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Abstract

:

The Ne8+–He and –H2 collision systems are examined at impact speeds ranging between 0.17 and 0.4 a.u. Transition probabilities for electron capture are obtained using the two-center basis generator method performed within the independent-electron model. The aim of calculating capture cross sections for these collision systems is to provide new theoretical verification of previously reported experimental data and to provide aid for astrophysical X-ray studies. This study also examines the applicability of the independent-electron model with effective potentials to describe two-electron capture for these two systems. Comparisons of capture cross sections and radiative-emission counts with the available experimental and theoretical data show an overall good agreement.
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1. Introduction


Obtaining accurate state-selective cross sections from slow charge-exchange collisions has become a focus in recent times because of the importance of such data in studies of astrophysical plasma environments [1,2,3]. From the perspective of astrophysical applications, nl partial capture cross sections are used in solar-wind charge-exchange models to study, for example, the X-ray flux in the heliosphere [4,5,6] and radiation from the outer rims of supernova remnants [7,8]. Technological advances and the development of new experimental and theoretical techniques allow one to explore collision systems relevant to these astrophysical problems in greater detail [9,10,11,12].



In this work, the interest is in slow Ne8+ collisions with He and H2 and the subsequent radiative emissions due to single-electron capture (SEC). Because autoionizing double-capture (ADC) can also contribute to the overall SEC cross sections, this process is also examined in this work. Several groups have reported experimental cross sections [13,14,15] and radiative-emission spectra [16] several decades ago, but the large uncertainties in the measurements can make comparisons inconclusive [17]. This also applies to comparisons of nl cross sections [18], since accurate theoretical data are scarce. A modern approach to highly resolved X-ray measurements in merged-beam experiments involves the use of a microcalorimeter detector [19]. Such a detector is capable of resolving X-ray signals of no more than 10 eV full-width at half-maximum [19]. Recent reports on measurements of radiative emissions from Ne8+–He collisions using the X-ray microcalorimeter detector [20,21], motivate the further theoretical examination of these systems.



Theoretical approaches, such as the coupled-channel method performed within an independent-electron model (IEM) [22], are very capable of describing SEC in slow collisions with He [23,24,25]. Chen and Lin [26] used a variant of the independent-electron description in the single-particle Hamiltonian and showed that it can adequately describe the features of double-electron capture (DEC) in Ne8+–He collisions. Theoretical studies of Ne8+–H2 collisions are scarce, but it has been shown that an effective model potential treatment of H2 in IEM collision calculations [27] is suitable for describing SEC and DEC without resorting to ab initio methods so long as the collision is fast enough that vibrational and rotational effects can be safely neglected. For this reason, the present analysis also aims to show that such an approach is applicable to the Ne8+–H2 system.



In this article, a theoretical analysis of slow Ne8+–He and –H2 collisions with new capture cross sections based on the IEM framework and the use of effective potentials is presented. The nonperturbative, coupled-channel two-center basis generator method (TC-BGM) [28] was employed to obtain single-particle capture probabilities. The main feature of the TC-BGM is that it allows calculations to reach convergence without resorting to a large basis set. The IEM TC-BGM has been applied to study electronic processes in various systems [29,30,31,32], including problems related to collision-induced radiative emissions [33,34,35,36]. A summary of this theoretical framework and the approach to post-collision analyses is provided in Section 2. In Section 3, the calculated capture cross sections are assessed in two ways vis-à-vis the available data: (i) directly comparing with absolute cross sections, and (ii) indirectly by means of comparing radiative-emission counts produced by these charge-exchange collisions. It should be noted that atomic units (ℏ=e=me=4πϵ0=1) are used throughout the article unless stated otherwise.




2. Theoretical Approach


The focus of this work is on collision-induced radiative emissions at impact speeds ranging between 0.17 and 0.4 a.u. (i.e., 0.7 and 4 keV/amu). The theoretical framework for this study is similar to the IEM analysis of the C6+–He and –H2 collisions in Reference [35]. For this reason, only a summary highlighting the core details and the model potential treatment is given.



