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Abstract. We calculate collision strengths and collision rates
for electron excitation of the 2PS /2—2P§ /, ground term fine-

structure transition in Fe X1V, the coronal green line at 5303 A.
The collision strength for the green line is found to be strongly
enhanced by resonances for the first 4 Rydberg above the excita-
tion threshold, and as a result the collision rates are found to be
significantly larger than other recently published results, even
at coronal temperatures. The calculations are carried out using
the R-matrix formulation of the close-coupling approximation.
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1. Introduction

The Fe X1V green line (5303 A) is the strongest forbidden line in
the coronal visible spectrum. It has been observed extensively
both during eclipses and with coronagraphs. Routine measure-
ments of the green line have been made since the first corona-
graph was constructed by B. Lyot in the 1930’s. Synoptic ob-
servations are made at ground based observatories and several
externally occulted coronagraphs have been flown on satellites
(e.g. Skylab and the Solar Maximum Mission). The forthcom-
ing Solar Heliospheric Observatory (SOHO) will carry a triple
coronagraph (the Large Angle Spectroscopic Coronagraph -
LASCO) to record White Light, Ho, Fe x1v, Fe X and Ca XV
from 1.1R, to 30R . The importance of the Fe X1V ground term
fine-structure transition extends far beyond the green coronal
line. The population of the 3s* 3p *P , and 2P3 ,, levels also
determines the electron density sensitivity of the Fexiv UV
lines. These have been studied from the solar atmosphere (e.g.
0S0-7, Skylab, SERTS) and more recently from stellar atmo-
spheres (EUVE). The SOHO will carry the Coronal Diagnostic
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Spectrometer (CDS), which covers the wavelength range 160—
800 A, and is designed to specifically study the coronal lines,
including those from Fe XIv.

Acreview of the electron excitation data for Fe 1X—Fe XIv was
published by Mason (1994) as part of an atomic data assessment
study for SOHO. Early work on Fe X1V was carried out using the
Coulomb Born (CB) (Blaha 1971) and Distorted Wave (DW)
approximation (Mason 1975). The latter calculation was limited
in several ways. The collision strengths were only calculated at
one energy value in the DW approximation with no account
taken of the resonance structures. The target comprised only
three configurations. Mason (1975) shows that the difference
between the three configuration and nine configuration target
gives rise to changes of 10%—-50% in the oscillator strengths,
which would be reflected in the collision strengths for dipole
allowed transitions. Petrini (1969, 1970) carried out a detailed
study of the electron excitation rate for the green coronal line. He
calculated collision strengths using the close-coupling and the
Coulomb Born I methods and used the quantum defect method
to take account of the resonance structures.

Recent calculations for Fe XIv have been carried out by
Dufton & Kingston (1991), using the R-matrix formulation of
the close coupling (CC) approximation. These results are dis-
cussed in some detail by Mason (1994) and their main limitation
was the restricted target (3 configurations) and omission of inter-
mediate coupling below 10 Rydberg. Bhatia & Kastner (1993)
published some DW collision strengths at 3 energy values, using
afive configuration target. These represent a significant advance
over Mason (1975), but do not contain any resonance contribu-
tions.

Recent work on other aluminium sequence ions (Saraph &
Storey 1995) shows that the energy region between the first
threshold and the 3s23d 2D term is dominated by series of reso-
nances converging on terms of the target configurations 3s3p?,
3s23d and 3s3p3d. The need was perceived for a new calcula-
tion for Fe X1V in the CC approximation, with an accurate target

© European Southern Observatory ¢ Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/cgi-bin/nph-bib_query?1996A%26A...309..677S&db_key=AST

FTIOBARA = 309 67750

678
20 —
18— 5
i 4 3s3p4p (9)
i 4
4l — 3p3d®
I (19)
&b 12—
& L 3s3d® (7)
a 10 - 3p°3d
2 (12)
8 —
>\ ....................................................................
ao - 3s3p3d .
0 gl (9) 3p (3)
5 1
i 3d
4 -
- 3s3p° (4)
2 —
3
oL

