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Introduction

Lanthanide ions of different ionisation stages have long since received attention because of their roles in different fields. Spectra and energy levels of these ions are valuable data for many applications such as plasma diagnostics and material sciences. In astrophysics, spectral lines of singly and doubly charged ions (spectra II and III) have been identified in observed spectra of chemically peculiar stars for many years (see, for example, refs [START_REF] Ryabchikova | Rareearth elements in the atmosphere of the magnetic chemically peculiar star HD 144897. New classification of the Nd III spectrum[END_REF] and [START_REF] Wyart | Extended analysis of the Eu III spectrum[END_REF]). More recently, search for an electromagnetic counterpart of gravitational waves emitted by binary neutron star mergers strengthened the interest in spectra of heavy element ions, such as lanthanides and actinides, presumably formed through the r-process in the matter ejected during the coalescence. To account for the opacities, spectroscopic data on the four first spectra of these elements are needed [START_REF] Kasen | Opacities and Spectra of the r-process Ejecta from Neutron Star Mergers[END_REF][START_REF] Fontes | Relativistic opacities for astrophysical applications[END_REF]. In material sciences, triply ionised lanthanide ions (spectra IV) are embedded in crystals for use in solid state laser materials [START_REF] Godard | Infrared (2 12 µm) solid-state laser sources: a review[END_REF]. Data on free ions are often references for analysing the influence of the environment on the energy levels or transition probabilities of the embedded ions. The emission spectrum of the triply charged ion Er 3+ received special attention since erbium oxide has been tested as candidate for fusion reactor blanket system [START_REF] Levchuk | Erbium oxide as a new promising tritium permeation barrier[END_REF] and more recently for possible quantum information applications when embedded in silicon [START_REF] Yin | Optical addressing of an individual erbium ion in silicon[END_REF].

Furthermore, reliable experimental level energies provide criteria for validation of ab initio theoretical calculations and allow semi-empirical approach. Therefore, interpretation of laboratory emission spectra aiming at determination of energy levels of lanthanide free ions is an indispensable means to obtain valuable data. Given the complexity of these spectra, this task can be achieved only by high resolution studies. Furthermore, the reliability of results is greatly supported by systematic comparisons of variation trends of energy parameters in isoelectronic or isoionic sequences, or in neighbouring ions.

In the case of erbium, the spectrum of the singly charged ion Er + (Er II) has been revisited by Wyart and Lawler [START_REF] Wyart | Theoretical interpretation and new energy levels in Er II[END_REF], both theoretically and experimentally since the critical compilation Atomic Energy Levels-The Rare Earth Elements,

Martin, Zalubas and Hagan [START_REF] Martin | Atomic energy levels -The rare-Earth elements[END_REF]. The laboratory emission spectrum of the doubly charged ion Er 2+ (Er III) was first analysed by Spector [START_REF] Spector | Level structure of doubly ionized erbium (Er III)[END_REF] and also investigated by Wyart et al. [START_REF] Wyart | Progrès Récents dans l'Interprétation des Configurations 4f N (5d + 6s) des Lanthanides II. Etude Paramétrique des Configurations[END_REF]. Later, the observation of Er III lines in chemically peculiar stars [START_REF] Wyart | Energy levels and transition probabilities in doubly-ionized erbium (Er III)[END_REF] motivated a more complete analysis of laboratory data based on Becher's line list [START_REF] Becher | The Spectrum of Erbium III[END_REF] and the interpretation of electronic configurations by parametric calculations [START_REF] Wyart | Energy levels and transition probabilities in doubly-ionized erbium (Er III)[END_REF].

The spectrum of the free ion Er 3+ (Er IV) was the subject of a PhD dissertation by Carter [START_REF] Carter | The Spectrum of Erbium IV[END_REF] at Johns Hopkins University in 1966 but the conclusion of that work did not lead to a specific publication. Based on semi-empirical considerations on thermodynamical properties of lanthanides, Brewer [START_REF] Brewer | Energies of the electronic configurations of the singly, doubly, and triply ionized lanthanides and actinides[END_REF] predicted an energy difference of 75000 ±3000 cm -1 between the lowest levels of the two configurations 4f 11 and 4f 10 5d, which was larger than the value of 52481 cm -1

given by Carter [START_REF] Carter | The Spectrum of Erbium IV[END_REF]. The critical compilation by Martin, Zalubas and Hagan [START_REF] Martin | Atomic energy levels -The rare-Earth elements[END_REF] retained none of the Er IV levels of Ref. [START_REF] Carter | The Spectrum of Erbium IV[END_REF] because of inconsistencies with the energy separation derived later from the systematic behaviour of similar configurations in rare earths. Instead, calculated theoretical values from parametric studies of Er 3+ ions in crystals were listed for the lowest levels of 4f 11

in [START_REF] Martin | Atomic energy levels -The rare-Earth elements[END_REF] (now transferred into the NIST Atomic Spectra Database [START_REF] Kramida | NIST Atomic Spectra Database (ver. 5.7.1)[END_REF]). In 2015, a theoretical study of Er 3+ energy levels was published by Radžiūtė et al [START_REF] Radžiūtė | Energy level structure of Er 3+[END_REF],

reporting energies from relativistic calculations using Multiconfiguration Dirac-Hartree-Fock (MCDHF) and Configuration Interaction methods. However, in absence of correct experimental level energies for the ground state configuration 4f 11 , the theoretical energies were compared with erroneous experimental energies (E exp ) from [START_REF] Carter | The Spectrum of Erbium IV[END_REF] and with theoretical values (E th ) from ions in crystals collected in [START_REF] Martin | Atomic energy levels -The rare-Earth elements[END_REF].

