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Electromagnetic transients known as kilonovae (KN), are among the photonic messengers released in the post-merger phase of compact binary objects, for example, binary neutron stars, and they have been recently observed as the electromagnetic counterpart of related gravitational-wave (GW) events. Detection of the KN signal plays a fundamental role in the multi-messenger astronomy entering in a sophisticated GW-detecting network. The KN light curve also delivers precious information on the composition and dynamics of the neutron-rich post-merger plasma ejecta (relying on r-process nucleosynthesis yields). In this sense, studying KN becomes of great relevance for nuclear astrophysics. Because of the highly heterogeneous composition, plasma opacity has a great impact both on radiative transport and spectroscopic observation of KN. Theoretical models attempting in encoding the opacity of this system often fail, due to the complexity of blending plethora of both light- and heavy-r nuclei transition lines, requesting for more complete atomic database. Trapped magneto-plasmas conceived in PANDORA could answer to these requests, allowing experimental in-laboratory measurements of optical properties and opacities, at plasma electron densities and temperatures resembling early-stage plasma ejecta’s conditions, contributing to shed light on r-process metallic species abundance at the blue-KN diffusion time. A numerical study has been recently performed, supporting the choice of first physics cases to be investigated and the design of the experimental setup. In this article, we report on the feasibility of metallic plasmas on the basis of the results from the systematic numerical survey on optical spectra computed under non-local thermodynamic equilibrium (NLTE) for several light-r nuclei. Results show the great impact of the NLTE regime of laboratory magneto-plasmas on the gray opacity contribution contrasted with those under the astrophysical LTE assumption. A first experimental attempt of reproducing ejecta plasma conditions has been performed on the operative Flexible Plasma Trap (FPT) at the INFN-LNS and here presented, together with first plasma characterization of density and temperature, via non-invasive optical emission spectroscopy (OES). The measured plasma parameters have supported numerical simulations to explore optical properties of NLTE gaseous and metallic plasmas, in view of the near-future plasma opacity measurements through spectroscopic techniques. The novel work so far performed on these under-dense and low-temperature magneto-plasmas, opens the route for the first-time to future in-laboratory plasma opacity measurements of metallic plasma species relevant for KN light curve studies.
Keywords: plasma physics, nuclear astrophysics, multi-messenger astronomy, plasma spectroscopy, kilonovae
1 INTRODUCTION
The interplaying network of observations, combining both gravitational-wave (GW) signals and their electromagnetic (EM) counterparts, is representative of the outstanding window on the cosmos offered by multi-messenger astronomy (Rosswog, 2015). In this context, the mergers of compact binary (CB) objects—such as the coalescence of two neutron stars—provide a unique physical opportunity to advance knowledge on the heavy elements nucleosynthesis (Korobkin et al., 2012; Kasen et al., 2017), and to study the post-merger ejecta dynamics (Perego et al., 2014; Wu et al., 2022). The CB merger powers EM transient signals, following the GW event, known as kilonovae (Metzger, 2019) (hereafter, KN), which are fed by a peculiar balance of thermalization and radioactive heating processes (Li and Paczyński, 1998). Depending on the non-trivial merging dynamics and on the ejecta neutron richness, large neutron fluxes could lead to the production of n-rich isotopes far from the beta-stability valley, enriching the CB merger ejecta both of heavy (mass number A ≳140) and light (A ≲140) nuclei, synthesized via the rapid neutron capture nucleosynthesis process (r-process). The bolometric light curve broadband evolution of the bright optical transient AT2017gfo (Korobkin et al., 2012; Arcavi et al., 2017), detected after the GW170817 event (Abbott et al., 2017), has shown a fair agreement with the expected heating rate and opacity from freshly synthesized heavy elements (Metzger et al., 2010; Kasen et al., 2017), resulting from multi-component mass ejection and evolution. The r-process-powered KN transient emission has therefore a key role in the study of the complexity of r-process final abundance pattern, which relies on both thermodynamic conditions and radioactive decays. However, because of its heterogeneous composition, the CB merger ejecta opacity (κ) largely affects the KN emission, in turn influencing both the KN light-curve and the spectral energy distribution. Opacity reflects the plasma atomic level population distribution and the related radiative cross sections. It regulates the energy exchange between plasma and radiation through several absorption-scattering reactions driven by a plethora of atomic line transitions (Tanaka et al., 2020). Ejecta enriched in light r-process elements result in low opacity (κ ≲ 1 cm2 g−1), propagating optical light fading in days (blue-KN), whereas heavy r-process elements enlarges the opacity (κ⪆ 10 cm2 g−1), with redder light curves lasting even for weeks (red-KN) (Kasen et al., 2017). The color characterizing a specific phase of a KN event therefore acts as a diagnostics for the produced nuclei. However, state-of-the-art literature widely request for progresses on opacity modeling (Barnes and Kasen, 2013; Rosswog, 2015; Barnes et al., 2016; Metzger, 2019; Tanaka et al., 2020) to improve KN predictions. Indeed, limited experimental data on opacity of complex (d)- and (f)-shell elements (Bailey et al., 2009; Hoarty et al., 2010; Zhang et al., 2011; Bailey et al., 2015), as well as of their level structure and reaction rates, along with atomic constraints provided by oversimplified theoretical models, could lead to inconsistent results if compared with observations. Therefore, an experimental benchmark closing the gap between theory and observations would be highly desirable to draw quantitative conclusions on the nucleosynthetic yield from observations. At the INFN-LNS, a new plasma trap called PANDORA is under construction (Mascali et al., 2022a). The trap has been developed within the INFN funded PANDORA (Plasma for Astrophysics, Nuclear Decays Observation and Radiation for Archaeometry) project, with the aim to study weak-interaction rates in controlled and monitored electron cyclotron resonance (ECR) plasmas, reproducing stellar-like conditions, in terms of temperature and ion charge state distribution, and opening the route to interdisciplinary experiments relevant for the astrophysics and nuclear astrophysics. In the framework of opacity measurements interesting for the KN light-curve study, trapped magneto-plasmas conceived in PANDORA offer an outstanding controlled environment, allowing first-of-its-kind in-laboratory measurements of optical properties and opacities, at plasma electron densities and temperatures resembling early-stage plasma ejecta’s conditions, contributing to shed light on r-process metallic species abundance at the blue-KN diffusion time. A numerical study has been recently performed, supporting the choice of first physics cases to be investigated and the design of the experimental setup (Pidatella et al., 2021). In this article, we report on further considerations about the possibility of producing metallic light r-process plasmas eligible for the opacity measurements, using the PANDORA plasma trap (Section 2.1). On this track, we report on the first experimental attempt of reproducing ejecta plasma conditions carried out on the already operative Flexible Plasma Trap (FPT) at the INFN-LNS (Section 2.2.1), presenting first plasma characterization of density and temperature (Section 2.2.2), via non-invasive optical emission spectroscopy (OES). The measured plasma parameters have supported numerical simulations to explore optical properties of non-local thermodynamic equilibrium (NLTE) gaseous and metallic plasmas (Section 2.3), in view of the near-future plasma opacity measurements using spectroscopic techniques. Results of in-plasma spectroscopic measurements and of numerical investigations on plasma optical properties is presented and discussed in (Sections 3.1, 3.2), respectively. Finally, conclusion and possible outlook of the work is provided in (Section 4).
