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Abstract

        In this work, single and double photoionization cross sections in the vicinity of 1s → 2p resonances are investigated theoretically for quantum states belonging to the ground and first excited configurations of O+–O4+. R-matrix method has been employed to obtain the single ionization cross section, whereas the double ionization cross sections are obtained by the branching ratios of the direct double Auger decay to the total Auger decay. By analyzing possible double ionization pathways, we conclude that the double photoionization originates predominately from the direct double Auger decay of the K-shell resonant states. Our theoretical work diagnosed the population fraction of the quantum state prepared in a recent experiment and successfully interpreted the experimental observations on both single and double photoionization cross sections. 
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1. Introduction
The observations from X-ray satellites including Chandra and XMM-Newton have identified a number of intense lines originating from the 1s → 2p transitions in different ionization stages of light elements, in particular oxygen. Oxygen is the third most abundant element in the astrophysical plasmas and it is also abundant in the Earth’s atmosphere. The X-ray photoabsorption in the KLL resonances of O5+ was first detected by the Chandra X-ray Observatory (Lee et al. 2001). Up to now the K-shell absorption lines of oxygen and its ions have been observed in various astrophysical objects (Kallman et al. 2013; Ramírez 2013; Liao et al. 2013; Pinto et al. 2013; Yao et al. 2009). 
The observations of K-shell photoabsorption from X-ray satellites motivated both experimental and theoretical investigations on the photoionization (PI) cross sections, which are the basic atomic data to model the astrophysical plasmas and to identify the observed lines. Here we mention relevant work related to O+–O4+. Theoretically, earlier work by Chen et al. (1997, 1988, 1987) investigated the K-shell Auger decay and radiative transitions for the carbon-like and boron-like ions including O2+ and O3+ using the multi-configuration Dirac-Fock (MCDF) approach. For O3+, additional variety of methods such as 1 /Z perturbation theory (Safronova & Shlyaptseva 1999) and the saddle-point-method with R-matrix, complex coordinate rotation methods (Chung 1990; Lin et al. 2001, 2002; Sun et al. 2011, 2013) were used to calculate the Auger resonance energies and widths of K-shell excited states. Later, the K-shell Auger processes of O+–O4+ were investigated by using the R-matrix method (Petrini 1981; Petrini & Da Silva 1996; Zeng et al. 2001, 2004; Zeng & Yuan 2002; Olalla et al. 2002; Pradhan et al. 2003; Garcia et al. 2005), which represent the state-of-the-art ab initio calculations. Experimentally, the relative 1s → 2p resonance PI cross section of O+ was measured by Kawatsura et al. (2002) using the merged-beam technique. Absolute K-shell PI cross sections for boron-like O3+ ions were measured by McLaughlin et al. (2014) employing the ion-photon merged-beam technique at the SOLEIL synchrotron-radiation facility in the photon energy range from 540 to 600 eV with a resolving power ~5000. The key parameters including the resonance energies, natural lifetime widths and resonance strengths of the strong 1s → 2p and the weaker 1s → 3p resonances were determined from the observed K-shell spectra of this ion. All the above theoretical and experimental investigations are devoted to the single PI or single Auger decay processes. Very recently, Bizau et al. (2015) experimentally measured the absolute cross sections for the single and double K-shell PI of O+ and O2+ ions in the 526−620 eV photon energy range by employing the ion-photon merged-beam technique with a high-resolution of resolving power ~5300 at the SOLEIL synchrotron-radiation facility. To the best of our knowledge, however, no theoretical investigations were carried out to the double K-shell PI and double Auger decay of O+–O4+. 
In this work, we investigate the 1s → 2p double PI of the quantum states belonging to the ground and the first excited configurations of O+–O4+. We point out that the resonance double PI originates from the direct double Auger decay (DDAD) of the K-shell excited states. By studying the single and double Auger decay rates, the branching ratios (BRs) of DDAD to the total Auger decay are determined. Combining with the single PI cross sections, we obtain the double PI cross sections. Our theoretical results are compared with the experiment of Bizau et al. (2015) and we concluded that the DDAD processes of the final K-shell excited states are the origin of the double PI. We successfully diagnosed the population fraction of the prepared initial state in this experiment and interpreted the experimental results for the first time. 
2. Theoretical method
The single PI cross sections were obtained using the R-matrix method (Berrington et al. 1995), which is a powerful tool for analyzing the resonances in the continuum processes. The theoretical background can be found elsewhere (Berrington et al. 1995) and the detailed procedure of the method is described in our previous work (Liu et al. 2014c, 2011, 2013), so we give only an outline here. The basic idea of the R-matrix method is to partition the space into the internal and external regions. In the internal region, the wave function of the (N + 1)-electron system is described as [image: equation](1)where Â is antisymmetrization operator which accounts for the electron exchange between the electrons of the target and the continuum electron. Xm stands for the spatial coordinates (rm) and the spin (σm) of the mth electron. The continuum orbitals uij(r) of the scattered electron are the only terms to be non-zero on the surface of the internal region. In the external region, the exchange interaction between the bound electrons of target and the continuum electron is completely excluded. In both regions, the wave function of target state Φi is expressed in a configuration interaction expansion [image: equation](2)where ϕk is the configuration state function which is constructed from the one-electron orbitals. The configuration interaction expansion allows us to include adequate electron correlations for both the target and (N + 1)-electron system to obtain as accurate results as possible. 

        Table 1

            Theoretical and experimental energies (Kramida et al. 2015) (in eV) for the terms of target states of O2+ and O3+ relative to the ground state in the calculations of PI of O+ and O2+.

          

      
        Table 2

            Theoretical and experimental energies (Kramida et al. 2015) (in eV) for the terms of target states of O4+ and O5+ relative to the ground state in the calculations of PI of O3+ and O4+.

          

      
        Table 3

            Single Auger decay (SAD) rates (in s-1), direct double Auger decay (DDAD) rates (in s-1), branching ratios (BR) (%) of DDAD relative to the total Auger process, and the natural lifetime widths (in meV) of the O+1s → 2p excited states. 

          