Consequently, a completely revised analysis of Er 3+ emission spectrum was desirable and was undertaken by our collaborating team. A first analysis unravelling the Er IV spectrum led to preliminary results reported at the APIP conference in 2016 [START_REF] Meftah | Analysis of the VUV emission spectrum of the Er 3+ ion (Er IV)[END_REF] and to a regular publication describing the main characteristics of the spectrum [START_REF] Meftah | Analysis of the free ion spectrum of Er 3+ (Er IV)[END_REF]. The vacuum spark emission spectrum of erbium was recorded in the wavelength region 705 -2460 Å , where transitions between the low lying configurations 4f 11 , 4f 10 5d, 4f 10 6s and 4f 10 6p take place.

Based on theoretical predictions of energy levels and electric dipole transition probabilities by means of the Cowan codes [START_REF] Cowan | The Theory of Atomic Structure and Spectra[END_REF], this revised analysis [START_REF] Meftah | Analysis of the free ion spectrum of Er 3+ (Er IV)[END_REF] led to the identification of 591 spectral lines in the wavelength range 850 -2276 Å as transitions between low levels of these four configurations, and to the determination of 120 energy levels in both parities. Radial parameters were obtained in least-squares fits of both parities, minimising the differences between calculated and experimental energies. These radial parameters were compared with ab initio Hartree-Fock integrals including relativistic corrections (HFR), and the corresponding scaling factors were derived. The mean errors of the fits were respectively 41 cm -1 for 38 known levels of the odd parity configurations 4f 11 + 4f 10 6p and 49 cm -1 for 82 known levels of the even configurations 4f 10 5d + 4f 10 6s. This first revised Er IV analysis [START_REF] Meftah | Analysis of the free ion spectrum of Er 3+ (Er IV)[END_REF] was part of our systematical study of lanthanide ion spectra, carried on for several years, among which are the forth spectra Yb IV [START_REF] Wyart | Extended Analysis of the Spectrum of Triply-ionized Ytterbium (Yb IV) and Transition Probabilities[END_REF], Nd IV [START_REF] Wyart | Energy levels of 4f 3 in the Nd 3+ free ion from emission spectra[END_REF][START_REF] Wyart | Analysis of the free ion Nd 3+ spectrum (Nd IV)[END_REF], and Tm IV [START_REF] Meftah | Observation and interpretation of the Tm 3+ free ion spectrum[END_REF]. The advances in Nd IV [START_REF] Wyart | Analysis of the free ion Nd 3+ spectrum (Nd IV)[END_REF] and Tm IV [START_REF] Meftah | Observation and interpretation of the Tm 3+ free ion spectrum[END_REF] showed the regularities in the 4f n (5d -6p) and 4f n (6s -6p) electron energy jumps along the lanthanide period and confirmed the corrections suggested for energy levels in Er IV [START_REF] Meftah | Analysis of the free ion spectrum of Er 3+ (Er IV)[END_REF]. However, these corrections did not question the wavelength measurements of the presumably classified Er IV lines reported in [START_REF] Carter | The Spectrum of Erbium IV[END_REF], which could be retained for a start.

Because of the complexity of the Er IV spectrum and the presence in the experimental exposures of numerous unknown lines, possibly from other ionisation stages, the previous revised analysis [START_REF] Meftah | Analysis of the free ion spectrum of Er 3+ (Er IV)[END_REF] was limited to the identification of the strongest spectral lines observed and to the determination of energy levels below 176000 cm -1 , but it opened the way to further extended analysis. To have an estimate, in the range 705 -2460 Å , 6 % of lines in the experimental spectrum was classified as Er IV lines. The present work is the extension expected as announced in the conclusions of [START_REF] Meftah | Analysis of the free ion spectrum of Er 3+ (Er IV)[END_REF]. It aims at further line identifications and determination of additional energy levels extending the energy range, either with higher angular momentum J, including those having very few but strong transitions, or with smaller J and weaker predicted intensities.

Experiment and wavelength measurements

For the present work, the same set of emission spectra recorded in the wavelength region 705 -2300 Å used for the previous analysis [START_REF] Meftah | Analysis of the free ion spectrum of Er 3+ (Er IV)[END_REF] were measured to include all lines of weaker intensities. The experimental set-up was similar to previous works on other rare earth ions and was described in detail in [START_REF] Meftah | Spectrum and energy levels of the Yb 4+ free ion (Yb V)[END_REF][START_REF] Meftah | Spectrum and energy levels of the Nd 4+ free ion (Nd V)[END_REF].

To recall the main features, two kinds of vacuum spark sources, sliding sparks and triggered sparks, were used to produce emission spectra of erbium. In both sources, the anode was made of erbium of 99% purity, and the cathode, of aluminum. A low-inductance capacitor of 4.82 µF was charged to a voltage around 7 kV to produce electrical discharges. Spectra were recorded on the vacuum ultraviolet 10.7 m normal incidence high resolution spectrograph at the Meudon Observatory (3600 lines/mm holographic concave grating, linear dispersion of 0.26 Å per mm on the plates, resulting resolution of 150 000 with a slit width of 30 µm). A supplementary inductance between 11 µH and 64 µH was introduced into the electrical circuit to vary the discharge conditions and thus helped to differentiate the lines from different ionisation stages by their intensity behaviour.

