B M Mclaughlin 
  
Teck-Ghee Lee 
  
J A Ludlow 
  
E Landi 
  
M S Pindzola S D Loch 
  
C P Ballance 
  

published or not. The documents may come   L'archive ouverte pluridisciplinaire

A large-scale R-matrix calculation for electron-impact excitation of the Ne 2+ , O-like ion B M McLaughlin 1,2 †, Teck-Ghee Lee 3 , J A Ludlow 3 , E Landi 4 , S D Loch 3 , M S Pindzola 3 and C P Ballance 3 ‡, 1 gentre for heoretil etomiD woleulr nd yptil hysis @gewyAD hool of wthemtis nd hysisD he hvid ftes fuildingD U gollege rkD ueen9s niversity felfstD felfst fU IxxD u 2 snstitute for heoretil etomi nd woleulr hysisD rrvrd mithsonin genter for estrophysisD wEIRD gmridgeD we HPIQVD e 3 heprtment of hysisD euurn niversityD euurnD ev QTVRWD e 4 heprtment of etmospheriD yeni nd pe ienesD niversity of wihignD enn eror ws RVIHWD e Abstract.

he (ve tΠ levels within np 2 or np 4 ground stte omplex provide n exellent testing ground for the omprison of theoretil line rtios with strophysilly oserved vluesD in ddition to providing vlule eletron temperture nd density dignostisF he low temperture nture of the line rtios ensure tht the theoretilly derived vlues re sensitive to the underlying tomi struture nd eletronEimpt exittion rtesF revious E mtrix lultions for the yElike xe ionD xe 2+ D exhiit spurious struture in the ross setions t higher eletron energiesD whih my 'et wxwellin verged rtes even t low temperturesF purthermoreD there is n sene of omprehensive exittion dt etween the exited sttes tht my provide newer dignostis to ompliment the more estlished lines disussed in this pperF o resolve these issuesD we present oth smllEsle STElevel freitEuli @fA lultion nd lrgeEsle SSR levels Emtrix sntermedite goupling prme rnsformtion @sgpA lultion tht extends the sope nd vlidity of erlier tetyw lultions oth in terms of the tomi struture nd sttering ross setionsF yur results provide omprehensive eletronEimpt exittion dt set for ll trnsitions to higher n-shellsF he fundmentl tomi dt for this yElike ion is susequently used within ollisionl rditive frmework to provide the intensity line rtios ross rnge of eletron tempertures nd densities of interest in strophysil oservtionsF eg numersX QPFVHp Short title: Electron impact excitation of Ne 2+ ions Revised: J. Phys. B: At. Mol. & Opt. Phys: 14 June 2011

Introduction

Electron-impact excitation rates are a fundamental component of collisional radiative modelling. In particular, the excitation rates for O-like Ne (Ne 2+ ), the focus of this paper, are applicable in diagnosing the spectral lines not only from astrophysical observations but also from fusion plasma studies. It has been shown that transitions within the rst ve levels of an atom with the np 4 ground conguration can provide a valuable diagnostic of the electron temperature [1] and the electron density [2]. Recently, an updated electron-impact excitation calculation of Munoz et al. [3] for the 3s 2 3p 4 ground state complex of O-like Ar (Ar 2+ ) found that the plasma diagnostics were particularly sensitive to near threshold resonances, and therefore, Ne 2+ may oer a similar diagnostic potential, but without the high sensitivity to single near threshold resonance as found in the Ar 2+ case.

Neon plays an important role in a variety of astrophysical phenomena, being the most abundant rare gas in the universe after helium. Forbidden Ne III lines have been observed in a variety of astrophysical plasmas. The lines at 36 µm and 3869 Å, due to forbidden 3 P 0 → 3 P 1 and 1 D 2 → 3 P 2 transitions within the ground conguration, have been observed in H II regions by a number of authors [4,5,6,7]. The Ne III 3869 Å line is also present in Ne-rich laments in the Supernova Cas A remnant [8,9] and can be used to investigate the neon abundance and its spatial distribution throughout the remnant.

In terms of laboratory measurements, the identication of Ne III lines were reviewed by Persson et al. [10] and the low lying terms are depicted in Fig 1 .  The present R-matrix calculation now includes shells of suciently high principal quantum numbers for a direct comparison with signicantly more of their listed lines. More recently, James and co-workers [11] measured electron-impact excitation cross sections for transitions in the far ultraviolet wavelength range between 1200 and 2700 Å using an electron-ion impact collision chamber. Daw et al. [12] have measured a pair of lines within the ground-state complex. The spin forbidden line 1 S 0 → 3 P 1 and the quadrupole 1 S 0 → 1 D 2 line oer diagnostic potential. Finally, Fig 2 illustrates the transitions of interest in the planetary nebulae NGC 3918 [13] for Ne III. The wavelength of the astrophysically observed transitions are labelled in units of Angstroms.

