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and Electron-Impact Cross Sections of Highly Charged Ions
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We have developed a computer code to calculate both the structure and electron

scattering cross sections of atomic systems, especially highly-charged ions (HCI's) by

using the relativistic configuration interaction (RCI) method for the atomic structure and

the relativistic distorted-wave Born (RDWB) approximation for the electron scattering.

Some test calculations for the optical oscillator strengths in Ne-like systems and electron-

impact excitation cross sections of H-like and He-like ions are carried out to see the

effectiveness of the theory.
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1 Introduction

Highly charged ions (HCI's) has so far been received growing interest in studying the

relativistic and quantum electrodynamical (QED) effects on the energy levels and opti-

cal transition rates in high-Z atomic systems since recent development of experimental

techniques such as a high-power electron-beam-ion-trap (EBIT) machine to be able to

produce various HCI's make it possible to observe optical or x-ray spectra emitted from

them with high-precision. On the other hand HCI's display an important role in diagnos-

ing a plasma. Recently a closed-shell atomic system such as Ne-like ones attracts people

in the development of x-ray laser source because it is a relatively stable species among

various HCFs in hot and dense plasmas so that their population becomes rich compared

with that of ions with other charge states. Ne-like ions are considered as one of the most

hopeful candidates in making a x-ray laser source. In studying various plasmas such

as the laboratory nuclear fusion, x-ray laser and astrophysical ones with an appropriate

plasma model, various atomic data of HCI's such as not only transition energies and their

radiative transition rates but also cross sections for the electron-impact excitation and

ionization are needed.

In the theoretical treatment of the structure of HCI's, various relativistic and quantum

electrodynamical (QED) effects on the energies and wavefunctions in the systems must

sufficiently be taken into account in the theory. Moreover, the effects are also important

in the calculation of cross sections of electron scattering processes for an ion in plasmas,

where accuracy of the calculated results could be sensitive to wavefunctions used for a
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target atomic system and a free electron. In this case the relativistic and QED effects
on the interaction between a free electron should also appropriately be treated in the
scattering theory.

Previously Kagawa et. al. [1] have developed the relativistic configuration-interaction

(RCI) theory for atomic systems and made a computer code to calculate energy levels

and optical oscillator strengths (OOS's) for atomic systems. Recently combining the RCI

code, we have developed a code to calculate cross sections of the electron-impact excita-

tion of a HCI based on the relativistic distorted-wave Born (RDWB) approximations. In

this work, we carry out systematic calculations of energies and OOS's for the n = 2 — 3

El transitions in Ne-like systems to see the effectiveness of the RCI theory and some

test calculations for the electron-impact excitation cross sections and collision strengths

of H-like and He-like systems to see an accuracy of our numerical method adopted in

making a code.

2 Numerical results

2.1 Optical oscillator strengths in Ne-like systems

Here we carry out systematic complete calculations for the energies and OOS's for

the n = 2 — 3 and n — 2 — 4 electric dipole (El) transitions in the neon isoelectronic

sequence from Z=l l through 92 and for the n = 2 — 3 and n = 2 — 4 Ml and E2

forbidden ones from Z=40 through 92 in the systems. In Fig. 1 we show Z-dependent

behavior of the OOS for the n = 2 — 3 El transition in the systems together the order of

the energy level for the n = 2 — 3 excited states with J = 1 and odd parity. It is found

from the calculation that there are two typical and sharp avoided level crossings of the

excited states between the 2pi/2 — 3s and 2p3/2 — 3d5/2 at Z = 54 around and between

the 2s — 3pi/2 a n d 2pi/2 — 3d3/2 ones at Z — 68 around, which lead to sudden change of

value of the OOS for the n — 2 — 3 El transitions. The sudden change of the value for

the OOS has been observed in the spectra of HCFs by Nakamura et. al. [2] recently and

Biersdorfer [3]. Finally it is concluded that systematic study on the energy levels and

OOS's in an isoelectronic sequence to see Z-dependent behavior of them is important to

correctly assign the spectra in HCI's observed because an avoided level crossing between

two excited states drastically changes the intensity of spectra for the specific transitions

of an isoelectronic sequence at a place of a certain Z.

2.2 Electron-impact excitation cross section

We carry out some test calculations for the electron-impact excitation cross sections

and collision strengths of H-like and He-like systems to see an accuracy of our numerical
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method adopted in making a code. Calculated results of RCB cross sections for H-like

atoms and integrated RDWB collision strengths for He-like iron are compared with other

theoretical ones in Table 1-3, where only the Coulomb interaction between two electrons

are taken into account in the T matrix. Our results are in good agreement with those of

Zhang et. al. [4,5,6] in all cases listed here. Improvement of our code to obtain accurate

cross sections in various HCI's is now in progress.
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Fig. 1. Calculated results for the order of energy levels for n=2-3, 4 and 5 singly

excited levels (upper figure) and the oscillator strengths for the n=2-3 (lower figure) El

transitions as a function of Z.
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Table 1. Comparison of RCB n=l-2 excitation cross sections of H-like atoms by electron

impact with the impact energy of the ionization one, that is, E, = \E\S\ .

Transition

15-25

Is - 2pi/2

Is — 2p3/2

Z=50
This work

0.4439

0.5537

1.0124

Walker

0.4445

0.5536

1.0133

Zhang

0.4438

0.5536

1.0133

Z=100
This work

0.8273

0.5222

0.5968

Walker Zhang

0.8304

0.5228

0.5974

0.8269

0.5940

Table 2. RDWB collision strengths for electron-impact excitation from the ground state

of (l^)2(l15'o) to the Is2l excited states in He-like iron (Z=26) with scattered electron

energy Ej = 70eV.

Transition

(ls2s)J=o[215o]

(ls2s)J=1[235!]
(ls2P)j=0[23P0]

(ls2p)J=1[23P1]

(ls2p)J=2{23P2]

(ls2p)J=1[21P1]

Collision
This work

7.295

3.717

2.512

7.915

11.420

21.790

strengths j
Zhang et.al.

7.687

3.626

2.267

8.079

10.650

21.220

Table 3. Partial RDWB collision strengths for electron impact excitation from the ground

state of (l5)2[l15'o] to magnetic sublevels of Mj in the (ls2s)[23S'1] state in He-like iron

with various incident electron energies in Rydberg. Upper and lower values of the collision

strength for each Mj are obtained by us and Fontes et. al. [6], respectively and excitation

energies are given as Eex and those in the parentheses in reference [61.

Mf

(1525)

0

1
-

550 700

./=o[2 -Si] Ee3

1.101

1.078
1.110

1.078

0.8420

0.8206
0.8422

0.8206

900 1200 2000

. = 487.87(487.75)(Ry)
0.6123

0.5995
0.6126

0.5995

0.4060

0.4051

0.4146

0.4051

0.1888
0.1880

0.1889

0.1881
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