For the collision calculation, the semiclassical approximation was employed by assuming the target is fixed in space and the Ne8+ projectile travels in a straight-line path at constant speed vP, described by R(t)=(b,0,vPt), where b is the impact parameter. Within the IEM description, the goal is to solve a set of single-particle time-dependent Schrödinger equations,


i∂∂tψi(r,t)=h^(t)ψi(r,t),i=1,…,N,



(1)




for the initially occupied orbitals on the target. By assuming that the strongly bound K-shell electrons in the Ne8+ ions remain frozen during the collision, the single-particle Hamiltonian can be decomposed as


h^(t)=−12∇2+VP(|rP|)+VT(|r|,t),



(2)




where rP is the electron position vector with respect to the projectile and is related to that with respect to the target by rP(t)=r−R(t). In this work, VP=VNe8+ is represented by the model potential [37]1,


VNe8+(rP)=−8rP−2rP1+α2rPe−αrP,



(3)




with α=18.037. As for the target potentials, starting with the He target, an effective ground-state potential which includes exact exchange from calculations using the optimized potential method of density functional theory [38] is used. The H2 target is represented by an effective single-center, spherical model potential [27]


VH2(r)=−1r−1r(1+αr)e−2αr,



(4)




with α=3.93. Furthermore, another variant of the target potential is considered where a time-dependent screening potential [39] due to electron removal during the collision is included. To distinguish the results from these two variants in this work, those which use this screening model are referred to as target-response (or simply response), while those in which the ground-state potentials are frozen are referred to as no-response approximation. It has been shown in previous investigations [35,39,40] that the use of such a time-dependent screening model typically leads to improved agreement with experimental total cross sections in the low- to intermediate-energy regime. For applications on state-selective capture, the use of such a screening model can have mixed effects on the radiative-emission results [35,36]. For these reasons, the main purpose of performing calculations with these two potential variants is to gain insight into the range of results that can be produced by the present theory and to gauge the ‘uncertainty’ of the present method [41].



The set of single-particle equations is solved by projecting them onto a finite set of basis states and propagating them using the TC-BGM. Here, the basis sets include: all nlm states from n=2 to n=7 of the Ne7+ projectile, all states from the KLMN shells of the target, and a set of BGM pseudostates [28] to account for quasimolecular couplings and transitions to the continuum. Once the single-particle capture probabilities pcap are obtained, they are combined statistically by using a multinomial analysis which describes q-fold capture with simultaneous k-fold ionization Pqk [42,43]. For the present study, pure SEC is


P10=2pcap(1−pcap−pion),



(5)




while DEC is


P20=(pcap)2.



(6)







In practice, these calculations are performed on the level of nl-states to be used for the post-collision analysis. With these probabilities, the corresponding cross sections σcap can be obtained by integrating over the impact parameter plane,


σcap=2π∫0∞bPq0(b)db.



(7)







For the post-collision analysis of Auger and radiative transitions on the projectile, it is sufficient to solve the standard rate equations [44,45] subject to the initial capture populations represented by σnl cross sections. Specifically, the population N of some energy level p is governed by


dNp(t)dt=∑i=p+1mNi(t)Ai→p−Np(t)∑f=1p−1Ap→f,



(8)




where A is a transition rate. Note that the population level index is a multi-index in practice, and transitions can occur through intermediate states dictated by selection rules. Accurate transition rates are obtained by the ratip program [46] which provides ab initio calculations of the electronic structure and properties of atoms and ions. To be consistent with the IEM, calculations using the ratip program are restricted to single configurations and assume that the two-electron states are singlet states, since spin changes from the singlet He and H2 ground states are unlikely [47].



