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Abstract

:

A multitude of weaker Fe IX lines have been predicted in the vicinity of the strong 171 Å line that dominates the spectra of many astrophysical and laboratory sources. Some of these weaker lines have only recently been identified in the laboratory, albeit some only tentatively. Here, we present measurements on the Livermore EBIT-I electron beam ion trap that span the region from 170.0 to 173.6 Å, which surrounds the 171 Å line. The measurements stepped through electron beam energy to determine the charge state of iron associated with each observed feature. Moreover, we have minimized the presence of oxygen in the trap, because oxygen lines obscured possible Fe IX lines in past measurements and prevented their identification. Our measurement confirms formerly tentative identifications and adds several new assignments.
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1. Introduction


Emission from Fe IX have been observed in laboratory plasmas, for example, those produced in magnetic fusion devices [1,2,3,4], and in space plasmas, for example, in stellar coronae, including the Sun [5,6,7,8,9,10]. The strongest Fe IX line in the extreme ultraviolet wavelength band is situated at 171 Å and is well known. However, because of the complexity of the level structure of the 18-electron, argonlike Fe     8 +     ion, calculations predict a plethora of weak lines near the 171 Å line that have not been unequivocally observed and cataloged. This point is illustrated by the entries found for Fe IX transitions in the current version of the CHIANTI spectral database (V10.0.2), which lists 134 transitions in the wavelength interval between 170 and 172 Å, of which only the strong 171 Å line is deemed verified by observations [11]. Most of the remaining 133 transitions are predicted to be too weak to observe in low-density plasmas. Just a few are predicted to be strong enough to observe, and some progress was recently made in identifying Fe IX lines near 171 Å in experiments using an electron beam ion trap [12].



In the following, we build on the recent work at the EBIT-I electron beam ion trap at Livermore [12]. We present spectra in the narrow wavelength interval between 170.0 and 173.6 Å, in which we identify 11 Fe IX line features in addition to the strong 171 Å line. Our measurements confirm the identity of all but one of the lines previously identified as tentative Fe IX lines. In addition, we added five new lines to the list of Fe IX identifications. These include two lines that were previously predicted to blend with oxygen lines.




2. Experiment


The present measurements were carried out at EBIT-I, which was designed and built at the Lawrence Livermore National Laboratory as a spectroscopic facility [13,14] and is used, for example, for investigating spectra of astrophysical [15,16] and magnetic fusion interest [17]. It has an electron density of typically ≤5    ×    10    11    cm     − 3     [18,19], which is within the range of solar coronal electron densities [20].



The experimental conditions are similar to those described previously [12]. The ionization stage of iron is determined by the electron beam energy, as the ions are stripped of electrons up to the limit imposed by their ionization potential, including that of ions in metastable states. Lower charge states are also abundant, because we continuously inject iron in the form of iron pentacarbonyl (Fe(CO)    5   ). All of the observed lines are collisionally excited by electrons in the beam.



Our spectral observations were made with a high-resolution grazing-incidence grating spectrometer (HiGGS) designed for wavelength measurements above 100 Å [21]. The instrument was equipped with a flat-field grating with variable line spacing that focuses on a cryogenically cooled (−110     ∘   C) charge-coupled device camera with 1340 × 1300 pixels measuring 20 μm × 20 μm each. The average line spacing was 2400 lines/mm and the angle of incidence was 87.5    ∘   .



Unlike the earlier experiments in which the energy of the electron beam was varied to only provide a rough discrimination of charge states, the present measurements were performed at densely spaced energy intervals. Small changes in the beam energy enabled us to trace the production thresholds of each ionization stage of iron, as described elsewhere [22,23,24].



Typical spectra are shown in Figure 1. Each spectrum was accumulated for 60 min and filtered for cosmic ray events. The effective resolving power of these measurements is 3000, and was not optimized in these measurements.



The wavelength scale was calibrated by reference to known spectral lines of oxygen that fall within the range observed by our instrument (cf. Figure 1a). The oxygen line emission was recorded while injecting carbon dioxide into the trap. In previous experiments [12], the oxygen lines shown in Figure 1a could also be seen when injecting Fe(CO)    5   . However, in the present measurements, we adjusted the operating parameters of our machine until we optimized the iron signal over that of oxygen, and the oxygen lines were not visible when injecting Fe(CO)    5   , as illustrated in Figure 1b–e.