Indeed, in the wavelength region studied, lines belonging to Er III and Er IV are both present. Photographic Ilford Q2 (38 cm x 5 cm) plates and photostimulable image plates (40 cm x 5 cm) were used for recording the spectra below 2300 Å , the first ones being preferred for wavelength measurements whereas the latter ones being preferred for intensity measurements due to their linear response over five orders of magnitude of exposure.

The spectra on image plates (IP) were digitised by a FUJI9000 specific scan-ner at a sample step of 10 microns. Photographic plates (PP) were digitised on a high-resolution A3 scanner iQsmart1, simultaneously with a precision optical ruler allowing the correction of a possible non-linearity in the scanner displacement by our programme of measurement of peak positions, as explained in [START_REF] Meftah | Spectrum and energy levels of the Yb 4+ free ion (Yb V)[END_REF].

The with overlapping wavelength ranges. Each section was calibrated in wavelength using standard wavelengths to fit a dispersion polynomial. For all but one measured sections, a quadratic fit led to the smallest standard deviation of residuals, between 0.002 Å and 0.005 Å , with the fewest possible free parameters. Only one section (1365 -1465 Å ) was better fitted with a polynomial of the third degree, resulting in a standard deviation of 0.0025 Å . The previous analysis [START_REF] Meftah | Analysis of the free ion spectrum of Er 3+ (Er IV)[END_REF] reported that, for wavelength calibration, internal wavelength standards were chosen among lines of low-Z impurities, without giving explicitly the references [START_REF] Kelly | Atomic and ionic spectrum lines below 2000 Angstroms. Hydrogen through Krypton[END_REF] and [START_REF] Kaufman | Reference Wavelengths From Atomic Spectra in the Range 15 Å to 25000 Å[END_REF], completed by lines measured by Carter in Er IV [START_REF] Carter | The Spectrum of Erbium IV[END_REF] and by Becher in Er III [START_REF] Becher | The Spectrum of Erbium III[END_REF]. In the present work, we aimed at improving the internal standards by identifying more emission lines from impurities and by avoiding as much as possible previous Er IV wavelengths [START_REF] Carter | The Spectrum of Erbium IV[END_REF], since their identifications were not confirmed. We updated the wavelengths of low-Z impurity lines (C, N, O, Si, Al), taking the values from the NIST Atomic Spectra Database [START_REF] Kramida | NIST Atomic Spectra Database (ver. 5.7.1)[END_REF],

adopting Ritz wavelengths when available, or otherwise, from Kaufman and Edlen's compilation [START_REF] Kaufman | Reference Wavelengths From Atomic Spectra in the Range 15 Å to 25000 Å[END_REF]. A few Er III lines were identified in our spectra using Ritz wavelengths calculated from energy values [START_REF] Wyart | Progrès Récents dans l'Interprétation des Configurations 4f N (5d + 6s) des Lanthanides II. Etude Paramétrique des Configurations[END_REF] and could be included as internal standards (they will be reported separately later with an ongoing Er III study). Exposures above 1400 Å were made with a copper wire around the anode and provided a few lines of Cu III [START_REF] Shenstone | The Third Spectrum of Copper (Cu III)[END_REF] and Cu II [START_REF] Kramida | The Cu II Spectrum[END_REF], to be used as standards. Two strong lines at 2067.7787 Å and 2067.2356 Å were identified as B III resonance lines [START_REF] Litzén | Precision measurement of wavelengths and isotope shifts of the B III resonance lines at 2065 and 2067 Å[END_REF] and included as standards. In principle, for well isolated lines, the uncertainty on the peak-finding can be estimated to ± 4 µ m on the plate, which should result in ± 0.001 Å on the wavelength. However, the spectrum is dense and many lines show asymmetric profiles or are perturbed by close neighbours, increasing this peak-finding uncertainty. The main part of wavelength uncertainty is due to the qualities of wavelength standards available in each section measured. The overall uncertainty on the measured wavelengths is estimated to be about ± 0.005 -0.007 Å for various measured plates, reaching 0.01 Å for very perturbed lines.

The experimental intensity in arbitrary units was estimated for each line from the area under a triangle visually fitting approximately the line profile, either for the photographic plates (PP) or the image plates (IP). Relative intensities are not corrected for the wavelength dependence of the instrumental response, so they are consistent only over a limited range of wavelengths. Keeping in mind these imperfections and the non-linear response of photographic plates, these experimental intensities should be taken as estimates and not as quantitative measurements of intensities.

Analysis, results and discussion

As for our previous Er IV analysis [START_REF] Meftah | Analysis of the free ion spectrum of Er 3+ (Er IV)[END_REF], predictions of level energies and transition probabilities were obtained by applying the Racah-Slater method [START_REF] Cowan | The Theory of Atomic Structure and Spectra[END_REF] to the theoretical study of atomic configurations, by means of the Cowan codes [START_REF] Cowan | The Theory of Atomic Structure and Spectra[END_REF] in a Windows version developed by Kramida [START_REF] Kramida | A suite of atomic structure codes originally developed by R. D. Cowan adapted for Windows-based personal computers[END_REF]. The RCN and RCN2 codes of the package were run to calculate the radial integrals needed for constructing the Hamiltonian operator in the Hartree-Fock formalism including relativistic corrections, separately for the two parities, i.e., the 4f 11 and 4f 

= i (E exp i -E calc i ) 2 /(N i -N p ),
where N i and N p are respectively the number of experimental energies and the number of free parameters.

