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R^SUM^. — On montre que Vexcitation par chocs des niveaux d'autoexcitation est un facteur important dans la deter­
mination du taux d'ionisation de certains ions aux temperatures coronates. On a men4 des calculs pr&iminaires 
pour 0 IV, 0 V, 0 VI, Fe XV et Fe XVI. Uautoionisation semble importante pour 0 IV et augmente d9un fac­
teur 2 le taux d'ionisation de Fe XV et Fe XVI. 

ABSTRACT. — Collisional excitation of autoionizing levels is found to contribute significantly to the ionization rate fof 
certain ions at temperatures characteristic of the solar corona. Preliminary calculations have been carried out fo 
0 IV, 0 V, 0 VI, Fe XV and Fe XVI. Autoionization may be of importance for OIV and increases by appro* 
ximately a factor of two the ionization rate of Fe XV and XVI. 

PeaioMe. — IIoKa3aHO, HTO B036y>KfleiiHe yaapaivwi ypoBHett caMOB036y>KneHHH HBJIHCTCH Ba»<HbiM $aKTopoM B 
onpenejieHHH cTeneHH H0HH3aimH HeKOTopbix HOHOB npn KopoHajibHbix TeMnepaTypax. TDHJIH npoBeneHbi 
npe;n*apHTejibHbie BH^HCJICHMH JJJIH O IV, O V, O VI, Fe XV H Fe XVI. GaM0H0iiH3auHH no-BHjniMOMy 
3Hawreju>Ha HJIH O IV H yMHOH<aeT Ha 2 cTeneHb H0HH3auHH Fe XV H Fe XVI. 

The total rate coefficient for collisional ioniza­
tion by removal of an electron with principal quan­
tum number n, and contributions from different 
Z-values, usually includes only collisions directly to 
the continuum. But electrons may also be lost by 
autoionization following the excitation of an inner-
shell electron to a bound state possessing energy 
greater than that required to remove a valence 
electron. This process has rarely been taken into 
account in calculations of ionization equilibrium, 
although its contribution to the photoionization 
rate may sometimes equal or exceed that associa­
ted with bound-free transitions (DITCHBURN and 
OPIK, 1962). 

We have made a preliminary study of the impor­
tance of the autoionization process in the chromo­
sphere and corona by carrying out approximate 
calculations for a number of ions of oxygen and 
iron. For this purpose we adopted an expression 
given by SBATON (1964) for the rate of collisional 
excitation : 

6040 W 

(1) ft#-i.70xlO--|l?-rL.p(^) 

(cm8 sL-1), 

where / is the oscillator strength and W the exci­
tation energy in electron volts of the (i -> j) transi-

/ W \ 
tion,T is the temperature, and P k m is a function 

that has been tabulated by VAN REGEMORTER 
(1962). Excitation and ionization from the 
ground level only were included in the computa­
tions. The rate coefficient for autoionization is 
obtained by summation of qn over all upper levels 
j that lie above the first ionization limit and for 
which the selection rules governing autoionization 
are obeyed (CONDON and SHORTLEY, 1963). There­
fore, if the ground level of the ion is denoted by 1, 
the autoionizing rate coefficient, qx, is given by : 

Qi = 2 £•/. 

The rate q1 is to be compared with the corres­
ponding rate g(X+ m) for the collisional ionization 
of an m-times ionized atom. According to BUR­
GESS and SEATON (1964), the ionization rate may 
be approximated by 

(2) g(X+w) = 2.0 x 10-8T2 
6040 I m (nl) 

X S Km (Hi) 10 » , s .. 
i*^j 1"*^ 

where £m (nl) is the number of electrons having 
principal quantum number n and angular quan­
tum number Z, and Im (nl) is the ionization poten­
tial of an (nl) electron in electron volts. 

In order to evaluate qx from equation (1), we 
must know the energies of levels j and the oscillator 
strengths f%. The energy levels were derived 

https://doi.org/10.1017/S0074180900179525 Published online by Cambridge University Press

https://doi.org/10.1017/S0074180900179525


126 L. GOLDBERG, A. K. DUPREE AND J. W. ALLEN 

from Hartree-Fock calculations performed on the 
IBM-7094 of the Harvard University Computation 
Center, utilizing a program written by Dr. Char­
lotte FROESE . Various approximate methods were 
employed in the calculation of the oscillator 
strengths. The details of the computation for 
each ion are described below. 