3. Results


The iron spectra in Figure 1b–e illustrate the appearance of new lines as the beam energy threshold for the production of new charge states is crossed. At a nominal electron beam energy    E beam    = 90 eV, only lines from Fe VII are visible in the spectrum (Fe VIII lines are not found in this wavelength interval, but they are monitored at wavelengths below 164 Å). As the beam energy is raised by 20 eV to    E beam    = 110 eV, the strongest Fe IX line (at 171 Å) already dominates the spectrum. At    E beam    = 130 eV the intensity of the Fe IX line increases even further and new lines, all attributable to weaker Fe IX lines, populate the spectrum. Finally, at    E beam    = 170 eV, eleven Fe IX features, in addition to the strong Fe IX line at 171 Å can be identified in the spectrum. These features are labeled by capital letters E through M in Figure 2, in keeping with the labeling scheme used in [12], although labels F and G refer to more than one feature, as described below and given in Table 1.



Our new measurements confirm the Fe IX parentage of all but one of the lines that were tentatively identified earlier [12]. The lone exception is the line formerly labeled L, which is now confirmed to be an Fe VII feature. This feature sits on the short-wavelength side of the strong O V line (cf. Figure 1a) and it, therefore, was partially blended in previous measurements but it is now fully resolved.



We have identified five new Fe IX features. One of these, labeled M in Figure 2, was thought to be blended with the strong O V line in previous measurements. Because our iron spectra do not contain an oxygen line emission, line M is now fully resolved. Luckily, it is far enough away from the Fe VII line (mentioned above) that also blends with the O V so that the two features are fully resolved. Line N was also thought to be blended with a strong oxygen line, in this case the strong longer-wavelength O VI line shown Figure 1a. In the absence of the O VI lines, we did not find a feature comparable in strength to line M. Instead, we note a weak feature on the long-wavelength side of the position of the O VI line that we labeled N in Figure 2. This feature may consist of two lines, both of which can be seen in Figure 1b,c, but at present is it not clear whether the second feature is indeed real. By contrast, we clearly see two features, labeled G, on the short-wavelength side of the strong 171 Å Fe IX line labeled H. The feature closest to line H was noted previously [12], but its parentage could not be determined. The other feature sits further to the short-wavelength side of H and was previously too uncertain to warrant mention. Finally, we observed a shoulder on the long-wavelength side of line H that sits between lines H and J. We labeled this feature I in Figure 2, as it appears to originate from Fe IX. Because the feature is highly blended, its identity, however, remains somewhat uncertain.



The labeling of the Fe IX features identified in our measurements follows the theoretical predictions in [12]. The predictions derived from a model based on the multi-reference Møller–Plesset (MRMP) calculations for the transition energies combined with collisional-radiative modeling (CRM) calculations for the line intensities that were developed in Beiersdorfer et al. [25]. The predictions of these calculations are shown in Figure 2 together with the experimental spectrum recorded at    E beam    = 170 eV. We have simply labeled features from short to long wavelengths, employing the letters introduced in [12]. Because we have found four Fe IX features between lines E and H, we have (for now) assigned two of the features to F and two features to G.



The relative measured intensities roughly agree with the predicted intensities with two notable exceptions. The first concerns the two lines in feature G. The two lines are predicted to have equal intensities, but their relative intensities are measured to be 1:4. The second strong disagreement concerns line K. It is predicted to be stronger than any other Fe IX line in this wavelength region except line H. However, K is found to be weaker than features L and M. In other words, compared to features L and M, line K is only a third as strong as predicted. The predictions shown in Figure 2 were made for an electron density of    10 10    cm     − 3     and an electron temperature of 68 eV, not for a mono-energetic electron beam. However, it was shown in [12] that the relative line ratios do not significantly change even for a mono-energetic electron beam or for different densities.




4. Discussion


Our present measurements have confirmed tentative identifications from previous measurements and have added new Fe IX features. Very importantly, the new measurements agree reasonably well with spectral predictions. This gives us hope that further Fe IX line identifications are possible with the model in other wavelength intervals.
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Figure 1. Spectra recorded on EBIT-I in the spectral range 170.0 to 173.6 Å: (a) Line emission from O V and O VI transitions; (b–e) line emission of Fe VII – Fe IX recorded at a nominal electron beam energy of (b)    E beam    = 170 eV, (c)    E beam    = 130 eV, (d)    E beam    = 110 eV, and (e)    E beam    = 90 eV. 
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Figure 2. Comparison of measured spectral emission (top) with model predictions (bottom). The experimental data were produced at a nominal electron energy of    E beam    = 170 eV. Predictions are based on MRMP and CRM calculations from Beiersdorfer et al. [25] performed at an electron density of    10 10    cm     − 3     and an electron temperature of 54 eV. The calculations are normalized to the predicted intensity of line H, the Fe IX line at 171 Å. 
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Table 1. Iron Fe IX lines observed in EBIT-I measurements. Wavelengths are in Å.
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	Key
	Lower Level
	Upper Level
	    λ   a     