An overview of the various theoretical models investigating electron impact excitation of Ne 2+ is summarized in the introduction of McLaughlin and Bell [14]. This includes the work of Seaton [15,16,17] in the 1950s, and continues through a progression of the perturbative calculations (e.g., and distorted wave [19] in 1960s-1970s) yet only for transitions within the 1s 2 2s 2 2p 4 ground state complex. These were followed by early R-matrix calculations of Pradhan [20] and Butler and Mendoza [21] using a program of Saraph [22,23] to transform LScoupled K-matrices into level-level cross sections using the JAJOM code. This work included six states in the close coupling expansion and clearly illustrated the sensitivity of excitation rates when adopting either theoretically calculated or experimentally observed energy level values.

Between 1999 and 2001, McLaughlin and co-workers in a couple of papers [14,24] extended this model to 28 LS terms or 56 levels arising from the following 1s 2 2s 2 2p 4 , 2s2p 5 , 2s 2 2p 3 3l(l=0-2), 2s 2 2p 3 4s congurations, with the extra 4p, 4d orbitals used only as an improvement in the description of the target's states. However, as evident in Fig. 5 of Ref. [14] there is a breakdown in their calculation for the 28 terms model, manifesting as broad unphysical 2 eV resonances in transitions from the 3 P 0 ground state term. Unsurprisingly, this leads to corresponding unphysical increase in the eective collision strength (see Fig. 6 in Ref.[14]) at approximately 10 4.5 Kelvin. We point out that a less elaborate six-level model does not exhibit the same problem as indicated in Ref. [14].

Therefore, it would not be unreasonable, given the increase in computational power over the last decade to pursue a full Breit-Pauli R-matrix calculation for the 56 levels under consideration that would resolve and correct this problem. However, our present studies revealed that the 6 congurations listed above, actually give rise to a possible 49 terms or 95 levels. This imbalance between the congurationinteraction of the target and those levels actually used in the close coupling expansion will give rise to secondary, but a less pronounced set of pseudo-resonances above 3 Rydbergs. Therefore, to correct and also expand the scope of Ne 2+ R-matrix calculations currently in the literature we have carried out an Intermediate Coupling Frame Transformation (ICFT) [25] calculation for 554 levels. As illustrated in Ref. [3], the use of the ICFT method gives cross sections that are extremely close to a Breit-Pauli (BP) calculation if both employing the same target congurations.

The remainder of the paper is organized as follows. In section 2 we outline our small Breit-Pauli R-matrix and a large scale level ICFT R-matrix calculation used in the current study. Section 3, gives results for selected collision strengths and eective collision strengths and compares the BP and ICFT calculations. A small collisional radiative calculation is then performed in section 4, to predict observed astronomical line ratios. Finally, in the summary, we assess the impact of this now complete data set on the predictive modelling of Ne 2+ line ratios.

Details of calculations

In the smaller R-matrix Breit-Pauli model, the atomic orbitals employed were generated from the atomic structure code CIV3 [26]; in which the orbitals were energy-optimized on the lowest 28 terms; details can be found in the earlier work of 24]. A subset of 28 LS terms constructed from the following conguration list; 1s 2 2s 2 2p 4 , 1s 2 2s2p 5 , 1s 2 2s 2 2p 3 3 and 1s 2 2p 6 give rise to 56 ne-structure levels which were used in the close-coupling expansion. Extra diuse 4p and 4 d pseudo-orbitals were used only to improve the target states, but also ensured a larger R-matrix box of 15.2 a.u. A total of forty basis orbitals were used to represent the continuum basis, easily spanning the energy range from threshold to 20 Rydbergs.

