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ABSTRACT 

Electron-impact ionization cross sections have been calculated for 
magnesiumlike Kr 2 4 + and sodiumlike Kr£5+. The contributions of excitation-
autoionization and resonant excitation double autoionization (REDA) were 
included, in addition to the cross sections for direct ionization of a 3s electron. 
The calculations were carried out using the relativistic distorted wave methods 
and the multiconfiguration Dirac-Fock model. For Kr 2 5 + , the total cross section is 
about 5 times the direct ionization cross section . For the Kr 2 4 + , the indirect 
contribution is about 2.5 times the direct ionization cross section. The REDA 
process produces many strong resonances and contributes about 20% to the 
average ionization cross section. 

INTRODUCTION 

Electron-impact ionization is an important atomic processes in hot dense 
plasmas. It can affect the ionization balance, electron temperature, electron 
density and level populations in the plasmas. In the past decade, theoretical and 
experimental studies have revealed that indirect processes can make significant 
contributions to the cross sections for electron impact ionization of positive ions.1"3 

The most important indirect process is excitation of an inner-sheil electron followed 
by Auger emission (EA). Higher-order processes such as resonant excitation 
followed by sequential double Auger emission,2 can also contribute significantly. 

The effects of relativity and intermediate coupling are very important in 
calculations of atomic structure and transition rates for highly-charged ions. As 
Z increases, radiative decay becomes increasingly important, and the effects of 
channel coupling diminish. Hence, the relativistic distorted wave approximation 
and the multiconfiguration Dirac-Fock (MCDF) method are suitable for studying 
electron collisions with highly-charged ions. In a series of papers, we employed 
these methods to calculate electron impact ionization cross sections for some 
selected Li-like ions5.6 with Z< 54 and Na-like ions 7 ' 8 with 26 < Z < 92. For Na-
like ions, the contributions from the REDA process were included only for F e 1 5 + 

because of the complexity. In this paper, we report calculations of electron-
impact ionization cross sections for Kr 2 4+ and Kr2 5+. The calculations include 
direct ionization, EA and also the complicated REDA processes. 

THEORETICAL CALCULATIONS 

Ourcalculational procedure has been described in details in refs. 7,8. 
Briefly we carried out separate fully relativistic calculations of the direct ionization 
cross sections (od), the cross sections for excitation to the intermediate 
autoionizing states (oj e x), the energy-averaged capture cross sections (akcaP) 
and the radiative and Auger rates for decay of the intermediate states. For 
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ionization of a 3s electron in a Mg-like ion, the direct, EA and REDA processes 
can be represented schematically by 

e + U 2 2s 2 2p 6 3s 2 ->ls 2 2s 2 2p 6 3s+e + e (1) 
e + ls 2 2^ 8 3s 2 -»ls 2 2* 7 3s 2 n* + e 

-> l s 2 2s 2 2p 6 nT (2) 
and e + ls 2 2£ 8 3s 2 ->ls 2 2* 7 3s 2 nft iT 

- » l s 2 2 * 7 3 s 2 n " r + e 
->ls 2 2s 2 2p 6 n£ + e + e. (3) 

Similar expressions can be given for Na-like ions. Assuming that the direct and 
indirect ionization processes are independent, the total ionization cross section at 
is given by 

a, = o-d + Zof xBf + S o ^ P B ^ , (4) 
i k 

where Bf and BjJa are the branching ratios for the single and double Auger 
emission respectively. 

The direct ionization cross sections were calculated using a full partial 
wave approximation9 in which the bound, incident, scattered and ejected 
electrons are computed in Dirac-Fock potentials. A relativistic-distorted-wave 
method1 0 was employed to compute the cross sections for exciting the 2s and 2p 
electrons to the n=3 subshells. We used configuration interaction wave functions 
including the configurations of the form 2s22p63£,2s 2p 3 0 f and 2s'2p 53W. 
The capture cross sections, and the single and double Auger branching ratios 
were evaluated using the Auger and radiative rates for each autoionizating state. 
The transition rates were computed using the MCDF method 1 1 ' 1 2 in intermediate 
coupling with configuration interaction from the same complex. 

In calculating the REDA cross sections, we included the resonant states 
2 s22p53s4fr.r(n = 4 -l,l'< 4),2s22p53s3fnr(n = 7 - 12„r < 3), 2s2p63s3&ir 
(n = 6-12,r<3),2s2p63s4^nr(n = 4 -7 , r<3 ) and 2s22p53s5«rfor Kr25+. For 
Kr 2 4 + , similar intermediate states were included except for the last one. 
Extrapolation to n=30 was performed for the first four cases using the n-3 scaling 
for the Auger transitions. In calculations of branching ratios, all possible Auger 
pathways and radiative decays with change of principal quantum number (An>0) 
were taken into account. 

RESULTS AND DISCUSSION 

We have calculated the electron-impact ionization cross sections for Kr 2 4+ 
and Kr 2 5 + ions using the relativistic distorted-wave and the MCDF methods for 
the incident electron energies between 1.3 and 2.2 times the ionization threshold. 
Radiative decay reduces the EA cross sections for K r 2 5 + by a factor of 2, and the 
REDA cross sections by aa much as a factor of 4 . The effects of radiative 
damping on the ionization of Kr2 4+ are also very significant but much smaller than 
those for Kr25+. 

2 



The direct-ionization, EA, and total-ionization cross sections including 
REDA contributions for Kr2 4+ and Kr 2 5+ are displayed in Figs. 1 and 2 
respectively. To facilitate comparisons with future experiments in the electron 
beam ion trapi3' each REDA resonance is convoluted with a 16eV Gaussian. As 

Electron energy (keV) 

Fig. 1. Electron-impact ionization cross sections for Kr24+. The dotted , dashed 
and solid curves represent direct, direct plus EA and total ionization cross 
sections respectively. 
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Fig. 2 Electron-impact ionization cross sections for Kr 2 5+ The symbols are the 
same as in Fig. 1. 
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in the case of other Na-like ions7'8, the total cross section of K r 2 5 + is about 5 
times the direct ionization cross section. For Kr 2 4 + , the contribution from the 
indirect processes is about 2.5 times the direct ionization cross section. Similar 
to the case of Fe 1 5 + , 7 the REDA process yields many strong resonances in Kr z 5 + 

as well as in Kr 2 4+. At incident energy E~ 1.7 KeV, the REDA process enhances 
the ionization cross section by a factor of 2. For 1.9< E <2.2 KeV, the REDA 
process contributes about 10% to 30% of the cross sections. 

In summary, we have calculated electron-impact ionization cross sections 
including direct, EA and REDA processes for Kr 2 4 + and Kr25+. Our results show 
the importance of the indirect processes not only for Na-like but also for Mg-like 
ions. We call for new experiments to look for the predicted strong REDA 
resonances. 
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