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Electron-impact ionization cross sections for the ground level of the Kr atom are studied using the scaled distort-
ed-wave (DW) approximation. It is demonstrated that the DW cross sections calculated in the potential of the ion-
izing ion overestimate the experimental data at low and medium energies of the impacting electron. The scaled DW 
results, that include in calculations the value of the ionization threshold provided by National Institute of Standards 
and Technology, lead to good agreement with the measurements. A negligible contribution from the indirect process 
of the ionization to the total ionization cross sections is obtained in the final results. The study demonstrates that 
the  higher ionization stages appear as a  result of the  ejection of additional electrons from the  atomic system by 
the sequential ionization.
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1. Introduction

Krypton is found in stellar atmospheres [1], inter-
stellar medium  [2, 3], planetary nebulae  [4] and 
white dwarfs  [5], and it is important for under-
standing cosmic abundances and star formation. 
Additionally, Kr plays a  critical role in practical 
applications, such as lighting technologies [6, 7], 
gas lasers [8], and medical imaging systems [9].

Accurate modelling of plasma processes re-
lies on a comprehensive understanding of charge 
state distribution within the  plasma. Intensities 
of spectral lines emitted in high temperature en-
vironments depend on charge state population. 
Electron-impact ionization and recombination 
are crucial mechanisms that define the  charge 
state distribution in the collisional plasmas.

Electron-impact ionization for the  Kr atom 
was previously analyzed by several experimental 
groups. Rapp and Englander-Golden [10] measured 
the cross sections for the Kr atom from the ionization 
threshold up to 1000 eV using the total charge pro-
duction method. The condense technique was used 
by Schram et al. to measure ionization cross sections 

from 0.6 to 20 keV [11] and from 100 to 600 eV [12]. 
Nagy et al.  [13] presented the  absolute ionization 
cross sections for the energies of impacting electron 
ranging from 0.5 to 5 keV. The fast beam technique 
was applied by Wetzel et al. [14] to analyze cross sec-
tions from the  ionization threshold up to 200  eV. 
The pulsed beam and ion extraction techniques to 
measure ionization cross sections from the  ioni-
zation threshold up to 1000  eV were employed by 
Krishnakumar and Srivastava  [15]. The  electron-
impact ionization cross sections were measured 
using crossed electron beams and the time-of-flight 
mass spectrometer from 18 to 466 eV by Syage [16]. 
The  total electron-impact ionization cross sec-
tions were defined from measured electron-impact 
ionization and photoionization ratios by Sorokin 
et al.  [17]. The  electron-impact ionization cross 
sections were analyzed from 140 to 4000 eV. Kob-
ayashi et al. [18] obtained the ionization cross sec-
tions using a pulsed electron beam and pulsed ion 
extraction from the  threshold up to 1 keV. Rejoub 
et al. [19] presented their results from the ionization 
threshold up to 1000 eV and discussed errors com-
pared to previous measurements.
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It should be noted that Rapp and Englander-
Golden  [10] and Scram et al.  [11, 12] presented 
measurements for total ionization cross sections 
for the  Kr atom. This means that these measure-
ments include single and higher ionization stages.

Theoretically, the ionization of the Kr atom was 
previously analyzed using various approaches (for 
example, Ref.  [20–23]). The distorted-wave (DW) 
calculations performed by Loch et al. [23] showed 
overestimated results compared to measurements.

The aim of the current work is to study electron-
impact ionization cross sections from the ground 
level of the Kr atom. Analysis is performed using 
the scaled DW approximation. Direct and indirect 
ionization processes are analyzed and compared to 
available experimental data.

The rest of the  paper is organized as follows. 
Section 2 presents a brief outline of the theoretical 
approach. In Section 3, the obtained results are dis-
cussed. Finally, we end with the conclusions from 
the present investigation.

2. Theoretical approach

The single ionization process is investigated as a re-
sult of direct and indirect processes,

CI CE a ,if if ik kf
k

Bσ σ σ= +∑  (1)

where σif
CI and σif

CE correspond to collisional ioni-
zation (CI) and collisional excitation (CE) cross 
sections, respectively. The  excitation is a  result of 
transition from the level i to the autoionizing level 
k. The produced level k can decay through radia-
tive and Auger transitions. The  single ionization 
is produced by autoionization from the  level k to 
the level f of the subsequent ion. Therefore, the ex-
citation with autoionization (EA) corresponds to 
the indirect process studied in this work.