2 METHODS
In the following, we report on the methodologies and experimental techniques employed in this work. Technological aspects are discussed in Section 2.1, based on the know-how gained at the INFN laboratories (LNS and LNL) on injection methods of metallic atoms into magnetically confined plasmas, and on the numerical feasibility study (Pidatella et al., 2021), providing further constraints on the physics cases suitable for opacity measurements. Moreover, a full description of the flexible plasma trap facility, the experiment design, and diagnostics techniques employed are provided in Section 2.2. Finally, details on the numerical calculations performed to study magneto-plasma optical properties are reported in Section 2.3.
2.1 On kilonovae ejecta constraints for in-laboratory electron cyclotron resonance plasma experiments: Metallic element injection
Fundamental elements for the interpretation of the KN light-curve are the r-process yields (determining the heating term) and opacities (leading the energy exchange between radiation and plasma). The AT2017gfo spectrum delivers absorption signatures suitable with blending of many atomic lines expected from actinides and lanthanides. For earlier-stages spectrum ([image: image] days), a prominent absorption feature compatible with strontium lines has been observed (Watson et al., 2019; Gillanders et al., 2022). Recently, the contribution to spectral features arising from hydrogen and helium was excluded (Perego et al., 2022), and other synthetic spectra calculations have reported about possible detection in future KN events of light elements such as calcium (Domoto et al., 2021), platinum, and gold (Gillanders et al., 2021). Despite the huge number of studies on KN light-curve predictions, still large uncertainties on the relative contributions from various isotopes remain, in part due to the lack of complete atomic transition data. In this view, we have recently performed a numerical study to draw feasibility conditions in the plasma trap for measuring opacity of some of these light elements, on the basis of inputs from KN ejecta models and r-process nucleosynthesis yields calculations (Pidatella et al., 2021). Inside a compact magnetic trap, such as PANDORA, dense and hot magneto-plasmas, composed of multi-charged ions in a bath of energetic electrons, are magnetically confined, and heated by microwave power, exploiting the ECR heating mechanism (Geller, 1996). ECR plasma typical electron densities go up to [image: image] cm−3 and energies in the range of eV- tens of keV (Mascali et al., 2022a). Within these plasma conditions, the KN stage reproducible in the trap belongs to 10–2 − 100 days after the merger, corresponding to the blue-KN signal. The latter shows a peak of the light curve at optical frequencies, mostly determined by ejecta’s light component with low opacity. The light r-process elements production is expected to be prominent at this stage, due to high electron fraction Ye, this being indicative of the initial neutron richness. Since the blue-KN is largely shaped by light elements, the study was focused on plasma atomic species going from selenium (Z = 34) to rhodium (Z = 45). While theoretical predictions, based only on abundances and number of transition lines, promote elements as molybdenum, technetium, ruthenium, and rhodium as the most opaque species among those considered (Tanaka et al., 2020), we found that at typical NLTE regime and plasma parameters studied, the mean opacities of lighter elements as selenium, strontium, zirconium, and niobium are several orders of magnitude larger than those of the former elements (Pidatella et al., 2021). Injection of the aforementioned metallic elements in ECR plasmas requires specific vaporization techniques, both using resistive ovens (RO) to evaporate the metallic compound whose vapor pressure goes to 10–2 mbar at temperature T ≤ 2000 K, or sputtering (Sp) techniques, usually used for refractory elements. The choice of methods also depends on the efficiency of injection (Mascali et al., 2022a; Mauro et al., 2022). On this basis, selenium and strontium are chosen as day-0 cases for the first measurements. In Table 1, we report on the results from injection efficiency calculations carried out on the aforementioned elements. It can be evinced that some elements are more feasible than other, both in terms of availability, handling/control of the injection procedure, and efficiency.
TABLE 1 | Light r-process elements of interest for opacity measurements for the blue-KN stage. Tvap [K] is the evaporation temperature of the species. Species with larger injection efficiency and easier production are marked in green (▪), while those presenting some efficiency or availability limitations in yellow (▪).
[image: Table 1]2.2 First characterization of plasma parameters for gaseous electron cyclotron resonance plasmas
In this section, the main characteristics of the FPT are highlighted. The trap represents the outcome of the experience gained in the physics of plasma ion source at the INFN-LNS in the last decades (Gammino et al., 2017). It is characterized by a peculiar flexibility in terms of possible magnetic field configurations and microwaves heating frequency, exploiting the known ECR heating mechanism (Geller, 1996). Plasma parameters mostly depend on the particular tuning of the field profile, RF frequency and power, and gas buffer pressure, leading to many possible scenarios. Generated plasmas are suitable for studies of astrophysics, nuclear, and multidisciplinary physics, especially on the basis of their stellar-like temperature conditions. In this context, a particular effort has been spent at the INFN-LNS to develop a multi-diagnostics system to allow both a full characterization of the plasma parameters for all electron and ion species involved and interdisciplinary studies (Mazzaglia et al., 2018; Naselli et al., 2019a; Mazzaglia et al., 2019; Naselli et al., 2022a; Mascali et al., 2022b; Torrisi et al., 2022). The FPT is therefore a valuable experimental facility operative at the INFN-LNS to benchmark monitoring diagnostics and experimental techniques to be employed in PANDORA, of course on a larger scale, which is precious for the future envisaged in-laboratory plasma measurements relevant for the KN study. In the following, we report on the experimental setup adopted for the first non-invasive characterization of gaseous ECR plasma only via OES, generated, confined, and sustained via the FPT (Section 2.2.1). We also provide a general picture of the multi-diagnostic setup used in the experiment, particularly focusing on OES diagnostic, and the applied line-ratio method (Fantz, 2006; Fantz et al., 2006) for estimating electron plasma density and temperature for low-Z plasma buffer (Section 2.2.2), that is, hydrogen (H2) and argon (Ar).