      In this work, the wave functions of the targets were cast as linear combinations of Slater-type orbitals with the appropriate parameters being determined using the CIV3 computer code (Hibbert 1975) except for those orbitals of the ground configurations being taken from Clementi & Roetti (1974). Explicitly, thirteen orbitals (1s, 2s, 2p, 3s, 3p, [image: equation], [image: equation], [image: equation], [image: equation], [image: equation], [image: equation], [image: equation], and [image: equation]) were included in the expansion of the wave functions of the target and N + 1 electron system to obtain the photoionization cross section of O+. The wave functions of 3s and 3p orbitals were obtained by optimizing on the 1s22s22p3s[image: equation] and 1s22s22p3p3P states, respectively. The bar on the orbital indicates that it is a pseudo-orbital. The [image: equation], [image: equation], [image: equation], and [image: equation] were obtained by optimizing on the 1s22s2p3[image: equation], 1s22s2p3[image: equation], 1s22s22p21D and 1s22s02p43P states, respectively. The [image: equation], [image: equation], [image: equation], and [image: equation] orbitals were obtained by optimizing on the 1s-hole states 1s2s22p3[image: equation], 1s2s2p43P, 1s2s22p3[image: equation], and 1s2s2p43D, respectively. For the calculations of O2+, O3+ and O4+, we have included ten electron orbitals of 1s, 2s, 2p, 3s, 3p, 3d, [image: equation], [image: equation], [image: equation], and [image: equation]. For the target states of O2+, the wave functions of 3s, 3p and 3d orbitals were obtained by optimizing on the 1s22s23s2S, 1s22s23p[image: equation] and 1s22s23d2D states, respectively, while the pseudo-orbitals [image: equation], [image: equation], [image: equation], and [image: equation] were obtained by optimizing on the 1s22s2p22S, 1s22s2p22P, 1s22s02p3[image: equation] and 1s22s2p22D states. The wave functions of spectroscopic orbitals (2p, 3s, 3p and 3d) of O3+ were optimized on the singlet terms of their respective configurations, whereas those of [image: equation], [image: equation], [image: equation], and [image: equation] were used to improve the states of 1s22p21S, 1s22s2p[image: equation], 1s2s22p[image: equation] and 1s2s2p23D, respectively. For the description of the target states of O4+, the wave functions of 2p, 3s, 3p and 3d were determined to represent their only respective spectroscopic term, whereas the pseudo-orbitals [image: equation], [image: equation], [image: equation], and [image: equation] were optimized on the states of 1s2p22S, 1s2s(1S)2p[image: equation], 1s2p22D and 1s2p22P. 
The R-matrix wave function expansion was performed by including 30, 28, 21, and 17 target states for the calculations of photoionization of O+, O2+, O3+, and O4+, respectively. The theoretical energy levels of the target states (relative to their respective ground states) are compared in Tables 1 and 2 with the experimental values (Kramida et al. 2015) for the calculations of PI of O+–O4+. We find good agreement is obtained between the theoretical and experimental results. A large enough boundary has been chosen to ensure that the wavefunction is completely wrapped within the R-matrix sphere. For each angular momentum, the continuum orbitals were expressed as a linear combination of 50 numerical basis functions. 
One possible double PI pathway is via the DDAD processes of the final states, where one needs to calculate the DDAD rates to obtain the PI cross section. The theoretical method for the calculations of the DDAD rates has been described in our recent work (Zeng et al. 2013b, 2013a; Liu et al. 2014a). In the second-order perturbation theory, the DDAD rate reads as [image: equation](3)where [image: equation] is the wave function of final state after DDAD process with a bound state of the ion plus two continuum electrons. The summation over intermediate states means a summation over all possible bound states of the ionized ion and an integration over a complete set of continuum states of the remaining electron. According to the knock-out (KO) and shake-off (SO) mechanisms (Amusia et al. 1992), the above expression can be simplified as [image: equation](4)and [image: equation](5)where σmf(ε0) is the cross section of the inelastic scattering of the intermediate Auger electron upon the middle state m to the final one f. The value of ε0 can be determined from the energy conservation relation in the process. The factor of [image: equation] in the SO mechanism is introduced to avoid double counting the contribution of the continuum electrons. [image: equation] means the overlap integral between the wave functions in the potential field of the initial state and that in the final state with two Auger electrons being ejected. The detailed theoretical methods to calculate single Auger decay rate and electron impact single ionization cross section can be found in references (Gu 2008; Zeng et al. 2014; Liu et al. 2014b, 2015) with the data being obtained by using the Flexible Atomic Code developed by Gu (2008). 

        
        	[image: thumbnail]	Fig. 1
            Single photoionization (SPI) and double photoionization (DPI) cross sections of the terms [image: equation], [image: equation], and [image: equation] of O+ belonging to the ground configuration 1s22s22p3. 

          



      
        
        	[image: thumbnail]	Fig. 2
            As in Fig. 1 but for the terms of 4P, 2D, 2S, and 2P of O+ belonging to the first excited configuration 1s22s2p4. 

          



      
        
        	[image: thumbnail]	Fig. 3
            Comparison of theoretical and experimental (Bizau et al. 2015) single photoionization (SPI) and double photoionization (DPI) cross sections of O+. a) SPI cross section compared with the relative measurement of 100 meV BP, b) SPI cross section compared with the absolute measurement of 200 meV BP, and c) DPI cross section compared with the absolute measurement (red open circles) and relative measurement (blue vertical bars) with 200 meV BP. The vertical bars indicate the statistical uncertainties of the experiment. The theoretical cross sections were reconstructed assuming a relative population fraction of 47% for 1s22s22p3[image: equation], 31% for [image: equation], and 22% for [image: equation], and then convolved with a Gaussian profile with full width at half maximum (FWHM) of respective experimental BP. To have the best comparison with the experiment, the theoretical resonance positions have been shifted to the lower energy direction according to the measured values by 1.042 eV for [image: equation]–2D, 0.919 eV for [image: equation]–2P, 1.373 eV for [image: equation]–4P, 1.203 eV for [image: equation]–2D, 0.995 eV for [image: equation]–2P and 1.315 eV for [image: equation]–2S, respectively. 

          