In the larger ICFT calculation, the target radial wavefunctions were generated using GASP (Graphical Autostructure Package) [27], which is a java front-end for the atomic-structure code AUTOSTRUCTURE [28]. The orbitals were generated within an Thomas-Fermi-Dirac-Amaldi potential, using slightly modied lambda scaling parameters as given by Landi and Bhatia [29]. Specically we used λ 1s = 1.0, .11 and λ 4f = 1.06. However, we are able to include all 24 congurations : 2s 2 2p 4 , 2s2p 5 , 2p 6 , 2s 2 2p 3 3s, 2s 2 2p 3 3p, 2s 2 2p 3 3d, 2s 2 2p 3 4s, 2s 2 2p 3 4p, 2s 2 2p 3 4d, 2s 2 2p 3 4f , 2s2p 4 3s, 2s2p 4 3p, 2s2p 4 3d, 2s2p 4 4s, 2s2p 4 4p, 2s2p 4 4d, 2s2p 4 4f , 2p 5 3s, 2p 5 3p, 2p 5 3d, 2p 5 4s, 2p 5 4p, 2p 5 4d and2p 5 4f resulting in 554 levels; which were subsequently included in close-coupling expansion of the scattering calculation. The energies of the low lying 2s2p 5 terms were much improved over the earlier reported 1, where it is seen that the rst 33 level energies agree to within an average of 1.26% with the NIST values.

λ 2s = 1.3, λ 2p = 1.09, λ 3s = 1.13, λ 3p = 1.15, λ 3d = 1.11, λ 4s = 1.12, λ 4p = 1.1, λ 4d = 1
The advantage of applying the ICFT method is that the R-matrix inner region is essentially carried out in LS coupling, including only the mass-velocity and Darwin terms. Since we are primarily focusing on line ratios between transitions within the ground state complex, we used only 20 continuum basis functions for each continuum angular momenta to keep the dimensions of the Hamiltonian matrix to a more manageable size. The inclusion of the 4p, 4d and 4f as spectroscopic orbitals did increase the extent of the R-matrix box to 22.88 a.u, an increase of over 50% in comparison to the Breit-Pauli value. The scattering calculations were then performed with our set of parallel R-matrix programs [31,32], which are modied versions of the serial RMATRIX I programs [33]. Partial waves with total angular momentum from L = 0-35 were calculated, with the Burgess-Tully top-up method used to account for higher partial wave contributions. However, considering the temperatures of astronomical interest here this should be more than sucient to converge our excitation rates.

In the outer region, the calculation of the cross sections was split into two energy regions. Region 1 spans the energy range from the rst excitation threshold up to the ionization threshold, whereas region 2 spans the energy range from from the ionization limit to four times the threshold. In region 1, for both the BP and ICFT models, we used a ne energy mesh of 40,000 points to resolve the ne Rydberg resonance structure. To account for the limited contribution of the higher partial waves to the low energy cross sections, we interpolated a coarse mesh of 200 energy points and added this to the ne mesh cross section. In region 2, above the ionisation limit, where a coarse mesh is applicable, only 200 energy points were also used for both the exchange and non-exchange calculations. The resulting total collision strengths were subsequently Maxwellian averaged across a range of electron temperatures and the eective collision strengths [34] archived for modelling. For comparison with the 56 level BP calculation, the collision strength le of the 554 level ICFT model was reduced to include only those transitions between the lowest 56 levels.

Collision strengths and eective collision strengths

In Fig. 3, a representative set of collision strengths for transitions within the ground state 2s 2 2p 4 multiplet is given. It has been shown in previous studies, such as those of Grin et al. [25] and Munoz et al. [3] that both ICFT and BP calculations for atomic ions should provide essentially identical results, provided that the number of terms/levels included in the conguration-interaction and close-coupling expansions are the same.

However, this is evidently not the case for the BP calculation shown in Fig. 3, as although the background collision strengths between the ICFT and the BP are similar, there are spurious resonances in the BP calculation, especially at approximately 10 Rydbergs. In fact, perhaps less obviously, for the BP model there should not be any resonance structure above 3.2 Rydbergs, as that is the last threshold included in that model. Such spurious resonances in the BP calculations would need to be removed if reliable rates are to be produced. Lastly, it should also be noted that the BP background collision strength is higher than ICFT.

The cumulative eect of these dierences is reected in the corresponding eective collision strengths [34] shown in Fig. 4. Over a wide range of electron temperatures, the 56 level BP eective collision strengths are consistently higher than the benchmark 554 level ICFT values. However, in terms of line ratios, a low density model using the coronal approximation involves the ratio of the eective collision strengths, which can lead to smaller than expected dierences in the predicted line ratios, see the results in section 4.

Figure 5 shows the 2s 2 2p 3 3s( 3 S 1 )→ 2s 2 2p 3 3p( 3 P 2,1,0 ) collision strengths as a function of electron energy. In this case, although small dierences can be seen, the 554 levels ICFT and 56 levels BP calculations are in reasonable accord with each other. This level of agreement (i.e., ∼15-25%) was expected and typical for the collision strengths calculated as more target states are included in the scattering calculation. As anticipated, in Fig. 6, the corresponding eective collision strengths are indeed in good agreement between the two calculations.