In the previous work [START_REF] Meftah | Analysis of the free ion spectrum of Er 3+ (Er IV)[END_REF], to provide initial theoretical predictions of level energies and transition probabilities, the HFR radial integrals, or parameters P HF R , were multiplied by scaling factors SF(P ). These were estimated from appropriate previously studied lanthanide ion spectra mentioned above, in which SF(P )=P f it /P HF R , where P f it is the parameter value derived from the LSQ fit of energies using the RCE code. Furthermore, corrections were applied to average energies E av HF R so to obtain the lowest levels of the four calculated configurations within the energy ranges predicted by Brewer [START_REF] Brewer | Energies of the electronic configurations of the singly, doubly, and triply ionized lanthanides and actinides[END_REF]. Then the transition probabilities of the strongest electric dipole transitions were calculated with the RCG code and compared with the experimental spectrum. In the present work, this initial step was made easier by starting from the fitted values of parameters from the previous Er IV analysis [START_REF] Meftah | Analysis of the free ion spectrum of Er 3+ (Er IV)[END_REF]. As in previous studies, to take into account far configuration interactions at the second order of the perturbation theory, effective parameters were introduced with initial values chosen from neighbouring spectra. The parameters α, β and γ are related to two-body excitations in f 11 and f 10 , while the parameters F 1 (f, l) and G k (f, l), the so-called illegal Slater parameters [START_REF] Cowan | The Theory of Atomic Structure and Spectra[END_REF], act on the (S, L) terms of the f 10 l configurations. To reduce the number of free parameters in order to keep the energy predictions reliable, constraints on some parameters were imposed in the fits (fixed values for β and γ in f 11 and f 10 , equal values for the illegal-rank parameters G 2 (4f, 5d) and G 4 (4f, 5d)).

The search for new levels was furthermore supported by using the IDEN code [START_REF] Azarov | Formal approach to the solution of the complex-spectra identification problem. I. theory[END_REF][START_REF] Azarov | Formal approach to the solution of the complex-spectra identification problem. 2. implementation[END_REF][START_REF] Azarov | IDEN2-A program for visual identification of spectral lines and energy levels in optical spectra of atoms and simple molecules[END_REF], which allows the visualisation of the great amount of experimental and calculated quantities involved. To assign a spectral line to a specific transition between two levels, not only the wavenumber must match the dif-ference of the two energies but also the observed intensity must be consistent with the predicted transition probability. Based on the wavelengths of the new list of identified lines, an optimisation of the experimental energy values was performed using the LOPT code [START_REF] Kramida | The program LOPT for least-squares optimization of energy levels[END_REF], which minimises the differences between the whole set of wave numbers from wavelength measurements and those calculated from the experimental energies by the Ritz principle. Asymmetric and perturbed spectral lines or lines with double identifications were introduced with a large uncertainty so they play a weak part by being given a low weight in the optimisation procedure. Some additional lines could be identified thanks to the optimised energy values, thus this optimisation procedure was iterated. The search was pursued until no new level could be validated unambiguously by a chain of transitions.

The present analysis endeavoured to identify unclassified weak lines and increased the number of classified spectral lines from 591 to 1603 in total in the range of (715 -2276 Å ), particularly towards the short wavelength end. Figure 1 summarises the progress achieved in Er IV line identifications, especially in the range 800 -1100 Å . The present line identifications not only confirm the previously found 120 energy levels [START_REF] Meftah | Analysis of the free ion spectrum of Er 3+ (Er IV)[END_REF] but furthermore allow the determination of 168 new energy levels. Thus a total of 288 levels of the Er 3+ ion are known at present. They include 18 levels (9 new) in the ground 4f 11 configuration, 47 (18 new) levels in the 4f 10 6p configuration and 223 (141 new) levels belonging to the even 4f 10 (5d + 6s) configurations.

Table 1 and Table 2 display, as examples, the beginning sections of results on energy levels respectively for the odd and the even parities, in the increasing order of the calculated energies, up to the highest experimentally determined level. Most of the levels are determined by more than two transitions. Only two levels of 4f 10 5d in Table 2 (E = 79275.80 cm -1 , J = 10.5 and E = 108391.70 cm -1 , J = 7.5 ) are determined each by one single transition (922.580 Å for the first, 1318.873 Å for the second), the intensity of which provides an unambiguous identification. The experimental energies are the optimised values derived from the LOPT code [START_REF] Kramida | The program LOPT for least-squares optimization of energy levels[END_REF]. Since the optimisation procedure involved more transitions in the present work, even for the previously known levels [START_REF] Meftah | Analysis of the free ion spectrum of Er 3+ (Er IV)[END_REF], one may expect reduced uncertainties on the optimised energies. Indeed, compared with [START_REF] Meftah | Analysis of the free ion spectrum of Er 3+ (Er IV)[END_REF], the uncertainties given in columns 3 of 240 Table 1 and Table 2, derived as the maximum of the deviations D1 and D2 from the LOPT code [START_REF] Kramida | The program LOPT for least-squares optimization of energy levels[END_REF], show a reduction by a factor of 2 on average for the 6p levels, and a reduction of about 10% for the 5d levels (note that in [START_REF] Meftah | Analysis of the free ion spectrum of Er 3+ (Er IV)[END_REF], the energy uncertainties were in fact the D1 values). For the previously known levels, the changes of the optimised energies in the present work show a rms = 0.3 245 cm -1 ), mostly staying within the uncertainty limits, excluding six deviations larger than 0.5 cm -1 . These latter are due to the small numbers of classified lines with large uncertainties. In Table 1 andTable 2, the calculated energy values of levels, their percentage compositions in LS and JJ coupling schemes and their Landé factors are derived from the last LSQ fit in the RCE code and correspond to the energy parameter values given in Table 4 andTable 5. Figure 2 (a) and (b) display the calculated and experimental energy levels of Er IV for each J, respectively for the odd and even parities.