2.2.1 Experimental setup: Flexible plasma trap and diagnostic system
The FPT magnetic field is provided by means of three solenoids, which allow the tuning of the field profile. The plasma characterization in the FPT has been performed in both simple mirror and quasi B-flat configuration, adequately tuning the Bmin/BECR, used as figure of merit for the plasma stability (Mazzaglia et al., 2018; Naselli et al., 2019b), and also modifying source parameters: microwave power (PRF), heating frequency (fRF), and gas neutral pressure (p0). In the Figure 1A view of the FPT setup including all diagnostics used is shown. The FPT plasma has been generated via the radial microwave injection (perpendicular to the chamber longitudinal axis), leaving the parallel axis available for the diagnostics. The injection is carried at frequencies ranging between 4 and 7 GHz. The signal is generated by a Rohde & Schwarz generator, amplified by a traveling wave tube (TWT) and sent to the FPT by WRD350 waveguides. A directional coupler allows to measure forward and reflected power, while an insulator safeguards the TWT by the power reflected backward. A differentially pumped system, using a small orifice (dosing valve), connects the plasma chamber vacuum with the vacuum reservoir developed for performing mass spectrometry. The two vacuum systems work at very different pressures (e.g., pchamber = 10−4÷−2 mbar, pspectrometer ≤ 10–5 mbar) and requires the development of an independent vacuum piping system. A compact residual gas analyzer (RGA) was used for the vacuum diagnostics and for mass spectroscopy (Pfeiffer Vacuum—QMG 250 PrismaPro®). A view of the apparatus is shown in Figures 1C,D. The diagnostic line is quite complex, with the intent to perform non-invasive on-line cross-measurements in multi-diagnostics: 
1) A pin-hole setup, coupled to a high-resolution CCD camera, able to perform space-resolved X-ray imaging of plasma emission (Rácz et al., 2016). The system is supported by an algorithm, which can analyze the single-photon counting (SPhC) images for energy-resolved investigation pixel-by-pixel to study the local plasma-emitted spectrum in a high-dynamic range (HDR) mode by distinguishing the fluorescence lines of the materials of the plasma chamber (Ti and Ta) from plasma, for example, (Ar) fluorescence lines (Naselli et al., 2022b);
2) OES has been developed to characterize the cold electron population (kBTe ≤ 30 eV). It consists of an energy-calibrated spectrometer (i-HR 550 Horiba, diffraction grating 2,400 gr/mm, with nominal resolution of 35 pm at 486 nm, ranging from 300 to 750 nm), with relative calibration in intensity, coupled to a CCD detector (26 μm pixels)—a view of the detection system is shown in Figure 1B. OES allows not only to estimate the electron density and temperature of cold electrons in the plasma bulk (Mazzaglia et al., 2019) but also to advance knowledge on the relative percentage of the ion species within the plasma, by means of the line-ratio method (Fantz, 2006);
3) Microwave interfero-polarimetry to measure the line-of-sight integrated density of the whole plasma. Microwave polarimetry setup is able to investigate on the magnetoplasma-induced Faraday rotation in a compact plasma trap, monitoring plasma ignition, stability, and whole-density modulation led by changes in the source parameters (Mascali et al., 2022b);
4) RF probe placed axially and connected to an 80 Gsample/s oscilloscope, included to probe kinetic plasma instability and to make time-resolved measurements of the latter, based on the detection of emitted RF signals from the unstable plasma.
[image: Figure 1]FIGURE 1 | FPT experimental room and apparatus. (A) View of the FPT setup, including the chamber, magnetic coils, the RF instrumentation, and the axial diagnostic line. (B) Horiba spectrometer and the CCD detector, connected to the optical fiber. (C) RGA and the differential pumping system set to perform mass spectroscopy of gases in the chamber. (D) Part of the X-ray diagnostic line, with focus on the orifice to dose gas into the RGA.
In this work, despite the synergistic effort spent to develop the aforementioned diagnostic system, we will only provide further insights on the OES diagnostic (b), and its related methods to investigate on optical properties of generated plasmas.
2.2.2 Plasma optical emission spectroscopy for hydrogen and argon plasmas
To interpret intensities measured by OES, a model describing the correlation between atomic level population densities of excited states with plasma parameters, for example, the electron density (ρe) and, if the electron energy distribution function (EEDF) is Maxwellian, the electron temperature (Te) must be used. Collisional-radiative (CR) models well suite typical NLTE plasma generated via the ECR mechanism (Fantz, 2006; Fantz et al., 2006). The models provide this description by balancing reactions that imply a change in the electron energy level of atoms or molecules in a plasma: the time-derivative of the population density np of an excited state p can be written as a function of the other state densities, 
[image: image]
with ρe being the electron density, Aqp is the Einstein coefficient for the transition from state q to p, χq→p is the rate coefficient for electron collision excitation (if Eq ≤ Ep) and de-excitation (if Eq ≥ Ep). This quantity describes, given an initial and a final state, the number of considered electron collision processes per unit of time normalized by the densities of the colliding particles. In Eq. 1, by taking p = 1, … , N, with N being the total number of excited levels of the considered emitting particle specie, a whole set of coupled differential equations, describing the temporal evolution of the population density of each excited state, is obtained. Such set is a simplified example of a CR model, which includes some of the most relevant processes for a low-pressure and low-temperature plasma. However, more processes can be included making models progressively closer to the reality. The resulting population densities np can be written in terms of population coefficients, [image: image], with n0 being the ground state density, and np a function of ρe, as seen from Eq. 1. Since population coefficients are function of plasma parameters, they can be used to reproduce/match experimental measurements, and in particular to determine averaged electron density and temperature, inferred via emission-line ratios from plasma spectroscopy, along the line-of-sight. In this work, the Yacora CR model (Wünderlich et al., 2020) has been used, in which calculations assume only excitation from the respective ground state in both the atom and the molecule, mainly for diagnostics in low-pressure plasmas (namely for atomic hydrogen, molecular hydrogen, and helium). Line ratio, between two different emission wavelengths λj and λk, [image: image], can be obtained by evaluating the ratio between effective emission rate coefficients, 
[image: image]
Thus, the line-ratio method only requires the analyzed spectra to have relatively calibrated their lines, making it more viable since no absolute intensity calibration is needed. However, the method is not fully exploitable for absolute information carried by single-line emission, leaving a possible full line interpretation only to absolutely calibrated spectra. With this limitation in mind, in the following we will present results on the basis of the line-ratio method, supported by a complete error analysis above the experimental results and the estimated plasma parameters. Several configurations of the plasma trap have been explored, and systematic data acquisition has been carried out. All spectra have been measured collecting the visible (VIS) light in the range 350–750 nm, via an optical fiber (NA = 0.22, core ø = 200 μm), connecting the spectrometer to a quartz window of a vacuum flange (see Figure 1D). Different acquisitions, ranging in 1–2 s, have been used dependent on the RF power employed to sustain the plasma. Figure 2 shows both magnetic field profiles used to confine the plasma and typical spectra collected in the VIS for both single-H2 and H2-Ar gas-mixture plasma. Further information on each experimental run are reported in Table 2.