Fig. 1. Schematic energy diagram of Fe X1v. The numbers in brackets
are the number of terms in each configuration. The dotted line shows
the extent of the present target

which includes all these configurations. This work is part of the
international collaboration known as the Iron Project (Hummer
et al. 1993) whose aim is to make systematic calculations of
electron-scattering cross-sections and rate coefficients for ions
of astronomical interest, using the best available methods. The
principal tool of the project is the atomic R-matrix computer
code of Berrington et al. (1974, 1978) as optimised for use in
the Opacity Project (Berrington et al. 1987). These codes have
recently been extended (Hummer et al. 1993) so that collision
strengths can be calculated at low energies, where some scat-
tering channels are closed, including the effects of intermedi-
ate coupling in the target. Previous calculations have always
neglected such effects. Results of calculations from the IRON
Project will eventually be accessible from a public data base. At
the moment, collision data can be obtained from the data bank
maintained at Queen’s University Belfast.

2. The target

For coronal ions, formed in conditions where collisional ioniza-
tion by electrons determines the ionization balance, the mean
thermal energy of the ambient electrons is several times greater
than the ionization energy of the ion. The Fe'** ion is abun-
dant in the solar corona at temperatures of around 2x10°K
and may be observed from plasmas with significantly higher
temperatures (Arnaud & Raymond 1992). At 107 K, for exam-
ple, free electrons with energies up to about 100 Rydberg are
of importance in determining excitation rates. The ionization
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Table 1. Configuration bases and potential scaling parameters used for
the present Fe!** target wave functions

The scattering target basis:
3s? 3p, 3s% 3d, 3s 3p?, 3s 3p 3d, 3s 3d?, 3p°, 3p? 3d, 3p 3d?, 3d°,
3s%4l, 3s3p4l,1=0,1,2,3

Potential scaling parameters:

Is 1.40465 2p 1.05182 3d 1.08479 4f 1.28406
2s 1.10939 3p 1.08085 4d 1.12220

3s 1.11193 4p 1.09526

4s 1.14882

The expanded basis:

3s? 3p, 3s% 3d, 3s 3p?, 3s 3p 3d, 3s 3d?, 3p°, 3p® 3d, 3p 3d?, 3d°,
3s%4l,3s3p4l, 3p* 41, 3s3d 41 1=0,1,2,3,
3p3d4s, 3p3d4p, 3s4s?, 3s4p?, 3s4s4p

Potential scaling parameters:

1s 1.40444 2p 1.05178 3d 1.20079 4f -—0.88540
2s 1.11122 3p 1.24059 4d —1.09886

3s 1.33092 4p -—1.07273

4s —1.07273

energy of Fe!* is, by contrast, 28.8 Rydberg. No technique ex-

ists at present that permits a scattering calculation in which all
states of the target can be incorporated, even approximately. A
schematic diagram of the term structure of Fe X1V is shown in
Fig. 1. The inclusion of all target states up to and including those
of the form 3s?4[, [=0,1,2,3, would generate a target of about
80 terms. Using existing codes, this would require an R-matrix
scattering calculation which is beyond the limit of reasonable
usage of current vector supercomputers, but is within the reach
of parallel machines.

Work on other aluminium sequence ions (Saraph & Storey
1995) shows that the energy region between the first threshold
and the 3s?3d 2D term is dominated by series of resonances
converging on terms of the target configurations 3s3p?, 3s23d
and 3s3p3d. We have therefore set out to construct target wave
functions which describe these particular target states with rea-
sonable accuracy, but which result in a computationally feasible
scattering calculation. The target wavefunctions are expanded in
a seventeen configuration basis, as listed in Table 1. Scattering
channels are constructed from the five energetically lowest elec-
tron configurations giving rise to a scattering target of eighteen
terms.

The target expansion includes all electron configurations of
the n = 3 complex and those configurations including an n = 4
valence orbital which are energetically embedded within the
n = 3 complex. We constructed the target wavefunctions using
the program SUPERSTRUCTURE, (Eissner et al. 1974; Nuss-
baumer & Storey 1978), which uses radial wavefunctions calcu-
lated in a scaled Thomas-Fermi-Dirac statistical model poten-
tial. The scaling parameters were determined by the following
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Table 2a. Energies of Fe'>* target terms in Rydberg. LS = pure

LS-coupling, MD = with mass and Darwin terms, IC = intermediate
coupling including one- and two-body relativistic interactions