Total photon counts for specific transitions are then obtained by integrating the intensity expression [45]


(counts)nl→n′l′=Anl→n′l′rad∫0∞Nnl(t)dt.



(9)







Since the dominant capture channel is n=4 and n=5 for collisions with He and H2, respectively, only radiative transitions corresponding to cascades of n=3,4, and 5 are considered.




3. Results and Discussion


3.1. Capture Cross Sections


Figure 1 shows the total capture cross sections for Ne8+ collisions with He (Figure 1a) and H2 (Figure 1b). In each plot, results of pure SEC are shown separately from total SEC (i.e., pure SEC + ADC). The present TC-BGM results are compared with total SEC measurements after post-collision ADCs [48,49], spectroscopy measurements [13,14], and coupled-channel calculations using one-electron diatomic orbitals (OEDM) [17]. Note that ADC mainly contributes to the production of the Ne7+(1s22p) state for these collisions [17,50]. Since the reported cross sections only included capture contributions from the n=3 and n=4 states, it is justified to treat those values as pure SEC.



By examining the SEC cross sections for both collision systems, it can be seen that the present results are within the experimental uncertainties. For the Ne8+–He system, the present total SEC also agrees very well with the OEDM calculations regardless of the different variants in the target potential that were used in the present calculations since they appear similar in magnitude. A similar agreement is also shown for the pure SEC cross sections at vP=0.4 a.u., but the deviation between the two calculations grows as impact speed decreases. One can then conclude that the pure SEC and ADC cross section ratios are different. Furthermore, comparing the cross sections between the two collision systems shows that those corresponding to the H2 target are larger. This can be understood by the fact that the primary capture state for H2 collisions is higher than that for He collisions. As a result, capture is extended over a larger spatial region, which then leads to a larger total cross section.



In a previous TC-BGM analysis of slow C6+–He collisions [35], it was found that ADC cross sections for C6+–He collisions were grossly overestimated when the IEM was employed and that the so-called independent-event model [51] is more appropriate for that system. We note that the coupled-channel calculation of Chen and Lin [26] for capture in the Ne8+–He system to individual doubly excited states is similar in spirit to the independent-event model [51]. From Figure 1, it is evident that the present IEM description is sufficient to describe total ADC for both He and H2 collisions with the more highly charged Ne8+ projectiles. All of these theoretical remarks are consistent with the results of the differential cross section studies by Boudjema et al. [50] and Roncin et al. [52], where total DEC (or ADC) for the He target appears at least as probable as total SEC for collisions which involve projectile ions with charge q≥7 (or q≥6 for H2). Furthermore, Boudjema et al. [50] also noted that the ADC to pure SEC ratio decreases at lower impact speeds [53]. This behavior is shown in Figure 1a for the OEDM calculations but not in the present work.



To further assess the total ADC cross sections, a few values at vP=0.4 a.u. are listed in Table 1 from the present calculations and earlier works. There is reasonable agreement between all independent studies for both collision systems at this impact speed. Based on the curves in Figure 1 and the discussion above regarding the ADC to pure SEC ratio behavior, it is implied that the present ADC may be slightly overestimated compared with the OEDM results [17] at lower impact speeds. As discussed in the next subsection for Ne8+–H2 collisions, such an overestimation of ADC can impact the radiative-emission results.



Figure 2 compares the present 4l capture cross sections for He collisions (Figure 2a) and 5l cross sections for H2 collisions (Figure 2b) with previous spectroscopic measurements by Bonnet et al. [13], Druetta et al. [14], and Beijers et al. [15]. For this comparison, the focus is on pure SEC into the main capture channels. Contrary to the findings of Bonnet et al. [13], who concluded that capture in H2 collisions is distributed over the n=4 and n=5 states, the present results only show selective capture in n=5.



