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A systematic investigation of ionization enhancement due to collisional excitation followed by au-
toionization (EA) is presented for Gai-like rare-earth elements. Both nuclear charge and temperature
dependence are analyzed and compared with direct-impact ionization (DI) rates. Collisional excitation
and autoionization rates were calculatéd in the distorted-wave factorization-interpolation method. DI
rates were calculated by a modified plane-wave Born approximation method. The rates for the combined
EA process for selected Ga1-like ions from Mo XII to Dy XXXV1 are presented for the relevant tempera-
ture ranges. It is shown that indirect jonization is dominant for Mo through Pr but is reduced gradually
with Z and approaches zero at Dy. A den51ty diagnosis is provided by the opening of EA channels that

are not active at low densities.

I. INTRODUCTION

In low-density plasmas, the relativeé abundances of
atoms in different ionization stages depends on various
ionization and recombination rates of the involved ions.
It was early suggested by Allen and Dupree [1] that an al-
ternative process to the direct ionization by electron im-
pact that could be of importance in highly ionized atoms
is the electron-impact excitation of an inner-shell electron
to a bound state lying above the ﬁrst 1omzat10n limit, fol-
lowed by autoionization.

This process has been studied extensively in the
Na1-like sequence by different authors and updated dis-
torted wave calculation for some ions of this sequence
can be found in Ref. [2]. In this sequence the ratio of
excitation-autoionization to direct ionization rates at a
temperature corresponding to half the ionization poten-
tial of the ion is found to be from 1.5 to 2. For other
neighboring isoelectronic sequences this ratio should be
smaller. Indeed, the direct ionization rate increases with
the number of external electrons.

However, Cowan and Mann [3] suggested that Cul—,
Zni-, and Gal-like ions could be potential candidates
for high excitation-autoionization rates. To our best
knowledge, no quantitative calculation has ever been per-
formed for these isoelectronic sequences except those
presented in a previous work [4], where it has been shown
that, indeed, in the Ga1-like praseodymlum the rate for
excitation-autoionization through An =1 inner-shell ex-
citations was about four times the direct ionization rate
at a temperature of maximum abundance at coronal equi-
librium. This could explain the abnormal intensity be-
havior of Gal-like lines emitted from rare- earth ele-
ments injected in a tokamak plasma
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In the present work, the detailed theoretical results of
calculations of excitation-autoionization rates for a selec-
tion of Gai-like ions from Mo XII to Dy XXXVI are
given. The case of highly ionized rare-earth elements of
the GaI-like sequence is especially interesting since most
of the inner subshell excited levels 3d°4s%4pdd,4f lie
above the first ionization limit on one hand, and on the
other hand there are only three easily removable elec-
trons in the n =4 shell to contribute significantly at inter-
mediate temperature to direct ionization, whereas there
aré ten 3d electron candidates to inner-shell excitation
plus autionization.

Details of the theoretical calculation method are given
in Sec. II. Section III follows with the results. Section
IIT A presents the calculations along the isoelectronic se-
quence. In this section the isoelectronic trends and, in
particular, the dependence of the ratio of excitation-
autoionization (EA) to direct ionization as a function Z
are analyzed. The typical temperature dependence is de-
scribed in Sec. IIIB. In Sec. IV a density diagnosis pro-
vided by the EA process is discussed.

II. THEORY

A. Direct-impact ionization

The rate coefficients for direct-impact ionization (DI)