      For the DDAD processes of K-shell hole states 1s2sx2py of O+ (x + y = 6), O2+ (x + y = 5), O3+ (x + y = 4), and O4+ (x + y = 3), the wave functions of three successive ionization stages are required to obtain the decay rates. For each case, we obtained the optimal radial potential based on the ground configuration of the middle ionization stage to calculate the required wave functions by using the Flexible Atomic Code (Gu 2008). To adequately include the effects of electron correlations, we explicitly considered the configuration interactions among quantum states of single and double electron excitations from the respective ground and first excited configurations of three successive ionization stages to the included orbitals up to 5f for O+ and up to 4f for O2+–O4+. Take O+ to illustrate the details. The optimized radial potential was determined based on the ground configuration 1s22s22p2 of O2+. The interactions among the fine-structure levels of O+ belonging to the following configurations have been included: 1s22s22p3, 1s22s2p4, 1s22s02p5, 1s22s22p2nl, 1s22s2p3nl, 1s22s02p4nl, 1s2s22p4, 1s2s2p5, 1s2s02p6, 1s2s22p3nl, 1s22s22pnln′l′, 1s22s2p2nln′l′, 1s22s02p3nln′l′, 1s2s22p2nln′l′, 1s2s2p3nln′l′, 1s2s02p4nln′l′ (nl, n′l′ = 3s, 3p, 3d, 4s, 4p, 4d, 4f, 5s, 5p, 5d, and 5f). Similar considerations apply for the scale of configuration interaction for two higher ionization stages of O2+ and O3+. The electron impact ionization cross sections from the quantum states of O2+ to those of O3+ given in the list of configurations have been calculated. The dominant channels originate from the single electron ionization processes. 
3. Results and discussion
The predominant mechanism of the K-shell resonance double PI is through the DDAD processes of the K-shell excited states for the following reasons. Firstly, there is no possibility for the cascade double PI as the single K-shell excited states have no pathways of cascade double Auger decay. Secondly, the direct double PI is indeed possible, yet the cross section is negligibly trivial. Near the K-shell resonances, the possible channels of direct double PI can originate only from the PI of 2s and 2p electrons, which are further ionized to produce quantum states of two higher ionization stage. However, the cross sections of 2s and 2p electrons are more than four orders of magnitudes smaller than the 1s → 2p resonance PI cross section and thus the contribution of the direct double PI is negligibly small. Therefore the only predominant mechanism for the double PI originates from the DDAD processes of the K-shell excited states. 
3.1. N-like O+
The production of the single K-shell resonance PI of N-like O+ relevant to the present work is the inner-shell excited states belonging to the configurations of 1s2s22p4 and 1s2s2p5. The single and direct double Auger decay rates for these K-shell excited states are given in Table 3 along with BRs of the DDAD relative to the total Auger decay. No data on the DDAD rates are available in the literature, to the best of our knowledge and thus we compare the natural lifetime widths with available experimental and theoretical results to evaluate the quality of our theoretical results. Our theoretical natural lifetime widths (fifth column), the measurements of Bizau et al. (2015) (sixth column) and the previous available theoretical results (Zeng et al. 2004; Bizau et al. 2015; Garcia et al. 2005) (seventh column) are given in Table 3. For the quantum state of 1s2s22p42D, two experimental values are given with 159(30) meV being obtained from the resonance of 1s22s22p3[image: equation]→1s2s22p42D  while 80(60) meV from 1s22s22p3[image: equation]→1s2s22p42D  (Bizau et al. 2015). As the final state of the two resonance transitions is the same, the natural lifetime widths should, in principle, be nearly equivalent as the Auger decay rate is much larger than the radiative decay rate. For this state, our theoretical result (140 meV) is within the experimental error of both measured values yet in better agreement with 159(30) meV. Good agreement is also found for the terms of 1s2s22p44P and 1s2s22p42P between our theory and experiment (Bizau et al. 2015). For the term of 1s2s22p42S, however, our theoretical result (154 meV) is much smaller than the experimental value of 430(200) meV, which has a larger error bar. Nevertheless, our predicted natural widths are in reasonable agreement with all available theoretical results reported in the literature (Zeng et al. 2004; Bizau et al. 2015; Garcia et al. 2005). 
Figures 1 and 2 display the single and double 1s → 2p  resonance PI cross sections of the terms [image: equation], [image: equation], and [image: equation]  belonging to the ground configuration 1s22s22p3  and terms of 4P, 2P, 2D, and 2S to the first excited configuration 1s22s2p4 of N-like O+. The double PI cross sections are obtained by multiplying the single ionization cross section by the DDAD BRs of the respective final resonance states. The origin of the resonances can easily be identified from the term designations listed in Table 3. The only resonance shown in PI of 1s22s22p3[image: equation] in Figs. 1a, b originates from 1s2s22p44P, the two resonances of 1s22s22p3[image: equation] (Figs. 1c, d) from 1s2s22p42D and 1s2s22p42P  (dipole selection rule makes transition to 1s2s22p42S forbidden) and the three resonances of 1s22s22p3[image: equation] (Figs. 1e, f) from 1s2s22p42D, 1s2s22p42P and 1s2s22p42S, respectively. The only resonance shown in Figs. 2a, b originates from 1s2s(3S)2p5[image: equation]. The origin of other resonances can be similarly determined. 
Our theoretical results are helpful to diagnose the population fraction prepared in the initial state of the experiment (Bizau et al. 2015). These authors measured the PI cross sections of N-like O+ with different instrumental broadening with band passes (BP) of 350, 200, and 100 meV in the K-shell resonance PI region. In these experiments, it is well known that considerable population of metastable excited states might be produced (Müller 2015). To interpret the experiment, we first need to diagnose the population fraction in the initial state prepared in the experiment. By carefully comparison of our theoretical work with the experiment, we determined that there are no quantum states belonging to the first excited configuration 1s22s2p4 in the prepared initial state. The initial state originates from the terms of the ground configuration 1s22s22p3 with a population fraction determined to be 47% for [image: equation], 31% for [image: equation], and 22% for [image: equation]. By utilizing this fraction distribution, the theoretical cross sections for single and double PI were reconstructed in Fig. 3. In this figure we compare our theoretical results with the experiment of Bizau et al. (2015) for the single and double PI cross sections by assuming the above population fraction. For the single PI, two theoretical results are compared with the experimental cross sections obtained with a BP of 100 meV (Fig. 3a) and 200 meV (Fig. 3b). The calculated cross sections have been convolved with a Gaussian profile of 100 and 200 meV full width at half maximum (FWHM) to account for the instrumental broadening. The theoretical cross sections without including the instrumental broadening are also given in Fig. 3a in a dashed line to aid our understanding of the process. We note that the experimental results with 100 meV BP were obtained in the relative mode and the experimental data were normalized to absolute measurement with 200 meV BP. The experimental results for the double PI were recorded in the absolute mode and in the relative mode with a 200 meV BP (Fig. 3c). The vertical bars indicate the statistical uncertainties of the experiment. Five resonances were observed in the experiment for both single and double PI cross sections and they can be identified to be 1s22s22p3[image: equation]2D, [image: equation]→2P, [image: equation]→4P, [image: equation], [image: equation]→2P and [image: equation]→2S, respectively, from the left to the right of the figure. Excellent agreement is obtained between our theory and the experimental results of relative measurement with 100 meV BP for the single PI process (Fig. 3a). Yet our theoretical single PI cross sections are a little smaller than the experiment of absolute measurement with 200 meV BP for the first ([image: equation]), second ([image: equation]) and the fifth resonance ([image: equation]). For the double PI (Fig. 3c), there is a general good agreement except for the lowest resonance ([image: equation]) located at an energy of 530.1 eV, where the position and shape of this resonance observed in the double PI are different from their measured single PI cross section (Bizau et al. 2015). The reason for this discrepancy is not clear and deserves further inspection. 

          Table 4

              As in Table 3 but for O2+. 

            