Term Exp.? LS MD IC
3s23p  2p° 0. 0. 0. 0.
3s3p ‘P 203897 1875 2024 2015
D 262460 2477 2625 2.630
S 320884 3.127 3282 3250
P 347459 3342 3502 3.520
3s?3d  ’D 420844 4167 4287 4.288
3p° ’D° 515916 4.883 5.173 5.163
48° 525289, 4.974 5281 5264
P 575751 5469 5.763 5.789
3s3p3d  ‘F° — 5.604 5860 5.856
‘p° 6.17603° 6.033 6.289 6.281
‘D° 626922 6.059 6315 6316
D% 6.42492 6206 6473 6.483
2P 675155  6.586 6.844  6.845
pe 724029 7.127 7391  7.382
IR 734772 7209 7469  7.472
P 756099 7428 7.696 7.704
ID°  7.56759 7434 7.697 1.706

# Redfors & Litzén (1989).
® Not all levels known experimentally.

optimisation procedure, which was carried out in LS-coupling,
i.e., neglecting all relativistic effects. First, the sum of the en-
ergies of all terms arising from the seventeen configurations
was minimized, by varying the scaling parameters of the poten-
tials of all ten orbitals. The scaling parameters for the n = 4
orbitals were then fixed and the energies of the eighteen low-
est terms were minimized by varying the scaling parameters
of the 1s, 2s, 2p, 3s, 3p and 3d orbitals. The resulting scaling
parameters are also given in Table 1. This procedure was used
to ensure that the wavefunctions of the n = 4 orbitals describe
real physical states and are not optimised as correlation for the
target states. Correlation orbitals give rise to resonances in the
scattering cross-section at high energies which are of uncertain
physical significance.

The energies of the eighteen target states are shown in
Table 2a. The experimental values are taken from Redfors &
Litzén (1989). We compare the experimental energies with three
sets of calculated energies. The LS-coupled energies are cal-
culated including only electrostatic interactions, while the in-
termediate coupling (IC) energies include one and two-body
relativistic interactions as described in detail by Eissner et al.
(1974). The third set of calculated energies, Fyp, includes only
the one-body mass and Darwin relativistic energy shifts, no
fine-structure terms. As discussed by Saraph & Storey (1996),
this approximation results in term energies that are the same
as those obtained in a full IC calculation provided that interac-
tions between levels of different terms are negligible. Only for
the terms 3s3p? 2S, 2P and 3s3p3d *P°, “D° are such interac-
tions important. Thus, for a highly charged ion where relativistic
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Table 2b. Oscillator strengths for transitions in Fe'**

Target basis Extended basis

Transition gfL  gfv gL afv
3s?3p?P°-3s3p??D 0381 0.390 0.375 0.385
-3s3p?P 0325 0299 0319 0.324
-3s3p?2S 2477 2438 2457 2522
-3s?3d’D 2.877 2959 2833 2.887

energy shifts are important, the energies Eyvp provide a sig-
nificantly better approximation than those obtained from pure
LS-coupling. Using this approximation, however, the number of
scattering channels is the same as it would be in LS-coupling,
avoiding the large increase in computational cost incurred by
doing the whole scattering calculation in intermediate coupling.

In Table 2b, we compare weighted electric dipole oscillator
strengths for transitions from the ground term to the other target
terms, calculated in both the length (g fi) and velocity (g fv) for-
mulations. We give the results of two calculations. In addition to
values obtained with the target configuration basis, we also give
the results of a 30 configuration calculation, referred to as the
extended basis, whose configurations are listed in Table 1. This
basis includes more n = 4 correlation than the target basis, and
was optimised on the energies of the six lowest states of Fel3*.
The n = 4 orbitals serve as correlation for these states and their
radial functions were calculated in the scaled hydrogenic poten-
tials described by Nussbaumer & Storey (1978). The potential
scaling parameters derived from the optimisation are also given
in Table 1. The aim of this extended calculation was to test the
accuracy of the length oscillator strengths calculated with the
target basis. The length results from the two bases agree within
2% for all four transitions.