[image: Figure 2]FIGURE 2 | (A) Numerical calculation of the magnetic field profiles as function of solenoids currents, for the three configurations explored with OES, as reported in the legend. The microwave frequency (BRF = me2πfRF/e), fRF = 6.786(3.76) is drawn as solid (dashed) black line. (B) Spectra of emission-lines from H2 plasma (orange) and [image: image] gas-mixture plasma (blue). H-Balmer lines are indicated, along with the Fulcher-α band Q-branch lines [image: image]. (C) Zoom-in of the Hα lines for both the single species and gas-mixture, for the high-frequency fRF = 6.786, at 140 W, and p0 = 10–2 mbar.
TABLE 2 | OES experimental run details. Pure hydrogen (H2) and hydrogen–argon mixture [image: image] cases are explicitly indicated. Configurations are labeled by n. (#) and B-field (a-c) - see also Figure 2A.
[image: Table 2]2.3 Numerical investigation on electron cyclotron resonance plasma optical properties
Experimental activities would widely benefit of numerical studies of the plasma optical properties. The latter shows not only interesting properties as being an active medium but also ECR magneto-plasmas in trap are present with peculiar properties, such as high inhomogeneity and anisotropic energy distribution, due to the EM heating and the magnetic confinement. Therefore, in-laboratory ECR plasmas become an interesting physical mean to be described in terms of radiation–matter coupling, in order to support the envisaged experimental spectroscopic measurements. In the following, we present some numerical results concerning the impact of a layered plasma mean on the optical features of the plasma, in terms of varying electron density and temperature along one line-of-sight, including or not the presence of an external perturbing black-body radiation field (Section 2.3.1). By means of the same numerical approach, we provide some quantitative constraints on typical light-source properties, which can be compatible with the maximization of plasma opacity at given electron density and temperature, resulting from the OES experimental measurements (Section 2.3.2).
2.3.1 Impact of non-homogeneous plasma stratification on transmission spectroscopy
The problem of determining plasma parameters and structure from optically thin emission lines, whose emission coefficients and frequency-integrated intensities depend on both electron temperature and density, is widely discussed in the literature (Craig and Brown, 1976; Thompson et al., 1992), especially facing the fundamental limitations of observed spectral line-ratios as well-posed diagnostic method for inferring plasma parameters (Judge and Hubeny, 1995; Judge et al., 1997). The inverse problem is affected by large uncertainties in the case of non-isothermal and inhomogeneous emitting source, since the latter could be structured and layered along the line-of-sight of the detector, thus producing a convoluted spectral distribution with an emission measure differential both in density and temperature. These layered-emission properties can be easily related to ECR plasmas. Therefore, studying this spectroscopic problem is of relevant interest for supporting experimental measurements. In this context, we performed numerical calculations of synthetic spectroscopic observables of emitting ECR plasmas, with a layered structure along one line-of-sight, at specific electron density and temperature. These latter are taken from previous self-consistent numerical simulations (Mishra et al., 2021) carried out to reproduce experimentally observed X-ray fluorescence emission of argon plasma, magnetically confined in a minimum-B profile, ignited, and sustained with microwave frequency and power, 12.84 GHz and 30 W, respectively. The numerical tool used is able to collect plasma electrons with similar parameters (density, EEDF) in regions of interest (ROIs) based on their mean energy content. Clustering of electrons in ROIs has been performed looking at electrons in the [0,2] keV energy range, along the longitudinal axis of the plasma chamber, crossing, the closed resonating magnetic isosurface at B = BECR = 0.46 T, as well as one of the employable spectroscopic line-of-sight designed for the plasma trap. Figure 3 shows the collection of nested mean energy isosurfaces inside the simulation domain, along with the ECR isosurface. A multi-slicing plot is superimposed on this, providing a cross-view of the space-dependent plasma’s electron mean energy upon moving along the longitudinal axis. Seven main ROIs have been located here and are indicated as R in the figure. For each of these ROIs, one collective electron density and temperature (assuming a Maxwellian EEDF) is assigned. This simulation allows us to provide a hint of the structured plasma parameters along the experimental line. Electron density and temperature estimated supply the next numerical calculations by means of the ion population kinetics code known as FLYCHK (Chung et al., 2005). The code suite takes as inputs the plasma parameters to compute spectral observables of the plasma, such as opacity, emissivity, and intensity, according to the degree of plasma ionization and atomic level population distribution. Calculations have been performed in NLTE regime, which is typical of ECR sources, by solving the rate matrix equations arising from the CR model considered in the code suite, including both the collisional and radiative processes. The code is also capable to include the effects of external radiation field, on the basis of an input file containing the intensity of the source as a function of the radiation wavelength, which has been included and processed in our calculations. This latter has been performed to show the impact of a light source on the stratified optical properties of plasmas. Focusing on the numerical structure of opacity, this is computed in terms of the cross section for both bound–bound transitions (κBB), bound–free transitions (κBF), and free–free transitions (κFF). Radiation from BB transition peaks at a wavelength corresponding to the energy difference between two levels. BF transition is recombination radiation, whose wavelength corresponds to the sum of the kinetic energy of the recombining electron and the binding energy of the shell that the electron falls to. Bremsstrahlung radiation is emitted from FF transitions when free electrons lose their kinetic energy colliding with electrons or ions. While the FF process involves continuum states, whose opacity mostly depends on electron density and temperature, the BF and BB also depend on the ion stage population of excited levels in the atomic shell. For instance, the BB opacity is given as 
[image: image]
where the population density of the upper (lower) level is u(ℓ), Nu(Nℓ), gu(gℓ) are the degeneracy factors, ρ [g cm−3] is the density of the specie, fℓu is the oscillator strength, and φ is the line profile function. At low-temperature blue-KN ejecta conditions (T⩽104 K), together with a low ionization level, typically κBB results to be prominent among the other terms. The numerical results from calculations of the plasma opacity including all three possible contributions, and performed for the argon plasma as structured from self-consistent simulations are presented and discussed in Section 3.2.