        As discussed in the above, three possible mechanisms contribute to the double PI. The first one is the direct double PI, where two electrons are ejected simultaneously into the continuum, and the second one is the cascade double PI, where two electrons are ejected sequentially. There is no possibility for the cascade double PI near the 1s → 2p resonances and the only channels of the direct double PI are through the ionization of the valence electrons of 2s and 2p, which is also negligibly trivial at the resonance locations. Our work shows that the double PI of 1s → 2p resonances originates predominately from the third mechanism, the DDAD of the K-shell excited states which is a three-electron Auger decay process. From the inspection of Fig. 3c, we can see that this mechanism explains the recent experimental observation of Bizau et al. (2015). The experiment measured ~7% of the decay via double ionization channels relative to that of via single ionization channels (Bizau et al. 2015), which corresponds to ~6.5% of double ionization relative to the total. From inspecting Table 3, we derive the BRs of DDAD relative to the total Auger process being ~5.7% for the K-shell excited terms from the ground configuration of 1s22s22p3, which is close to yet a little smaller than the experimental value of ~6.5%. Considering the general good agreement between the theory and experiment for both the single and double PI cross sections, one of the possible reason of the small difference might be caused by the accuracy of experimental measured natural lifetime widths. 
3.2. C-like O2+
For this ion, the final K-shell resonance states of PI are those belonging to the configurations of 1s2s22p3 and 1s2s2p4, whose single and direct double Auger decay rates are listed in Table 4. Compared with the theoretical BRs of ~5.7% for N-like O+, the BRs of C-like O2+ K-shell excited states are more than 50% smaller (~2.6%). The theoretical result is also a little less than the experimental determination of ~3.2% (Bizau et al. 2015). The natural widths of these autoionized states are compared with available experimental (Bizau et al. 2015) and theoretical results (Chen et al. 1997; Zeng et al. 2001; Bizau et al. 2015; Petrini 1981; Olalla et al. 2002; Garcia et al. 2005). Our theoretical widths for the terms of 1s2s22p3[image: equation], [image: equation], and [image: equation] are close to the experimental values (but outside the error bar), yet the discrepancy is a little larger for 1s2s22p3[image: equation]. However, our results are in reasonably good agreement with all other theoretical calculations obtained using the R-matrix method (Zeng et al. 2001; Bizau et al. 2015; Petrini 1981; Olalla et al. 2002; Garcia et al. 2005). The earlier work obtained using MCDF calculations predicted larger values for the terms of 1s2s22p3[image: equation], [image: equation], [image: equation], [image: equation], [image: equation] and 1s2s(1S)2p41D, 3P, 1S, and predicted lower values for the terms of 1s2s(3S)2p45P, 3P, 3D, and 3S. Generally speaking, the agreement between our theoretical natural widths and the experimental values for C-like O2+ is not as good as those of O+. 

          
          	[image: thumbnail]	Fig. 4
              SPI and DPI cross sections of the terms 1s22s22p23P, 1D, and 1S for O2+.

            



        
          
          	[image: thumbnail]	Fig. 5
              SPI and DPI cross sections of the terms of [image: equation], [image: equation], and [image: equation] belonging to the configuration 1s22s2p3 of O2+.

            



        
          
          	[image: thumbnail]	Fig. 6
              SPI and DPI cross sections of the terms of [image: equation], [image: equation], and [image: equation] belonging to the configuration 1s22s2p3 of O2+.

            



        
          
          	[image: thumbnail]	Fig. 7
              Comparison of theoretical and experimental (Bizau et al. 2015) SPI and DPI cross sections of O2+. a) SPI cross section compared with the relative measurement with 110 meV BP, b) DPI cross section (being convolved with a Gaussian profile of 110 and 350 meV FWHM) compared with the absolute measurement with 350 meV BP. The vertical bars indicate the statistical uncertainties of the experiment. The relative population fraction of the initial state were diagnosed to be 71.5% 3P, 19% 1D, and 9.5% 1S of configuration 1s22s22p2. To have the best comparison with the experiment, the theoretical resonance positions have been shifted to lower energy direction according to the experimental results by 1.894 eV for 3P–[image: equation], 1.694 eV for 1S–[image: equation], 1.656 eV for 1D–[image: equation], 1.632 eV for 3P–[image: equation], 2.188 eV for 3P–[image: equation] and 2.070 eV for 1D–[image: equation]. 

            



        Figure 4 shows the single and double PI cross sections of the terms 3P, 1D, and 1S belonging to the ground configuration 1s22s22p2 of C-like O2+ in the 1s → 2p resonance energy range. Figures 5 and 6 display the single and double PI cross section of the terms [image: equation], [image: equation], [image: equation], [image: equation], [image: equation], and [image: equation] of the first excited configuration 1s22s2p3 of O2+. With the aid of Table 4, we can easily identify the resonances shown in Figs. 4−6 according to the dipole selection rules in the PI processes. We note that the energies of the K-shell excited states given in Tables 3−6 are arranged in an ascending order. Taking Fig. 4 as an example to illustrate the procedure, the three resonances in Plots 4a and 4b are assigned to be 1s2s22p3[image: equation], [image: equation], and [image: equation], respectively, from the lower to higher photon energy. The two peaks in Plots 4(c) and 4(d) are identified as 1s2s22p3[image: equation] and [image: equation], respectively. The only resonance of the last two plots in Fig. 4 originates from 1s2s22p3[image: equation]. 
Figure 7 compares the theoretical single and double PI cross sections of O2+ in the energy range of the 1s → 2p transitions with the experiment of Bizau et al. (2015). The experimental result for the single PI was obtained in a relative mode with a 110 meV BP (Fig. 7a). Double PI cross section was recorded in the absolute mode with a 350 meV BP (Fig. 7b). The vertical bars indicate the statistical uncertainties of the experiment. To interpret the experiment, we diagnosed the relative population fraction of the initial state prepared in the experiment to be 71.5% 3P, 19% 1D, and 9.5% 1S of configuration 1s22s22p2. It is possible that a very small fraction of quantum state [image: equation] belonging to the excited configuration 1s22s2p3 exist in the experiment. The theoretical cross sections for the single and double PI were reconstructed utilizing this population fraction. In Fig. 7a, the theoretical single PI cross section were convoluted with a Gaussian profile of 110 meV FWHM and then compared with the experiment. Excellent agreement is found between our theory and the experimental result. In Fig. 7b, two theoretical double PI cross sections are given with one being convoluted with a Gaussian profiles of 110 meV FWHM and the other using 350 meV. Comparison shows that better agreement is found between our theoretical result convolved with 110 meV FWHM Gaussian profile and the experimental double PI cross section recorded in the absolute mode with a 350 meV BP. The theoretical results convoluted with 350 meV FWHM are smaller than the peak experiment PI cross sections for all measured resonances. 

          Table 5

              As in Table 3 but for O3+.

            

        
          Table 6

              As in Table 3 but for O4+.

            

        For the double PI of O2+ shown in Fig. 7b, one should compare a convoluted theoretical cross section using a width of 350 meV (the reported experimental band pass) with the experimental values. The disagreement between the convoluted theoretical results with a width of 350 meV and the experiment suggests that further work and check are needed to clarify this issue. We do not know the exact reason for the theory-experiment discord. One possibility is that the experimental band pass is actually 110 meV, which is the same with that in the single PI measurement. The more realistic possibility might be that obtaining a weaker double PI cross section of O2+ than that of O+ with a high precision is more challenging. Practical calculations show that the double PI cross section of oxygen ions decreases rapidly with increasing ionization stage. 
3.3. B-like O3+ and Be-like O4+
The relevant single and direct double Auger decay rates for the K-shell excited states of B-like O3+ and Be-like O4+ are given in Tables 5 and 6, respectively. It can be seen that the BRs of the DDAD relative to the total Auger decay decrease rapidly with increasing ionization stage of oxygen ions, which reflects the correlation strengths in different charge states. This is evident as effects of electron correlations becomes weaker with the increase of ionization stage. In Tables 5 and 6 we also compare the natural widths with the experimental (McLaughlin et al. 2014) and theoretical results (Chen & Crasemann 1988; Chen & Crasemann 1987; Lin et al. 2001; Lin et al. 2002; McLaughlin et al. 2014; Zeng & Yuan 2002; Pradhan et al. 2003; Garcia et al. 2005; Chen 1985) available in the literature. From the inspection of Table 5, it can be seen that our results are in reasonable agreement with the available theoretical results (Chen & Crasemann 1988, 1987; McLaughlin et al. 2014; Zeng & Yuan 2002; Pradhan et al. 2003; Garcia et al. 2005) except for part of the results obtained by Pradhan et al. (2003). Pradhan et al. (2003) predicted a much smaller lifetime widths for the terms of 1s2s22p2[image: equation], [image: equation] and [image: equation]. A good agreement is found for the widths of two terms of 1s2s22p2[image: equation] and 1s2s(3S)2p34P◦ between our results and the experiment. There is a large discrepancy for other measured values, in particular for the term of 1s2s22p2[image: equation] with a theoretical prediction of 125 meV yet the measured value being only 26(22) meV. To the best of our knowledge, no experimental investigations have been reported for Be-like O4+ on the K-shell PI. In general, good agreement is found between the theoretical results (Lin et al. 2001, 2002; Garcia et al. 2005; Chen 1985) of O4+ except for the two terms of 1s2s(3S)2p2[image: equation] and [image: equation]. For 1s2s(3S)2p2[image: equation], our theoretical width is only about a half of the calculated value obtained by Chen (1985), while for 1s2s(3S)2p2[image: equation], our result is larger than that of Chen (1985) by 100%. 
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              SPI and DPI cross sections of the term of O3+1s22s22p[image: equation].