IRON 

The ground configurations of the ions Fe IX-
Fe XVI have outer electrons with n = 3 and 
I = 0, 1. For Fe IX-XIV, the relevant transi­
tions are of the form 3s23px —> 3s3pxnp with 
n ^ 3. Calculations of the energy levels showed 
that the early series members lie below the first 
ionization limit; although most of the oscillator 
strength in a series is contained in the first few 
members, there can be a significant contribution 
to the autoionizing rate from the upper levels (see 
results for OIV below). For a first reconnaissance 
however, rate coefficients were obtained only for 
Fe XV and Fe XVI, whose doubly excited levels 
lie above the first ionization limit. The most 
important transitions are, for Fe XV, 2p* 3s2 

1S-2j95 3s2 nd 1P°, and for Fe XVI, 2p« 3s 2S-2p* 
3snd 2P°, with n ^ 3. In an exact calculation, 
the energy levels and oscillator strengths are eva­
luated for each value of n and the rate coefficients 
are then summed over the entire series. For the 
purposes of this preliminary investigation, how­
ever, it is thought sufficient to treat each series as a 
single line having the frequency of the first mem­
ber with n = 3, and an oscillator strength 
/ = 0.8 a:, where x is the number of jumping elec­
trons. The factor 0.8 represents the approximate 
fraction of the total oscillator strength that resides 
in the lowest members of a transition array 
(ALLEN, 1960). Thus, fa was assumed to be 
4.8 for both Fe XV and Fe XVI. The effect of 
interactions between configurations in the same 
complex was not included in the Hartree-Fock 
calculations, although it occurs in both Fe XV 
and XVI. The results of FROESE (1964) indicate 
that neglect of complex interaction will lead to an 
error of about 10 % in the calculated energy ; at 
most, the error will be less than 20 %. The results 
of the energy calculations are given in Table I. 

The ratio <h/g(X+w) is plotted as a function of 
the temperature in Figures la and 16. The 
arrows denote the temperature interval in which 
the fraction of iron in the stage of ionization 
considered is within a factor of 10 of its maximum 
value, according to the recent results of BURGESS 

and SEATON (1964), which include the effects of 
dielectronic recombination. The two ionization 
rates are comparable ; hence, the autoionization 
process should be included whenever the degree of 
ionization of Fe XV and Fe XVI is desired to 
within a factor of two or better. 

TABLE I 

RESULTS OF HARTREE-FOCK CALCULATIONS FOR 
Fe XV AND Fe XVI *. 

ION 

FeXV 

1(3*) 
I(2p) 

FeXVI 

1(38) 
l(2p) 

TERM 

2p6 3s2 

2p5 3s2 3d 
2p«3s 
2pb 3s2 

2p«3s 
2p* 3s2 

2pb3s 3d 
2p6 

2p*3s 

*S 
i p o 
2S 
2P° 
2S 
2po 
2P° 
*S 

J.ipo 

E(cm-1) 

0 
6.47 x 106 

3.63 x 106 

7.54 x 106 

0 
5.81 x 106 

6.44 x 106 

3.91 x 106 

9.80 x 106 

B(eV) 

0 
802 
450 

1170 

0 
721 
798 
485 

1214 
(*) The energies of excitation and ionization are given rela­

tive to the ground states of the respective ions. 
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The ratio of coUisional excitation to collisional ionization as a function of T. Arrows indicate the temperature range over which 

the abundance of the ion is within a factor of 10 of i ts maximum value. The process of dielectronic recombination has been 
included in the calculations of ionization equilibrium. 
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OXYGEN 

The collisional excitation rates qx were calcula­
ted from equation (1) for the following transitions 
in 0 IV, 0 V and O VI : 

0 IV la2 2*2 2p 2P0 -> la2 2a2<p(8P) np 2D, 2S, 
\ n = 5,6 

Is2 2«2p(1P) np 2D, 2S, 
n = 4, 5, 6. 

0 V Is2 2s2 »S -> 1*2«2 np 1F° n = 2, 3, 4, 5, 6. 
0 VI l*2 2s 2S -^ la2s(8S) np 2P° n = 2, 3, 4, 5, 6. 

The early members of the series la2 2s2pnp in 
0 IV lie below the first ionization limit and there­
fore play no part in the autoionization process. 
The 2P levels in 0 IV are not subject to auto­
ionization because of the parity rule. The rate 

qt is to be compared with the corresponding rate 
q(X+m), equation (2), for the collisional ionization 
of the 2s and 2p electrons in O IV and the U and 
2s electrons in 0 V and O VI. The following 
details of the computations may be of interest. 

For O IV, radial wave functions of the terms 
Is2 2s2p (8P)np 4D were used to approximate the 
wave functions of the 2S and 2D terms. The total 
energies obtained in this way wqre found to be 
3-4 % lower than the few experimental values that 
were available (MOORE, 1949). Hence, all calcu­
lated energies were increased by this small amount. 
For 0 VI, wave functions and energy levels derived 
for the series ls2s(8S) np 4P° were used as approxi­
mations for the corresponding np 2P° series. 
Values of a2 were calculated from the radial wave 
functions for transitions from the ground state to 
doubly-excited levels; f-values for these transitions 
were found from a2 with the aid of tables given by 
SHORE and MENZEL (1965). 

TABLE II 
RESULTS OF HARTREE-FOOK CALCULATIONS FOR O IV, V, VI. 