The complete tables are given in tab-limited text format (Table 1A andTable 2A) as supplementary materials of the journal and also at molat.obspm.fr [START_REF]Online atomic and molecular data[END_REF].

Table 3 is the first page of the complete list of identified lines, which displays for each line : measured wavelength, uncertainty on the measured wavelength specified in the LOPT code [START_REF] Kramida | The program LOPT for least-squares optimization of energy levels[END_REF] for optimisation of energies, the corresponding wave numbers, Ritz wavelength and its uncertainty as derived from the LOPT code, experimental intensities from photographic plates (PP) and/or image plates (IP), calculated gA from this work (TW) and the gA from the previous study [START_REF] Meftah | Analysis of the free ion spectrum of Er 3+ (Er IV)[END_REF], cancellation factor CF, labels and J values respectively for the lower and the upper levels of the transition, and their optimised energies.

The uncertainties of 0.006 Å for wavelengths of unperturbed lines are consistent with the rms of the deviations between measured and Ritz wavelengths for these lines. The uncertainties of 0.013 Å for the perturbed or doubly identified lines are rather overestimated compared with the rms of deviations between measured and Ritz wavelengths of 0.010 Å but this choice was aimed at decreasing their weight in the optimisation procedure. Wavelengths marked by a letter "Q" (Questionable) were completely excluded from the optimisation procedure because they show a difference as large as 0.02 Å with the calculated wavelengths and have an intensity in disagreement with the predicted one. They are nevertheless kept in the line list because they may mask weaker correct lines. Figure 3 displays the deviations between the measured and calculated (Ritz) wavelengths for all the lines included in the energy optimisation procedure. The wavelength re-calibration in the present work led to updating the wavelengths of the previously classified lines [START_REF] Meftah | Analysis of the free ion spectrum of Er 3+ (Er IV)[END_REF], mostly within the uncertainty limits for wavelengths shorter than 2000 Å . For wavelengths longer than 2000 In Table 3, the cancellation factor, as defined in equation ( 14.107), p. 423 in [START_REF] Cowan | The Theory of Atomic Structure and Spectra[END_REF], is a measure of possible effects of interferences due to wavefunction mixings and provides a criterion for the reliability of the calculated gA. However, the 290 limit of reliability is somewhat arbitrary, depending on cases. As examples, in the discussion on the calculated transition probabilities in Te II and Te III spectra [START_REF] Zhang | Transition probabilities in Te II and Te III spectra[END_REF], the authors considered |CF | > 0.05 as the limit for fully reliable A values. In a study on rare-earth elements and ions, Biémont [START_REF] Biémont | Recent Advances and Difficulties in Oscillator Strength Determination for Rare-Earth Elements and Ions[END_REF] considered the transition probabilities as affected by severe cancellation effects when |CF | < 0.01. Among the present 1647 identified transitions, 66% have a |CF | > 0.05 and 1% have a |CF | < 0.01, i. e., most of the gA values are not affected by cancellation effects in spite of strong mixings of wavefunctions in both LS and JJ coupling schemes. In column 9 of Table 3, eleven of the previous gA values are marked with an asterix (*). They show a transcription error in [START_REF] Meftah | Analysis of the free ion spectrum of Er 3+ (Er IV)[END_REF] . Figure 4 displays a comparison of gA from this work and from the previous study [START_REF] Meftah | Analysis of the free ion spectrum of Er 3+ (Er IV)[END_REF] for lines in common in the two works, by plotting ln(A T W /A [START_REF] Meftah | Analysis of the free ion spectrum of Er 3+ (Er IV)[END_REF] ) as a function of the line strengths S T W (in a.u.) calculated in this work. The eleven outlying points have been omitted from this figure. One can see that the gA values are in good agreement with deviations of 8% in average. The complete Table 3 is given in tab-limited text format (Table 3A) in supplementary materials of the journal and also at molat.obspm.fr [START_REF]Online atomic and molecular data[END_REF]. Table 4 reports the results from the final run of RCE for the odd configurations, i.e., the HFR and fitted energy parameters and their uncertainties in the LSQ fit performed with 65 experimental levels of 4f 11 and 4f 10 6p. The mean error of the fit with 9 free parameters is 51 cm -1 . The fitted parameter values and their uncertainties from the previous analysis [START_REF] Meftah | Analysis of the free ion spectrum of Er 3+ (Er IV)[END_REF] are displayed for comparison. Table 5 reports the similar results for the even configurations. The fit performed with 223 experimental levels and 17 free parameters led to a mean error of 53 cm -1 . It can be seen that compared with the previous analysis [START_REF] Meftah | Analysis of the free ion spectrum of Er 3+ (Er IV)[END_REF], all the fitted parameters are determined with much smaller uncertainties.