            



        
          
          	[image: thumbnail]	Fig. 9
              SPI and DPI cross sections of the terms of 4P, 2D, 2P, and 2S belonging to the configuration 1s22s2p2 of O3+.

            



        
          
          	[image: thumbnail]	Fig. 10
              Comparison of theoretical and experimental (in absolute and relative measurement) (McLaughlin et al. 2014) single PI cross sections of O3+. Theoretical cross sections have been convolved with a Gaussian profile of 170 meV FWHM to account for the instrument broadening of 170 meV. The vertical bars indicate the statistical uncertainty of the experiment. The relative population fraction of the initial state was diagnosed to be 82.5% [image: equation] term of configuration 1s22s22p and 17.5% 4P term of configuration 1s22s2p2. To have the best comparison with the experiment, the theoretical resonance positions have been shifted to lower energy direction by 0.220 eV for [image: equation]–2D, 0.505 eV for [image: equation]–2P, 0.368 eV for [image: equation]–2S, 0.389 eV for 4P–[image: equation], 0.671 eV for 4P–[image: equation] and 0.401 eV for 4P–[image: equation]. 

            



        
          
          	[image: thumbnail]	Fig. 11
              SPI and DPI cross sections of the term of 1S belonging to the ground configuration 1s22s2a), b) and terms of [image: equation], and [image: equation] to the first excited configuration 1s22s2pc)−f) of O4+.

            



        Figures 8 and 9 display the single and double 1s → 2p resonance PI cross sections of the term 2P◦ belonging to the ground configuration 1s22s22p and [image: equation], [image: equation], [image: equation], and [image: equation] of the first excited configuration 1s22s2p2 of B-like O3+. McLaughlin et al. (2014) measured the absolute cross section of the K-shell single PI of O3+ ions from 540 eV up to 600 eV by employing the ion-photon merged-beam technique at the SOLEIL synchrotron radiation facility with a high resolution of resolving power ~5000. To the best of our knowledge, no experimental results are available in the literature on the double 1s → 2p resonance PI cross sections of O3+. We compare in Fig. 10 our theoretical cross section of single PI in the vicinity of 1s → 2p resonances with the experimental results (McLaughlin et al. 2014) obtained in absolute and relative modes with a 170 meV BP. To reconstruct the theoretical cross section, we assume a relative population fraction of 82.5% 2P◦ of the ground configuration 1s22s22p and 17.5% [image: equation] of the excited configuration 1s22s2p2. The theoretical results have been convoluted with a Gaussian profile of 170 meV FWHM to account for the instrumental broadening. It can be seen that excellent agreement is obtained between our theory and the experimental results in relative measurement, while our theoretical cross section is smaller than the absolute measurement. 
The corresponding results for Be-like O4+ are given in Fig. 11 with (a) and (b) referring to the term of 1s22s2[image: equation] and (c)−(f) to terms of 1s22s2p3P◦ and 1P◦. Again the double PI cross sections are obtained by considering the DDAD BRs of the respective final resonance states. As far as we are aware, no experimental results are available in the literature for both single and double PI cross sections. 
3.4. Consequences of double PI processes on ionization balance
Interpreting observations of K-shell lines from X-ray satellites and modeling astrophysical processes require knowledge of the underlying charge state distribution (CSD) of the plasma. Previous ionization balance calculations have largely neglected the effects of double PI processes. Experimental and theoretical work indicates that the double ionization cross section can amount to ~7% relative to the single ionization cross section for O+. With increasing ionization stage, the ratio of double to single ionization cross section decreases to ~2.8%, ~1.2%, and ~0.4% for O2+, O3+, and O4+, respectively. Preliminary calculations using the collision-radiative model implemented by the detailed level accounting method (Gao et al. 2013) show that the ion abundances can be modified by about 6% at the most favorable situation by including the double ionization processes. For neutral atoms and in particular negative ions, the influence on their abundances can be larger in ionization balance calculations. Systematic quantitative investigation on the effects of double PI on the CSD is beyond the scope of present work. 
4. Conclusion
In conclusion, single and double PI cross sections are investigated for the terms belonging to the ground and first excited configurations of O+-O4+ in the 1s → 2p resonance energy range. In this energy region, the PI cross section is dominated by the 1s → 2p resonances, whereas the continuum background is negligibly small. The double PI originates predominately from the direct double Auger decay of the final resonance states and thus can be obtained by multiplying the single PI cross section by the branching ratio of the direct double Auger decay to the total Auger decay for each channel. For the terms of the ground configuration of O+, this ratio is ~5.7% from our theoretical calculations. It decreases to ~2.6% (O2+), ~1.1% (O3+), and ~0.4% (O4+), respectively, for the terms of respective ground configuration. The population fraction in the initial state of recent experiments on PI of O+–O3+ was diagnosed and our theoretical work successfully interpreted the experimental results for both single and double PI cross sections. Double PI processes will affect the ionization balance in plasmas and the effect on abundances of oxygen ions is evaluated with a collision-radiative model. 
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            Comparison of theoretical and experimental (Bizau et al. 2015) single photoionization (SPI) and double photoionization (DPI) cross sections of O+. a) SPI cross section compared with the relative measurement of 100 meV BP, b) SPI cross section compared with the absolute measurement of 200 meV BP, and c) DPI cross section compared with the absolute measurement (red open circles) and relative measurement (blue vertical bars) with 200 meV BP. The vertical bars indicate the statistical uncertainties of the experiment. The theoretical cross sections were reconstructed assuming a relative population fraction of 47% for 1s22s22p3[image: equation], 31% for [image: equation], and 22% for [image: equation], and then convolved with a Gaussian profile with full width at half maximum (FWHM) of respective experimental BP. To have the best comparison with the experiment, the theoretical resonance positions have been shifted to the lower energy direction according to the measured values by 1.042 eV for [image: equation]–2D, 0.919 eV for [image: equation]–2P, 1.373 eV for [image: equation]–4P, 1.203 eV for [image: equation]–2D, 0.995 eV for [image: equation]–2P and 1.315 eV for [image: equation]–2S, respectively. 
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            In the text