[image: Figure 3]FIGURE 3 | Representation of simulated plasma slicing along the longitudinal z-axis for studying the layered optical properties of Ar plasma. Nested isosurfaces refer to the volumetric collection of electron with the same mean energy content. Magnetic isosurface at the ECR (light-blue) is also shown. Along the z-axis regions of interest (R) have been selected and indicated in the figure, intersecting inhomogeneous plasma regions with different electron density ρe and energy kBTe, both numerically extracted in the [0,2] keV energy interval, and associated to each R. All the R is assumed as homogeneous plasma slab to be studied in FLYCHK, in the presence or not of a light source black-body radiation field.
2.3.2 Light-source dimensioning for electron cyclotron resonance plasma spectroscopy based on optical emission spectroscopy measurements
Numerical calculations by using FLYCHK can also support the experimental design, and in particular the light-source dimensioning in terms of power and/or spectral irradiance to be used for transmission spectroscopy, and for measuring the line-integrated opacity of emitting plasma. We have performed calculations of synthetic spectral observables, focusing on the opacity term, to study the impact of external black-body radiation fields on the latter, for gaseous as well as for metallic species of interest for the KN studies. Contrarily to what has been carried out about the layered plasma emission, described earlier in Section 2.3.1, plasma parameters used in these calculations are not derived from 3D numerical simulations, but rather they are constrained by the estimates from OES observations during the experiment, as described in Section 2.2.2, which results are present in Section 3.1. In doing this, we have assumed plasma parameters for metallic plasmas similar to the gaseous experimentally explored so far, given that metallic species atom fractions with respect to the plasma buffer gas (e.g., Ar) is usually not exceeding 1 %. Moreover, and for simplicity, no structured emission is considered in these calculations, but a rather homogeneous emitting plasma source. We aim at finding a good experimental trade-off among light-source intensity and the evidence of more opaque spectral region, whose absorption feature are better observable during the transmission measurements.
3 RESULTS AND DISCUSSION
In the following, we report on the experimental data collected via OES, and on the data analysis performed to estimate both electron density and temperature, along with their experimental uncertainties, as resulting from the line-ratio method applied to the hydrogen Balmer’s lines (Hα, Hβ, and Hγ). Moreover, numerical results concerning the plasma optical properties arose by the calculations with FLYCHK will be presented, focusing on the predicting power of simulations to support future experimental measurements, as well as to investigate on the plasma stratification problem, and thus on the light-emission convolution, along experimental line-of-sights.
3.1 Experimental data analysis
Several plasma trap configurations (hereafter, cfgs) have been investigated, but only seven of these have been chosen to make systematics in terms of RF power (PRF), based on the plasma stability and reproducibility, as reported in Table 2. The latter, beyond the capability of the plasma trap to engage, ignite, and sustain, the plasma at a given frequency (fRF) and magnetic confinement, has been probed via OES by looking at the stability of Hα,β,γ emission lines, and in particular on their ratios, that is, Hαβ =Hα/Hβ, and Hβγ =Hβ/Hγ, during many acquisitions at fixed PRF. Example of such on-line analysis is shown in Figures 4A,B for one of the configurations. The ratios employed for monitoring are calculated from the analysis performed on each spectrum. A dedicated code written in MATLAB ⓒ has been developed to perform the spectral analysis, by means of least-square fit procedure of emission peak of interest, along with the error derivation from the fit procedure. Multiple-Gaussian fits are employed to improve the fit procedure, and the peak area is used as a central value of the ratios. In the end, the error analysis including both statistical error and uncertainty led by the fit procedure is computed via the error propagation formulas. The following analysis flow is considered: 
• Fitting procedure on the peaks of the H-spectra. The general formula for the peak’s area calculation fit by N Gaussian function (f(λ) = a ⋅ exp( − (λ − b)2/c2) ), is given as
[image: image]
where N is the number of Gaussian functions used, ai, ci, are the i-th coefficients from fit parameters, Δλ is the spectral bin width. Areas of the peaks refer to the related line-intensities, and to the population rate coefficients, accordingly to Eq. 2. 
• Calculation of the ratios, [image: image] and [image: image] for each spectrum and for all the configurations.
• Error propagation procedure to estimate uncertainties. For each spectrum, each calculated area below the peaks carries an error, given as
[image: image]
[image: Figure 4]FIGURE 4 | Monitoring of Hαβ (A) and of Hβγ (B) in the RF power (PRF [W]) - spectra plane. Both refer to the experimental run 3, at fRF = 3.76 GHz, p0 = 1E − 03 mbar.
with σa,c the standard deviation on a, c fit coefficients, and σac the correlation coefficients from the covariance matrix. The latter terms contribute to the total error only in case of correlations among the fit coefficients in the Eq. 4. The covariance analysis has shown generally non-zero correlation elements σac, which however are negligible with respect the other terms, and hence they have been ruled out from later on estimates of errors. By means of Eqs 4, 5, error propagates also to the ratios as 
[image: image]
• Since we have a set of S independent measurements of the peaks area, each of them equally important, but with some of them carrying unequally large uncertainties, it is sounder computing the so-called inverse variance weighting, onto a weighted mean of ratios, which gives more weight to the measurements with less uncertainty (Taylor, 1996; Knoll, 2010). Thus, we proceed calculating the weighted mean ratio for each configuration, ⟨Hαβ⟩ and ⟨Hβγ⟩, according to
[image: image]
with [image: image] being the weights obtained through Eq. 6. The standard error associated to Eq. 7 can be then computed by applying the propagation formula to the latter (Knoll, 2010), which is given as 
[image: image]
In Figures 5A,B the mean ratios given as from Eq. 7, and related uncertainties from the error analysis are shown as a function of RF power, for all the configurations examined. Considering the mean line-ratios and their experimental uncertainties, we therefore compared the latter to the theoretical ones, as resulting from numerical calculations using the Yacora CR model (Wünderlich et al., 2020). Theoretical ratios, [image: image] and [image: image], have been estimated for several electron densities ρe and energies (hereafter, temperature Te, assuming a Maxwellian EEDF), and are shown in Figures 6A,B as surface plot in the (ρe, kBTe) plane. On top of theoretical data, we drew the observed isoline ratios, collecting all the possible points (ρe, Te) matching with the observable (solid line). The same is made for the upper and lower values of ratios - as coming from adding uncertainties from Eq. 8 - generating other possible points, and providing a range of solutions for the inverse problem of inferring ρe and Te from the spectroscopic observables Hαβ,βγ(ρe, Te). In particular, a solution can be found by solving the following non-linear system 
[image: image]
[image: Figure 5]FIGURE 5 | Averaged ⟨Hαβ⟩ (A) and ⟨Hβγ⟩ (B) vs. PRF over all spectra for each RF power, including uncertainty from error propagation (shaded region). Different experimental run are labeled according to Table 2 and shown in the legend.