The autoionization branching ratio is determined 
as a part of population transferred from the level k 
of the Kr atom to the level f of the Kr+ ion,
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where Aα
km

 and Ar
kn

 are Auger and radiative transi-
tion probabilities, respectively. The  total lifetime 
of the level k is associated with the inverse of val-
ue in the  denominator of Eq. (2). Excitations to 

the states k below the ionization threshold do not 
lead to the  single ionization process. Therefore, 
the branching ratio is equal to zero for the levels k 
below the ionization threshold.

The direct ionization of the Kr atom is analyzed 
by taking into account the 4s and 4p subshells
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Here [Ar] means an Ar-like electron structure, i.e. 1s, 
2s, 2p, 3s, 3p orbitals are fully occupied. The removal 
of electrons from the deeper than 4s and 4p subshells 
leads to the autoionizing states of the Kr+ ion, which 
decay further to the higher ionization stages. There-
fore, these subshells are not considered in this work.

Excitations from the  4s and 4p subshells are 
studied to calculate contribution from the indirect 
process:
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Here n ≤ 20, l < n, l ≤ 4. The excitations from the 3d 
subshell lead to the autoionizing states with ener-
gies exceeding the double ionization threshold for 
the  Kr atom and, therefore, are not included in 
the study of the EA process.

The DW cross sections are multiplied by an 
energy dependent factor in this work to explain 
the experimental data. The scaling factor for the CI 
process includes the energy ε of the impacting elec-
tron, the ionization energy I and the kinetic energy 
of the bound electron εk:

CI* CI( ) ( ).ij ik
kI

εσ ε σ ε
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 (5)

Here the star superscript represents the scaled DW 
cross sections. It should be noted that a slightly differ-
ent expression for the scaling factor is used analyzing 
the CI cross sections of near neutral ions [24, 25].

The scaling factor used for excitation incorpo-
rates the  electron energy ε, the  transition energy 
∆Eik and the binding energy εb of the electron:
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Previously, the scaled DW cross sections were 
applied to explain the experimental data for the C 
atom and C+ ion [24], Fe3+ [26], Si [27] and N [25] 
atoms. It should be noted that various scaling 
corrections to the  cross sections were also used 
in other calculations to analyze mea surements 
[28–32].

Energy levels, radiative and Auger transition 
probabilities as well as electron-impact excitation 
and ionization cross sections are studied using 
the  Flexible Atomic Code (FAC)  [33]. The  code 
implements the Dirac–Fock–Slater (DFS) approx-
imation. The jj-coupling scheme is used to gener-
ate configuration state functions. The  excitation 
and ionization cross sections are analyzed using 
the DW approximation.

3. Results

Ionization cross sections for the  ground level of 
the Kr atom obtained in the potential of the ion-
ized ion are compared to the  experimental data 
in Fig. 1. The presented theoretical values overes-
timate the experimental data at electron energies 
from the ionization threshold approximately up to 
the  peak of the  cross sections. However, the  ex-

perimental results are underestimated by theory at 
higher energies of the impacting electron.

Theoretical ionization cross sections obtained in 
the potential of the ionizing ion are above measure-
ments by a factor of 2.5 at peak values (Fig. 2). On 
the  other hand, theoretical and experimental data 
converge to each other going to higher energies of 
the  impacting electron. The  scaling factors are ap-
plied to the  DW cross sections and the  results are 
presented in Fig. 3. The theoretical data are still above 
the measurements; however, the position of the peak 
is in good agreement with the peak from the mea-
surements. The difference among the theoretical and 
experimental data can be explained by the difference 
in the  single ionization thresholds. The  theoretical 
ionization threshold of 12.77 eV is below by 1.23 eV 
from the  value provided by National Institute of 
Standards and Technology (NIST)  [34]. A  similar 
tendency for the  DFS ionization thresholds com-
pared to the NIST data was also obtained for other 
atoms and ions: Si [27], N [25], Se2+ [35], Se3+ [36, 
37], W25+  [38], W26+  [39, 40] and W27+  [41]. It was 
previously demonstrated that the  incorporation of 
the NIST value for the ionization threshold in calcu-
lations leads to a better agreement of the theoretical 
cross sections with the experimental ones [27, 25].