	[image: thumbnail]	Fig. 7
              Comparison of theoretical and experimental (Bizau et al. 2015) SPI and DPI cross sections of O2+. a) SPI cross section compared with the relative measurement with 110 meV BP, b) DPI cross section (being convolved with a Gaussian profile of 110 and 350 meV FWHM) compared with the absolute measurement with 350 meV BP. The vertical bars indicate the statistical uncertainties of the experiment. The relative population fraction of the initial state were diagnosed to be 71.5% 3P, 19% 1D, and 9.5% 1S of configuration 1s22s22p2. To have the best comparison with the experiment, the theoretical resonance positions have been shifted to lower energy direction according to the experimental results by 1.894 eV for 3P–[image: equation], 1.694 eV for 1S–[image: equation], 1.656 eV for 1D–[image: equation], 1.632 eV for 3P–[image: equation], 2.188 eV for 3P–[image: equation] and 2.070 eV for 1D–[image: equation]. 
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              SPI and DPI cross sections of the terms of 4P, 2D, 2P, and 2S belonging to the configuration 1s22s2p2 of O3+.
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              Comparison of theoretical and experimental (in absolute and relative measurement) (McLaughlin et al. 2014) single PI cross sections of O3+. Theoretical cross sections have been convolved with a Gaussian profile of 170 meV FWHM to account for the instrument broadening of 170 meV. The vertical bars indicate the statistical uncertainty of the experiment. The relative population fraction of the initial state was diagnosed to be 82.5% [image: equation] term of configuration 1s22s22p and 17.5% 4P term of configuration 1s22s2p2. To have the best comparison with the experiment, the theoretical resonance positions have been shifted to lower energy direction by 0.220 eV for [image: equation]–2D, 0.505 eV for [image: equation]–2P, 0.368 eV for [image: equation]–2S, 0.389 eV for 4P–[image: equation], 0.671 eV for 4P–[image: equation] and 0.401 eV for 4P–[image: equation]. 
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            Theoretical and experimental energies (Kramida et al. 2015) (in eV) for the terms of target states of O2+ and O3+ relative to the ground state in the calculations of PI of O+ and O2+.
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              	 69.589
              	
              	
                1s24d
                [image: equation]
              
              	107.40
              	107.48 
            

            
              	9
              	
                1s22s3p
                1P◦
              
              	71.865
              	 72.013
              	
              	
                1s24f
                2F◦
              
              	107.42
              	107.50 
            

            
              	10
              	
                1s22s3p
                3P◦
              
              	72.173
              	 72.268
              	
              	
                1s2s2
                [image: equation]
              
              	551.10
              	
            

            
              	11
              	
                1s22s3d
                [image: equation]
              
              	74.460
              	 74.486
              	
              	
                1s2s(3S)2p
                4P◦
              
              	554.76
              	 554.24
            

            
              	12
              	
                1s22s3d
                [image: equation]
              
              	75.973
              	 75.955
              	
              	
                1s2s(3S)2p
                2P◦
              
              	562.99
              	 562.59
            

            
              	13
              	
                1s2s22p
                3P◦
              
              	549.94
              	
              	
              	
                1s2p2
                [image: equation]
              
              	567.81
              	 567.23
            

            
              	14
              	
                1s2s(3S)2p2(3P)
                [image: equation]
              
              	552.16
              	
              	
              	
                1s2s(1S)2p
                2P◦
              
              	568.88
              	 568.21
            

            
              	15
              	
                1s2s22p
                1P◦
              
              	554.80
              	
              	
              	
                1s2p2
                [image: equation]
              
              	573.37
              	 572.50
            

            
              	16
              	
                1s2s(3S)2p2(1D)
                [image: equation]
              
              	562.62
              	
              	
              	
                1s2p2
                [image: equation]
              
              	576.21
              	 575.76
            

            
              	17
              	
                1s2s(1S)2p2(3P)
              
              	562.76
              	
              	
              	
                1s2p2
                [image: equation]
              
              	582.83
              	 582.30
            

            
              	18
              	
                1s2s(3S)2p2(1S)
                [image: equation]
              
              	568.26
              	
              	
              	
              	
              	
            

            
              	19
              	
                1s2s(1S)2p2(1D)
                [image: equation]
              
              	569.33
              	
              	
              	
              	
              	
            

            
              	20
              	
                1s2s(1S)2p2(3P)
              
              	570.48
              	
              	
              	
              	
              	
            

            
              	21
              	
                1s2s(1S)2p2(1S)
                [image: equation]
              
              	575.00
              	
              	
              	
              	
              	
            

          



  
    Table 3 

            Single Auger decay (SAD) rates (in s-1), direct double Auger decay (DDAD) rates (in s-1), branching ratios (BR) (%) of DDAD relative to the total Auger process, and the natural lifetime widths (in meV) of the O+1s → 2p excited states. 

          
            
              	
              	
              	
              	
              	Width (meV)
            

            
              	
              	
                

              
            

            
              	Terms
              	SAD (s-1)
              	DDAD (s-1)
              	BR (%)
              	This work
              	Expt.a
              	Other theories
            

            
              	
                

              
            

            
              	
                1s2s22p4
                [image: equation]
              
              	2.001[14]
              	1.200[13]
              	5.66
              	140
              	158(20)
              	112b, 134c, 148d, 134e
            

            
              	
                1s2s22p4
                [image: equation]
              
              	2.415[14]
              	1.452[13]
              	5.67
              	169
              	159(30), 86(60)
              	134b, 159c, 163c, 165d, 160e
            

            
              	
                1s2s22p4
                [image: equation]
              
              	1.710[14]
              	1.041[13]
              	5.74
              	119
              	107(20)
              	103b, 125c, 126c, 133d, 114e
            

            
              	
                1s2s22p4
                [image: equation]
              
              	2.200[14]
              	1.315[13]
              	5.64
              	154
              	430(200)
              	128b, 154c, 160d, 150e
            

            
              	
                1s2s(3S)2p5
                4P◦
              
              	1.580[14]
              	9.971[12]
              	5.94
              	111
              	
              	93b
            

            
              	
                1s2s(3S)2p5
                2P◦
              
              	2.060[14]
              	1.308[13]
              	5.97
              	144
              	
            

            
              	
                1s2s(1S)2p5
                2P◦
              
              	1.205[14]
              	8.058[12]
              	6.27
              	85
              	
            

          


            Notes. The natural widths are compared with the experimental as well as theoretical results available in the literature. The numbers in brackets of SAD and DDAD rates indicate powers of ten. The numbers in parentheses for the experimental determinations of the widths are the estimated uncertainties in meV.      

            (a) From Bizau et al. (2015), experimental observation.


            (b) R-matrix computation from Zeng et al. (2004).


            (c) R-matrix computation from Bizau et al. (2015).


            (d) R-matrix computation from Garcia et al. (2005).


            (e) HFR computation from Garcia et al. (2005).