[image: Figure 6]FIGURE 6 | Surface-contour plot of experimental ⟨Hαβ⟩ isoline (solid line) on top of theoretical [image: image] isosurface (A), and of experimental ⟨Hβγ⟩ isoline (solid line) on top of theoretical [image: image] isosurface (B), from Yacora calculations, on the plane energy kBTe [eV] vs. electron density ρe [m−3]. Experimental uncertainties [image: image] are shown as dashed (dotted) lines, better evinced in the insets. Both plots refer to the experimental run 3, at PRF = 350 W.
which if exists, should be unique. In other words, this is equivalent to find a cross-point in the (ρe, Te) plane between the experimental isolines Hαβ and Hβγ. If it exists, then a solution to the system of Eq. 9 exists too, and this provides an estimate of the averaged electron density and temperature, along the spectroscopic line-of-sight. The error committed in the estimates should be calculated propagating the uncertainties of measured ratios in the equation system. However, this is not an easy task to be accomplished. Beyond the degree of complexity in solving this uncertainty analysis, due to the non-linearity nature of the problem, and to the lack of analytical functions describing both [image: image] and [image: image], determining the electron density and temperature uncertainties δρe, δkBTe is both analytically and numerically difficult. To make progress on it, we faced the problem from a different perspective. In particular, as it is shown in Figure 7B, we found upper and lower limits for both ρe and Te from graphical solutions, as led by crosses of observed ratio uncertainties on the theoretical surface, that is, [image: image], and [image: image], as also shown in Figures 6A,B. These results deserve to be further discussed. First, the range of electron density and temperature found still represent line-convoluted average quantities, still suffering from the mentioned emission measure differential in temperature and density of structured plasmas (see Section 2.3.1), depicting global rather than local plasma parameters. Second, the line-ratio method carries several uncertainties due to relative intensities of the spectral features, which cannot be alternatively treated in this work, and which require absolute calibration of the instruments to improve the physical interpretation of OES data. The quality of the modeling results, on which relies the accuracy of diagnostic outcome by the line-ratio method, also depends on the existence and quality of cross section and rate coefficient data for the CR processes. As it can be evinced by Figure 7A, derived plasma parameters from OES measurements are generally affected by small uncertainties, especially in the low-Te region (kBTe ≤ 10 eV), in contrast to those belonging to the high-Te range, for which error bars are larger (up to 50% relative error, see Table 4). This can be partially addressed to the theoretical trend of ratio isolines on the (ρe, kBTe) plane, which for higher values of kBTe bend into a quasi-flat curve. Thus, assuming even a small δρe, a larger δkBTe could be expected, and therefore a large range of possible crossed electron temperatures. Contrarily, in the low-Te range, small uncertainties δkBTe could lead to a larger δρe, and thus to a large range of possible crossed densities. Moreover, looking at Figures 8A,B other important features on plasma parameters dependencies on RF power and neutral gas pressure can be evinced. Generally, the low-pressure configurations (1, 4, and 5) show the largest temperatures, whereas high-pressure ones largely decrease the electron temperature. This effect could be explained in terms of a larger number of collisions in the plasma chamber upon increasing the pressure, which thermalize electrons, hence providing a low-shifting of the EEDF peak. On the other side, upon increasing the RF power, there is an expected enhancement of Te (see e.g., cfgs. 2,3) proportional to the electric field strength increasing with microwave power. Moreover, an increase of electron density, more likely driven by a combination of power- and pressure-dependent parameters such as cyclotron electron number density, neutral gas density supplied at the ECR zone, and gas flow rate within the ECR zone, is shown. These are very sensitive to the electromagnetic power released by propagating microwaves in plasma and heating cyclotron electrons. Further observations can be provided by considering the RF frequency tuning and the different magnetic confinement adopted in each of the configurations. By increasing the microwave frequency from ∼3.76 GHz (cfgs. 1–3) to ∼6.78 GHz (cfgs. 4–7), we shifted up the density cut-off by almost a factor 4, going from 1.76 ⋅ 1017 m−3 to 5.71 ⋅ 1017 m−3, respectively, which allowed to push up the electron density even if dealing with lower RF powers. Excluded few cases at large RF powers, where the electron density estimates slightly overcomes the cut-off (e.g., cfg. 3), the remaining cases do not overcome the cut-off values. In addition, a change in the axial magnetic field profile modifies the confinement, then influencing the electron heating efficiencies and plasma stability (Mazzaglia et al., 2018). Finally, in some of the configurations explored, we made use of a small amount of Ar gas (1%) as contaminant and tracer, adequately dosed by means of the RGA system described in Section 2.2.1, with the intent to make self-consistent cross-measurements of density from both H-lines and Ar-lines, assuming that theoretical hydrogen line-ratios are still comparable with the spectral outcome from this mixture. Beyond the Ar-lines analysis, which is missing in this article and still under analysis, one could preliminarily speculate on possible beneficial effects led by the Ar component in the H2-gas buffer. In particular, concerning the decrease of electron temperature observed in the cfg. 7 with respect the cfg. 6, possibly due to non-resonant interactions between the species (Phelps, 1992) (e.g., charge exchanges, gas mixing effects (Antaya, 1989; Delaunay, 1992; Tarvainen et al., 2005)). Indeed, collisions of H with Ar are peculiar because of the very large cross sections for excitation of the H atoms at low energies (Phelps, 1992). Moreover, gas mixing beneficial impact has long been discussed in the ECR ion source community, explained through the energy exchange between the lighter and heavier species, with the heavier ones cooled down (ion cooling mechanism (Tarvainen et al., 2005)). This leads to a better confinement of the heavier species, while deteriorates that one of the lighter species. In our case, the mixing-driven deconfinement of H atoms might lead to a depletion of the reservoir of excited H atoms, which should turn into a decreasing intensity of emission line. This fact seems compatible with what observed, as it is shown in Figures 2B,C looking at the Hα line. However, further studies are necessary for sounder conclusions on the electron temperature decreasing mechanism, making use of absolutely calibrated spectra, which would certainly shed light on these properties. To conclude, among the several characterized plasmas, the most promising plasma parameters for the envisaged opacity measurements in the context of the blue-KN ejecta stage have been collected within the high-frequency and high-pressure cases (cfgs. 6 and 7), with electron temperature close to few eV and densities suitable to the astrophysical scenario.