Conclusions

Based on laboratory high resolution emission spectra of erbium and semiempirical HFR-parametric calculations, we extended the previous revised analysis of the Er IV spectrum [START_REF] Meftah | Analysis of the free ion spectrum of Er 3+ (Er IV)[END_REF], leading to the identifications of 1603 Er IV lines in the UV range of 715 -2277 Å , of which 1022 are new, and to the determination of 168 new energy levels belonging to the 4f 11 , 4f 10 5d, 4f 10 6s and 4f 10 6p configurations of the Er 3+ ion, reaching a total of 288 energy levels in this ion. This work greatly increases the number of known energy levels and leads to better defined energy parameters of the electronic configurations involved. Consequently, the final diagonalisation of the Hamiltonian built with these parameters provides improved predictions for remaining unknown level energies and improved wavefunctions, therefore, more reliable semi-empirical radiative transition probabilities and Landé factors. These results also provide experimental data necessary for testing different theoretical methods, whether they are ab initio or semi-empirical. The experimental vacuum spark spectra of erbium contain many unidentified lines that could belong to the Er III spectrum. The present progress in Er IV opens the way to further study of the Er III spectrum below 2000 Å . , in increasing order of E calc . For each level are given, the configuration, the total angular momentum J, the experimental energy value when available, the uncertainty as M AX(D1, D2) derived from the LOPT code [START_REF] Kramida | The program LOPT for least-squares optimization of energy levels[END_REF], the difference δE = E T W -E [START_REF] Meftah | Analysis of the free ion spectrum of Er 3+ (Er IV)[END_REF] between the energies from this work and the previously determined energies [START_REF] Meftah | Analysis of the free ion spectrum of Er 3+ (Er IV)[END_REF], the calculated energy value E calc resulting from the Cowan codes corresponding to the parameters given in Table 4, ∆E = Eexp -E calc , N cl , the total number of transitions involving the experimental level determination, the calculated Landé factor and the leading components of the eigenfunction and their corresponding percentages in both LS and JJ coupling schemes. The number following a term designation is the Nielson-Koster index for repeating terms [START_REF] Nielson | Spectroscopic Coefficients for the p n , d n , and f n Configurations[END_REF] as given by the Cowan codes. 1A) in supplementary materials of the journal and also at molat.obspm.fr [START_REF]Online atomic and molecular data[END_REF]. The complete Table 2 is available in tab-limited text format (Table 2A) in supplementary materials of the journal and also at molat.obspm.fr [START_REF]Online atomic and molecular data[END_REF]. 

Read 4f

for 4f11, 4f 5d for f10d, 4f 6s for f10s.

(*)Eleven values marked by * show a transcription error in [START_REF] Meftah | Analysis of the free ion spectrum of Er 3+ (Er IV)[END_REF].

(**)The number after a term designation is the Nielson-Koster index for repeating terms [START_REF] Nielson | Spectroscopic Coefficients for the p n , d n , and f n Configurations[END_REF] as given by Cowan's code. (***) D : double identification ; T : triple identification; asym : asymmetrical line; bl : blend with another line ; p : perturbed line; f: fuzzy line. The lines marked by "Q" were excluded from the optimisation of level energies.

The complete Table 3 is available in tab-limited text format (Table 3A) in supplementary materials of the journal and also at molat.obspm.fr [START_REF]Online atomic and molecular data[END_REF] . 

Figure 1 :

 1 Figure 1: Progress in the identification of Er IV lines (a) previously identified [19] ; (b) identified transitions at present, black : 4f 11 -4f 10 5d, blue : 4f 11 -4f 10 6s, red : 4f 10 5d -4f 10 6p , green : 4f 10 6s -4f 10 6p ; (c) the complete experimental vacuum spark spectrum. Panels on the right are enlargements between 800 and 1100 Å . Intensities in arbitrary units (a.u.). Wavelengths in Å . The strong lines close to 832 Å are from O II and O III. The strong line at 977 Å is from C III. The two strong lines at 1031 Å and 1037 Å are from O VI.
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 2 Figure 2: Level energies versus J for (a) the odd parity 4f 11 and 4f 10 6p configurations and (b) the even parity 4f 10 5d and 4f 10 6s configurations. In black: calculated; in red and shifted to the right: experimental.
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 3 Figure 3: Deviations between the measured wavelengths and the calculated Ritz wavelengths for all lines included in the energy optimisation procedure

Figure 4 :

 4 Figure 4: Comparison of the transition probabilities gA from this work (TW) and from the previous work [19] for lines common to the two works versus line strengths. Eleven outlying points have been excluded from the plot (see text)

.

  

  10 6p configurations of the odd parity, and the 4f 10 5d + 5f 10 6s configurations of the even parity. The RCG code diagonalises the Hamiltonian operator and calculates the transition probabilities of electric dipole transitions, gA, the Einstein coefficient of spontaneous emission weighted by the statistical weight of the upper level, to be compared with experimental line intensities.The experimental level energies found in the course of the analysis were used as input data for the last Cowan's code RCE to iteratively improve the radial integral values. The latter were treated as adjustable energy parameters in a least squares fit (LSQ) minimising the mean error ∆E

Table 1 :

 1 Odd parity energy levels of the two configurations 4f 11 and 4f 10 6p of the Er 3+ ion. Energies are given in cm -1

Table 2 :

 2 Even parity energy levels of the two configurations 4f 10

	(5I(6))(6,5/2)
	ion.
	6s of the Er 3+
	5d and 4f 10

Table 3 :