          


  
    
      Fig. 1 

      
        [image: thumbnail]
      

      
            Single photoionization (SPI) and double photoionization (DPI) cross sections of the terms [image: equation], [image: equation], and [image: equation] of O+ belonging to the ground configuration 1s22s22p3. 

          

    

  
    
      Fig. 2 

      
        [image: thumbnail]
      

      
            As in Fig. 1 but for the terms of 4P, 2D, 2S, and 2P of O+ belonging to the first excited configuration 1s22s2p4. 

          

    

  
    
      Fig. 3 

      
        [image: thumbnail]
      

      
            Comparison of theoretical and experimental (Bizau et al. 2015) single photoionization (SPI) and double photoionization (DPI) cross sections of O+. a) SPI cross section compared with the relative measurement of 100 meV BP, b) SPI cross section compared with the absolute measurement of 200 meV BP, and c) DPI cross section compared with the absolute measurement (red open circles) and relative measurement (blue vertical bars) with 200 meV BP. The vertical bars indicate the statistical uncertainties of the experiment. The theoretical cross sections were reconstructed assuming a relative population fraction of 47% for 1s22s22p3[image: equation], 31% for [image: equation], and 22% for [image: equation], and then convolved with a Gaussian profile with full width at half maximum (FWHM) of respective experimental BP. To have the best comparison with the experiment, the theoretical resonance positions have been shifted to the lower energy direction according to the measured values by 1.042 eV for [image: equation]–2D, 0.919 eV for [image: equation]–2P, 1.373 eV for [image: equation]–4P, 1.203 eV for [image: equation]–2D, 0.995 eV for [image: equation]–2P and 1.315 eV for [image: equation]–2S, respectively. 

          

    

  
    Table 4 

              As in Table 3 but for O2+. 

            
              
                	
                	
                	
                	
                	Width (meV)
              

              
                	
                	
                  

                
              

              
                	Terms
                	SAD (s-1)
                	DDAD (s-1)
                	BR (%)
                	This work
                	Expt.a
                	Other theories
              

              
                	
                  

                
              

              
                	
                  1s2s22p3
                  5S◦
                
                	1.436[14]
                	3.983[12]
                	2.70
                	97
                	
                	87d, 174g
              

              
                	
                  1s2s22p3
                  3D◦
                
                	2.276[14]
                	5.838[12]
                	2.50
                	154
                	135(8)
                	128b, 146c, 132d, 143e, 156f, 139g, 186h
              

              
                	
                  1s2s22p3
                  3S◦
                
                	9.219[13]
                	2.630[12]
                	2.77
                	62
                	102(7)
                	56b, 79c, 58d, 61e, 58f, 48g, 107h
              

              
                	
                  1s2s22p3
                  3P◦
                
                	2.119[14]
                	5.646[12]
                	2.60
                	143
                	174(6)
                	127b, 139c, 126d, 137e, 146f, 130g, 186h
              

              
                	
                  1s2s22p3
                  1D◦
                
                	2.020[14]
                	5.170[12]
                	2.50
                	136
                	
                	116b, 140c, 118d, 135f, 121g, 153h
              

              
                	
                  1s2s22p3
                  1P◦
                
                	1.852[14]
                	4.760[12]
                	2.51
                	125
                	163(26)
                	110b, 112b, 134c, 111d, 125f, 113g, 153h
              

              
                	
                  1s2s(3S)2p4
                  [image: equation]
                
                	1.156[14]
                	3.003[12]
                	2.53
                	78
                	
                	68b, 72c, 87d, 50h
              

              
                	
                  1s2s(3S)2p4
                  [image: equation]
                
                	1.660[14]
                	4.488[12]
                	2.63
                	112
                	
                	98b, 60h
              

              
                	
                  1s2s(3S)2p4
                  [image: equation]
                
                	1.864[14]
                	4.845[12]
                	2.53
                	126
                	
                	109b, 80h
              

              
                	
                  1s2s(3S)2p4
                  [image: equation]
                
                	1.467[14]
                	3.787[12]
                	2.52
                	99
                	
                	87b, 65h
              

              
                	
                  1s2s(1S)2p4
                  [image: equation]
                
                	3.058[14]
                	8.324[12]
                	2.65
                	207
                	
                	177b, 224h
              

              
                	
                  1s2s(1S)2p4
                  [image: equation]
                
                	2.098[14]
                	5.740[12]
                	2.66
                	142
                	
                	122b, 205h
              

              
                	
                  1s2s(1S)2p4
                  [image: equation]
                
                	2.620[14]
                	7.079[12]
                	2.63
                	177
                	
                	166b, 208h
              

              
                	
                  1s2s(1S)2p4
                  [image: equation]
                
                	1.439[14]
                	3.800[12]
                	2.57
                	97
                	
                	83b
              

            


              
                Notes.
              

              (a) From Bizau et al. (2015), experimental observation.


              (b) R-matrix computation from Zeng et al. (2001).


              (c) R-matrix computation from Bizau et al. (2015).


              (d) R-matrix computation from Petrini (1981).


              (e) R-matrix computation from Olalla et al. (2002).


              (f) R-matrix computation from Garcia et al. (2005).


              (g) HFR computation from Garcia et al. (2005).


              (h) MCDF computation from Chen et al. (1997).


            


  
    
      Fig. 4 

      
        [image: thumbnail]
      

      
              SPI and DPI cross sections of the terms 1s22s22p23P, 1D, and 1S for O2+.

            

    

  
    
      Fig. 5 

      
        [image: thumbnail]
      

      
              SPI and DPI cross sections of the terms of [image: equation], [image: equation], and [image: equation] belonging to the configuration 1s22s2p3 of O2+.

            

    

  
    
      Fig. 6 

      
        [image: thumbnail]
      

      
              SPI and DPI cross sections of the terms of [image: equation], [image: equation], and [image: equation] belonging to the configuration 1s22s2p3 of O2+.

            

    

  
    
      Fig. 7 

      
        [image: thumbnail]
      

      
              Comparison of theoretical and experimental (Bizau et al. 2015) SPI and DPI cross sections of O2+. a) SPI cross section compared with the relative measurement with 110 meV BP, b) DPI cross section (being convolved with a Gaussian profile of 110 and 350 meV FWHM) compared with the absolute measurement with 350 meV BP. The vertical bars indicate the statistical uncertainties of the experiment. The relative population fraction of the initial state were diagnosed to be 71.5% 3P, 19% 1D, and 9.5% 1S of configuration 1s22s22p2. To have the best comparison with the experiment, the theoretical resonance positions have been shifted to lower energy direction according to the experimental results by 1.894 eV for 3P–[image: equation], 1.694 eV for 1S–[image: equation], 1.656 eV for 1D–[image: equation], 1.632 eV for 3P–[image: equation], 2.188 eV for 3P–[image: equation] and 2.070 eV for 1D–[image: equation]. 

            

    

  
    Table 5 

              As in Table 3 but for O3+.