3. The scattering calculation

The R-matrix method used in this calculation is described fully
elsewhere (Hummer et al. 1993 and references therein). For this
calculation, we use the version of the R-matrix code that incor-
porates those Breit-Pauli operators which lead to shifts of the
term energies, but not those that lead to fine-structure (the MD
approximation referred to above in the discussion of the target).
The R-matrix boundary radius is chosen to be 4.66 au, at which
point the most extended target orbital (4d) has declined t0 0.13%
of its maximum value. The expansion of each scattered electron
partial wave is over a basis of 22 functions within the R-matrix
boundary. The outer region calculation is carried out using the
program STGFJ (Hummer et al. 1993), which calculates reac-
tance matrices in LS-coupling and then transforms them into
the Jk-coupling scheme (Saraph 1972, 1978), including the ef-
fects of intermediate coupling between the target terms, using
the so-called term-coupling coefficients (TCCs). The scattering
calculation includes all those partial waves that are necessary
to ensure that this transformation is complete up to J = 10, for
both even and odd parity.
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The collision strength in the energy region between the
3s%3p 2P° and 3s3p? *P thresholds was calculated at 10500 en-
ergy values, with an especially fine mesh at the lowest energies.
Gailitis averaging was used when the energy was just below
the *P threshold. In general, Gailitis averaging was used when
the effective quantum number relative to the next threshold ex-
ceeded v = 25. For energies up to about 4 Rydberg, the collision
strength is densely packed with resonances. It is not feasible to
calculate the collision strength at a mesh sufficiently fine to
delineate all such features. With a large number of resonances
converging to many thresholds, it is reasonable to assume that
the pattern of resonances with respect to positions and widths
is essentially random so that the average collision strength can
be obtained to reasonable accuracy with a mesh that does not
delineate all features. We have therefore examined the conver-
gence of the average collision strength as the number of mesh
points is increased. For the energy region 0-2.039 Rydberg, the
number of mesh points was progressively doubled until the av-
erage collision strength had converged to better than 1%. This
was reached for 6400 points.

For the energy region 2.039-7.568 Rydberg, in which there
are fifteen thresholds, a slightly different approach was used.
The collision strength was calculated at 9000 equally spaced
energy points covering this interval. The calculation was re-
peated for the same number of points with the starting position
displaced by half the energy interval. Thus the second set of en-
ergies have no values in common with the first set. The average
collision strengths obtained from these two calculations were
1.063 and 1.057 respectively. Finally the two sets of data were
merged to give the collision strength in this energy region, with
an average value of 1.060. From these tests we are confident
that the purely statistical error on our results is of order 1% or
less.

Finally, in the region of all channels open, the collision
strength was calculated for energies up to 100 Rydberg at inter-
vals of 1 Rydberg. The collision strength for higher energies is
discussed below.

3.1. The collision strength at high energies

As described above, the R-matrix scattering calculation in-
cluded sufficient partial waves that the transformation to pair-
coupling was complete up to J = 10. The contributions for
higher J were then estimated assuming that the contributions
from successive J decline in a geometric progression. For en-
ergies greater than 10 Rydberg it was found that the ratio of
successive contributions §2;/Q;_; was not constant. The R-
matrix calculation was therefore extended to J = 12 for ener-
gies greater than 10 Rydberg at which point a geometric decline
is a reasonably good approximation. The correction to the to-
tal collision strength from this “top-up” procedure is 2% at 10
Rydberg and 17% at 100 Rydberg.

Including the top-up procedure, the total collision strength
tends to a constant value of 0.165 above about 70 Rydberg. This
can be compared with the limiting value of 0.186 calculated
with a single configuration target, by Burgess et al. (1995, pri-
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Fig. 2. The collision strength for the *P{ /2—2P§ /2 transition, between
the 3s23p 2P° and 3s3p® *P thresholds
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Fig. 3. The average collision strength for the 2P} /2—2P§ /2 ground-state
fine-structure transition, in energy bins of 0.5 Rydberg. The dotted line
shows the results of Petrini (1970)

vate communication) using the Born approximation. We note,
however, that the quadrupole line strength for the 2P‘f /2—2Pg /2
transition in our 17 configuration target is a factor of 0.875
smaller than in a one configuration calculation. If we use the
result of Burgess et al. (1995) and assume that the collision
strength is proportional to the quadrupole line strength at high
energy, we would expect a limiting value of 0.163, very close to
our topped-up calculated result. In calculating collision rates for
the 2PS /2—2P§ /, transition, we have assumed that the collision
strength has the constant value of 0.165 for all energies greater
than 100 Rydberg.

