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Abstract

Cross sections have been surveyed fo‡. electron-impact

excitations of C-like ions. IBest† values of effective collision

strengths are shown graphically for 0 Ill, Ne V, Mg VII, Si IX,

and Ca XV over a wide range of electron temperature. They are

based on the R-matrix calculation supplemented with the values

obtained by distorted-wave-type methods.
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1. Introduction

Electron-impact excitation of atomic ions is a :Fundamental

process in a high-temperature plasma. Althoughthere are very

fL

few experimental data, many theoretical values are available for

the excitation cross section. Those theoretical data, however,

scatt:er through1iterature and are often fragmentary. It is

important to compile the data and assess theiででeliability. Such

a taLSk has been performed on carbon and oxygen ions and the

result has been published.1) As an extension of the previous

work, a collection and evaluation of the data on C-like ions

is reported in the present paper.

Because of astrophysical interest, a large number of calculations

have been made on the electron-impact excitation of C-like ions.

They ena･ble us to make a rather systematic study of the excitation

process along the isoelectronic sequence. Before starting the

present work, we had hoped to derive a universal formula for

the excitation cross section or rate coefficient applicable
to

ions with any nuclear charge. It turned out, however, that

complica.ted structure due to the resonance effect makes it very

difficult. In the present report, rate coefficient･s for several

exeitation processes are shown graphically only f.or individual

species. Although a crude interpolation can be made, no universal

for爪has beel一 derived.
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2. Data sources

An elaborate calculation bas怨d on the 良-m∂tでix theory has

been carried out for 0 Ill, Ne V, Mg VII, Si IX and Ca XV.2-ll)

A distorted-wave type calcula.tion using the UCL code has been

made for more than ten ion species.12-19) Those two sets of data,

listed in Table I, have been used in the present study. The

R-matrix calculation is believed to be most accurate. The calculation,

however, is often restricted to t7,e reglOn Of lower electron

energy･ For the data to be more comprehensive and more applicable,

it is desirable to extend them to higher energleS. The extension

is made here with the help of the values obtained by the DW method,

which is more reliable at the higher electron energies. There

are many other calculations for C-like ions,20) but they are

less reliable or very fragmentary.

The cross sections calculated with the UCL-DW code are

mostly in fair agreement with the R-matrix resul屯 aLt least at the

higheでenergies where a comparison can be made (for details, see

the orlglnal literature of the R-matrix calculation2-ll)). In

the case of Ca XV, however, a large discrepancy is found for

the excitations of 2s2p3
1DO

and
lpo･

=n that case the R-matrix

values are extended by using our own DW calculation,21) which

glVeS a Very good agreement with the 良-matrix result at the

energies higher than the twice the excitation potential. In the

DW calculation, use has been made of the same targeトwave-function

as in the R-matrix calculation.
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3. Rate coefficients

Because of the complicated structure due to tlle resonance

effect, it is almost ilnpOSSible to show cross sections or collision
F

strengths in a graphical form. Instead we present here an effective

collision strengt‡t for a transition i十 コ

yまj
-

y ey /?dxnii (Ⅹ) e-yX

as a function of

∫-竺1j
T

(1)

(2)

Here a
ij

is the collision strength, T is the electron temperature･

and A･Eii is the transition energy･ The corresponding rate

coefficient
is glVen by

R土j(c正･3日ec-1)
8.O10 x 10-8

e｢yyij
(3)

where 山i is the statistical weight of the initial state･

It should be noted that the Maxwellian distribution has been

assumed for the electron velocity.

The excitatioⅠ1S COnSidered are

2s22D2 3[ + 2s22p2

1
D
,

1s

2s2p3
5FO) 3DO1 3poJ IDO> 3soJ Ipo

+
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The excitation energy･ A Eii･ forthe transitions is listed

in Table II. Owing t1., the difficulty in the treatment of higher

partial
●waves, the A-matrix method wag applied first to the

spln-forbidden transitions. The method is now being extended

to allowed transitions, but the calcdlation is still in progress.

The two types of the transitions, therefore, are shown separately

in the following.

(1) Spin-forbidden transitions

Except for 0 II工and the exこitations of
lpo

and

loo
states

of Ca XV, the effective collision strength obtained by tile R-matrix

method is supplemented with the UCL-DW calculation. The most

of the DW calculations reported give only the collision strengtbs

at three electron energies. To calculate Y from them, we

fit the Jcollision
strengths by a formula

n‥(Ⅹ) =A.. +

1コ 1コ

B‥

1コ +
cij

(Ⅹ+ ∈五jノ
2 (4)

Here X is the electron energy in the threshold units, A,B,C are

fit parameters depending on the nuclear charge, and ∈ is

a parameter appropriately chosen for each transitiopL but independent
l'

of Z･ With the use of the formula, Y can be calculated

analytically. As has been mentioned in the last section, our

own DW calculation is
applied

to produce i?
i〕

for the excitations
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of
lDO, 1po

of Ca XV･ They are also fitted by the above fornula･

For 0 Ill, we have modified our previous recommended values
i)

by taking account of the recent R-matrix result.

r

The resulting effective collision strengths are shown

in Figs. 1 - 5. Each line in the figures has a short vertical

baron it. This indicates the boundary on the right side of

which the 良-matrix values are plotted. In the caLSe Of Mg VII,

the 氏-matrix calculation has been made oveェーa Wide range of

e:LeCtrOn energy SO that all the curves
Of Y are based solely

on that. A liitle arrow shows the position of the temperature

at which the particular ion has its maximum population in the

steady-state ionization balance.22) There are a number of

calculations of the ionization balance giving somewhat different

results. The arrow in the figures should be ta.ken as a rough

measure of the temperature of importance in the case of

ioniヱation equilibrium. A departure from the ioniza･tion equilibrium

is often seen in the case of fusion plasma, and hence rate

coefficients are needed for a wide range of temperature.