 3 Identified lines in Er IV. Wavelengths below 2000 Å Ritz ; intensities I in arbitrary units (PP : photographic plates, IP : image plates) ; calculated transition probabilities gA from this work (TW) and from Meftah et al. 2016[START_REF] Meftah | Analysis of the free ion spectrum of Er 3+ (Er IV)[END_REF], g being the statistical weight of the upper level, A being the Einstein coefficient of spontaneous emission. CF is the cancellation factor as defined by equation (14.107), p. 432 in[START_REF] Cowan | The Theory of Atomic Structure and Spectra[END_REF]. Col. 2 displays the uncertainties of experimental wavelengths introduced into the LOPT code[START_REF] Kramida | The program LOPT for least-squares optimization of energy levels[END_REF] for optimisation of energy values. Col. 11 displays the uncertainties on the Ritz wavelengths estimated by the LOPT code.

	are in vacuum, and above 2000 Å , in standard air [41]. λ Ritz is derived from the	Comm.*** CF U nc λ Ritz σ (cm -1 (Å) ) calc Low. level** J low Upp. Level** Jup E low Eup (cm -1 ) (cm -1 )	-0.01 0.0019 139719.1 4f11 4 I 7.5 f10d ( 3 K1) 4 H 6.5 0.00 139719.1	0.01 0.0025 135842.9 4f11 2 H2 5.5 f10d ( 3 G3) 4 H 5.5 19331.49 155174.4	0.04 0.0021 135666.0 4f11 4 I 6.5 f10d ( 3 H2) 2 H 5.5 6507.79 142173.8	-0.06 0.0025 134346.5 4f11 4 I 7.5 f10d ( 1 H1) 2 K 6.5 0.00 134346.5	0.04 0.0021 130869.0 4f11 4 I 6.5 f10d ( 3 K1) 4 H 6.5 6507.79 137376.8	0.00 0.003 130438.6 4f11 4 F 4.5 f10d ( 3 G3) 4 H 5.5 24735.79 155174.4	-0.01 0.002 127316.5 4f11 4 I 4.5 f10d ( 3 F4) 4 H 4.5 12468.47 139785.0	-0.12 0.0008 127119.18 4f11 4 I 6.5 f10s ( 5 G) 6 G 5.5 6507.79 133626.97	0.12 0.0014 126611.97 4f11 4 I 6.5 f10d ( 3 F3) 4 H 5.5 6507.79 133119.76	0.00 0.0022 125181.5 4f11 2 H2 5.5 f10d ( 3 K1) 4 K 5.5 19331.49 144513.0	-0.01 0.003 124047.0 4f11 4 F 4.5 f10d ( 3 G1) 4 H 3.5 15404.76 139451.8	0.03 0.0022 123711.7 4f11 4 I 7.5 f10d ( 3 M) 4 L 6.5 0.00 123711.7	0.06 0.003 123466.5 4f11 4 G 5.5 f10d ( 3 K1) 2 I 6.5 26707.61 150174.1	0.23 0.0016 123171.28 4f11 4 I 7.5 f10d ( 3 F3) 4 H 6.5 0.00 123171.28	0.09 0.0015 123145.55 4f11 4 I 6.5 f10d ( 5 D) 6 G 5.5 6507.79 129653.34	-0.04 0.0015 122947.95 4f11 4 I 5.5 f10d ( 3 F3) 4 H 5.5 10171.81 133119.76	0.02 0.003 122688.6 4f11 2 K 7.5 f10d ( 3 I2) 4 L 7.5 28312.44 151001.0	
		gA [19] *	) (10 6 s -1 )																		
		gA T W	(10 6 s -1	61.16	85.82	93.8	98.39	159.8	19.46	72.51	185.7	282.6	11.94	19.29	105.9	303.5	1736	84.41	146.4	56.82	
	optimised level energies. ∆λ = λexp -λ	I P P I IP σexp λ Ritz ∆λ λexp U ncexp	(Å) (cm -1 ) (Å) (Å) (Å)	3 11 0.006 139720.1 715.7218 -0.0058 715.716	65 128 0.006 135843.4 736.1444 -0.0024 736.142	10 30 0.006 135665.5 737.1043 0.0027 737.107	8 25 0.006 134347.6 744.3439 -0.0059 744.338	3 37 0.006 130869.6 764.1228 -0.0028 764.120	9 42 0.006 130439.1 766.644 -0.003 766.641	5 0.006 127316.8 785.444 -0.002 785.442	12 13 0.006 127118.6 786.6634 0.0036 786.667	23 9 0.013 126611.5 789.8147 0.0023 789.817	3 6 0.006 125181.8 798.8400 -0.002 798.838	2 0.013 124046.1 806.146 0.006 806.152	7 16 0.006 123711.1 808.331 0.004 808.335	2 8 0.006 123465.5 809.936 0.007 809.943	96 106 0.006 123171.0 811.8776 0.0014 811.879	3 0.006 123145.3 812.0472 0.0018 812.049	2 12 0.006 122946.9 813.3523 0.0067 813.359	2 815.072 -0.007 0.006 122689.6 815.065	......

Table 4 :

 4 Fitted parameters (in cm -1 ) for the odd parity configurations 4f 11 and 4f 10 6p of Er IV compared with HFR radial integrals. Columns 5 and 10 give the scaling factors SF (P ) = P f it /P HF R except for average energies Eav where P f it -P HF R are given. Constraints on some parameters are indicated in the columns of Uncertainty "Unc." : f as "fixed" (See details in the text). For comparison, parameters fitted previously[START_REF] Meftah | Analysis of the free ion spectrum of Er 3+ (Er IV)[END_REF] with fewer experimental levels are given in columns 6 and 12 followed by their uncertainties in parentheses, followed by their scaling factors in columns 7 and 13.