Qualitatively, the present cross sections for both systems show typical behavior with respect to the impact speed. Specifically, capture to high l-states is preferable in faster collisions due to stronger rotational coupling, while preference to low l-states is shown for slower collisions due to stronger radial coupling [56]. The cross sections for the highest l-states (i.e., 4f and 5g for He and H2, respectively) appear to contradict this trend; however, the behavior of increasing capture into those states is expected to occur in much faster collisions [37]. The only set of experimental data that appears to be consistent with this behavior is that reported by Bonnet et al. [13]. Those from other groups are inconclusive due to a lack of data over the range of impact speeds of interest.



Overall, the present results are in reasonable agreement with the experimental cross sections. The only set of data that deviates remarkably in some instances is that of Beijers et al. [15]. It can be seen that many of those cross sections appear large2. Specific cases, such as σ4p in He collisions (Figure 2a), show a large discrepancy between the results of Bonnet et al. [13] and Druetta et al. [14]. Here, the present results appear closer to the former. There is also a wide discrepancy between the two measurements for σ4f, in which case the present results are closer to those of Druetta et al. [14]. In other words, the present results do not necessarily match with one specific experiment. Another exceptional case is σ5f in H2 collisions (Figure 2b), where the present results are much larger than those of Bonnet et al. [13]. This partially explains the differences in the total cross sections shown in Figure 1. The cause of these discrepancies can be partially attributed to systematic experimental errors related to the anisotropy of measured emissions, which can affect the branching ratios of cascades [13].




3.2. Line-Emission Results


Radiative-emission counts with respect to impact speed from charge-exchange Ne8+–He collisions are shown in Figure 3. These emission counts are normalized with respect to the total counts for the transitions that are shown in the figure. Recall that the focus is on line emissions from cascades in n=3 and n=4 states for this system. Also recall from the above discussion that such cascades are the result of pure SEC only. The present calculations are compared with spectroscopic measurements by Fleury et al. [16] and measurements using a high-resolution X-ray quantum microcalorimeter [20,21].



The line-emission results produced by the two TC-BGM variants of no-response vs. the target-response model appear similar to each other, with a quantitative difference of 25% or less. Overall, the line-emission profiles from the present calculations are qualitatively similar to the experimental counts. Quantitatively, the present results appear to be closer to the results of Fleury et al. [16] than to those of Zhang et al. [20,21]. Moreover, specific transition counts, such as 3d→2p, appear slightly overestimated compared with both experiments, which suggests a large σ4f in the present calculation (cf. Figure 2a). For the 4p→2s transition, noticeable deviations from the measurements are found at low impact speeds, which is a result of a smaller σ4p from the present calculations.



In a similar fashion, Figure 4 shows the fractional emission counts with respect to impact speed for Ne8+–H2 collisions. For this comparison, only measurements by Fleury et al. [16] are available to benchmark the present results. Because the main capture channel is a higher-energy state n=5 compared with n=4 for He collisions, additional transitions can be observed for this system. In addition, since ADC can have a sizable contribution to Ne7+(1s23l) production due to decay from certain Ne6+(1s24ln′l′) states [54], additional results of the present calculations which include ADC are shown as well. It should be noted that Fleury et al. [16] did not discuss the role of ADC in their measurements, and thus, it is not clear whether these results do include ADC. Using the work of Boudjema et al. [50] as an experimental guidance on the double-capture mechanism for the Ne8+–H2 system, only Auger decay from 4l5l′ states are included in the 3l cascades in the present calculations. Contrary to the good agreement between the experimental total SEC data shown in Figure 1b and the present calculations which include ADC from all possible doubly-excited states, it should be noted that the IEM does not necessarily produce the correct proportions of state-selective double-capture. As an example, the present calculation shows that the production of Ne6+(5l5l′) for H2 collisions is the largest, which is in disagreement with the experimental value [50].