(2) Allowed transitions

For allowed transitions,the R-matrix calculation has

been done only for 0 III, Ne V and Mg VII so far. The･･ results

of the calculation are plotted )'.n Figs. 6 - 8. Our previous

recommended valuesl)
for 0 Ill aremiified slightly on the

consideration of the recent R-matrix ca.1culation and the

-･6-



I

resulting values are presented in the figures. For a comparison

and to e･p,timaLte Y for Si IX and Ca XV, the effective collision

strengths calculated from the DW result are also shown. For

the allowed transitions, the collision strengths of the DW

calculation aLre fitted by a formula

ni](x) =A･･+
1コ

B‥

1コ

Ⅹ+∈土j

+ci〕且nx (5)

instead of Eq(4)I As in the case of spin-forbidden transitions,

a small arrow indicates the temperaLture at Which each ion has

its maximurp. population in the calculation of ionization balance･
22)

Because no experimental data are available, it is difficult

to assess the accuracy of the present effective collision strengths.

From a general consideration of the theoretical methods, we

conclude that the values indicated by solid lines in the figures

are accurate probably甲ithin
an error of 20 a)..
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Table I. List of calculations using the 良-matrix method

and､ the UCL-DW code･ Numbers are feferred to the reference

list.

0 ⅠⅠI

Ne V

Mg VII

Si IX

S XI

A工･ XIII

Ca XV

Ti XVII

Mn XX

Fe XXI

Kr XXXI

R_matrix method

7, 10

2, 6. 8タ 11

9, ll

3, 4, 8

DW(UCL) method

15

17

12

12

12

15

13

16

18

14

19
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Table II･ Transition energleS in eV fo王･ the processes

considered･ The numbers in parerrtheses are th'eL COrreSP10nding

values in the temperature units i;n 104 K･

0 ⅠⅠⅠ

2s22p2
3p

->

2s22p2
1D

2･49

(2.89)

2s22p2
1s

5･33

(6.19)

2s2p3Sso 7･48

(8.68)

2s2p3
3DO

14･86

(17.24)

2s2p3
ョpo

17･63

(20.46)

2s2p3
1DO

23･17

(26.89)

2s2p3
3so

24･42

(28.34)

2s2p3
1po

26･07

(30.25)

Ne V Mg VII Si IX Ca XV

3.66 4.83 6.02 10.26

(4.25) (5.60) (ら.99) (ll.91)

7.83 10.31 12.82 21.30

(9.09) (ll.96) (14.88) (24.72)

10.93 12.98 18.05 27.41

(12.68) (15.06) (20.95) (31.81)

21.71 28.63 35.69 58.61

(25.19) (33.22) (41.42) (68.01)

25.72 33.84

(29.85) (38.92)

33.45 43.69

(38.81) (50.70)

34.54 44.65

(40.08) (51.81)

37.57 48.99

(43.60) (S6.85)
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42.11 69.24

(･18.87) (80.35)

54.06 87.27

(62.73) (101.27)

54.87 87.17

(63.67) (101.16)

60.55 97.77

(70.27) (113.46)
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Fig. 1. Effective collision strengths for Jche transition

2s221つ2
3p-2s22p2 1D

in° III∫ NeV∫ =gVII∫ Si IXand

Ca. XV by electron collisions. The horizontal scale denotes

t7?.a inverse temperature in the units of transition energy.

A small vertical bar on each curve shows the boundary on the

right side of which the R-matrix values are plotted. An arrow

indicates the temperature at which the respective ion has

its maximum population in the calculation of steady-state

ionization balance.
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Fig･ 2･ Same as Fig･ 1, but for the transition 2s22p2
3p

-

2s22p2

1
s
･
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Fig･ 3･ Same as Fig･ 1> but for the transition 2s22p2
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-
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Y-△E/T

Fig･ 4･ Same as Fig･ 1, but for the transition 2s22p2 -3p -+

2s2p3
1DO.
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Fig･ 5･ Same as Fig･ 1> but for the transition 2s22p2
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･
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Fig. 6. Effective collision strengths for the transition

2s22p2
3p十2s2p3 3DO

inO IIII NeVI MgVII} Si IXandCaXV

by electron collisions. The horizontal scale indicates

the inverse temperature in the units of transition energy.

The solid lines are the results of the a-Tnatrix met.hod

(Ne V and Mg VII) or the
_revised

reco7Tmended values (0 ⅠⅠⅠ,

see text)･
.The

dashed lines show the results based on the

distorted-wave calculation. Arrows denote the temperature at

which the respective ion has its maximum population in the

calculation of steady-state ionization balancc･
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2s2 2p2 3p-2s⊃2p3 3pO

1

Y-△E/T

Fig･ 7･ Same as Fig･ 6∫ but for the transition 2s22p2
3p

-

2s2p3
ョpo

･
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