Fig. 1. DW cross sections compared to the experimental data. DW cross sections ob-
tained in the potential of the ionized ion.
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Fig. 3. Scaled DW cross sections compared to the experimental data. DW cross 
sections obtained in the potential of the ionizing ion.

Fig. 2. DW cross sections compared to the experimental data. DW cross sections 
obtained in the potential of the ionizing ion.

Ionization cross sections calculated using the ion-
ization threshold recommended by NIST are com-
pared to the  measurements  [10–19] in Fig.  4. It is 
clearly seen that there is a fairly good agreement of 
theoretical data with the measurements from the ion-
ization threshold up to ~50 eV where the ionization 
to the Kr2+ states starts to appear on the scene [19]. 

As mentioned before, there are two groups 
of published experimental data. One group pre-
sents total ionization cross sections not separating 
the production of higher ionization stages [10–12]. 
Other group is the partial ionization cross sections 
for produced ions  [13–19]. We present the  ioniza-
tion cross sections calculated for the  transitions 
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from the ground level of the Kr atom to the states 
of the Kr+ ion. However, there is the possibility that 
scattered or ejected electrons can remove additional 
electrons from the atomic system on their way out. 
This means that the calculated single ionization cross 

sections have to be corrected by the cross sections 
transferred to the  higher ionization stages  [36, 
42]. The  theoretical cross sections are compared 
to the  experimental data and this corresponds to 
the total ionization process in Fig. 5. An incredibly 

Fig. 4. Scaled DW cross sections compared to the experimental data. DW cross 
sections obtained in the  potential of the  ionizing ion. The  single ionization 
threshold is taken equal to the NIST value.

Fig. 5. Scaled DW cross sections compared to the experimental data. DW cross 
sections obtained in the  potential of the  ionizing ion. The  single ionization 
threshold is taken equal to the NIST value. The experimental data corresponds 
to the total ionization cross sections.
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good agreement with the  measurements is ob-
tained for the theoretical cross sections.

It should be noted that the  indirect process 
contributes ~2% to the  peak of the  ionization 
cross sections when the NIST ionization threshold 
is used in calculations (Fig.  5). No contribution 
of excitations from the 4p subshells is obtained in 
this case. The study that uses the theoretical ioni-
zation threshold leads to ~15% for EA. The EA 4p 
channel produces ~11% for the peak value.

4. Conclusions

Electron-impact ionization cross sections are 
studied for the ground level of the Kr atom using 
the  scaled DW approximation. The  ionization 
threshold provided by NIST is used to obtain 
the final cross sections. Fairly good agreement is 
obtained with the  total ionization measurements 
that include the  single and higher ionization 
stages produced by electron impact. This dem-
onstrates that the higher ionization stages appear 
as a  result of the  kick-off of additional electrons 
from the  atomic system by scattered or ejected 
electrons after the  first impact. The  study shows 
that the contribution from the indirect process is 
negligible for the single ionization cross sections 
(~2%). The main contribution to the total ioniza-
tion process is obtained from the CI 4p channel.
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Kr ATOMO JONIZACIJA ELEKTRONŲ SMŪGIAIS
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Santrauka
Darbe nagrinėjami elektronų smūgiais pasiektos 

jonizacijos skerspjūviai Kr atomo pagrindiniam lyg-
meniui, naudojant iškraipytųjų bangų (IB) metodą su 
daugiklio funkcijomis. IB jonizacijos skerspjūviai, ap-
skaičiuoti jonizuojančio jono potenciale, pervertina 
eksperimentinius duomenis esant žemoms ir viduti-
nėms elektronų energijoms. IB rezultatai su daugiklio 
funkcijomis, kai įtraukiama Nacionalinio standartų ir 

technologijos instituto pateikta jonizacijos slenksčio 
vertė, gerai sutampa su atliktais matavimais. Galutiniai 
rezultatai rodo nereikšmingą netiesioginių jonizacijos 
procesų indėlį į bendrą jonizacijos, pasiektos elektronų 
smūgiais, skerspjūvį. Atliktas tyrimas atskleidžia, kad 
aukštesnės jonizacijos būsenos atsiranda dėl papildomų 
elektronų išmetimo iš atominės sistemos, vykstant pa-
pildomai jonizacijai.
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