            
              
                	
                	
                	
                	
                	Width (meV)
              

              
                	
                	
                  

                
              

              
                	Terms
                	SAD (s-1)
                	DDAD (s-1)
                	BR (%)
                	This work
                	Expt.a
                	Other theories
              

              
                	
                  

                
              

              
                	
                  1s2s22p2
                  [image: equation]
                
                	1.519[14]
                	1.688[12]
                	1.10
                	101
                	
                	92e, 86f
              

              
                	
                  1s2s22p2
                  [image: equation]
                
                	2.210[14]
                	2.259[12]
                	1.01
                	147
                	144(8)
                	140b, 131c, 151d, 127e, 155f, 144g, 127h, 27i
              

              
                	
                  1s2s22p2
                  [image: equation]
                
                	9.924[13]
                	1.163[12]
                	1.16
                	66
                	35(4)
                	67b, 75c, 78d, 56e, 59f, 83g, 50h, 14i
              

              
                	
                  1s2s22p2
                  [image: equation]
                
                	1.877[14]
                	1.860[12]
                	0.98
                	125
                	26(22)
                	125b, 130c, 162d, 115e, 91f, 124g, 109h, 22i
              

              
                	
                  1s2s(3S)2p3
                  4D◦
                
                	1.330[14]
                	1.346[12]
                	1.00
                	88
                	24(14)
                	80b, 73c, 96d, 76e, 74f
              

              
                	
                  1s2s(1S)2p3
                  4S◦
                
                	2.730[13]
                	3.288[11]
                	1.19
                	18
                	23(14)
                	19b, 20c, 30d, 26e, 19f
              

              
                	
                  1s2s(3S)2p3
                  4P◦
                
                	9.867[13]
                	1.034[12]
                	1.04
                	66
                	70(23)
                	60b, 59c, 76d, 59e, 55f
              

              
                	
                  1s2s(3S)2p3
                  2D◦
                
                	1.860[14]
                	1.970[12]
                	1.05
                	124
                	
                	133b, 116e, 119f
              

              
                	
                  1s2s(3S)2p3
                  4S◦
                
                	1.269[14]
                	1.542[12]
                	1.20
                	85
                	
                	87b, 84e, 76f
              

              
                	
                  1s2s(3S)2p3
                  2P◦
                
                	1.484[14]
                	1.587[12]
                	1.06
                	99
                	
                	113b, 99e, 96f
              

              
                	
                  1s2s(1S)2p3
                  2D◦
                
                	2.160[14]
                	2.376[12]
                	1.09
                	144
                	
                	116b, 134e, 103f
              

              
                	
                  1s2s(1S)2p3
                  2P◦
                
                	1.809[14]
                	1.999[12]
                	1.09
                	120
                	
                	99b, 112e, 88f
              

              
                	
                  1s2s(3S)2p3
                  2S◦
                
                	4.911[13]
                	6.096[11]
                	1.23
                	33
                	
                	29b, 33e, 26f
              

            


              
                Notes.
              

              (a) From McLaughlin et al. (2014), experimental observation.


              (b) R-matrix computation from Zeng & Yuan (2002).


              (c) R-matrix computation from McLaughlin et al. (2014).


              (d) From McLaughlin et al. (2014), the screening constant by nuclear unit charge semi-empirical methods computation.


              (e) MCDF computation from Chen & Crasemann (1988, 1987).


              (f) Saddle-point complex-rotation method computation from Sun et al. (2013).


              (g) R-matrix computation from Garcia et al. (2005).


              (h) HFR computation from Garcia et al. (2005).


              (i) R-matrix computation from Pradhan et al. (2003).


            


  
    Table 6 

              As in Table 3 but for O4+.

            
              
                	
                	
                	
                	
                	Width (meV)
              

              
                	
                	
                  

                
                	
              

              
                	Terms
                	SAD (s-1)
                	DDAD (s-1)
                	BR (%)
                	This work
                	Other theories
              

              
                	
                  

                
              

              
                	
                  1s2s22p
                  3P◦
                
                	1.442[14]
                	5.266[11]
                	0.364
                	95
                	85c, 86d
              

              
                	
                  1s2s22p
                  [image: equation]
                
                	9.987[13]
                	4.112[11]
                	0.410
                	66
                	60a, 64b, 58c, 62e
              

              
                	
                  1s2s(3S)2p2
                  [image: equation]
                
                	1.106[14]
                	3.363[11]
                	0.303
                	73
                	62c, 69d
              

              
                	
                  1s2s(3S)2p2
                  [image: equation]
                
                	1.828[13]
                	7.102[10]
                	0.387
                	12
                	22c, 12d
              

              
                	
                  1s2s(3S)2p2
                  [image: equation]
                
                	5.214[13]
                	1.644[11]
                	0.314
                	34
                	31c, 32d
              

              
                	
                  1s2s(1S)2p2
                  [image: equation]
                
                	1.985[14]
                	6.832[11]
                	0.343
                	131
                	140c
              

              
                	
                  1s2s(1S)2p2
                  [image: equation]
                
                	1.094[14]
                	4.510[11]
                	0.411
                	72
                	66c
              

              
                	
                  1s2s(3S)2p2
                  [image: equation]
                
                	4.460[13]
                	1.898[11]
                	0.424
                	30
                	15c
              

              
                	
                  1s2s(1S)2p2
                  [image: equation]
                
                	1.351[14]
                	4.901[11]
                	0.361
                	89
                	101c
              

            


              
                Notes.
              

              (a) R-matrix computation from Garcia et al. (2005).


              (b) HFR computation from Garcia et al. (2005).


              (c) MCDF computation from Chen (1985).


              (d) Saddle-point complex-rotation method computation from Lin et al. (2001).


              (e) Saddle-point complex-rotation method computation from Lin et al. (2002).


            


  
    
      Fig. 8 

      
        [image: thumbnail]
      

      
              SPI and DPI cross sections of the term of O3+1s22s22p[image: equation].

            

    

  
    
      Fig. 9 

      
        [image: thumbnail]
      

      
              SPI and DPI cross sections of the terms of 4P, 2D, 2P, and 2S belonging to the configuration 1s22s2p2 of O3+.

            

    

  
    
      Fig. 10 

      
        [image: thumbnail]
      

      
              Comparison of theoretical and experimental (in absolute and relative measurement) (McLaughlin et al. 2014) single PI cross sections of O3+. Theoretical cross sections have been convolved with a Gaussian profile of 170 meV FWHM to account for the instrument broadening of 170 meV. The vertical bars indicate the statistical uncertainty of the experiment. The relative population fraction of the initial state was diagnosed to be 82.5% [image: equation] term of configuration 1s22s22p and 17.5% 4P term of configuration 1s22s2p2. To have the best comparison with the experiment, the theoretical resonance positions have been shifted to lower energy direction by 0.220 eV for [image: equation]–2D, 0.505 eV for [image: equation]–2P, 0.368 eV for [image: equation]–2S, 0.389 eV for 4P–[image: equation], 0.671 eV for 4P–[image: equation] and 0.401 eV for 4P–[image: equation]. 

            

    

  
    
      Fig. 11 

      
        [image: thumbnail]
      

      
              SPI and DPI cross sections of the term of 1S belonging to the ground configuration 1s22s2a), b) and terms of [image: equation], and [image: equation] to the first excited configuration 1s22s2pc)−f) of O4+.
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