The comparison of emission counts shows that there is reasonable agreement between the theoretical and the experimental results [16]. One should first note that the present results produced by the two TC-BGM variants are mostly similar but can differ by more than 40% for vP≤0.25 a.u. Including contributions from ADC leads to noticeable changes in the 3l→2l′ transition counts and brings the calculations to closer agreement with the experiments. This is an indication that the counts reported by Fleury et al. [16] likely contain contributions from ADC. Although the inclusion of ADC also affects the fractions of all other transitions, the changes in those counts are not significant. Overall, the results produced from the present IEM TC-BGM calculations are in satisfactory agreement with the experimental results.





4. Conclusions


Charge exchange in slow Ne8+ collisions with He and H2 and the subsequent radiative emissions were investigated based on the IEM framework, where single-particle probabilities were calculated using the TC-BGM. Model potentials were employed to represent the Ne8+ ion and the H2 target in the collision calculations, while He was represented on the exact-exchange level.



Cross sections for pure SEC obtained from the present calculations generally show good agreement with the available experimental and theoretical data. Good agreement with previous results is also found for the total SEC cross sections when ADC is taken into account, which demonstrates the applicability of the IEM and effective potentials to describe double-capture in these collision systems.



Similarly, the present nl partial cross sections are mostly consistent with the available experimental data. Discrepancies found for some states may be due to problems associated with anisotropy effects in the measurements. Although this affected certain spectral line-emission counts, overall, the range of results produced from the present calculations is in reasonable agreement with the available line-emission measurements. It would be of interest to utilize modern experimental techniques, such as cold-target recoil-ion momentum spectroscopy [57], to revisit these collision systems to help resolve these discrepancies.
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	1.
	
There is a minor typo in Equation (A27) of Reference [37]; the potential expression should be V(r)=−(Z−nc)/r+Ω(r), where Ω(r) is the second term of Equation (3) above, such that the asymptotic behavior V(r)→−Z/r as r→0 is satisfied.





	2.
	
When the σ4l cross sections of Beijers et al. [15] are added, the sum is similar in magnitude to the total SEC shown in Figure 1a, which conflicts with the pure SEC cross sections from other experimental and theoretical results. For this reason, total cross sections of Beijers et al. [15] are not shown in Figure 1a in order to avoid confusion.
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Figure 1. (a) Total capture cross sections with respect to the impact speed for Ne8+–He collisions. Pure single-electron capture (SEC) cross sections are separated from total SEC (pure SEC + autoionizing double-capture (ADC)). Experiments: Iwai et al. [48], Bonnet et al. [13], Druetta et al. [14]. Theory: Harel and Jouin [17], present work (no-response approximation and target-response model). (b) Same as (a) but for Ne8+–H2 collisions. Experiments: Panov et al. [49], Bonnet et al. [13]. Theory: present work. 
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Figure 2. (a) Partial capture cross sections of 4l-states with respect to the impact speed for Ne8+–He collisions. Capture events correspond to pure SEC only. Experiment: Bonnet et al. [13] (40% uncertainty); Druetta et al. [14] (30% uncertainty); Beijers et al. [15]. Theory: present work (no-response approximation and target-response model). (b) Same as (a) but 5l-states for Ne8+–H2 collisions. 
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Figure 3. Fractions of line emissions with respect to impact speed from charge-exchange Ne8+–He collisions. Experiments: Zhang et al. [20,21]; Fleury et al. [16]. Theory: present work. 
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Figure 4. Fractions of line emissions with respect to impact speed from charge-exchange Ne8+–H2 collisions. Experiment: Fleury et al. [16]. Theory: present work separated in pure SEC (dashed lines) and total SEC (solid lines). 
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Table 1. Total ADC cross sections (in 10−16 cm2) for Ne8+–He and Ne8+-H2 collisions at vP=0.4 a.u. Theory: present independent-electron model (IEM) two-center basis generator method (TC-BGM) in the no-response and response models; Harel and Jouin [17]. Experiment: Mack [54] (25% uncertainty); Bordenave-Montesquieu et al. [55] (35% uncertainty).
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