					4f 11						4f 10 6p		
	Param. P	P f it Unc. P HF R	SF	Pprev SFprev	P f it Unc. P HF R	SF	Pprev SFprev
	Eav	36095.2	19	0 36095.2	35997(44) 35997.0 207155.7	31 152887 54268.7	207022(76) 54135.0
	F 2 (f f ) (r) 100614.6	170 129798	0.775 99750(428)	0.769 105892.9	179 136606	0.775 104983(450)	0.796
	F 4 (f f ) (r)	71649.8	301	81425	0.880 72727(768)	0.893	75655.4	318	86049	0.879	76857(811)	0.769
	F 6 (f f ) (r)	51227.4	212	58575	0.875 50541(516)	0.863	54224.7	225	62003	0.875	53498(546)	0.863
	α	24.5	f			24.5(3)		17.3	f			17.3(f)	
	β	-500	f			-500(f)		-500	f			-500(f)	
	γ	1480	f			1480(f)		1480	f			1480(f)	
	ζ f (r)	2405.4	4	2438	0.987	2407(4)	0.987	2550.4	4	2586	0.986	2552(4)	0.987
	ζp							5310.6	13	4525	1.174	5310(12)	1.173
	F 1 (f p)							280.1	55			292(51)	
	F 2 (f p)							7700.8	282	9398	0.819	7543(451)	0.803
	G 2 (f p)							2264	f	2405	0.941	2264(f)	0.941
	G 4 (f p)							2053	f	2181	0.941	2053(f)	0.941
	Configuration Interaction										
	f 11 -f 10 p												
	R 2 (f f, f p)	-2591	f	-3701	0.700								
	R 4 (f f, pf )	-1406	f	-2008	0.700								
	r : all the parameters of the same name are linked by a constant ratio				
	f : fixed parameter											

Table 5 :

 5 Fitted parameters (in cm -1 ) for the even parity configurations 4f 10 5d and 4f 10 6s of Er IV compared with HFR radial integrals. Columns 5 and 9 give the scaling factors SF (P ) = P f it /P HF R except for average energies Eav where P f it -P HF R are given. Constraints on some parameters are indicated in the columns of Uncertainty "Unc." : f as "fixed" or r as "ratio fixed"; G 2 (f d) and G 4 (f d) are kept equal (See text). For comparison, parameters fitted previously[START_REF] Meftah | Analysis of the free ion spectrum of Er 3+ (Er IV)[END_REF] with fewer experimental levels are given in columns 6 and 12 followed by their uncertainties in parentheses, followed by their scaling factors in columns 7 and 13.

					4f 10 5d						4f 10 6s		
	Param. P	P f it Unc. P HF R	SF	Pprev SFprev	P f it Unc. P HF R	SF	Pprev SFprev
	Eav	133461.4	8	78792 54669.4	133502(67) 54710.0 156897.2	22 104113 52766.2 156929(68) 52816.0
	F 2 (f f ) (r)	105750.7		136066	0.777 106024(601)	0.779 106128.5	71 136550	0.777 106402 (r)	0.779
	F 4 (f f ) (r)	75867.8	142	85682	0.885 75440(1152)	0.880	76159.0	143	86011	0.885	75730(r)	0.880
	F 6 (f f ) (r)	53985.1	120	61731	0.874	54152(879)	0.877	54197.3	121	61975	0.874	54365(r)	0.877
	α	17.6	f			17.6(3)		17.6	f			17.6(f)	
	β	-500	f			-500(f)		-500	f			-500(f)	
	γ	1480	f			1480(f)		1400	f			1400(f)	
	ζ f	2548.5	4	2579	0.988	2555(4)	0.991	2555.5	4	2585	0.988	2562(r)	0.991
	ζ d (r)	1629.9	8	1755	0.928	1635(11)	0.932						
	F 1 (f d)	1128.7				1066(109)							
	F 2 (f d)	24410.7	117	30311	0.805	24370(218)	0.804						
	F 4 (f d)	16260.5		14390	1.130	16574(423)	1.152						
	G 1 (f d)	8592.6		12410	0.692	8697(88)	0.693						
	G 2 (f d) (r 1 )	1784.8	119			1939(232)							
	G 3 (f d)	10108.2	167	10500	0.963	10139(291)	0.966						
	G 4 (f d) (r 1 )	1784.8	119			1939(232)							
	G 5 (f d)	6578.8	164	8108	0.811	6661(224)	0.822						
	G 3 (f s)							2707	105	3286	0.823	2734(112)	0.832
	Configuration Interaction										
	f 10 d -f 10 s											
	R 2 (f d, f s) (r 2 ) 1237.7	106	1379	0.897	965(f)	0.700						
	R 3 (f d, sf ) (r 2 ) 2774.7	237	3091	0.897	2164(f)	0.700						

r : all the parameters of the same name are linked by a constant ratio f : fixed parameter
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Appendix

The following tables are given in tab-limited text format as supplementary materials of the journal: Table1A: Odd parity energy levels of the two configurations 4f 11 and 4f 10 6p of the Er 3+ ion.

Table2A: Even parity energy levels of the two configurations 4f 10 5d and 4f 10 6s of the Er 3+ ion.

Table3A: The classified lines of Er IV (Table 3A) are ordered by increasing wavelengths in the file.