the low optical throughput of the echelle spectrometer, the spectra recordings are typically performed with large repetition numbers of signal acquisition on the intensified CCD. The detector load is not constant and the generated heat is thus expected to vary. The significant larger shift variation observed for the Mechelle 5000 spectrometer in Fig. 6 supports the possible influence of the heat generated by the detector. Compared to the other spectrometers, the Mechelle 5000 is much smaller and the heat transfer from the dectector is expected to provoke stronger temperature variations. A shift variation of about 30 pm was measured for two consecutive working days while the maximum variation over a measurement period of 10 days was of 40 pm. The accuracy of the calibration measurement is lower for the Mechelle 5000 as illustrated by the relative large fluctuations of the measured shift values in Fig. 6. Due to the smaller resolving power (see Table 1) the line interferences are increased, and it becomes more difficult to deduce ∆λ shi f t and f disp from the comparison between measured and computed spectra.

Intensity calibration

Principle of operation

The large recording delay of spectra used for wavelength calibration was motivated by the requirement of precise wavelength positions of atomic and ionic transitions. As the intensity calibration is based on the comparison between measured and computed line intensities, and the spectra recording delay is here determined by the need of highest accuracy in both the measurement and the calculation of line intensities. The error of line intensity measurements mostly depends on the signal-to-noise ratio and the level of line interference. Reliable line intensity calculations require the fulfillment of the validity conditions of eq.( 1), namely the need of local thermodynamic equilibrium and spatial uniformity. Taking into account all criteria of accurate measurements and calculations, a recording time t = 1.25 ± 0.25 µs (corresponding to a gate delay t d = 1.0 µs and a gate width ∆t g = 0.5 µs) was chosen. A spectrum measured for the chosen delay is displayed in Fig. 7 together with the spectral radiance computed using eq.( 1). The computed spectrum was obtained for T = 10300 K, n e = 1.0 × 10 17 cm -3 , and L = 0.65 mm. Detailed information about the diagnostics of the plasma produced by laser ablation of steel is given in a previous paper [START_REF] Hermann | Evaluation of pressure in a plasma produced by laser ablation of steel[END_REF]. Here, the temperature is deduced from the intensity ratios of lines in narrow spectral ranges, in order to minimize measurement errors due to the inaccurate apparatus response function. The transitions selected for the intensity calibration are indicated by the blue-colored line identification labels. They were chosen according the accuracy of both measured and computed line intensities. While the reduction of the measurement error leads to the selection of the most intense lines, the computed intensity error depends mostly on the accuracy of the transition probability and the optical thickness of the line.

The intensity calibration procedure is operated by dividing the measured spectrum into 200 wavelength intervals, and by selecting the most appropriate Fe or Fe + transition in each interval. For each selected transition, the measured and the computed line intensities were obtained by integration over the line profile. The limits of integration were taken by the wavelengths corresponding to the full width at quarter maximum as shown in Fig. 8 for the Fe I 384.99 nm transition. It is stressed that the precise setting of the limits of integration does not influence the ratio of measured over computed line intensity if the spectral widths of measured and computed line profiles are equal.

Checking and rectifying the apparatus response

The ratio of measured and computed line intensities is displayed in Fig. 9 for both spectral ranges of the Aryelle Butterfly spectrometer and two different working days. The day d 0 (a) corresponds to a measurement performed the day after an intensity calibration with radiation standards (see Section 2.1). The intensity ratio R i = I meas /I comp is shown to be a fluctuating function with a wavelength-independent average value close to unity, expected for an accurately calibrated apparatus. The intensity ratio R i (d 1 ) measured 18 months later (b) is characterized by an average value that changes with the wavelength, indicating that the apparatus response function was altered. The relative standard deviation that characterizes the fluctuation around the average value is similar for both measurement days. Its value of about 15% is of the order of the average uncertainty of transition probabilities A ul reported for the used Fe and Fe + lines (see Table A.3). This indicates that the fluctuations of R i are mostly due to the imprecision of the A ul -values. Thus, the fluctuations are associated to systematic errors that are supposed to be cancelled when dividing the intensity ratio R i (d 1 ) by R i (d 0 ). This is illustrated in Fig. 9(c where R i (d 1 )/R i (d 0 ) is shown to be characterized by a much smaller fluctuation than the intensity ratios R i (d 0 ) (a) and R i (d 1 ) (b) themselves. The change of the apparatus response in the period from day d 0 to day d 1 , given by the ratio R i (d 1 )/R i (d 0 ), is approximated by cosinus-type functions f corr (λ) [see eq.( 5)]. The apparatus response function corrected for the working day d 1 is then obtained by

R corr app (d 1 ) = R i (d 1 )/R i (d 0 ) R orig app = f corr R orig app , (6) 
where R orig app is the original apparatus response function measured on day d 0 -1 [see Fig. 9(d)].