Emissivity Modelling

Temperature and density sensitive energy intensity ratios between transitions among the ground state 3s 2 3p 4 multiplet have been studied for Ar III [2, 3]. Here we examine the corresponding energy intensity ratios for transitions among the ground state 2s 2 2p 4 multiplet of Ne III. The eective collision strengths are processed through the ADAS suite of codes (http://www.adas.ac.uk) with the rst 5 levels in both the 56 level BP and 554 level ICFT calculation, moved to NIST energies and NIST Einstein Acoecients where available. The NIST values are taken primarily from the work of Froese Fischer and Tachiev [35] and Kramida and Nave [36]. The wavelengths for the various transitions used in the emissivity modelling are given in gure 4.

For the temperatures and densities of interest, cascades from higher levels are not signicant. Therefore, although both the ICFT and BP collisional rates include those involving the rst 56 levels, only the transitions within the ground state complex are important for the following line ratios. Both datasets used the same A-values for transitions within the ground conguration.

We rst examine the temperature sensitive energy intensity ratio

R 1 = (N 4 A 4→1 /λ 4→1 ) + (N 4 A 4→2 /λ 4→2 ) N 5 A 5→4 /λ 5→4 (1)
with N i the population in energy level i, A i→j the Einstein A coecient for a transition between energy levels i and j and λ i→j the corresponding wavelength for the transition. Note that the index numbers for the levels are given in Table 1.

The BP and ICFT results are shown in Fig. 7. The BP and ICFT results are in good agreement with each other even though the BP eective collision strengths for these transitions were higher than the ICFT results. This is due to a cancellation of errors in the ratio. Due to the fact that the BP eective collision strengths for transitions within the ground conguration are in general higher than the ICFT ones, the BP model has increased emissivities for all of the transitions. While this does not result in a large change in the line ratios, one would see a dierence when looking at absolute intensities of individual spectral lines. The results from the BP model provides larger emissivities which can aect measurements of the Ne elemental abundances, since such measurements are obtained using the absolute emissivity, or the ratio with the emissivity of a completely dierent ion/element. The measurements based on the BP results would lead to a lower Ne abundance.

Next we consider the density sensitive energy intensity ratio

R 2 = N 4 A 4→1 /λ 4→1 N 2 A 2→1 /λ 2→1 (2)
with the BP and ICFT results shown in Fig. 8. The R 2 ratio for the BP and ICFT results agree closely with each other and show a strong density dependence between electron densities of 10 4 and 10 8 cm -3 . As for the R 1 ratio, the R 2 ratio for Ne III shows a wider range of variation than the R 2 ratio for Ar III. Therefore, although systematically the two systems are both excellent density diagnostics, the Ne III is the marginally better option.

Summary

A large scale electron-impact excitation calculation of this O-like ion was carried out to investigate high energy irregularities in the cross sections of an earlier Rmatrix calculation and the subsequent impact on line ratios. We have resolved these issues, and have benchmarked eective collision strengths for use in the modelling of laboratory and astrophysical plasmas. As an illustration of an application of these eective collision strengths, a study was undertaken into the viability of applying the same Ar III line ratios [3] to the Ne III case. Overall, the O-like ion, Ne III, exhibits great promise in diagnosing the temperature and density of Ne III in planetary nebulae plasmas, being more sensitive than the equivalent Ar III line ratios.

Our eective collisions strengths for the 554 level ICFT R-matrix calculation shall be made available on the Oak Ridge National Laboratory Atomic Data website (http://www-cfadc.phy.ornl.gov/data_and_codes) and in the ADAS database (http://www.adas.ac.uk).
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 123 Figure 1. xe sssD energy level digrm @levels given in eA showing the oserved low lying levels of xesss from the lortory work of ersson et al. IHF

  Figure3. @golour onlineA gollision strengths for the trnsitions @A 2s 2 2p 4 : 3 P 2 -3 P 1 D @A 2s 2 2p 4 : 3 P 2 -1 D 2 D @A 2s 2 2p 3 : 3 P 1 -1 D 2 nd @dA 2s 2 2p 4 : 1 D 2 -1 S 0 s funtion of the inident eletron energyF he solid lk line indites the SSR level sgp results nd the dshed red line indites the ST level freitEuli resultsF

  Figure 5.