‘'were calculated by a modified plane-wave Born approxi-

mation (PWBA) method, using the free-electron approxi-
mation suggested by Vainshtein, Presnyakov, and Sobel-
man [5]. A general tendency of the cross sections calcu-
lated by first-order approximation methods is to overesti-
mate the cross section near the threshold. This is due to
the fact that these methods usually improve the atomic
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potential sensed by the incoming electron, and do not
take into account the influence of the incoming electron
on the wave functions of the atomic electrons. Higher-
order approximations are usually prohibitively lengthy
for the calculation of rate coefficients. The idea behind
this approximation is to 1mprove the description of the
interaction between the i mcommg electron and the ejected
electron. This interaction is described initially as a
scattering process between free electrons, while the atom-
ic potential appears as a perturbation. A complete
description of the approximation can be found in Ref. [5].
The result is obtained by multiplying the differential cross
section in the PWBA:
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where € is the energy of the ejected electrom, k, the
momentum of the incoming electron, ¢ =ky,—k, the
momentum transfer, Ae=k%—k3, and F is the hyper-
geometric function. Results using this method were
formerly published for hydrogen ionization cross sec-
tions. Here this approximation has been used for mul-
tielectron ions of the Gal-like isoelectronic sequence,
and in this implementation the atomic potential in the
central field approximation was calculated using the
RELAC code [6]. The method was tested in many other
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where the outer sum is over continuum orbitals

—(E},l}, 7), and the inner sum is over all angular
momentum coupling of the target and the continuum
electron. Note that by conservation of angular momen-
tum only one term contributes to the sum over J;, My in
Eq. (5).

These matrix elements were calculated using a newly
developed code [8] based on the relativistic parametric
potential method [6]. In these calculations, the same
atomic potential, obtained by the variational method, was
used for the bound and continuum electrons. The
method has been tested and found in very good agree-
ment with the multiconfiguration Dirac-Fock method [8].
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cases and results were found to be practically identical to
those found by use of much more complicated methods
(Coulomb Born, distorted wave). A marked improve-
ment near the threshold has been observed, whereas the
results far from threshold coincide with those of the
PWBA, as f (v,x) tends to unity for k3 much bigger than
Ae.

B. Excitation autoionization rates

In the isolated-resonance approximation the excita-
tion-autoionization (EA) rate from an initial level i of the
Gai-like 3d'%s2%4p configuration to a level k of the
Zn 1-like 3d %52 or 3d 1%4s4p configuration is given by

5
, 4
2% 345+ 3 4 *

where Q; is the electron impact excitation rate from level
i to level j of the intermediate Gal-like hlghly excited

3d%4s%4p4d or 3d°4s’4p4Af configurations. Aj is the au-
toionization rate from level j to level k (of the Zn1-like

_ion). A, are the radiative decay rates from the inner-

shell excited levels to low-lying m levels of the Gai-like
ion. We have included decays to all the low-lying
configurations 3d 104524p,4d,4f. Three hundred levels of
the Gai-like ions and 14 levels of the ZnI-like ions
were included in the present detailed model which also
account for configuration mixing between 3d°4s%4p4f
and 3d%4s%4d? conﬁguratlons The contribution to EA
from excitation to 3d *4s%4p5f was also calculated but re-
sults have shown that it could be neglected.

For the collisional rates, Q;; computations, the factori-
zation method [7] was used. Level energies, ionization
potentials (x’s), and radiative transition rates were ob-
tained by the RELAC code. The distorted-wave autoioni-
zation rates from an inner-shell excited state 3" into all
the states ¢ of a given level of the neighboring ion are
given by the matrix elements

S (e/r; )tgb"(r" J}’,M'T’)>| , | (5)

'III. RESULTS: COMPARISON
BETWEEN THE EA AND THE DI PROCESSES

A. Z dependence

In Tables I(a)-I(e), results of the computatlons for

~ direct ionization of 4p,4s and 3d electrons as well as for

EA are given for a temperature ranging from 0.3y to 2y,
for various elements from Mo (Z =42) to Dy (Z =66).
These results are glven separately for each of the two ini-
tial levels 3d '%4s%4p, 12,372 Of the GaI-like ion and each
of the final levels of the Zni-like ion. Summation has
been performed on all inner-shell excited autoionizing
levels of the Ga1-like ion which can be excited from the
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4 DISTORTED-WAVE CALCULATIONS OF THE ELECTRON-. ..

ground levels. Total EA rates are also reported, which
include, in addition, transitions to 3d%4s4d and 3d%4p?
final configurations, when autoionization to these levels is
possible. In order to show the contribution of each of the
intermediate  inner-shell  excited  configurations
3d%s%4p4d, 3d°4s’4pAf, total EA rates via each
configuration are also given separately.