Intensity calibration with uncalibrated lamps

Radiation standards have a short lifetime and their use is typically limited to 50 hours of operation or two years storage. After the recommended period of use, the radiation sources must be reconditioned which is generally associated to a cost and a time during which the standard is not available. We will demonstrate now that the here presented method enables the determination of a valid apparatus response function if a preliminary measurement is done with uncalibrated radiation sources, similar to the two-step method proposed by Bibinov et al. [START_REF] Bibinov | Relative and absolute intensity calibrations of a modern broadband echelle spectrometer[END_REF]. Thus, preliminary apparatus response functions were measured for the three echelle spectrometers (see Table 1) using the same uncalibrated radiation sources. The intensity ratios I meas /I comp obtained with the preliminary apparatus response functions are displayed in Fig. 10 for the three spectrometers. The deduced correction is independent of the apparatus and can be described in first approximation by a linear function.

The corrected apparatus response functions are then obtained by multiplying the preliminary apparatus response functions, obtained with the uncalibrated lamps, with the linear correction function (see Fig. 11).

Validation through compositional measurements

To validate the correction of the intensity calibration, compositional measurements were performed via calibration-free LIBS. The applied method is based on the calculation of the spectral radiance of a uniform plasma in LTE via eq.( 1). A detailed description is given in Ref. [START_REF] Gerhard | Quantitative analyses of glass via laser-induced breakdown spectroscopy in argon[END_REF].

The elemental fractions measured for SF5 heavy flint glass (a) and a CsPbBr 3 pellet (b) are given in Table 2 and displayed in Fig. 12 together with the reference values. These were measured for the SF5 glass via inductively-coupled plasma optical emission spectrocopy. Information about ICP analysis and calibrationfree LIBS measurements of SF5 can be found in Ref. [START_REF] Gerhard | Quantification of surface contamination on optical glass via sensitivity-improved calibration-free laser-induced breakdown spectroscopy[END_REF]. The CsPbBr 3 pellet was produced by mixing CsBr and PbBr 2 powders with 1:1 mol ratio. Only elements of significant abundance, for which statistical measurement errors are negligible, are displayed. The values obtained for measurements with the corrected apparatus response functions are shown to be much closer to the reference values than those obtained with the un- corrected R app -function. This is illustrated by the relative errors ∆C = |C -C re f |/C re f displayed for SF5 and CsPbBr 3 in panels (c) and (d), respectively.

Conclusion

We presented a method for the calibration of echelle spectrometers that exploits the emission spectrum of the plasma produced by pulsed laser ablation of steel. The method is based on the accurate simulation of the very rich emission spectrum of iron. The spectral calibration is achieved by recording a spectrum with a large delay between the laser pulse and the detector gate. According to the moderate electron density, weakly broadened and shifted lines enable accurate wavelength calibration via the comparison between measured and computed spectra. The intensity calibration is operated through the recording of a spectrum at earlier delay for which the conditions of spectra calculations are accurately fulfilled. The apparatus response function is checked and corrected via the ratio of measured over computed line intensities for a large number of transitions distributed all over the measured spectral window. The method is of particular interest for laser-induced breakdown spectroscopy where it is operated via the simple change of the sample material. Here, steel was chosen because reliable spectroscopic data are available for numerous Fe and Fe + transitions. The method could be improved by using metals such as molybdenum or tungsten as their emission spectra are even richer and characterized by a smaller amount of line broadening according to the stronger electrostatic field within the atoms. However, reliable spectroscopic data are missing for Mo and W and the method cannot yet be operated for these materials.
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Appendix A. Spectroscopic data

Table A.3: Lines used for intensity calibration : transition probability A ul in µs -1 with relative error ∆A ul in %, energy E in eV and statistical weight g of lower (index l) and upper (index u) electronic states, Stark width w and shift d in pm for n e = 1 × 10 17 cm -3 . The parameters w and d were measured in a separate experiment. Details about these measurements are given in previous papers [START_REF] Axente | Accurate analysis of indium-zinc oxide thin films via laser-induced breakdown spectroscopy based on plasma modeling[END_REF][START_REF] Cirisan | Stark broadening measurement of Al II lines in a laser-induced plasma[END_REF][START_REF] Burger | Stark broadening measurements in plasmas produced by laser ablation of hydrogen containing compounds[END_REF]. The other data were taken from NIST [START_REF] Kramida | NIST Atomic Spectra Database (version 5.5.6)[END_REF]. 
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 2 Figure 2: (a) Computed and measured spectra at the red border of diffraction order 60. The measured spectrum is displayed for two test values ∆λ shi f t = ±30 pm. (b) The effective shift is deduced from the best agreement via the χ 2 -test according eq.(4).