  Figure6. @golour onlineA i'etive ollision strengths otined y verging the ollision strengths over wxwellin temperture distriution for the eletronsF esults re shown for the trnsitions @A 2s 2 2p 3 3s 3 S 1 -2s 2 2p 3 3p 3 P 1 D @A 2s 2 2p 3 3s 3 S 1 -2s 2 2p 3 3p 3 P 0 D @A 2s 2 2p 3 3s 3 S 1 -2s 2 2p 3 3p 3 P 2 s funtion of the eletron temperture @uAF he solid lk line indites the SSR level sgp results nd the dshed red line indites the ST level freitEuli resultsF
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 7 Figure7. @golour onlineA R 1 line rtio s funtion of eletron temperture for n eletron density of Ne = 1 × 10 3 m 3 F he solid lk line shows the results using the SSR level sgp Emtrix lultion nd the dotEdshed lue line shows the result using the ST level freitEuli Emtrix lultionD with the energies nd trnsition rtes for the (rst S levels in oth Emtrix lultions shifted to xs energies nd trnsition rtesQH for the modelling lultionsF

Table 1 .

 1 e smple omprison of our theoretil energies from the SSRElevel modelD in ydergsD for the (rst QQ levels of xe sss with the xs QH tulted vluesF

	Level No. Conguration Term a	Energy	Energy ∆(%) b Th. Order
				(Experiment) (Theory)		
	1	2s 2 2p 4	3 P 2	0.00000	0.00000	0.00	1
	2	2s 2 2p 4	3 P 1	0.00585	0.00569	2.74	2
	3	2s 2 2p 4	3 P 0	0.00839	0.00837	0.24	3
	4	2s 2 2p 4	1 D 2	0.23548	0.25804	9.58	4
	5	2s 2 2p 4	1 S 0	0.50806	0.49160	3.24	5
	6	2s 1 2p 5	3 P 2	1.86163	1.91958	3.11	6
	7	2s 1 2p 5	3 P 1	1.86694	1.92512	3.12	7
	8	2s 1 2p 5	3 P 0	1.86987	1.92791	3.10	8
	9	2s 1 2p 5	1 P 1	2.63792	2.80123	6.19	9
	10	2p 3 3s	5 S 2	2.82384	2.81852	0.19	10
	11	2p 3 3s	3 S 1	2.91087	2.91399	0.11	11
	12	2p 3 3p	5 P 1	3.17481	3.15680	0.57	12
	13	2p 3 3p	5 P 2	3.17509	3.15720	0.56	13
	14	2p 3 3p	5 P 3	3.17558	3.15781	0.56	14
	15	2p 3 3s	3 D 3	3.21799	3.21957	0.05	17
	16	2p 3 3s	3 D 2	3.21825	3.21940	0.04	16
	17	2p 3 3s	3 D 1	3.21844	3.21934	0.03	15
	18	2p 3 3p	3 P 1	3.25096	3.26061	0.30	18
	19	2p 3 3p	3 P 0	3.25105	3.26065	0.30	19
	20	2p 3 3p	3 P 2	3.25106	3.26075	0.30	20
	21	2p 3 3s	1 D 2	3.26169	3.26701	0.16	21
	22	2p 3 3s	3 P 1	3.41259	3.37052	1.23	23
	23	2p 3 3s	3 P 0	3.41260	3.37048	1.23	22
	24	2p 3 3s	3 P 2	3.41266	3.37064	1.23	24
	25	2p 3 3s	1 P 1	3.46123	3.42538	1.04	25
	26	2p 3 3p	1 P 1	3.53537	3.51826	0.48	26
	27	2p 3 3p	3 D 1	3.54523	3.52981	0.43	27
	28	2p 3 3p	3 D 2	3.54533	3.53017	0.43	28
	29	2p 3 3p	3 D 3	3.54596	3.53137	0.41	29
	30	2p 3 3p	3 F 2	3.56670	3.55916	0.21	30
	31	2p 3 3p	3 F 3	3.56684	3.55965	0.20	31
	32	2p 3 3p	3 F 4	3.56703	3.56029	0.19	32
	33	2p 3 3p	1 F 3	3.57947	3.57865	0.02	33
	a 2S+1 L J						
	b absolute percentage dierence relative to NIST values			
	CIV3 values [26], with only the rst 1 D 2 level at a 9.6% dierence being the greatest
	outlier relative to NIST energy level values [30]. A representative sample of the full
	554 level calculation, is illustrated in Table			
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