4. Results and discussion

In Fig. 2, we show the collision strength between the 3s23p 2P°
and 3s3p? *P thresholds. This energy region is dominated by
resonances converging principally on the terms of the 3s3p? and
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Fig. 4. The thermally averaged collision strength (Y) for the
P /2—2P§ /» ground-state fine-structure transition. Triangles are the re-
sults of Dufton & Kingston (1991)

3s%3d configurations. In Fig. 3, we show the collision strength
averaged over 0.5 Rydberg intervals up to 10 Rydberg. The
average collision strength below 4 Rydberg is approximately
2.5, while above 4 Rydberg it is approximately 0.2.

Figure 4 shows the thermally averaged collision strengths
from this work and from the work of Dufton & Kingston (1991).
The effect of the large average collision strength in the first 4
Rydberg above threshold persists out to temperatures of at least
107 K. As a consequence the results in Fig.4 are significantly
larger than those obtained by any method that does not explic-
itly include resonance effects (Mason 1975; Bhatia & Kastner
1993).

The work of Dufton & Kingston (1991) however, does in-
clude resonances. Their thermally averaged collision strengths
are rising toward lower temperatures, but are a factor 2-3x
lower than ours (a factor of 2.86 at 10° K). They do not show
their collision strength in the all-important region below 4 Ry-
dberg, but we can infer from Fig. 4 that significant resonances
were present. Their calculation included the target states, be-
longing to the electron configurations 3s3p? and 3s%3d, which
give rise to the low energy resonances that dominate the colli-
sion rate. In order to understand the large discrepancy between
their and our results we examined a number of possible error
sources. One possible source of differences is in the represen-
tation of the target wave functions, but although they do not
describe their target configuration basis in any detail, their cal-
culated target term energies indicate that it was of reasonably
high quality. Another possible explanation lies in the number of
energies at which the collision strength was calculated. Dufton
& Kingston (1991) used a mesh with 800 energy points in to-
tal, whereas we calculated collision strengths at 30 000 energy
points in the resonance region. Our convergence tests, described
in Sect. 4 above, indicated that too coarse a mesh does indeed
underestimate the average collision strength in the resonance
region, but a factor of 2-3 is still difficult to explain from these
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Table 3. Effective collision strengths

log (TK) T log (TK]) 7T

T=0 10410 438 3.326
1.0 10.550 5.0 3.128
1.2 10.639 52 2.984
1.4 10.791 5.4 2.741
1.6 11.063 5.6 2.351
1.8 11.595 57 2.120
2.0 12.619 5.8 1.882
22 14377 5.9 1.648
24 16.937 6.0 1.429
2.6 19.796 6.1 1.229
2.8 21.948 6.2 1.052
3.0 22746 6.3 0.899
32 21994 6.4 0.768
34 19.663 6.5 0.657
3.6 16.190 6.6 0.565
3.7 14286 6.7 0.489
3.8 12414 6.8 0.427
39 10.656 6.9 0.376
4.0 9.066 7.0 0.335
4.1 7674 7.5 0.221
42 6.493 8.0 0.183
4.3 5524 9.0 0.167
4.4 4762 10.0 0.165
4.6 3.784

two differences. An examination of the collision data sent by
Dufton & Kingston to the data bank at The Queen’s Univer-
sity of Belfast revealed that there were no collision data stored
at energies between the excitation threshold and that of target
term 3s3p? *P. The omission of collision data from this impor-
tant energy range would fully explain the shortfall of Dufton &
Kingston’s effective collision strength.

Of all the earlier calculations our results are in best agree-
ment with the calculations of Petrini (1969, 1970). He used
quantum defect methods to calculate the average collision
strength below each threshold from CC or Coulomb-Born I re-
actance matrices above threshold. His results are shown as the
dotted lines in Fig. 3.

In Table 3 we tabulate the thermally averaged collision
strength for the 2P‘l’ /2—2Pg /2 ground state fine-structure tran-

sition in Fe XIV as a function of temperature, from 0-10" K.
Note that the very low temperature results are much less re-
liable than those at coronal temperatures, since they depend
critically on the positions of the near threshold resonances. In
the collision strength for Fe X1v, there are very large resonance
features within 0.05 Rydberg of the excitation threshold, whose
positions are not known experimentally and whose calculated
positions are sensitive to the details of the model, in particular
to fine-structure effects that we have omitted. The uncertainties
in the calculation of thermally averaged collision strengths at
low temperatures have been explored in more detail elsewhere
(Saraph & Storey 1996).
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