For the lighter elements, the autoionizing levels in-
volve both 3d°4s%4p4d and 3d°4s*4p4f configurations
whereas, for the heavier elements, only the Ilatter
configuration is above the ionization threshold. This
feature is illustrated by Fig. 1 where the average energy
of the two inner-shell excited configurations in y units is
plotted as a function of Z. Taking into account the
spread of the levels around these averages and the effect
of configuration interactions, the result is a continuous
crossing of the levels through the y line as Z increases.
In Mo!!'*, both 3d°4s%4p4d and 3d°4s4p4f are autoion-
izing and all the lower 3d %452, 4s4p, 4s4d, and 4p? levels
of the Zni-like ion can be populated through this pro-
cess. Whereas for Dy** only some of the 3d°4s%4p4f
levels are autoionizing and only the ground state 3d '%4s®
of Dy*** may be populated by this process. This con-
tinuous change of the relative position of the ionization
potential and the inner-shell excited levels is at the origin
of the peculiar trend of the EA rate along the GaI-like
isoelectronic sequence. A typical Z dependence of EA
(from 4p, ), DI, and their ratio R at T,=y are shown
for Pr®* in Fig. 2 [data taken from Table I(d)].

In the Iow-Z range (Mo), although the mean branching
ratio for autoionization remains close to unity, the ratio
R is reduced, due to the fact that the 4d and 4f.inner-
shell excited configurations are relatively high with
respect to the first ionization limit, disadvantaging thus
the excitation processes. On the other hand, for elements
heavier than Xe, some levels of the inner-shell excited
configurations become lower than the ionization limit
and cease to contribute to EA processes.
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FIG. 1. Ratio of the average energies of the configurations

3d%4s*4p4d and 3d°4s*4p4f to the ionization potential y(Z) as
a function of Z.
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TABLE I1. Branching ratio B [Eq. (6)] for the excitation au-
toionization process, at T, =Y.

i=3d IO=4S 24p1/2

Initial level
Inner-shell

i=3d 104S24P3/?;

excited
configuration c¢=4d c=4f c=4d c=4f
Mo xi11 0.99 0.98 0.98 0.99
Agxvil 0.96 0.95 0.89 0.96
Xe Xx1v 0.12 0.88 0.68 0.87
Prxxix 0.00 0.69 0.00 0.70
Eu xxx1u 0.00 0.47 0.00 045

Dy xxxv1 0.00 0.05 0.00 0.37

To illustrate a temperature-independent change of the
EA rate along the isoelectronic sequence, the following
procedure has been used: A branching ratio to autoioni-
zation has been calculated for the 3d-4d and 3d-4f transi-
tions and separately for the i=3d'%s%p,,,
3d1%45%4p, , initial levels. For each involved inner-shell
excited configuration C =3d%4s%4p4d, 3d°4s*4p4f sepa-
rately these branching ratios are obtained from the ratio
of the EA to total excitation rate:

> X5
BC=|-L , ©)
E Qij
jec
where
X$=3 0 Ak @
ik = i 2
jee ™’ ;Ajﬁ 2 Ajn

These ratios are almost independent of the electron tem-
perature in the range involved. In Table II these average
branching ratios are given as function of the Z of the ele-
ment and at a temperature equal to the ionization poten-
tial of the ion, although it is very insensitive to tempera-

——
Te=x(Z}

-1
)

Indirect (EA)

3
cm” sec

d 01ey,10841Q,01,30a.1pu],

jonization rate (107"

FIG. 2. Indirect ionization rate (EA from the ground state
4p, ), direct ionization rate, and ratio R as functions of Z.
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ture change. As the excited levels cross the ionization
potenial y line, the branching ratio for the autionization
falls. This occurs first for those levels excited from the
3d™%4s%4p, ,, which are lower than those excited from
3d4s5%4p, ,. This effect is far more important than the
lowering of the branching ratio due to the increasing im-
portance of radiative decay with Z.