[image: Figure 7]FIGURE 7 | (A) Electron density ρe [m−3] - energy kBTe [eV] grid with uncertainties range (±δρe, ±δkBTe) on both (ρe, kBTe). Points belonging to the same experimental run are labeled according to the Table 2 and indicated in the legend. (B) Typical cross between experimental line ratios, Hαβ, Hβγ on the (ρe, kBTe) plane, as arising from Figure 6. Same carried out for the increased (decreased) ratios by respective uncertainties, plot as dashed (dotted) lines. Blobs in the inset indicate the cross, and represent the estimates for the central value and uncertainty on electron density and electron energy. The data refer to the experimental run 3, at fRF = 3.76 GHz, p0 = 1E − 03 mbar, and PRF = 350 W.
[image: Figure 8]FIGURE 8 | (A) Averaged density ρe [m−3] vs. PRF [W] over all spectra for each RF power, including uncertainty range from the graphical solution of the non-linear system, as shown in Figure 6 (shaded region). (B) Averaged electron energy kBTe [eV] vs. PRF over all spectra for each RF power, including uncertainty range from the graphical solution of the non-linear system, as shown in Figure 6 (shaded region). Different experimental run are labeled according to Table 2 and shown in the legend.
3.2 Numerical results on optical properties
The numerical results on the plasma opacity performed by using FLYCHK for the argon plasma as structured from self-consistent simulations are presented and discussed here. Despite no numerical data are available yet on plasma conditions that could be suitable for opacity measurements, like those at high-pressure and low-power, which could provide under-dense and low-temperature plasmas in FPT, as shown in Section 3.1, the main goal for the moment is to demonstrate that we are able to unfold non-uniform plasma data collection. The latter in order to get reliable results from the observable that we need to measure: the opacity. Thus, according to the numerical tools we have described in Section 2.3.1, it is more straightforward to start from a higher energy content plasma than it is actually needed. In Table 3 we report on the density and temperature numerically estimated for each of the ROIs considered along the line-of-sight. As it can be evinced, there is a gradual increase of density upon moving toward the center of the chamber axis (ROI 4), where the plasmoid core is expected to be more dense, with respect to the external (halo) region. The same ROI presents a higher temperature compared to the external ROIs, however smaller if compared with neighboring ones, ROI 3 and 5, which correspond to the ECR layer and to the regions maximizing the electron heating, thus their energy. Because of the relative high electron temperature, the total amount of opacity in the VIS range turns out to be very low (κ < 10–4 cm2g−1), as it is possible to observe in Figure 9. Indeed, electrons with hundreds of eV of energy will impact more on level population distribution and atomic line transitions belonging to higher energy states, in the soft-X-ray emission range, which is out of the EM range of interest for this work. The influence of higher-density ROIs in Figure 9 is also highlighted, where as expected the most opaque plasma arises from the inner plasmoid region in between of the ECR layers. Furthermore, we also explored the influence of an external black-body radiation field to the plasma opacity, which results are shown in Figures 9B,C, with a photon flux of [image: image] s−1m−2, and [image: image] s−1m−2, respectively. An important effect can be evinced with respect to the unperturbed plasma opacity shown in Figure 9A (i.e., without any external radiation field), especially in the case of the largest photon flux affecting the plasma source - see Figure 9C. Here, the opacity decreases by 1–2 orders of magnitudes (κ < 10–5 cm2g−1). This phenomenon can be explained by a radiation-driven progressive de-population mechanism of lower energy levels for given atomic transition lines, thus reducing Nℓ and tending to equilibrate the latter to the corresponding upper level density population, Nu, which accordingly to Eq. 3 pushes the system in the limit of zero opacity (i.e., transparent plasma) upon increasing the radiation field intensity. An analysis of the occupation number of energy levels, as resulting from FLYCHK calculations, has confirmed this hypothesis. We have extended calculations of synthetic opacity to further study the impact of external black-body radiations on the latter, for gaseous as well as for metallic species of interest for the KN studies. In doing this, we have considered measured electron density and temperature from OES, in particular studying, the case of plasma from cfg. 7 at PRF = 120 W, neglecting for a moment the plasma stratification problem. Input plasma parameters are considered from estimates in Table 4. We started by studying the gaseous case (Ar), which results for the opacity contribution are shown in Figure 10. As it is possible to observe in Figure 10A, numerical opacity at this temperature is extremely larger (κ ≲ 1 cm2g−1) if compared with results shown in Figure 9, effect apparently only due to the lower temperature. Indeed, at higher plasma temperature, the opacity largely decreases as expected from the energy shifting of absorption transition lines led by more energetic electrons, as shown in Figure 10B, also changing the expected dependency on the wavelength. An increasing radiation field intensity similar to that shown in Figure 9 impacts on the opacity terms, which quickly drops down of several orders of magnitude. Looking at metallic species, we performed the same calculations for the argon plasma, but considering metallic plasmas made of selenium, strontium, zirconium, and niobium, among the most favored elements for the experimental measurements. Results are shown in Figure 11, where both low-temperature (top row) and high-temperature (bottom row) cases are shown. All the self-emitting metallic plasmas (no external photon flux) are extremely opaque, with κ ∼ 103 cm2g−1. Including a radiation field, slightly impacts these numbers, unless one goes for sources with a high photon flux ([image: image] s−1m−2), which would decrease such values. As similar to results obtained for the argon plasma, by increasing the electron temperature, the opacity decreases several orders of magnitude. This is not the case of niobium opacity, which seems to be enhanced in the case of hotter plasma, likely due to an increasing complexity of electronic shells. To conclude, the numerical investigation has highlighted peculiar modification of plasma opacity led by a structured ECR plasma, providing numerical predictions of the latter, accordingly to the atomic database on argon transitions, which could support future experimental measurements in gaseous plasmas. Further investigations, extending the method by giving additional inputs to FLYCHK for more precise calculations, for example, the ECR charge state distribution expected for metallic/gaseous plasmas, which numerical study is under development (Mishra et al., 2020), will produce outputs more tight to real scenarios achievable with experiments. Thus, having access to layered optical properties of the plasma would help in deconvolving the stratified emission, otherwise only partially decoded by the inverse problem techniques, and still suffering from residual large uncertainties. Finally, numerical simulations of opacity under experimentally explored plasma conditions, and close to the blue-KN ejecta parameters, can certainly support the dimensioning of light source features for future transmission spectroscopic measurements, finding a good trade-off between the source and its transparency through the plasma.