ION 

OIV 

I(2p) 
I(2a) 
I(2«) 
OV 

I(2«) 
Ids) 
OVI 

I(2«) 
1(1*) 

TERM 

la2 2/»2 2p 
1»2 2a2p(»P) 5p 

6p 
(iP)4p 

5p 
6p 

(3P) 5p 
6p 

(iP)4p 

1«2 2s* 
Is2 2a2p 
Is* 2a2p 
la2 2*» 
la2 2a2 2p 

3p 
4p 
5p 
6p 

la2 2a 
la 2a2 

la2 2a 
la2a(»S) 2p 

3p 
4p 
5p 
6p 

la2 

l«2a 

5p 
6p 

sp 
2S 

2D 

*S 
s P 
»P 
»S 
»P 

2S 
2S 
2S 
2P 

»s 8S 

E (cm-1) 

0 
6.31 X 10« 
6.50 x 108 

6.57 X 108 

7.02 X 108 

7.26 x 108 

6.31 X 10" 
6.50 X 108 

6.57 X 108 

7.02 X 108 

7.26 X 108 

6.24 X 108 

6.84 X 108 

7.72 X 108 

0 
4.47 x 10* 
5.02 x 10* 
5.17 X 10* 
5.24 X 10« 
5.28 X 10* 
9.20 X 108 

5.36 X 10* 
0 

4.46 X 10« 
5.16 X 10« 
5.37 X 10« 
5.46 X 10« 
5.51 X 10« 
1.11 X 10« 
5.62 X 10« 

E (eV) 

0 
78.2 
80.5 
81.4 
87.0 
90.0 
78.2 
80.5 
81.4 
87.0 
90.0 
77.39 
84.8 
95.7 
0 

554. 
622. 
641. 
650. 
654. 
114. 
664. 

0 
553. 
639. 
665. 
677. 
683. 
138. 
697. 

/ 

0.0044 
.0023 
.0038 
.0016 
.0008 
.0220 
.0113 
.0193 
.0082 
.0042 
— 
— 
— 
— 

0.586 
0.101 
0.038 
0.019 
0.0096 

— 
— 
— 

0.518 
0.092 
0.037 
0.015 
0.0075 

— 
— 
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The results of the calculations of energy levels 
and oscillator strengths for oxygen are given in 
Table I I . Finally, the ratios qilq(X.+m) are shown 
as a function of temperature in Figures lc, Id, le. 
The arrows indicate the temperature range in which 
the oxygen ion has an abundance within a factor 
of ten of its maximum value. The calculations of 
ionization equilibrium for oxygen include dielec-
tronic recombination, (ALLEN, 1964). 

Note tha t the autoionization rate for O IV is 
comparable to the collisional ionization rate even 
though the three strongest members of the series 
are omitted because their energies are less than the 
ionization energy of O IV. In other ions also 
(for instance, Fe IX-XIV), excitation of an inner 
shell electron to the lowest levels of a transition 
array may require less energy than tha t needed 
for ionization of a valence electron. The results 
for 0 IV demonstrate the necessity of considering 
contributions from transitions which do not have 
the largest f-values in an array. 

I t does not appear tha t collisional autoionization 
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CONDON E. M. and SHORTLEY G. H., 1963, The Theory 

of Atomic Spectra (Cambridge, England : Univer­
sity Press). 

DITOHBURN R. W. and OPIK U., 1962, in Atomic and 
Molecular Processes, ed. D. R. Bates (New York : 
Academic Press), chap. 3. 

M. J. SEATON. — Whereas allowance for resonance 
processes increases recombination rates by one or 
two orders of magnitude, the effect on excitation or 
ionisation, will, I believe, be much less. 

L. GOLDBERG. — I agree that excitation to autoio-
nizing levels will not, in most cases, increase ioniza­
tion rates by as much as an order of magnitude. The 
importance of the effect will vary from one ion to 
another, but the calculations presented here show that 
increases in ionization rates by a factor of two or 
three are qtlte possible. 

A. BURGESS. — I think the inner-shell excitation 

processes will be important for O V and O VI at 
temperatures for which the ion is most abundant* 
The energies required to excite an electron from 
a Is shell are so large tha t the ratio ?i/?(X+m) 
attains a maximum only for extremely high tempe­
ratures and even then its value is considerably less 
than one. 

Further investigation should be made of the 
location of doubly-excited levels in other ions ; 
f-values for transitions to these levels are also 
extremely desirable. The presence of autoioniza­
tion processes directly affects calculations concer­
ned with ionization equilibrium in the solar chro­
mosphere, corona, and other astrophysical appli­
cations. 
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cross-sections should perhaps be compared with inner-
shell ionization cross-sections. The latter have been 
included in existing ionization balance calculations. 

CO 

For Li, my estimate of Q6 = £ Q (l*2 %8 -* Is 2sn p) 
is smaller than, but comparable with the innershell 
ionization cross-section. 

L. GOLDBERG. — The calculations I have presented 
show that at least for some ions the inner-shell exci­
tation cross-sections are substantially greater than 
the corresponding inner-shell ionization cross-sections, 
even though this may not be true for lithium. 
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