	E
	   3  s 2  3  p  1 / 2  2  3  p  3 / 2  3  3  d  5 / 2    ( J = 3 )    
	   3  s 2  3  p  1 / 2  2  3  p  3 / 2  2  3  d  5 / 2  2   ( J = 2 )    
	170.118



	F-1
	   3  s 2  3  p  1 / 2  2  3  p  3 / 2  3  3  d  3 / 2      (J = 1)
	   3  s 2  3  p  1 / 2   3  p  3 / 2  3  3  d  5 / 2  2   ( J = 2 )    
	170.41



	F-2
	   3  s 2  3  p  1 / 2  2  3  p  3 / 2  3  3  d  3 / 2      (J = 1)
	   3  s 2  3  p  1 / 2  2  3  p  3 / 2  2  3  d  3 / 2   3  d  5 / 2      (J = 1)
	170.559     b   



	F-3
	   3  s 2  3  p  1 / 2   3  p  3 / 2  4  3  d  3 / 2      (J = 1)
	   3  s 2  3  p  3 / 2  4  3  d  3 / 2   3  d  5 / 2      (J = 1)
	170.559     b   



	G-1
	   3  s 2  3  p  1 / 2   3  p  3 / 2  4  3  d  5 / 2    ( J = 2 )    
	   3  s 2  3  p  3 / 2  4  3  d  3 / 2   3  d  5 / 2    ( J = 2 )    
	170.802



	G-2
	   3  s 2  3  p  1 / 2   3  p  3 / 2  4  3  d  5 / 2    ( J = 2 )    
	   3  s 2  3  p  1 / 2   3  p  3 / 2  3  3  d  3 / 2   3  d  5 / 2      (J = 1)
	170.915



	H
	   3  s 2  3  p  1 / 2  2  3  p  3 / 2  4   ( J = 0 )    
	   3  s 2  3  p  1 / 2  2  3  p  3 / 2  3  3  d  5 / 2      (J = 1)
	171.073



	I
	   3  s 2  3  p  1 / 2  2  3  p  3 / 2  3  3  d  5 / 2    ( J = 3 )    
	   3  s 2  3  p  1 / 2  2  3  p  3 / 2  2  3  d  5 / 2  2   ( J = 3 )    
	171.235



	J
	   3  s 2  3  p  1 / 2  2  3  p  3 / 2  3  3  d  5 / 2    ( J = 2 )    
	   3  s 2  3  p  1 / 2   3  p  3 / 2  3  3  d  3 / 2   3  d  5 / 2      (J = 1)
	171.312



	K
	   3  s 2  3  p  1 / 2  2  3  p  3 / 2  3  3  d  5 / 2    ( J = 4 )    
	   3  s 2  3  p  1 / 2  2  3  p  3 / 2  2  3  d  5 / 2  2   ( J = 4 )    
	171.532



	L
	   3  s 2  3  p  1 / 2  2  3  p  3 / 2  3  3  d  5 / 2    ( J = 2 )    
	   3  s 2  3  p  1 / 2   3  p  3 / 2  3  3  d  5 / 2  2   ( J = 2 )    
	171.690



	M-1
	   3  s 2  3  p  1 / 2   3  p  3 / 2  4  3  d  3 / 2    ( J = 2 )    
	   3  s 2  3  p  3 / 2  4  3  d  3 / 2  2   ( J = 2 )    
	172.215     b   



	M-2
	   3  s 2  3  p  1 / 2  2  3  p  3 / 2  3  3  d  5 / 2    ( J = 3 )    
	   3  s 2  3  p  1 / 2  2  3  p  3 / 2  2  3  d  5 / 2  2   ( J = 2 )    
	172.215     b   



	N
	   3  s 2  3  p  1 / 2   3  p  3 / 2  4  3  d  5 / 2    ( J = 3 )    
	   3  s 2  3  p  1 / 2   3  p  3 / 2  3  3  d  5 / 2  2   ( J = 2 )    
	173.16







a This work; b blend.
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