Figure 3 :

 3 Figure 3: Shift (a) and dispersion correction factor (b) versus diffraction order for the two optical paths of the Aryelle Butterfly spectrometer. The approximation by cosinus-type functions according eq.(5) are illustrated by the continuous green lines.

Figure 4 :

 4 Figure 4: Shift vs diffraction order of the UV range of the Aryelle Butterfly spectrometer measured for two successive working days d-1 (blue triangles up) and d (black squares), a year before (red circles), and 1.5 years before (green triangles down).

Figure 5 :

 5 Figure 5: Shift vs diffraction order of the temperature-stabilized SA 300 spectrometer measured for different working days over a period of 2 months.

Figure 6 :

 6 Figure 6: Shift vs diffraction order of the Mechelle 5000 spectrometer measured for different working days over a period of one week.

Figure 7 :

 7 Figure 7: Measured and computed spectra displayed for spectral windows in the blue (a) and the green (b) ranges. The measured spectrum was recorded with the Aryelle Butterfly spectrometer for a delay of 1.0 µs and a gate width of 0.5 µs.

Figure 8 :

 8 Figure 8: Zoom to Fe I 384.996 nm for the measured and computed spectra displayed in Fig. 7(a). The range of line intensity measurement is set to the full width of quarter intensity (dashed blue lines).

Figure 9 :

 9 Figure 9: Ratio between measured and computed intensities R i = I meas /I comp of spectral lines for spectra recordings (a) directly after the intensity calibration (day d 0 ), and (b) 18 months later (day d 1 ). (c) Change of apparatus response obtained by dividing the later R i -value by the previous one. (d) Apparatus response measured on day d 0 -1 with calibration standards (black lines) and corrected apparatus response obtained for day d 1 .The measurements were performed for UV and VIS/NIR ranges of the Aryelle Butterfly spectrometer.
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 1011 Figure 10: Ratio between measured and computed Fe line intensities for recordings with three different spectrometers for which the apparatus response was measured with the same uncalibrated radiation standards.

Figure 12 :

 12 Figure 12: Elemental fractions measured via calibration-free LIBS for SF5 glass (a) and a CsPbBr 3 pellet (b). The values labeled 'uncorrected' (black columns) and 'corrected' (red columns) correspond to measurements with the original apparatus response and with the R appfunction corrected by the measured over computed intensity ratio of Fe lines emitted from the laser-produced plasma, respectively. The fraction measurement errors deduced from comparison to reference values (blue columns) are presented in (c) and (d).

  Plasma emission spectrum recorded with the Aryelle butterfly spectrometer (see Table

	Intensity (arb. units)				diffraction order 60			(a)
	Intensity (arb. units)	200 200	300 300 diffraction order 61 blue limit	400 400 measure dispersion	500 500 diffraction order 60	600 600 measure shift	700 700 diffraction order 59 800 800 (b) red limit
			384	386	388	390 Wavelength (nm) 392	λ max	394	396	398
	Figure 1:							
							(b). The corrected wavelength λ corr can be ex-
						pressed as a function of the original wavelength in the
						3		

Table 2 :

 2 Elemental fractions measured via calibration-free LIBS for SF5 glass (mass fractions) and a CsPbBr 3 pellet (atomic fractions). The values C and C corr correspond to measurements with the original apparatus response and the corrected R app -function, respectively. The relative errors ∆C and ∆C corr , given in % units, were deduced from the comparison to reference values C re f .

	sample	elmt.	transition	unit	C	C corr	C re f	∆C ∆C corr
	SF5	O	O I 777.19 nm	wt.% 39.5 26.7 27.52 ± 0.50	44	3
		Si	Si I 390.55 nm		14.7 18.9 18.04 ± 0.15	19	5
		Pb	Pb I 363.96 nm		37.1 49.2 49.45 ± 0.92	25	1
		K	K I 769.90 nm		6.5	3.6	3.50 ± 0.03	86	3
		Na	Na I 589.59 nm		2.1	1.5	1.21 ± 0.07	74	24
		Ba	Ba II 455.40 nm		0.2	0.2	0.246 ± 0.003 19	19
	CsPbBr 3	Cs	Cs I 455.53 nm	at.% 15.5 22.0 20.0 ± 0.2	23	10
		Pb	Pb I 363.96 nm		6.7 19.2 20.0 ± 0.2	67	4
		Br	Br I 834.37 nm		77.8 58.9 60.0 ± 0.6	30	2