B. Temperature dependence

Comparison in Table I of the EA process through
An =1 transitions with direct ionization rates (including
inner shell) shows that for the lower part of the isoelec-
tronic sequence the EA process is dominant at electronic
temperature lower than the ionization potential. Figure 3
displays a typical result of the dependence of the ratio of
EA (from 4p,,,) to direct ionization. The general trend
of the ratio curve R can be understood following the pro-
cedure used by Cowan and Mann [3]. Indeed, assuming
that only outer electrons contribute to the direct ioniza-
tion rates (i.e., 4s, 4p but not 3d), which is true at rela-
tively low electron temperature, and since the ionization
potential of 45 and 4p electrons are very close, it can be
shown that this curve should have a maximum for an
electron temperature close to the difference between the
energy of the autoionizing levels and the ionization po-
tential ¥. In the Ga-like case the maximum occurs at
very low temperature and thus is not seen in Fig. 3. This
difference is very small, changing from 87 eV in Mo X1I to
10 eV in Dy XXXVI (for the 3d-4f excitation). In any case
such electron temperature is much lower than the
GaI-like temperature of most abundance at coronal con-
ditions. This differs from the situation in the NaI-like
sequence, where the difference is generally greater than
the electron temperature of most abundance [3]. This ex-
plains the fact that for the Ga-like sequence the ratio of
EA to direct ionization DI is a decreasing function of the
electronic temperature in the relevant temperature range
(at high temperature this decreasing is even more accen-
tuated, due to the increasing contribution of the ten 3d
electrons to direct ionization). The relative importance
of EA compared to direct ionization is thus determined
by the value of this ratio around the Ga-like temperature
of most abundance at coronal equilibrium conditions.

IV. DENSITY-DEPENDENT IONIZATION RATE

In the case of dysprosium, calculations give a
significant difference between the EA rates calculated
from the 4p,,, and 4p;,, levels [see Table I()]. The
difference comes from the fact that essentially only
3d%4s?4p 3,254f levels (which are collisionally excited from
4p, s, only) lie above the ionization limit y.

This gives a density-dependent EA rate; indeed, at low
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FIG. 3. Indirect ionization rate (EA from the ground state
4p,,,) and direct ionization rate, their ratio and sum, as func-
tions of the electronic temperature for Pr XXIX.

densities (n, <10'® cm™3) [4], the 4p; ,, level is not popu-
lated because of the magnetic dipole decay from 4p;,, to
4p, ;. In this case the EA rate is negligible in compar-
ison with the direct ionization rate. At higher-densities,
however, because of the electron impact excitation and
deexcitation, these levels are populated according to their
statistical weight, and the EA rate is no more negligible.
Density-dependent ionization rate has already been ob-
served in some other isoelectronic sequences, for exam-
ple, in BeI-like ions [9]. In GaI-like case, this interest-
ing feature should be expected not only for the Dy XXXVI
ions, but also for the neighboring ions of the isoelectronic
sequence.

V. CONCLUSION

In the present work results of the computations for
direct ionization and excitation-ionization rates through
Arn =1 inner-shell excitations have been presented for six
ions along the Gal-like isoelecironic sequence. It was
shown that EA processes are the dominant ionizing
mechanisms for highly ionized GaI-like elements up to
Eu, in intermediate temperature range. These processes
should thus be taken into account in ionization equilibri-
um models. Moreover, the peculiar trend to EA process-
es along the Gal isoelectronic sequence has been studied.
Crossing of the inner-shell excited levels with the ioniza-
tion limit while the Z of the element increases along the
sequence, causes a drastic change of the EA rates. Final-
ly, an interesting density dependence of the effective ion-
ization rates for elements around Dy has been predicted.

*Permanent address: The Nuclear Research Center of the
Negev, P.O. Box 9001, Beer Sheva, Israel.
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