TABLE 3 | Plasma parameters, electron density ρe [m−3], and energy kBTe [eV], estimated from numerical simulations along the longitudinal z-axis of the plasma chamber, for argon plasma confined in minimum-B-field, sustained by 12.84 GHz frequency and microwave power of 30 W.
[image: Table 3][image: Figure 9]FIGURE 9 | Numerical opacity κ(λ) [cm2g−1] (log scale) of argon plasma in the VIS range, as resulting from NLTE CR calculations in FLYCHK, for (A) unperturbed self-emitting plasma, and plasma perturbed by an external black-body radiation field [erg m−2 s−1 Hz−1] at 8000 K, with smaller (B) and larger (C) intensities. Opacity is shown in the wavelength λ [nm] - n. ROI (electron density ρe [m−3]) plane. The ROI n. label increases upon moving from negative to positive z-axis position along the longitudinal z-axis of numerically simulated plasma , as described in Section 2.3.1 and shown in Figure 3. ECR layers are shown (blue-dashed lines).
TABLE 4 | Plasma parameters (electron density ρe [m−3], and energy kBTe [eV]), estimated from OES measurements for different experimental configurations, in terms of B-field (Injection, Mid, and Extraction coil polarized current) [(a): 240 A, 0 A, 180 A; (b): 448 A, 45 A, 350 A; (c): 410 A, − 80 A, 345 A], RF frequency (fRF [GHz]), gas pressure p0 [mbar], and RF power PRF [W]. Gradient-color (red–white–blue) provides indications on the energy (temperature) gradient ( hotter, colder) for the many configurations explored. Gas-mixture cases are explicitly reported in the table.
[image: Table 4][image: Figure 10]FIGURE 10 | Numerical opacity κ(λ) [cm2g−1] (log scale) of argon plasma in the VIS range, as resulting from NLTE CR calculations in FLYCHK, at electron density ρe = 1.4 ⋅ 1017 m−3, and energy of (A) kBTe = 2.43 eV, and (B) kBTe = 7.88 eV. Opacity is shown in the wavelength λ [nm] - external radiation photon flux s−1m−2 plane. Plasma parameters of (A) have been selected from OES data from cfg. 7, at PRF = 120 W (see Table 4), while for (B) the density has been maintained equal and the energy increased.
[image: Figure 11]FIGURE 11 | Numerical opacity κ(λ) [cm2g−1] (log scale) of metallic plasmas in the VIS range, as resulting from NLTE CR calculations in FLYCHK, for (A,E) selenium (Se), (B,F) strontium (Sr), (C,G) zirconium (Zr), and (D,H) niobium (Nb), at electron density ρe = 1.4 ⋅ 1017 m−3, and energy kBTe = 2.43 eV (A–D), and kBTe = 7.88 eV (E–H). Opacity is shown in the wavelength λ [nm] - external radiation photon flux s−1m−2 plane.
4 CONCLUSION
In this work, we have reported on the first experimental attempt of reproducing kilonovae ejecta plasma conditions, carried out on the Flexible Plasma Trap at the INFN-LNS. The kilonovae signal plays a fundamental role in the multi-messenger astronomy, entering in a sophisticated GW-detecting network and delivers precious information on the composition and dynamics of the neutron-rich post-merger plasma ejecta. The ejecta opacity largely impacts on the kilonovae study, with consequent highly demanded experimental efforts to make progresses on the kilonovae opacity characterization. The novel work so far performed on under-dense and low-temperature magneto-plasmas opens the route for the first-of-its-kind in-laboratory plasma opacity measurements of metallic plasma species relevant for kilonovae light curve studies, foreseen within the PANDORA project. Plasma parameter measurements have provided sounder bases for the reproducibility under early-stage kilonovae conditions and also benchmarked the efficiency of plasma diagnostics. Numerical efforts have been also spent to support future opacity measurements, by looking at the radiation–plasma matter interactions in the framework of highly inhomogeneous and anisotropic magnetically confined ECR plasmas. A synergistic use of spectroscopic measurements and numerical tools allowed to give some hints on typical light source to be employed in transmission spectroscopic measurements, designed for the future opacity measurements of light r-process element plasmas interesting for the kilonovae study. Experimental electron density and temperature obtained for high-pressure and high-frequency ECR plasmas are the most promising among the totality of experimental configurations explored, encouraging to extend experimental characterizations at larger pressures, in order to further decrease the average electron temperature, and hence to better reproduce conditions of the blue-kilonovae stage. The use of argon as contaminant looks promising for two reasons: first, an apparent beneficial effect as a thermal regulator in these plasmas, which requires further investigations; second, having theoretical line-ratios for argon line transitions will allow to make cross-check on the plasma parameters estimates arising from the hydrogen spectra analysis, thus providing more robust results. On the other side, numerical results have highlighted the influence on plasma opacity led by layered plasma parameters in the space, with important consequences for the convoluted line emission detected along the spectroscopic line-of-sight. Moreover, the study of the influence of external radiation acting on the plasma source optical observables has shown peculiar effects in terms of tuning the plasma opacity, accordingly to the level population of atoms involved, dependent on the electronic shell configurations and plasma temperature. Further numerical investigations are planned, extending CR calculations performed to three-dimensional properties of ECR plasmas, including spatial-dependent charge state distribution and ions residence time due to the magnetic confinement, not taken into account in the FLYCHK code suite. Next experimental steps are planned to perform opacity measurements of gaseous and metallic plasma sources based on the plasma trap configurations reported in this work.
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